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Abstract

Integrating electrochemistry with semiconductor science and technology has helped
revolutionize energy generation and storage technologies. Silicon, one of the most abundant
semiconductors with a well-defined electrochemistry constitutes the foundation of many
electronic devices whose functionalities span from energy conversion to energy storage, to
sensors. Since Lindford and Chidsey's seminal work, combining silicon's sturdiness and
richness with the complexities of organic molecules (i.e., self-assembled monolayers — SAMs)
has opened new and exciting venues for surface chemistry science toward silicon electrodes
broader adoption in consumables electronics. The essential components found in digital
devices, rely on a consistent flow of direct current (DC) for operation, typically sourced from
batteries storing chemical energy. Nevertheless, replacing a battery is often not possible when
the device works in difficult access locations (i.e., medical implants, environmental remote
sensors). In this sense, triboelectric nanogenerators (TENGs), have emerged as a promising
technology to harness ubiquitous mechanical motion and convert it into a DC current output.
The first TENGs device was reported by Z.LL Wang in 2012 and consisted of a combination of
polyester and Kapton, producing alternating current (AC-TENG). Most recently, an advanced
version based on out-of-equilibrium Schottky diodes such as silicon—-SAM functionalized-
metal systems produced tuneable DC currents to power or replace the battery in conventional

electronic devices (DC-TENGs).

Despite the tremendous effort to understand this class of energy harvesting devices, the
scientific community still faces a lack of fundamental concepts behind the physics and
chemistry of these hybrid devices, and this thesis aims to address some of them. For instance,
since the working principle involves charge transport across the semiconductor surface, namely
silicon—-SAM-—metal junction, Chapter 2 is focused on linking the charge transport across the

electrode—electrolyte interface with the charge transport in the “dry” out-of-equilibrium



silicon—SAM-Pt tip junctions (i.e. dry junctions analysed through an atomic force microscope,
AFM, setup). There it is demonstrated that the electrochemistry of silicon surfaces
functionalized with redox-active monolayers can be used as a diagnostic tool to predict the
performance of these electrodes when incorporated as a TENG. Further, the etching of the
highly conductive, but relatively underexplored, Si(211) crystal orientation was optimized, and
the relevance of the etching route was also underscored towards the integration of the well-

etched surfaces (i.e., surfaces with well-defined chemistry) on TENGs.

One of the most important challenges that DC-TENGs, and to some extent, the semiconductor
industry in general, face is to develop strategies to limit surface wear under working conditions.
Chapter 3 explores this crucial drawback preventing broader adoption in the industry. Results
revealed in Chapter 3 indicate that surface damage (i.e., oxide growth) is caused by large
pressures and friction rather than the passage of a tribocurrent (i.e., current output caused by
friction). Results obtained in Chapter 3 prompted the experiments of Chapter 4, which were
aimed at investigating the replacement of the hard metal contact (i.e. the Pt AFM tip) with a
softer metal (i.e., a drop of Galinstan, a common liquid metal). Unfortunately, as the Galinstan—
electrode contact pressure against the silicon electrode is negligible compared to those found
at the Pt tip—electrode junction (i.e., in the order of ~4 GPa vs ~ 2 Pa on a macroscopic contact),
also tribocurrent measured with the soft junction was negligible. Nevertheless, Galinstan's
usefulness in determining silicon's electrical characteristics when functionalized with different
surface chemistries was demonstrated. The chapter also explores novel chemical routes to
increase Galinstan surface tension to gain control over the junction area, hence improving the

repeatability and reproducibility of the measurements.

The current output of TENGs is hard to correlate with sample conductivity or topographical
features and, remarkably, Chapter 5 provides experimental evidence proving that surface

polarization is directly caused by changes in load (generation of a strain gradient). The chapter



focuses on how electrostatic effects between the Pt tip and the silicon surface reshape the charge
transfer process at the interface leading to a directional surface polarization which needs to be
added or subtracted from the nominal external bias (i.e., flexoelectric effect induced by
electrostatic attraction). Results show that tip movements due to electrostatic attractive forces
(tip—space charge) are causing an additional strain gradient. The relevance of Chapter 5 is to
highlight that flexoelectricity is a missing term of triboelectricity, and sheds light on the long-

standing question of the components of current generation based on mechanical motion.

This Ph.D. thesis expands our knowledge of out-of-equilibrium Schottky diodes based on
oxide-free (monolayer-functionalised) silicon crystals and provides insights into the
fundamental mechanisms of friction and wear in the context of dynamic nanoscale electrical
junctions. These insights will impact the field of advanced semiconductor technologies, where
precise control over material properties is critical. Furthermore, by improving our
understanding of how flexoelectric and triboelectric effects can be harnessed, the work has the
potential to guide the development of the next generation of DC-TENG devices, devices that
will hopefully be more efficient and capable of harvesting energy from a wider range of
mechanical stimuli than current options. The ability to effectively manage friction and wear in
these devices will not only enhance their longevity and performance but also open new avenues
for energy harvesting applications in areas such as wearable electronics, autonomous sensors,

and sustainable energy solutions.
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Chapter 1. Thesis outline and introduction

1.1 Thesis outline

Chapter 1 provides an overview of key concepts that are crucial for the reader to understand
the results and discussion of Chapters 2 to 5. First, a general introduction to semiconductor
(SC) physics is provided, essential to understanding silicon electrode physics when it is
contacting a metal or an electrolyte. Aspects such as the practical value of band diagrams,
general features of Schottky diodes, electrical characteristics of p—n junctions, and the meaning

and value of the photoelectric effect have been touched upon with the necessary level of details.

Given that this research has focused on silicon—monolayer functionalized (Si—SAMs) hybrid
constructs as electrode platforms, basic concepts of semiconductor surface chemistry such as
etching processes and monolayer attachment have also been presented in this chapter
Moreover, this chapter also addresses the main techniques used to characterize the systems.
Therefore, a brief history and working principles of electrochemical, electrical, spectroscopic,
and topographical measurements such as cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS), X-ray reflectometry (XRR), and
atomic force microscopy (AFM) have been introduced. The chapter concludes with a brief

introduction to the history and working mechanism of triboelectric nanogenerators (TENGs).

Chapter 2, in the form of paper 1, deals with autonomous power supplies that convert
mechanical energy into electricity and proposes silicon as electrode material on which to build
such devices. In this chapter, it is explored a new monolayer functionalization route (i.e., novel
etching process) for Si(211), a highly conductive but largely underexplored silicon crystal cut.
Results demonstrate that Si(211) electrodes substantially outperform Si(111) electrodes when

incorporated into a TENG design and that the TENG performance can be predicted using
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electrochemical screening prior to the electrical measurement. It can also be observed an
enhancement of the current output when surface defects (i.e., substrate oxidation) are

introduced. This enhancement is, nonetheless, transient and disappears over time.

Chapter 3, in the form of paper 2, builds upon and follows the findings of Chapter 2. The
chapter is focused on how dynamic Schottky systems (namely, Si(211)-SAM-Pt tip dynamic
junctions) that output significant direct current (DC), often suffer from limited durability, hence
their practical scope remains uncertain. In the chapter it is revealed that surface wear is caused
by mechanical motion (i.e., friction and pressure) and not by the flow of tribocurrent through
the system. Results demonstrate that the current drop does not happen immediately and that

the current output is maximised at those sample locations where the strain gradient is higher.

Chapter 4, in the form of paper 3, was conceptualised based on the results of surface damage
presented in Chapter 3. It is attempted to substitute the metal contact used in the AFM
measurements (i.e. a sharp Pt tip) with a softer metal contact for tribocurrent generation and
electrical measurements. While the generation of tribocurrent based on sliding/pressing events
was limited by the lack of a significant normal pressure (namely, negligible pressure in a
macroscopic contact compared to large pressures on AFM) electrical measurements of Si-SAM
systems were successfully performed by using Galinstan, the brand name for a low-melting
gallium-based alloy. The chapter proposes solutions to maximize the repeatability and
reproducibility in ambient air of SC—metal junctions by synthesizing magnetic Galinstan as top
contact. A novel catalyst-free alkyne—alkyne homocoupling reaction is also explored and tested

its electrical characteristics with Galinstan contacts.

Chapter S5, in the form of paper 4, explores to what extent the strain gradients observed
contributed (and potentially governed) the triboelectric phenomena and have therefore the

potential to influence/affect electrical measurements at the nanoscale. The same system
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conditions as in prior chapters is reproduced (Si—SAM-Pt sliding diodes) and evaluated how
the strain gradient generation at the tip—substrate junction affects the results. The experiments
presented in this chapter revealed that the Pt tip experiences a significant rotation which is
caused by a voltage-dependent adhesion force that is electrostatic in origin. This
electrostatically induced tip (contact) rotation creates a strain gradient in the silicon surface,
which in turn induces a parasitic flexoelectric bias. This additional bias, adds to the reverse
bias (and subtracts from the forward bias) causing the flexoelectric-assisted breakdown to shift

the forward current towards more positive values.

Chapter 6 summarises the main findings of this doctoral thesis and draws the conclusions
relevant to each chapter. Further directions are also suggested for this promising class of

energy-harvesting technology.
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1.2 Introduction

Addressing the challenge of sustainable energy generation is a critical and global goal and will
improve the quality of life in the modern era.! The urgent need to reduce dependency on fossil
fuels has accelerated the development and adoption of renewable energy technologies. As the
traditional centralised energy distribution model becomes less effective, there is a rising focus
on distributed energy systems, including advanced solar technologies and energy storage
solutions.> As we transition into the digital era, our reliance on electricity has grown to
encompass a wide range of devices, from handheld cell phones and wearable electronics to
electric vehicles, all integral to daily life.> * Additionally, advanced sensors for health
monitoring,® personal medical networks,® environmental and infrastructure monitoring,” and
security are now widely deployed across various fields. The rapid growth in electronic device
development prioritises miniaturization, lightweight design, and enhanced portability. In this
global technology race, finding power solutions that are sustainable, easily accessible, and

maintenance-free has therefore become a key objective.®1°

Electronic devices typically operate on DC power and rely on batteries as a "non-regenerative"
energy source. Batteries however have limitations, such as the need for regular recharging, as
well as their reliance on costly or hazardous materials like lithium and cadmium.!!
Consequently, there is a growing interest in alternative and regenerative sources of energy,
particularly in situations where replacing or recharging a battery is not feasible. Among the
promising technologies emerging in this domain are nanogenerators which convert mechanical
into electrical energy.'?!* Initial developments in this field were focused on piezoelectric
nanogenerators,'> but their low power output limited these. An advanced variant, the

triboelectric nanogenerator (TENG), functions through a combination of triboelectrification,

electrostatics, and most recently pointed flexovoltage induced by strain gradients.!® 7 Since

18



their introduction in 2012,'® most TENGs presented in the recent literature are alternating-
current, AC-TENGs.!” In the last five years there has however been a significant surge in
research efforts dedicated to advancing the science of DC-TENGs, devices that produce direct

current and voltage outputs in response to mechanical stimuli.?% !

In this context, silicon emerges as a prime semiconductor (SC) candidate at the core of DC-
TENGs.? Silicon bulk and surface properties can be finely tuned through specific doping
techniques and etching processes, which facilitate the creation of microstructures on silicon
wafers, crucial for their electrical properties. However, silicon is a non-oxide SC and therefore
faces the challenge of a thermodynamically favourable surface oxidation, an event that will
impede charge transport. Addressing this shortcoming by surface engineering via self-
assembled-monolayers (SAMs) emerged as a key tool,?* allowing not only the mitigation of
oxidation but also the tuning/enhancement of properties like friction, adhesion, and wettability,

all of which are essential for the efficient operation of triboelectric nanogenerators.>*

1.2.1 Silicon electrodes physics

1.2.1.1 Band diagram theory overview

Given that this Ph.D. thesis integrates several fields such as electrochemistry, surface
chemistry, and electrode physics, and given that the work is primarily intended for a chemical
audience, a conceptual introduction to SC physics, is essential to the understanding of several
SC properties, such as the meaning of a conduction band (Ec), valence band (Ev), and the
operation of p—n and Schottky junctions will be briefly provided. This background knowledge
will aid chemists in understanding concepts such as flexoelectricity, photocurrent decay, or

triboelectricity, which constitute the core of Chapters 2 to 5.
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Figure 1. Scheme representing the energy band structure in a semiconductor. The valence band (Ev) is the
energy band filled with electrons under normal conditions. These electrons can be excited to the conduction
band (Ec), where they are free to move and conduct electricity. The energy difference between the valence and
conduction bands is known as the band gap (E;). The Fermi level (Er), depicted as a red dashed line, is the
energy level at which the probability of finding an electron is 50%. It does not mean that there is an energy
level at the E, but if there was then the probability of occupancy would be 50%, In this illustration, the valence
band is partially filled, indicating the presence of electrons, while the conduction band is empty, no electrons
are available for conduction without external energy input.

In solids, energy levels available to electrons are grouped into bands.?> The classification of
materials into conductors, insulators, and SCs is primarily based on the band gap magnitude
(E¢= Ec—Ev) namely, the energy difference between the Ev and the Ec (Figure 1). Conductors
have overlapping Ev and Ec, allowing electrons to flow freely. Insulators have a wide band
gap, typically greater than 5 eV, which prevents electron flow under normal conditions. SCs
possess a moderate band gap, usually ranging from 0.1 to 4 eV, enabling controlled electron
flow. Conductors typically have a resistivity (p) lower than 1073Q cm while insulators exhibit
a resistivity higher than 10 Q cm. SCs (i.e., silicon), which fall between these two categories,

have resistivity values ranging from 10°Q to 10¥Q cm (Figure 2).2°

The electronic conductivity of SCs can be classified into two categories: intrinsic and extrinsic
conductivity. 27 Intrinsic conductivity is produced by electrons originating from the atoms of
the fundamental substance within the crystal lattice. At thermal equilibrium, electrons can be
thermally excited from the valence band to the conduction band, creating electron—hole pairs

(¢ h pair). In intrinsic (pure) SCs, the Fermi level (Er) — the highest energy level that an
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Figure 2. Relationship between resistivity and conductivity for various materials. Conductors, such as silver,
copper, aluminum, and platinum, exhibit low resistivity and high conductivity. Insulators, like sulfur, nickel
oxide, and diamond, have high resistivity and low conductivity. SCs, including germanium (Ge), silicon (Si),
gallium arsenide (GaAs), and cadmium sulfide (CdS), display resistivity and conductivity values that lie
between those of conductors and insulators.

electron can occupy-lies near the middle of the band gap as the number of electrons and holes

are approximately even.

On the other hand, extrinsic conductivity is due to defects or added impurities (doping) in the
lattice reducing the width of the Eg (~1.2 eV for silicon) (as well as by light or electric fields).
There are two main types of doping: n-type and p-type. In n-type doping, donor atoms with
more valence electrons than the host atoms, such as phosphorus in silicon, are added. This
shifts the Er closer to the conduction band, increasing the electron concentration and enhancing
conductivity. Conversely, in p-type doping, acceptor atoms with fewer valence electrons than
the host atoms, like boron in silicon, are introduced. The distribution of electron density in the

SC was elucidated by Enrico Fermi and named in its honor the Fermi-Dirac equation (1). 2

P(E) = 1 1E—EF (1)

+exp (T)
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Figure 3. Energy band diagrams for different types of SCs. From left to right: intrinsic SC with the Er near the
middle of the E,; p-type SC with Er closer to the Ev; n-type SC with Er closer to Ec; heavily doped p-type SCs
with Er inside Ev due to high acceptor concentration; heavily doped n-type SCs with Er inside Ec due to high
donor concentration.

where E is the energy level, EF is the Fermi level, k is the Boltzmann constant, and T is the

absolute temperature in Kelvin.

The positioning of the Er also varies with both the doping type and dopant concentration
(Figure 3). In n-type SCs, the Er is positioned above half the E; (closer to the Ec) due to the
abundance of free electrons in the Ec. On the contrary, in p-type SCs, the Er is located below

half the E, (closer to the valence band) due to the prevalence of more free holes in the Ey.?’

In the case of silicon, the doping concentration can span from 10'* cm™ to 10'® cm™. Beyond
this doping level, the SC is classified as degenerate exhibiting properties similar to metals due

to the high concentration of free charge carriers (i.e., heavy doping).

1.2.1.2 Photoelectric effect in silicon electrodes

While the photoelectric effect is not the main mechanism in DC-TENGs, its principles are
closely related and will help the general audience to better understand the mechanism of the
triboelectric phenomena. It is also of significant importance for Chapter 3, where photo
conductivity measurements (PCM) will be employed to assess the degree of surface oxidation

on silicon electrodes when working as TENGs.
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At p—n junctions and Schottky interfaces (i.e., metal—silicon contacts), e —h pair generation and
recombination reach a steady state in the absence of external factors. When light illuminates
these junctions, it generates additional e —h pairs, disrupting this balance and initiating the
photoelectric effect (first observed by Becquerel in 1839).% In this sense, optical transitions of
electrons from the Ev to Ec occur through the absorption of photons with energy higher than
the E, energy.’! The nature of the Eg, defined by the crystal's band structure, can be direct or
indirect. In direct E; SCs, such as amorphous silicon, electronic transitions are fully allowed,
meaning that an electron can move from the Ev to Ec directly by absorbing a photon. However,
in indirect Eg SCs, like crystalline silicon, an additional phonon (a quantum of lattice vibration
energy denoted by hw, where h is the Planck constant and ® is the phonon frequency) is
required to facilitate the transition.’® This requirement for a simultaneous lattice vibration

significantly decreases the absorption probability in indirect Eg SCs.

This distinction between direct and indirect bandgaps is reflected in the materials' absorption
coefficients. Direct bandgap semiconductors (SCs), like GaAs, typically have higher
absorption coefficients, allowing them to absorb light more efficiently. In contrast, indirect Eg
SCs have lower absorption coefficients, and thicker material layers are needed to achieve the
same level of light absorption.*® For instance, crystalline silicon wafers used in photovoltaic
solar cells usually have a thickness of several hundred um to ensure sufficient light absorption,
whereas thin layers of direct E; materials like amorphous silicon can be used in low-power
devices such as solar-powered calculators.®* In the context of TENGS, this difference matters
for charge transport properties rather than light absorption efficiency. Moreover, materials with
direct band gaps, such as gallium arsenide (GaAs) and other III-V SCs, are often used in
optoelectronic devices like LEDs and SC lasers due to their high radiative recombination

rates.>> 3¢
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1.2.1.3 Silicon—electrolyte contacts

Although the main part of this work is focused on “dry junctions” such as silicon—metal
contacts (section 1.2.1.4), silicon—electrolyte systems have been crucial in this work to
determine the electrode surface properties (i.e., monolayer coverage, monolayer quality or
electron transfer rate at the interface). Hence, a brief introduction of silicon—electrolyte physics
is important to better understand the results presented in Chapters 2 and 4 for instance, where
silicon electrochemical characterization played a major role before the implementation of the

electrode on different systems.

When an SC Ep, interfaces with an electrolyte (El) containing a dissolved redox couple and
possessing its own Fermi level (Er, El), equilibrium is established as Er of both phases align.?’
In the case of an n-type SC, where Er, SC is higher than Er, El, equilibration involves a flow
of electrons from the SC to the solution phase. The charge in excess is distributed within the
space charge layer (Scr), inducing band bending and the formation of a built-in electric field
(Figure 4). As long as there is a difference in electrochemical potential between the SC and the
electrolyte, electronic redistribution occurs primarily in the SC. Electrons migrate across the
interface until the SCs’ Fermi level aligns with the redox potential (Eredox) of the electrolyte
species in the solution. In n-type SCs, when Er exceeds Eredox, €lectrons transition from the SC
into the solution. This movement generates a positive charge in the Scr, forming an electric

field. Consequently, a depletion region is created, which extends from the surface into the SCs’

bulk ¥

In an n-type SC, the ScL consists of positively charged ionized donor atoms left behind after
the electrons have moved toward the electrolyte. This region lacks free electrons, creating a
depletion zone. The extent of this depletion region depends on the doping concentration and

the applied bias.?> The band-bending phenomenon in the depletion region is crucial for the
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Figure 4. Energy band diagrams of an n-type SC and an electrolyte. The left diagram shows the initial condition
before contact, where the Fermi level of the SC (Er, SC) is higher than that of the electrolyte (Er, El. The right
diagram illustrates the condition after contact, where electrons have moved from the SC to the electrolyte,
resulting in upward band bending in the SC and the formation of a depletion region near the interface. This
movement continues until the Fermi levels align, establishing equilibrium.

operation of various SCs devices, including diodes and transistors because it creates an electric
field that controls the movement of charge carriers, enabling rectification in diodes and

switching in transistors.*’

The magnitude of this band bending (also referred to as the built-in potential) depends on the
difference between the SCs Er and the redox potential of the electrolyte. As the Er align, the
built-in electric field forms a barrier that inhibits further electron flow from the SC to the
electrolyte. This built-in field is crucial for the separation and transport of charge carriers,
making it a key factor in the efficiency of devices such as photoelectrochemical cells and

SENsors.

In the presence of light, additional e —h pairs are generated in the SC. The built-in electric field
in the depletion region helps separate these photogenerated carriers, driving electrons toward
the bulk of the SC and holes toward the surface (in a n-type material), where they can
participate in redox reactions with the electrolyte. Essentially under illumination minority
carriers become the majority carriers. This separation of charge carriers enhances the efficiency

of photovoltaic and photoelectrochemical processes.
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The equilibrium condition can be mathematically described using the Nernst equation, which
relates the potential of the redox couple to the concentrations of the oxidised and reduced
species.*!**? The potential difference between the SC and the electrolyte, known as the flatband
potential, is a critical parameter that indicates the potential at which the band bending is zero.
Understanding and controlling the flatband potential is essential for optimising the performance
of SC-based devices in various applications, from energy conversion to sensing technologies,
and has been extensively explored in “dry junctions” with a novel Galinstan-based probe in

Chapter 4.

1.2.1.4 Silicon—metal contacts

When a metal and a SC come into contact, a junction is formed, resulting in one of two types
of behaviors: Schottky contacts (i.e., a significant difference between the SC Er and metal work
(¢M) function) or ohmic contacts (i.e., the SC Er and metal ¢M are aligned).*’ The work
function is the minimum energy required to remove an electron from the metal's surface to a
point immediately outside the material. For SCs, the electron affinity () is the energy

difference between the Ec and the vacuum energy level.

In an ideal scenario with no surface states or interfacial layers, the behavior of the junction is
straightforward. When a metal with a high work function comes into contact with an n-type SC
(where Er, SC is closer to the conduction band), its Er will align by a movement of negative
carriers from SC to metal. This results in the upward bending of the energy bands in the SC
and the formation of a depletion region near the interface.** The height of the resulting potential
barrier, known as the Schottky barrier (pB), can be estimated by the difference between the

metal's work function and the SC's electron affinity, B = oM - y.*°
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Figure 5. Energy band diagrams of metal-SC contacts. The left diagram illustrates a p-type SC in contact with
a metal, forming an accumulation layer where the Ev bends downward near the interface. The right diagram
shows an n-type SC in contact with a metal, forming an accumulation layer where the conduction band (Ec)
bends upward near the interface. In both cases, the Er aligns at the interface, the qoM and the (@SB are
indicated.

For an n-type SC, if the metal's oM is greater than the SC's Ef, the electrons will move from
the SC into the metal, creating a positive charge in the Sci and forming a depletion region.
Conversely, if oM < Ef, SC, an accumulation layer forms, and the contact exhibits Ohmic
behavior, allowing current to flow easily in both directions (Figure 5). In the case of p-type

SCs, the process is similar but involves the movement of holes rather than electrons.

Real-world metal-SC contacts often involve additional factors that need to be accounted for,
such as surface states and interfacial layers, which can pin the Er and affect the barrier height.
Surface states are electronic states at the surface of the SC that can trap charge carriers,
influencing the energy band structure at the interface. These states can result from
imperfections in the crystal structure or from chemical reactions at the surface (i.e., substrate
oxide growth). In such cases, the Er at the surface can be pinned, meaning it does not move
significantly with changes in the applied voltage. This pinning effect can alter the junction's
expected barrier height and behavior. To prevent this, covalent bonding of organic molecules
(i.e., 1,8-nonadiyne) to the SC surface can effectively control the surface states,*® this has been

used extensively in this thesis and will be considered in detail in the next section.
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Another important aspect of metal-SC contacts is the method of contact formation. For
instance, thermal annealing of metal contacts can change the interfacial properties and thus the
barrier height. For example, annealing a Pt-Si diode can lead to the formation of a platinum
silicide (PtSi) layer, which has different electrical properties compared to pure platinum and
silicon.*’ The barrier height typically decreases with increasing annealing temperature due to

improved interface quality and reduced defect density.

The electrical characteristics of the junction, whether it forms a rectifying (Schottky) or an
Ohmic contact, are crucial for various SC devices.* ** Schottky diodes, for example, exploit
the rectifying properties to allow current to flow more easily in one direction than the other.
They are used in applications requiring fast switching speeds and low forward voltage drops,
such as in radio frequency applications and power rectifiers. Ohmic contacts, on the other hand,
are essential for ensuring efficient charge carrier injection in devices like transistors and light-
emitting diodes (LEDs), where they serve as the connection between the active SC region and

the external circuitry.

This analysis assumes a macroscopic and static contact such as that in Chapter 4 where a
macroscopic Galinstan-silicon junction was proposed to determine the electrical characteristics
of the electrode. In microscopic contacts such as those described in Chapter 5, we will see that
the presence of uncontrolled sliding events or induced loads will alter the charge transport

characteristics of the junction.
1.2.2 Silicon surface chemistry

1.2.2.1 Etching of silicon

Silica (Si10.) is one of the most common minerals on Earth and represents the natural form in

which silicon is found and collected.’® Chemical etching of silicon oxides is of significant
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technological relevance, as it constitutes a key process for most silicon-based electronic
devices.” When manufactured, silicon wafers exhibit an unclean oxide layer (SiOx) obtained
from suppliers that need cleaning before etching. Harsh cleaning conditions (hot piranha
solution, [1:3 H2SO4, 30% H20:]) are employed to remove any undesired organic compound
that might be present on the surface.’? Thus, the initial step in integrating silicon into chips and
related devices like TENGs and micromachining processes involves cleaning and dissolving

the superficial oxide layer.

After cleaning, removing the oxide layer via chemical etching to expose a hydrogen—terminated
(Si—H) surface comes into effect. Silicon etching has been extensively studied mainly through
Alkaline and Fluoride-based solutions. HF-based solutions have been the most employed
etchants for silicon oxide removal (Figure 6). Among them, NH4F has been chosen in this Ph.D.

thesis to minimize the hazards related to HF. 3

Despite the initial reliance on fluoride-based solutions, recent findings have shifted our
understanding of surface passivation and stability mechanisms involving fluoride-based
etching. The conventional assumption proposed that the chemical stability of the silicon lattice
resulted from F~ passivation. This proposition was supported by the significantly higher Si-F
bond strength (6.0 eV) compared to Si—H (3.5 eV).2® However, it has been concluded that the
chemical stability of these surfaces is, in reality, attributed to surface passivation by
hydrogen.>* 3 Furthermore, the etching mechanism of silica has been historically described as
a pure chemical process, but in Chapter 2 we will see that a strong electrochemical component
is present in the removal of silicon oxides and different etching mechanisms to maximize

electrical outputs of Si(211) when performing as a TENG will be further discussed in detail.
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Figure 6. The etching rate of different silicon oxides as a function of HF concentration. Adapted with
permission from Xiaoge Gregory Zhang, 2001, Springer New York, NY. © 2001 Springer (ref. 26).

1.2.2.2 Self-assembled monolayers (SAMs) on silicon

Even though the achieved Si—H layer is less prone to oxidation than a cleaved silicon surface
(i.e., oxide formation implies in this case the breakup of Si—H bonds) it will unfortunately
restore its oxide layer of around 2-4 A when exposed to air.>® To prevent this, the attachment
of organic compounds to the hydrogen—terminated surface has been widely employed as Si—-H
is susceptible to be reacted with specific organic molecules to passivate and tune the properties

of the silicon surface.’”->8

This electrical and electrochemical characteristics tunning, is achievable through self-

assembled monolayers (SAMs) attachment on the surface.” SAM bonding can tune different

60, 61 63, 64

parameters such as conductivity, roughness,®” adhesion, and wettability,*> and
possesses the potential to influence the SC ¢oM.®® These adjustments enable specific
interactions with substrates, facilitating a deeper understanding of chemical thermodynamics
and kinetics at interfaces advancing the surface science field toward molecular-scale

resolution.®’

30



The development of carbon-based monolayers on silicon was pioneered by the seminal work
of Linford and Chidsey in 1993.% This method involves the thermal decomposition of diacyl
peroxides to generate alkyl radicals that bind to hydrogen—terminated Si(100) and Si(111)
surfaces. Compared to silane-derived monolayers, these alkyl monolayers exhibit greater
robustness. Further advancements have been made by employing 1-alkenes and 1-alkynes on
hydrogen-terminated Si(111) surfaces, achieving high-quality monolayers through UV-
catalyzed hydrosilylation. This synthetic mechanism, hydrosilylation of an a,m-dialkyne
molecule (1,8-nonadiyne, 1, Figure 7), has been extensively exploited along the development

of this Ph.D. to produce Si-1 surfaces either on Si(111)-H or Si(211)-H. 2324

This process leaves an acetylene group at the distal end of the Si-1 monolayer, offering a
pathway for further derivatization, like copper-catalyzed azide-alkyne coupling (CuAAC)
reactions by reacting azidomethylferrocene (2) with Si-1 surfaces to generate Si-2 surfaces
(Figure 7).%% 70 This click chemistry approach facilitates the addition of various functionalities
to the monolayer, including redox-active groups like ferrocenyl moieties.”! Incorporating a
metallocene into the monolayer regulates the surface density of positively charged ferricenium

tethers (as seen in Si-2 samples); and provides the means to examine their electrochemical
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Figure 7. Schematic representation of the strategy used for the passivation and functionalization of the
lowly doped Si(111) and Si(211) surfaces. Reprinted with permissions from ref. 78.

31



profiles to distinguish between electrostatic effects arising from molecule-to-molecule

interactions and those due to molecule-to-space-charge interactions.”

The CuAAC reaction offers several advantages, including minimal purification needs, the
absence of protection and deprotection steps, high yields, and is compatible with a variety of
solvents and offers a direct method to determine the monolayer surface coverage.”> ™
Nevertheless, the robustness of the CuAAC reaction comes at the cost of copper impurities on
the surface which can greatly influence the electric surface properties.”> ’® Due to this
association between copper contaminants and electronic defects that hinder charge transport
across SAMs, I have also investigated an alkyne—alkyne photochemical homocoupling reaction
as a copper-free method to attach ferrocenes following the method proposed by Sambi.”” This

was achieved through UV-assisted coupling of alkyne 3 with Si-1 surfaces to generate Si-3

surfaces (Figure 7) and has been explored in detail in Chapter 4.7

1.2.3 Electrochemical measurements

1.2.3.1 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is an indispensable technique in electrochemistry employed to
investigate the reduction and oxidation processes (i.e., kinetic and thermodynamic properties,
as well as mass transport for the case of diffusive systems) of electrode materials, including
those of molecularly modified SC interfaces.” %® While all transient techniques theoretically
can navigate the same current-potential-time space to gather the required information, CV
offers a straightforward way to observe the impact of potential and time on the current within
a singular experiment. Its simplicity and sensitivity make it an essential tool for the analysis of

electrochemical reactions happening on the surface.®!
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Figure 8. (a) Potential vs. time graph depicting the CV scan rate. The potential is swept linearly between two
values and then reversed, with the switching time indicated. E1 represents the switching potential. (b)
Corresponding current vs. potential graph showing a typical cyclic voltammogram recorded on S-2 (surface
confined) samples. The red and blue curves represent the anodic and cathodic sweeps, respectively, illustrating
the oxidation (a) and reduction (b) reactions of a reversible redox couple. The peaks correspond to the redox
processes occurring at the electrode surface.

CV operates on the principle of sweeping the potential of an electrode linearly over time within
an electrochemical cell and measuring the resulting working electrode current (i.e., equivalent
to a double potential step chronoamperometry) see Figure 8. The original potential of the
working electrode is chosen to be a negligible current flow so the present chemical species in
the electrode are not reduced or oxidized.®? This approach facilitates the analysis of redox
reactions and electron transfer behaviors across interfaces, once the potential is swept linearly.
The acquisition of the peak potential provides insights into the thermodynamics and kinetics
of electrochemical processes, a feature that has been extensively exploited during my research

to assess the charge transport characteristics of the functionalized silicon electrodes.®’

The redox reactions observed during CV can be described by the Nernst equation (2) (Walther
Hermann Nerst 1889),3% which relates the electrode potential to the concentrations of the

oxidized and reduced species:

_ o RT, [0x]
E=E°+ —In Red (2)
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Where FE is the electrode potential, £° is the standard electrode potential, R is the ideal gas
constant, 7 is the temperature, 7 is the number of electrons transferred, and F is the Faraday

constant.

Most of the information about the redox properties and the quality of the monolayer on the
surface can be extracted from the voltammogram wave. 3° Essentially three important
parameters must be considered while analyzing the voltammogram signal: the peak current
ratio for the cathodic and anodic process, the full width at half-maximum (FWHM), and the
shape of the wave. The ratio of the peak currents for the reduction (cathodic) and oxidation
(anodic) processes is a vital indicator of the reversibility of the electrochemical reactions taking
place on the electrode surface.® In an ideal reversible system, this ratio approaches unity, which
indicates that the rates of the forward and reverse reactions are balanced. A deviation from
unity suggests kinetic limitations, such as slow electron transfer rates, which can affect the
efficiency of the redox process.®” The FWHM of the peaks in a voltammogram directly reflects
the homogeneity and the dynamic behavior of the electrochemical process. A narrow FWHM
is indicative of a uniform and fast electron transfer process, often associated with well-
organized and defect-free monolayers. Conversely, a broad FWHM suggests a distribution of
electron transfer rates, possibly due to heterogeneities within the monolayer or the presence of
different interacting species.®® This parameter is crucial for assessing the quality of the
monolayer and understanding the kinetics of the redox reactions. In this thesis, CV has been
extensively used, particularly in Chapters 2 and 4 to determine the etching outcome and
monolayer quality, and as a diagnostic tool to predict how the surface will perform in a

hypothetical TENG design system.
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1.2.3.2 Non-ideal voltammogram waves

The voltammogram shape reveals details about the nature of the redox processes, the
interaction of the analyte with the surface, and potential complications such as adsorption or
competing side reactions.’® Symmetrical waves with well-defined peaks suggest a smooth,
reversible surface-confined process, while asymmetries or additional peaks may indicate

complex reaction mechanisms or surface interactions affecting the redox behavior.”

These deviations from ideal shapes manifest as broadened, split, or even multiple waves in
voltammograms. The non-ideal behavior observed in SAMs has been commonly associated
with diverse factors such as heterogeneous molecular interactions, disorder within the
monolayer structure, odd-even effects in linker molecules between headgroups and substrates,
repulsion functions of headgroups, and interactions between redox species and the electrolyte.”!
Such non-ideal voltammetric responses have been thoroughly investigated in SAMs on gold
substrates with these effects being well-documented.”> However, recent work by Song et al.
has shown that in the case of SC photoelectrodes like silicon, multiple peaks, and peak

broadening can be attributed to heterogeneous photocurrents rather than molecular disorder
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Figure 9. Doping level and type and ideality of the redox response. (a) Representative and close-to-ideal cyclic
voltammogram recorded for a S-2 (Figure 7) sample prepared on HD, p-type Si(111) (100 mV/s, 1.0 M HCIO4,
dark. (b) Representative cyclic voltammogram for a S-2 monolayer grafted on a Si(111), n-type, LD
photoanode, showing an evident non-ideal peak splitting (100 mV/s, 1.0 M HCIO4, electrode illuminated at a
light intensity of 1.0 mW m™). Adapted from ref.88 with permission from the American Chemical Society,
copyright (2022).
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present in the monolayer attached (Figure 9).3% Chapter 2 will explore and expand these often-
overlooked features and probe that non-idealities such as multiple peaks are intimately linked
to the substrate etching and can be potentially used to diagnose the performance of the system

when forming part of a TENG.

1.2.3.3 Electrochemical impedance spectroscopy (EIS)

In the previous section, it has been considered the scenario where the system is perturbed
through a potential sweep, driving the electrode far from equilibrium and measuring a transient
signal. Electrochemical impedance spectroscopy (EIS) follows a different approach in which
an alternating signal causes small perturbations in the system at a steady state across a broad
frequency spectrum.®® %% It is a highly effective technique used to measure the interfacial
impedance or resistance present in a circuit element and is also commonly applied to assess the
diffusion state of a solution, electrolyte movement towards the electrode, and charge transfer
across the monolayer on the substrate.” It is particularly useful for distinguishing between the
time constants of electrochemical reactions, with lower frequencies typically providing clearer

differentiation than higher frequencies.”

The impedance spectrum consists of a real component (Zr), which does not vary with
frequency, and an imaginary component (Zi), which is frequency-dependent. The data gathered
can be represented as "Nyquist " and "Bode" plots. In the Nyquist plot, the real part, Z', is
plotted on the X-axis, while the imaginary part, Z~, appears on the Y-axis. Each curve point on
the Nyquist plot indicates the impedance at a specific frequency and can be represented as a

vector pointing from the coordinate origin to the impedance value.

In the Nyquist plots the critical parameter is the charge-transfer resistance (Rc), systems with
a high Rc will demonstrate slow kinetic behavior (semicircular region Figure 10a). On the other

hand, If Rc is relatively small mass transport will be a determining factor, and the semicircular
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Figure 10. (a) Representative EIS Nyquist plot illustrating the real part of impedance (Z') versus the imaginary
part of impedance (Z"). The plot distinguishes between kinetic control and mass transfer control regions.
Systems with high charge-transfer resistance (RC) are indicated by a steep slope in the kinetic control region.

(b) Bode plot showing the phase angle as a function of frequency, the phase angle decreases with increasing
frequency, indicating changes in the system's impedance characteristics.

region is not well defined. Conversely, the Bode plot (Figure 10b) features a logarithmic
frequency scale on the X-axis and typically includes two Y-axes: one for the logarithmic
magnitude of the impedance and another for the phase angle. The Nyquist plot is particularly
useful for analyzing resistance characteristics, whereas the Bode plot is better suited for
assessing capacitance features and, along with the formalism developed in 1979 by Pierre
Laviron (3) has been extensively used in Chapters 2 and 4 to estimate the charge transfer

rate.”®

Rct
Z(w) =Rs + 1+JwRctCdl

)

Where Z(w) is the impedance as a function of the angular frequency (w) Rs is the solution
resistance, Re 1s the charge transfer resistance, Cqi is the double-layer capacitance and j is the

imaginary unit.
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1.2.4 Spectroscopic measurements

1.2.4.1 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) stands as the most prevalent technique for surface
analysis, primarily because of its capability to provide detailed information about both the core-
shell and valence electrons of the surface subjected to study. XPS relies on the photoelectric
effect a phenomenon in which the material (i.e., atom) absorbs electromagnetic radiation and
releases photoelectrons as a consequence of the excitation, described by Einstein (1987).”7-%°
XPS is distinguished from X-ray fluorescence (XRF), which involves the emission of
secondary X-rays, and Auger electron spectroscopy (AES), which detects electrons emitted as

a result of electron transitions within atoms (Figure 11).1%°

XRF XPS Auger
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Figure 11. Processes associated with photon excitation. (a) Excitation resulting in fluorescence, (b), excitation
of an electron from a core level, and (c) secondary excitation resulting in Auger emission.

The photoelectric effect was first observed with electronically isolated metals under vacuum
that had an enhanced ability to spark when exposed to light. This led to the ability to derive the
ratio of Planck’s constant over electronic charge (h/e) and the work function (¢M) of the metal
object when altering the energy source of irradiation. XPS detection principle, thus, relies on
the energy of the photoelectron that is ejected from the atom. Since photons lack mass, this
energy transfer effectively absorbs the photon. If the energy is adequate, the electron is released

from the atom and the solid. The remaining kinetic energy (Kg) of the electron is then measured,
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representing the electron binding energy, which is unique to each element and its surrounding

environment.'°" 12 The process can be expressed as follows (4):
Kk xps = Eph — ¢pxps — BE xps 4)

K Exps represents the energy of the electron that gets released, Epn is the energy of the photon
that starts the process, BExps stands for the observed (or calculated) binding energy, and ¢xps
refers to the work function of the XPS instrument. XPS has been used during my Ph.D. to
assess the atomic composition of the functionalized monolayers and to determine the degree of

surface oxidation at silicon electrodes.

1.2.4.2 X-ray reflectometry (XRR)

The implementation of thin films in technological applications and, within the scope of this
P.h.D thesis, of grafted SAMs on silicon, often requires precise control of film thickness
because their properties tend to be thickness-dependent. X-ray reflectometry (XRR) offers a
non-destructive, contact-free method for measuring thickness in the range of 2200 nm with a
precision ranging from 1-3 A which is suitable for both crystalline and amorphous

substances. '3 104

Besides thickness measurement, XRR is also used to assess the density and surface roughness
of films and multilayers with high accuracy.!® The latter, surface roughness characterization,
has been evaluated by combining XRR with AFM topography measurements (section 1.2.5.1)
to shed light on the surface topographical properties of the monolayer-functionalized silicon
electrodes and to correlate it with the performance of the system when working as a TENG

(Chapters 2 and 4).

The working principle of XRR involves directing a monochromatic X-ray beam at a sample at

grazing angles to measure the intensity of X-rays reflected from the surface.!” As the X-rays
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interact with the sample, variations in electronic density between different layers cause the X-
rays to be reflected at various intensities, creating an interference pattern that can be analyzed
to determine film thickness, density, and surface roughness according to Bragg’s law for thin

film analysis (5).
nd = 2d sinf (5)

At very low angles of incidence, known as grazing angles, X-rays hitting a material's smooth
surface will reflect below or at a small angle named the critical angle. This angle is minimal
and varies based on the material's electronic density; denser materials have smaller critical
angles. As the angle of the incident X-rays surpasses this critical threshold, the rays penetrate
more deeply into the substance. On ideally flat surfaces, the reflectivity falls sharply when the

angle exceeds the critical angle.

1.2.5 Atomic force microscopy (AFM) measurements

1.2.5.1 Topography measurements

AFM is an advanced imaging technique pioneered by Binnig and developed in the 1980s,
expanding scanning probe microscopy (SPM) capabilities.!”> 198 It significantly differs from
scanning tunnelling microscopy (STM) as STM can only measure conductive samples in
vacuum. AFM's primary application used in this thesis has been its ability to perform detailed
surface analysis, allowing the study of the morphology and the mechanical properties of the
silicon samples with atomic-sale resolution. Topography images extracted with AFM were also
used to assess the surface roughness values in parallel with XRR measurements. Since the main
research conducted during this thesis work has relied on AFM, it will be of significant relevance

to introduce the working principles and main modes of this powerful technique.
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SPM techniques in general rely on a sharp tip at one end that interacts with the sample's surface
achieving high-resolution images, as they can precisely probe surface features at the nanoscale.
For AFM, the probe is similar to a stylus profilometer that directly interacts with the sample
surface. By detecting the repulsive and attractive forces between the probe and the surface, it
generates a high-resolution, three-dimensional topographic image of the surface. The tip is
mounted on a cantilever, visualized as a flexible beam that bends in response to forces between
the tip and the sample surface. Cantilevers with low spring constants play a crucial role in
AFM's functionality by enabling precise control over the forces exerted between the tip and the
sample which causes the cantilever to deflect. A laser beam is placed at the back of the
cantilever, actively monitoring the cantilever deflection. The reflection of this laser beam onto
a sensitive photodetector (PSPD) captures the deflection changes (Figure 12) and provides the
data needed to construct the topographic images of the surface.!’” These variations in the
electric signal resulting from the laser spot's movement on the photodiode are harnessed within

a feedback loop to ensure a consistent force is maintained on the AFM tip. This feedback loop
z-stage

laser beam

applied load =

platinum
tip

organic layer
silicon

Figure 12. Schematic representation of an AFM setup. The setup includes a laser beam directed at a PSPD, a
z-stage for vertical adjustments, and a platinum tip applying a load onto the sample. The sample consists of an
organic layer on a silicon substrate. This configuration has been used to measure surface properties and
interactions at the nanoscale.

controls the application of voltage to a piezoelectric scanner, enabling controlled vertical

41



movements of either the AFM tip or the sample. The vertical motions of the piezo are
instrumental in its ability to construct the topography map. The level of precision we can get
with AFM measurements is achieved through various imaging modes such as contact mode,
tapping mode, and non-contact mode. While in contact mode the tip is contacting the surface
at all times, in tapping mode the tip is on and off the surface as the cantilever oscillates a value
close to its resonance frequency. This minimizes contact mode limitations such as lateral force
interactions on steps or edges resulting in tip and/or surface damage. In non-contact mode, the
cantilever oscillates at a much smaller amplitude minimizing the repulsive interactions regime,
and tip/sample wear. This aspect, surface damage suffered by the sample due to tip sliding

while operating AFM, has been evaluated in depth in Chapter 3.

1.2.5.2 Electrical measurements

Among the diverse AFM scanning functionalities, the capability to measure current outputs has
been particularly exploited and used in all of the chapters of this thesis. Recent developments
have further refined AFM techniques, enabling precise characterization of nanoscale surface

interactions and their direct impact on triboelectric performance.

a) b) C)

zero-bias current

l platinum tip motion
S
A
r
organic layer
silicon

Figure 13. (a) Scheme of the AFM setup, a platinum tip slides across a monolayer-coated silicon wafer. (b)
High-resolution AFM topography image of an S-1 monolayer on Si(211). Zero-voltage bias C-AFM map of an
S-1 Si(211) sample. The horizontal scale bars in panels b and c represent 1 um.
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This has been effectively achieved through two primary modes: conductive mode (C-AFM)
via Pt tip—silicon sliding events, and spectroscopy measurements (i.e., Current—Voltage (I-V)
and Force/distance (F/d) modes), where the tip is pressed onto the surface.!” Each method
offers different insights and benefits, providing a deeper understanding of material properties
at the nanoscale. C-AFM provides precise current measurements as the tip moves across the
silicon substrate, allowing for the detailed mapping of electrical conductivity and topographical
features (Figure 13). -V measurements evaluate the current response while applying a voltage
similar to traditional macroscopic probe methods but at the nanoscale,''® whereas
force/distance (F/d) measurements assess the current response under strain gradients generated
by applied loads. Local conductivity and current distribution at a specific bias (i.e., 0 V) are

captured through a current amplifier.

C-AFM operates in contact mode because it requires a direct electrical connection between the
conductive AFM tip and the sample to measure current. The force between the tip and the
surface falls within the regime of short-range repulsive interactions. Hence, the tip experiences
forces such as van der Waals attraction or electrostatic repulsion as it moves across the surface,
causing the cantilever to bend subtly. The interaction of these forces and the direct implications
regarding current outputs when scanning the sample's surface have been explored in depth in

Chapter S and will also be discussed in the next section.

1.2.6 Mechanically-induced DC outputs on silicon

1.2.6.1 Mechanism of triboelectricity

The concept of triboelectricity can be defined through the framework of charge induction (CI),
contact electrification (CE), and electrostatic discharge (ESD), being the later detrimental in

the current generation phenomena.'!!: "> While CI and CE does not inherently require friction,

triboelectricity involves both, CE and friction-related effects such as debris production and a
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measurable friction coefficient.!!* Friction can be dissipated in the form of phonons and e —h
excitation, which is similar as previously mentioned, to the photoelectric effect causing them
to transition from Ev to Ec resulting in the generation or movement of negative and positive
charges (i.e., current output) through Eg¢.!'* Within the scope of this thesis, triboelectricity and
associated phenomena (i.e., flexoelectricity) have been investigated on a series of silicon-

SAM-metal junctions (i.e., SC—insulator-metal junctions forming a Schottky diode).

The basic model describing friction between surfaces is Amontons’ Law, which determines a

direct proportionality between the friction force and the applied normal force, represented by

(6):

Ffriction=uFnormal. (6)
From Amontons’ law, it is inferred that the normal load plays a major role in determining the
frictional force.!'> However, the relationship between mechanical stress and electrical
generation extends beyond basic friction. In this sense, tremendous efforts has been made to
decouple triboelectric outputs from piezoelectric and flexoelectric contributions.!'® 7 The role
of flexoelectricity in the current generation will be expanded in the next section and Chapter
5. In this sense, comprehending and controlling the role of friction, loads and current outputs
are essential for enhancing the performance of equipment, decreasing energy usage, and

prolonging material durability.
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Figure 14. (a) Diagram illustrating AFM measurements on p-type stripes on n-type silicon bulk. (b) Graph
depicting the relationship between friction force and applied load at a sample bias of +4V. Scanning speed was
maintained at 5 pum/s. (Inset) The pull-off force as a function of sample bias is shown, with error bars
representing the standard deviation from five separate measurements. Reprinted with permissions from ref.
115.

Understanding which factor governs the current generation mediated by mechanical stimulus
has been a central motivation for researchers of the field. In 2006, Salmeron and co-workers
conducted a study that observed a significant impact of silicon doping on friction.!'® They
implanted a highly doped p-type stripe onto an n-type doped substrate and measured the current
and friction simultaneously at a +4 V applied bias, as depicted in Figure 14. This bias caused
the p-type regions to undergo strong accumulation while the n-type regions experienced
depletion or weak inversion. Interestingly, a substantial increase in friction was noted on the p-
type regions compared to the n-type regions, without a corresponding rise in wear. This
observation suggests that surface states induced by localized strain at the tip-silicon interface

play a significant role. The relevance of these findings is such that attractive electronic forces
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-electrostatic in origin- in the tip-silicon interface caused by a population of unbalanced ionized
dopant atoms in the near-surface region of silicon, will cause an excess of friction or load. The
direct implication is that an excess strain gradient will likely occur due to tip tilting/bending
which will in contrast be reflected in an additional bias voltage. This will be the central point
of Chapter 5, where the presence and relevance of the strain gradients (i.e., flexoelectric effect)

to the triboelectric phenomena will be discussed.

1.2.6.2 Mechanism of flexoelectricity

Flexoelectricity refers to the electric polarization generated in a material due to a non-uniform
mechanical strain resulting in the generation of an electric field (Figure 15a).!'? The first report
on flexoelectricity is likely from a 1910 paper by Walter Jamieson, who observed curvature-
dependent surface charging in celluloid sheets.!?° Since then, flexoelectricity has been observed
in several materials but the mechanism underlying the effect remained unclear. Unlike
piezoelectricity, which occurs in materials without inversion symmetry and produces

polarization proportional to the applied stress,!

flexoelectricity can be observed in
centrosymmetric materials and is particularly significant at the nanoscale where strain gradients

are pronounced.'"

The mechanism of flexoelectricity involves the coupling of mechanical deformation and

electric polarization, described by the flexoelectric coefficient (7).

aslm
dxl

Pi = Uamn (7)
Where Pi is the polarization, uymy is the flexoelectric coefficient, dey, is the strain tensor, and
dxl denotes the spatial coordinates. Although the flexoelectric coefficient has been already
determined for a wide range of materials,'?? the experimental silicon flexoelectric coefficient

remains unknown.
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Figure 15. (a) Simulations of the flexoelectric effect in silicon, using a tip-force model) (i) and the resulting
flexoelectric polarization (ii) adapted with permission from ref. 119, Copyright 2020 Springer Nature Limited.
(b) Ratcheting mechanism for charge transfer proposed by L. Marks for a PtIr—STO system. Adapted with
permission from ref. 123, Copyright 2022 American Chemical Society.

Most recently, studies on n-type SrTiO3 by L. Marks and co-workers have demonstrated that
strain gradients can influence the height and width of the interface ®b impacting charge
transport characteristics proposing the so-called Ratcheting mechanism to explain the
phenomena Figure 15b.'?* These reports become especially relevant within the scope of this
thesis as flexoelectricity has been proposed as the “missing term” of triboelectricity. Chapter
5 is entirely dedicated to exploring the effects of strain gradients triggered when a Pt AFM tip

contacts the silicon surface (AFM contact mode) and the subsequent flexovoltage. The findings
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are also focused to shed light on the factors that govern the performance of these systems when

operating as TENGs.

1.2.6.3 Triboelectric nanogenerators (TENGs)

As one of the main goals of this thesis has been understanding the factors governing the
performance of monolayer-functionalized silicon samples when incorporated as part of a
TENG, the lector will benefit from a brief introduction to the history of these devices and how

this thesis has approached the opening questions regarding the working mechanism.

The first report was made by Z. L. Wang in 2012, where the device was designed through a
combination of polyester and Kapton, producing alternating current (AC-TENG), Figure 16.'®
However, in the past years, there has been a significant surge in research focused on developing
DC-TENGs.!'”* The initial design involved sharp metal wire slides across grains of
molybdenum disulfide (MoS) and opened up the question of the feasibility of applying the

DC-TENG design to other SCs like silicon, which has been the central motivation of this thesis.

As previously mentioned, TENGs operate on the principles of autonomous electricity
generation by converting various forms of mechanical energy into electrical energy and its
applications range from energy harvesting to sensing.'?>'?’ They typically operate in four
modes: contact-separation, sliding, single-electrode, and most recently discovered through
electrical polarization due to strain gradients. Although the precise working mechanism of
TENGs remains under debate, the main or dominant mechanism can be described on the basis
of the photovoltaic effect (section 1.2.1.2). In this sense, adhesion and wear mechanisms at the
frictional interface are critical factors influencing the performance of DC-TENGs.!?
Tribological behaviors such as material transfer, changes in the effective contact area, and

surface charge modification can significantly affect charge density, thereby altering the device's

output performance. Advances in understanding these interactions have reinforced the role of
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surface characterisation in optimizing DC-TENGs by refining the surface design and material
engineering. In sliding-mode DC-TENGs, where tangential forces induce relative motion
between surfaces at kinetic friction, tribological phenomena become more pronounced, leading

to dynamic changes in surface charge distribution and energy transfer efficiency.

Friction
—

Figure 16. A schematic representation of the structure and operating principle of a triboelectric generator
(TEG). (a) The configuration of an integrated TEG during the bending and release phases, along with
corresponding electrical measurements. Photographs show a flexible TEG and a mechanical bending apparatus.
(b) The suggested working mechanism of a TEG involves the generation of charges through friction between
two polymer films, creating a triboelectric potential layer at the interface. Reproduced with permissions from
ref. 18.

In the previous section, we discussed how flexoelectricity may also contribute to the
mechanism of current generation (Figure 15). Theorization of this ratcheting effect has been
performed on highly doped SC materials and remains uncertain whether these findings apply

to dynamic junctions formed on lowly-doped SC, where the space charge region is significantly
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thicker. In addition, most silicon-based DC-TENGs produce tribocurrents in the direction of
leakage current, suggesting that the interfacial field formed during contact drives electrons
through either avalanche breakdown or tunnelling. To determine which of these mechanisms is
predominant in Chapter 5 I conducted experiments where the temperature of the sliding

junction was controlled.

The DC current density for metal-silicon TENGs is reported to be around 10° A/m2'%° which
was achieved by using the attachment of an organic layer that allows proton exchange
introducing simultaneously a sufficiently high concentration of surface states, indicated by
alterations in carrier recombination velocities, in combination with a pronounced surface dipole
characterized by a surface alkoxide anion (Si—-monolayer—O—). This is just an example but is
extremely relevant, given that the interplay of chemical and electronic factors is not yet fully
understood and surface chemistry control reveals itself as one of the dominant factors in DC

TENG current generation (see section 1.6.2 and Chapter 5). '*°

Therefore, to systematically leverage the performance of out-of-equilibrium diodes such as
DC-TENGs, this Ph.D. thesis has addressed several key points that are critical to understanding
the relationship between current output and mechanical motion which includes (but are not
limited to): (i) the impact of the surface functionalization route (i.e., surface chemistry) (ii) the
influence of surface conductivity, namely silicon crystal orientations, on current outputs (iii) to
what extent does surface damage (i.e., oxide growth) determine the current output, and what
causes it (iv) the implications of strain gradients in the current generation and how it can

influence the measurements at the nanoscale.
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Chapter 2. Organic monolayers on Si(211) for triboelectricity
generation: etching optimization and relationship between the

electrochemistry and current output
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Introduction to Chapter 2

Chapter 2, adapted from paper 1, deals with autonomous power supplies that take on a vital
role when it is not possible to replace or recharge a battery, such as in life-critical medical
implants or sensors in remote/dangerous places. The environment provides a broad range of
mechanical energy sources, but converting mechanical energy into direct current remains

challenging in a nanoscale setting.

Recent reports (J. Liu, et al., Direct-Current Triboelectricity Generation by a Sliding Schottky
Nanocontact on MoS» Multilayers, Nat. Nanotechnol. 13 (2018) 1120) showed for the first time
that a sliding metal-semiconductor contact converts small movements into direct current,
which can power electronic circuitry, without the need of electrical rectification. Without any
externally applied bias, a fine metal wire sliding across a semiconductor surface outputs a

“tribocurrent” that can recharge or supplement a battery.

By achieving molecular precision control on the surface chemistry of Si(211) — an highly
conductive Si facets, more conductive than the more common Si(111) and Si(100) cuts — this
chapter demonstrates a new path for the design of metal-semiconductor dynamic junctions that
efficiently harvest electricity from mechanical energy. The etching and surface modification of
Si(211), an underexplored but readily available and highly conductive crystallographic cut of
silicon have been optimized and lead to prove that TENGs made on Si(211) achieve

tribocurrent outputs significantly greater than equivalent devices made on Si(111).

Results presented in this chapter demonstrate that engineering the surface chemistry of Si(211)
is effective in maximizing current without the need to increase the applied normal force. This
is a path towards limiting device wear, potentially opening the way to the widespread adoption

of this technology. Another important and counterintuitive finding that emerged from the
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research presented in this chapter is that introducing surface defects (namely, the presence of
traces of SiOx) leads to a significant enhancement of the tribocurrent output. Interestingly, the
chapter also discusses the usefulness of electrochemistry as a diagnostic tool to anticipate
whether or not a given surface will perform satisfactorily when used in a TENG design. The
results obtained in this chapter will start a new debate among physicists, chemists, and
nanotechnologists whose interests span from autonomous power sources, control of friction

and wear, electrostatic actuation, and interfacial charge transport.

The supporting information for this chapter can be found in Appendix C.
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ABSTRACT: Triboelectric nanogenerators (TENGs) based on sliding silicon—organic
monolayer—metal Schottky diodes are an emerging autonomous direct-current (DC)
current supply technology. Herein, using conductive atomic force microscopy and
electrochemical techniques, we explore the optimal etching conditions toward the
preparation of DC TENGs on Si(211), a readily available, highly conductive, and
underexplored silicon crystallographic cut. We report optimized conditions for the
chemical etching of Si(211) surfaces with subnanometer root-mean-square roughness,
explore Si(211) chemical passivation, and unveil a relationship between the electro-
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chemical charge-transfer behavior at the silicon—liquid interface and the zero-applied bias

current output from the corresponding dynamic silicon—organic monolayer—platinum system. The overall aim is to optimize the
etching and functionalization of the relatively underexplored Si(211) facet, toward its application in out-of-equilibrium Schottky
diodes as autonomous power supplies. We also propose the electrochemical behavior of surface-confined redox couples as a
diagnostic tool to anticipate whether or not a given surface will perform satisfactorily when used in a TENG design.

KEYWORDS: triboelectricity, silicon, surface chemistry, organic monolayers, electrochemistry

1. INTRODUCTION

Semiconducting materials have revolutionized society and are
the foundation of our digitized technologies. Silicon-based
components are at the core of devices whose functions range
from energy storage to energy conversion,l to data processing
and storage,2 to sensing.

Prompted by the pioneering work of Lindford and Chidsey,”
expanding our ability to merge the complexity of the molecular
world™® with the sturdiness of an inorganic silicon substrate
has been a central motivation behind 4 decades of surface
chemistry, electrochemistry, and molecular electronics re-
search.”™'” The ongoing quest of predictably tuning the
performance and function of silicon-based devices has made
tremendous progress. For instance, silicon—molecule—metal
diodes have been realized experimentally,"> and such hybrid
constructs are now at the core of new autonomous power
technologies, such as triboelectric nanogenerators (TENGs)
harvesting mechanical vibrations and friction into electrical
energy.”" >

The operation of such hybrid organic—inorganic devices
relies on a complete and correct understanding of how
electrons cross the interface formed between silicon and either
a metal or a liquid electrolyte contact."”'® Being able to
engineer the interfacial properties of silicon can therefore
expand the performance of semiconductor devices,'”'® and
specific monolayer chemistries can maximize the direct-current
(DC) current output of out-of-equilibrium silicon diodes used
as TENGs."

© 2022 American Chemical Society
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Despite being readily available, silicon wafers of orientation
other than (111) and (100) have received little attention by
the surface science community. This point is of particular
importance because 4 years have already elapsed since the
discovery by Huang and co-workers'” of the surprisingly high
electrical conductivity of Si(211). Since then, a limited number
of follow-up works have demonstrated that for silicon, surface
conductivity decreases in the order (211) > (100) > (111).*°
These works have also highlighted some of the practical
consequences of this facet-dependent conductivity, such as the
silica—silicon redox couple becoming reversible on Si(110)
defects, which are ubiquitous even on a nominal and well-
prepared Si(111) surface.'®

We believe that one of the reasons still hindering a broader
adoption, in both the electrochemistry and energy conversion
fields (e.g, TENGs), of commercially available and highly
conductive Si(211) and Si(110) wafers is the lack of suitable
etching and surface chemistry modification procedures. Equally
poorly documented are their electrical and electrochemical
responses, that is, whether solid and liquid junctions made on
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Figure 1. (a) Schematics of the chemical strategy for silicon surface passivation and functionalization. Etching of the native oxide layer was followed
by the UV-assisted hydrosilylation of diyne 1 on the hydrogen-terminated silicon (Si—H) surface. The resulting alkyne-terminated monolayer (S-1)
is then reacted with azide 2 via a CuAAC reaction, to yield a redox-active monolayer (S-2). (b) High-resolution AFM topography image for a S-1
monolayer on Si(111). The etching time was 13 min [40% aqueous NH,F under ambient light (0.2 mW cm™)]. (c) Representative cyclic
voltammogram for a §-2 sample made on a Si(111) photoanode (100 mV s, 1.0 M HCIO,). The electrode was illuminated at a light intensity of
1.7 mW cm™2 (d) Zero-voltage bias C-AFM map of a S-1 Si(111) sample. The horizontal scale bars in parts b and d are 1 ym. (e) Schematic
representation of the TENG design, made up of an AFM platinum tip sliding over a monolayer-coated silicon wafer. (f) Histogram plot of the
current output of the C-AFM map in part d, where the counts indicate the number of pixels (sample locations) of a given current, with a total of

~65K pixels making up a C-AFM map.

these alternative silicon crystallographic cuts behave close or
far from ideality.”"

The purpose of this paper is to define the optimal conditions
for the preparation and functionalization of oxide-free and
monolayer-modified Si(211) surfaces, an underexplored but
readily available silicon crystallographic cut. We seek to expand
the applicability of monolayer-modified Si(211) surfaces in
miniaturized sliding Schottky-diode TENGs, devices aimed at
converting mechanical into electrical energy.

2. RESULTS AND DISCUSSION

The focus of this paper is on chemically modified phosphorus-
doped Si(211) because the n type is the preferred choice for
DC TENGs that rely on relatively soft metal contacts of large
work function, such as platinum.'>**** The precise charge
separation mechanism for this and similar DC TENGs is still
unclear, but it most likely involves the formation of electron—
hole pairs in response to a mechanical stimulus. These charges
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are then separated by the built-in electric field of the Schottky
diode and/or by static electricity. It is possible that negative
charges generated on the platinum tip”* and flexoelectricity”™
of the junction are also contributing to the enhancement of the
junction’s electric field. Particular emphasis is placed on trying
to unveil the presence (or absence) of a relationship between
electrochemical charge transfer of the silicon—liquid interface
and the zero-applied bias current output of the corresponding
dynamic silicon—platinum system.

The expectation is to develop a diagnostic electrochemical
test to help predicting which surface is more likely to perform
well in a TENG setup. All silicon samples were first etched to
expose a hydrogen-terminated surface (Si—H; Figure 1a),
which is reactive toward unsaturated organic molecules®”**’
and therefore amenable to chemical passivation to limit anodic
decomposition of the electrode. Chemical passivation was
achieved via hydrosilylation of a symmetrical a,w-dialkyne
molecule [1,8-nonadiyne (1); Figure la]. This chemical
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Figure 2. (a) AFM topography image of a S-1 sample made on Si(211). (b) Representative CV curve for a $-2 sample [Si(211), 100 mV s, 1.0 M
HCIO,, red light at 1.7 mW cm™] etched following conditions identical with those of Si(111). (c) Zero-bias C-AFM map of a S-1 sample—
platinum junction. The horizontal scale bars in parts a and ¢ are 1 ym. (d) Histogram plot of the current output of data in part c. Counts indicate
the number of pixels of a given current bin, with a total of ~65K pixels being sampled in a single C-AFM map. The data in the figure are for Si(211)
wafers etched for 13 min in aqueous 40% ammonium fluoride under ambient light (0.2 mW c¢m™2) and then chemically modified.

reaction generates an alkyne-terminated monolayer (S-1;
Figure 1a),”® which can be further modified via a copper(I)-
catalyzed azide—alkyne cycloaddition (CuAAC) reaction (S-2;
Figure 1a).”” The latter point, further derivatization of the
alkyne film with a redox probe [azidomethylferrocene (2)], is
of central importance to the electrochemical experiments used
to study the electrochemical heterogeneity and charge-
transport characteristics of the semiconductor—liquid junction.

This study involves a systematic screening of the etching
conditions to generate a Si—H surface from oxide-coated
commercial Si(211) wafers. The goal is to define the etching
conditions yielding near-to-ideal voltammetry (S-2 samples),
along with a smooth surface on which to test the current
outputs of sliding Si(211)—monolayer—platinum Schottky-
diode TENGs (S-1 and S-2 samples). Throughout this report,
we have benchmarked our results for Si(211) against those for
monolayer systems prepared on Si(111) (Figure 1b—d,f). As
mentioned in the Introduction, unlike Si(211), the surface
chemistry and electrochemistry of Si(111) have been explored
extensively.”””!

Because silica and silicon are etched by ammonium fluoride
solutions at significantly different rates,”””’ etching experi-
ments were preceded by ellipsometric measurements to
estimate the thickness of the native oxide in the commercial
wafer. In our Si(111) wafers, the oxide layer was generally ~1
nm, while it is only slightly thicker (~2 nm, vide infra) for
Si(211). Figure 1b gives an example of a topography map for a
S-1 sample made on hydrogen-terminated Si(111). The
surface is an ensemble of flat (111) terraces separated by
small vertical steps (~3 A).** The surface is very smooth, with
a root-mean-square (rms) roughness of only 0.2 + 0.7 nm. The
high surface quality is also reflected in the lack of phase angle
dispersion at low frequency in electrochemical impedance
spectroscopy (EIS) measurements (Figure S1).>° At low
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alternating-current (AC) frequencies the EIS phase angle for
S-1 samples approaches —90° which is an indication of
negligible monolayer imperfections.’® As shown in Figure Ic,
the cyclic voltammetry (CV) response of S-2 samples prepared
on Si(111) is close to ideal.’’ ™ The full width at half-
maximum (fwhm hereafter) of the CV current waves is 90.6 +
3.9 mV. This fwhm is an excellent match of the value expected
from a Langmuir isotherm of a Nernstian process. Because of
its photoanodic nature, n-type silicon is in depletion, and
sample illumination with visible light is required to remove a
kinetic barrier and allow the ferrocene redox chemistry to take
place within a solvent-accessible potential window.*”*' Unlike
analogous systems prepared on highly doped p-type silicon,
hence operating under accumulation, the CV curves of the
illuminated n-type photoanodes display a marked cathodic
shift in the ferrocene apparent formal potential (Figure S2).
The surface coverage of ferrocene units in S-2 samples
prepared on Si(111), obtained from the CV-derived faradaic
charge, was (2.1 + 0.3) X 107'® mol cm™. This coverage is
lower than the maximum value for a packed ferrocene
monolayer (4.5 X 107'° mol cm™)** but as expected for a
two-step derivatization procedure.”**

Furthermore, as immediately appreciable from the negligible
voltammetric peak-to-peak separation (Figure lc), the
electrode kinetics for S-2 samples on Si(111) is fast. The
peak-to-peak separation for the CV curves recorded at 100 mV
st (Figure Ic) becomes more significant at faster voltage
sweep rates (Figure S3). The electron-transfer rate constant,
k., extracted from EIS experiments carried out at a DC bias
equal to the ferrocene apparent formal potential (Figure S4,
Supporting Information) was (3.6 + 1.4) X 10> s™".

Moving now to “dry” sliding junctions, Figure 1d shows a
representative zero-voltage-bias conductive atomic force
microscopy (C-AFM) map for a S-1 sample made on
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Figure 3. (a and b) Representative CV curves for Si(211) S-2 photoanodes (100 mV s!, 1.0 M HCIO,, 1.7 mW cm™ red light electrode
illumination). Samples were etched in a mixture of MeOH and 40% NH,F (1:10) under ambient light (0.2 mW cm™2). The etching time varied
between (a) 2 and (b) 13 min. (c and d) Zero-bias C-AFM experiments carried out on S-1 samples etched for (c) 2 and (d) 13 min. The
horizontal scale bars in parts c and d are 1 ym. (e and f) Histograms of the current output of the C-AFM maps in parts c and d. Counts are in pixels

(~65K total image pixels).

Si(111). In this experiment the solid platinum AFM tip moves
along the S-1 surface and generates a DC output,14’15 that is, a
sliding Schottky diode that outputs a DC tribocurrent without
an external voltage bias (Figure le). A histogram of the DC,
mapped in Figure 1d, reveals a skewed shape (Figure 1f),
where the most frequent output is around 20 pA, the current
range from noise level (~120 fA) to ~220 pA, with the 99th
percentile of the DC output being 54 pA.

This tribocurrent has the sign of a leakage current (electrons
flowing from the metal to the n-type silicon) and is distributed
within a relatively narrow range (Figure 1f). The measurable
current increase, present near the edges of the Si(111) terraces
(Figure 1d), is of unclear origin, but it may be linked to the
presence of highly conductive (211) steps separating the (111)
terraces.'® This localized increment in the tribocurrent output
is, however, not reflected in the narrow dispersion (fwhm) of
the macroscopic CV measurements, which, as discussed above,
is close to ideal.

Following this initial electrochemical and electrical bench-
marking of Si(111), we then moved to the focus of this study:
Si(211), both as an electrode as well as a TENG substrate. To
ensure the reproducibility of our etching conditions, especially
with regard to experiments using shorter etching times, we
performed ellipsometric measurements on commercial Si(211)
wafers to measure the thickness of the native oxide layer. The
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oxide on Si(211) was ~2 nm thick, hence prompting us to
initially adopt the same etching times as those used for
Si(111). Immersion of Si(211) wafers in degassed 40%
aqueous ammonium fluoride for 13 min led, however, to a
rms surface roughness of 7.8 + 3.2 nm (Figure 2a, S-1
samples), which is significantly greater than that for Si(111). In
addition, X-ray photoelectron spectroscopy (XPS) data
(Figure SS) reveal minor traces of substrate oxidation.

The poor etching outcome is probably caused by the sizable
evolution of hydrogen gas on Si(211). The evolution of
hydrogen gas during silicon etching is well-known.**** The
etching reaction is affected by several factors, such as the
presence of a voltage bias, electrode illumination, and doping
level,* but under identical etching conditions, gas evolution is
much more evident on Si(211) than on Si(111), resulting in a
significantly faster etching rate for the former. This is possibly
linked to the higher surface energy of high Miller index silicon
surfaces, namely, (211), (311), and (331)," as well as to the
lower work function of Si(211) compared to Si(111) and
$i(100)."

The issue of surface-pinned gas bubbles is probably also
exacerbated by a rou%h surface, further slowing the desorption
kinetics of bubbles.”” We note that roughening of Si(211)
during fluoride etching is not a significant problem in p-type
substrates,”’ indicating that etching rates (hence, hydrogen
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evolution) are probably augmented by the electron-donor
nature of the n-type samples of this study.*

Surface derivatization of these Si(211) rough surfaces, to
generate ferrocene-terminated electrodes (S-2), led to a
relatively large coverage, (2.9 + 0.9) X 107" mol cm™, as
well as to nonideal CV shapes with evident multiple peaks
(Figure 2b). Peak multiplicity may be triggered by
heterogeneous photocurrent effects or by molecular disor-
der.”>! The unusual onset of a Faradaic current below —0.3 V
(Figure 2b) is attributed to the minor presence of oxide,
introducing energy levels in the gap.”” It is at first
counterintuitive to link an increase in the current with silica-
related defects. However, despite being counterintuitive,
transient increases in the conductivity for minor levels of
silicon oxidation are known.**

Figure 2¢ shows the corresponding zero-bias C-AFM map.
On Si(211), there is a dramatic increase in the current output
compared to Si(111), with an output average of ~250 pA and
1% of the sampled locations showing DC with values above
870 pA. The distribution of the current output (Figure 2d)
indicates, however, a high frequency of sample locations with
output close to the noise level. This is significantly different
from Si(111), where the most frequent output was around 20
PA.

What followed was an attempt to mitigate the formation of
surface-pinned bubbles on Si(211), first by reducing the
surface tension of the etchant. Figure S6 shows the effect of
adding 10% methanol (MeOH) to the aqueous 40% NH,F,
with the etching still carried out for 13 min and under ambient
light. The addition of MeOH to aqueous NH,F led to a
significant roughness reduction: from ~8 to 3.2 & 0.3 nm. This
can be explained by a reduction in the liquid surface tension,
preventing the nucleation and growth of surface-pinned gas
bubbles (Figure S6). Further improvement was obtained by
shortening the etching time to 2 min, resulting in a rms
roughness of only 0.9 & 0.1 nm (Figure S7).

Such improvements in the topography were, however, not
paralleled by a reduction in the electrochemical nonidealities.
The CV curves for Si(211) S-2 photoanodes prepared under
the above (partially improved) etching conditions are shown in
Figure 3a,b. For the shorter etching time (2 min), there is no
peak multiplicity, but the CV waves are broad (fwhm ~208
mV; Figure 3a). This indicates a negative value of the Frumkin
G parameter. Negative G values are an indication of net
repulsive forces between the redox units,”* ¢ but this is
surprising because the ferrocene coverage of (2.8 + 0.7) X
107" mol cm™ is comparable to that of Si(111) samples.
Roughness factors could be behind the increased repulsions
between ferrocene units. Longer etching times (13 min) lead
once again, despite the smoother surface relative to the results
for samples etched in the absence of MeOH (Figure 2), to
multiple CV peaks (Figure 3b). As mentioned above, a
heterosgeneous redox population can manifest as multiple
peaks.”

Ferrocene coverages scaled with etching times, reaching
values as high as (4.9 + 0.2) X 107'° mol cm™ (13 min). This
is probably not a true increase in the surface coverage but more
likely due to an increase in the actual electrode area with
increased roughness (Figure S7). The XPS data (Figure S8)
for samples prepared when MeOH is added to the etchant
indicate small traces of silicon oxide.

C-AFM performed on these samples (Figure 3c,d) revealed
again large maximum tribocurrent outputs, but the most
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frequent value is still close to the noise level. Despite the
significant improvement in the surface smoothness, histograms
in Figure 3e,f show a current distribution very similar to that of
samples etched in the absence of MeOH (Figure 2d). The
99th percentile of the current output is 1.2 nA for the 2 min
etching and 915 pA for samples etched for 13 min. Further, for
both the data of Figures 2 and 3, nonideal CV responses seem
to be linked to the likelihood of having a large fraction of the
sample outputting tribocurrent close to noise. Whether
electrochemical nonidealities could be used to predict if a
given surface will perform poorly in a TENG design is what we
next tried to clarify.

Considering the anodic nature of the etching process and
because we are focusing on n-type electrodes (photoanodes),
we attempted to slow the etching rate by shielding the
electrodes from light. Under darkness, adding MeOH to the
etching bath and further adjusting the etching times, we were
able to reduce the presence of surface-pinned bubbles and
improve the surface smoothness. Samples etched for 13 min in
a mixture of MeOH and 40% NH,F (1:10), while protected
from light, had a rms roughness of only 2.6 + 0.1 nm (Figure
S9). This is a significant improvement compared to our initial
results (Figure 2), and closer to the quality of the Si(111)
benchmark (Figure 1). The outcome (surface roughness) of
the various etching conditions explored in this work is
summarized in Table S1. Again, samples etched for 2 min
were very smooth, with an average roughness of only 0.7 & 0.4
nm.

The quality of the carbonaceous monolayer on Si(211) is
also comparable to what can be achieved on Si(111). C 1s and
Si 2p XPS data, such as those of Figure 4a,b, suggest that, in
Si(211) S-1 samples, ~27% (13 min etching) of the silicon
surface atoms bear a monolayer-forming molecule (25% for the
2 min etching),”” with no clear traces of substrate oxidation.

A satisfactory fitting of the C 1s XPS emission (S-1 samples)
required three contributions: one for carbon bound to silicon
at 283.6 eV,*® a carbon-bound carbon envelope at 284.9 ev,>
and a high-binding-energy band at 286.9 eV, ascribed to C=C
and/or C—OH.® Elemental silicon emissions are found at 99.5
eV for Si 2p3/, and at 100.1 eV for Si 2p, /,. The high-binding-
energy Si 2p signal shifted by 0.40 eV from the bulk Si 2p,,,
peak, discernible in the high-resolution Si 2p scans (Figure
4b), is a common XPS feature even in oxide-free samlples and
is tentatively ascribed to silicon bound to hydrogen.®

Ferrocene-terminated (S-2) samples prepared on Si(111)
and Si(211) electrodes returned similar XPS spectral features,
including similar levels of oxidation (Figure S10). The
successful attachment of the ferrocene unit was reflected by
the appearance of Fe 2p signals at ~710—720 eV and N 1Is at
~401 eV. The experimental binding energies are in good
agreement with those reported for other immobilized
triazoles.”® The XPS narrow scan of the Fe 2p region (Figure
$10c,d) shows two main spin—orbit-split components, Fe 2p;
and Fe 2p,,, located at 708.6 and 721.5 eV, respectively,
indicating a predominant iron(II) population. There are traces
of high-binding-energy satellite signals indicating the presence
of iron(III) species, hence a nonnegligible level of oxidation of
ferrocene to ferricenium units. The N 1s signal was fitted in
two contributions assigned to N—N=N (400.7 ¢V) and N—
N=N (402.3 V), with the area ratio of the two envelops
being ~ 2:1, as expected for a triazole moiety. Deconvolution
of the N 1s signals is supported by data for nitrogen atoms of
aromatic compounds.”> Absent from the N 1s spectra is the
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Figure 4. (a and b) High-resolution XPS C 1s and Si 2p scans of S-1
samples grafted on Si(211) [dark etching in 1:10 (v/v) MeOH/
NH,F, 13 min]. (c) XRR spectra for S-1 samples [Si(211), etching as
in parts a and b]. The refined data (red solid line; y* = ~30) is plotted
over the experimental data (solid blue symbols).

high-binding-energy emission (~40S eV) from the central and
electron-deficient nitrogen atom of unreacted 2, hence
supporting negligible physical adsorption of the unreacted
azide in the S-2 film.

The electron density (p.) of the organic monolayer [S-1
film made on Si(211)], inferred from refinement of the X-ray
reflectometry (XRR) data (Figure 4c), was 0.35 e”/A3, which
is not drastically lower than the 0.44 e /A® for the same film
prepared on Si(111) (Figure S11 and Table S2). Literature
values for p of high-quality carbon-based films made on oxide-
free silicon range, in general, between 0.32 and 0.46 e /A3 536
The XRR-derived roughness of the monolayer—air interface
was ~3.1 nm and very close to the AFM-derived value (13 min
etch).

S-2 samples made on dark-etched Si(211) wafers showed a
nearly ideal voltammetric fwhm (Figure Sa,b). Furthermore,
for samples etched for 13 min, the ferrocene coverage was (2.0
+ 0.2) X 107" mol cm™?, a value comparable to that of the
Si(111) benchmark (Figure 1) but likely to reflect an actually
lower molecular density because the Si(211) roughness (13
min etching time) is significantly higher than that of Si(111)
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samples. Lower coverages were obtained for the smooth
Si(211) surfaces (2 min etch), which were on average (1.2 +
0.1) X 107" mol cm™?, roughly half the Si(111) value. We are
at present unsure on the cause of the lower ferrocene coverage
because the nonadiyne coverage (vide supra, XPS data) of the
base acetylene layer appears to be comparable between the 2
and 13 min samples. Furthermore, etching times of 6 and 10
min led to qualitatively similar CV curves, with the ferrocene
coverage per geometric area scaling with the etching time
(Figure S12). As expected, the anodic and cathodic peak
currents scaled with the scan rate and not with the square root
of the scan rate, indicating a surface-confined (diffusionless)
redox process (Figure S13).

Notably, as is evident in Figure Sa,b, the CV curves of S-2
samples made on etching-optimized Si(211) are characterized
by a peak inversion: at low-voltage sweep rates, the anodic
wave peaks at voltages more negative than those of the
cathodic wave maxima. This unusual feature is not an artifact
but an indication of electrostatic interactions between the
positively charged ferricenium units and the semiconductor
space-charge layer (SCL). CV inverted peak positions
disappear at larger voltage sweep rates (Figure S14) as the
peak inversion becomes masked by kinetic factors.””** The CV
current is always the net sum of the anodic and cathodic
currents, but the appearance of this peak inversion indicates
that dynamic charges in S-2 samples (the positive Fc* surface
tethers formed upon Fc oxidation) transiently remove a barrier
(the upward SCL band bending) sensed by electrons crossing
from the silicon to the electrolyte, hence transiently favoring
the photogenerated cathodic current. As a result, the cathodic
wave peaks at more positive voltages than the anodic wave.
Interestingly, the peak inversion is much more evident on
Si(211) than on Si(111), where it manifests only occasionally.
Although a complete explanation is still lacking, this electro-
static effect is possibly linked to disorder in the molecular film
and/or to the presence of low levels of oxide not detectable by
XPS. The oxide may decrease the dielectric barrier (relative to
a well-packed organic monolayer), which possibly favors the
electrostatic interactions behind the inversion. In support of
disorder in the monolayer being linked to the inverted peak
positions is the consistent appearance of such a phenomenon
in amorphous silicon.””

When the voltage sweep rate is increased (Figure S14), or
upon substrate oxidation when the charge-transfer kinetics is
irreversibly slowed,”® such a peak inversion is no longer
detectable (Figures S1S and S16). We propose that such a
disappearance can be turned into a simple diagnostic tool of
substrate oxidation, and as discussed below, it has an
immediate implication in anticipating the performance of a
TENG made on these substrates.

The outcomes of C-AFM experiments on Si(211) S-1
samples are shown in Figure Sc—f. TENGs made on S-1
samples etched for 2 min led to excellent outputs, with the
mode of the zero-bias tribocurrent being at 1.1 nA (equivalent
to a current density of 1.2 X 107 A m™% Figure Se). As is
clearly visible in the current histogram of Figure 5f, S-1
samples made on Si(211) etched for 13 min had a large
fraction of spots with tribocurrent close to the noise level but
also an almost equally large population of locations with very
high current output (~320 pA) and with a satisfactory
homogeneity across the macroscopic sample (Figure S17).
This is a remarkable improvement over Si(211) etched under
ambient light. The 99th percentile of the current output is 1.2
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Figure 5. (a and b) Representative CV curves for Si(211) S-2 photoanodes (100 mV s™!, 1.0 M HCIO,, 1.7 mW cm™ red light electrode
illumination). Samples were etched in a mixture of MeOH and aqueous 40% NH,F (1:10, v/v) in the dark. The etching times were (a) 2 and (b)
13 min. (c and d) Zero-bias C-AFM maps [S-1, etching times of (c) 2 and (d) 13 min]. The horizontal scale bars in parts c and d are 1 ym. (e and
f) Histograms of the tribocurrent output from the C-AFM experiments (2 and 13 min, respectively). Counts are in pixels (~65K total image

pixels).

nA and 528 pA for the 2 and 13 min samples, respectively.
Such high current outputs, along with well-defined voltam-
metric responses (Figure Sab), are a significant improvement
against more widespread Si(111) systems, which we initially
took as our benchmark (Figure 1).

Further, the current output of the sliding junction was tested
under prolonged operations (Figure S18), as well as under
different scan speeds (Figure S19). There is a substantial drop
in the mean zero-bias current with consecutive cycling (~90%
after three full scans). This is probably caused by deterioration
of the monolayer and anodic damaging of the substrate.

Changes to the platinum sliding velocity revealed that the
output current increases with the scan speed (Figure S19). We
are unsure of the reason for such a positive correlation between
the sliding velocity and current, but we believe it may be linked
to a not-yet-explored flexoelectric time factor, such as electrons
accumulating on one side of the junction, inside a well created
by bands that are being bent under pressure, eventually drifting
away anisotropically before being transferred directionally from
the metal to the semiconductor. This point will need further

70

investigation. Furthermore, as shown in Figure 520, we found a
direct correlation between the force and DC current output.
Changes to the applied load have recently been demonstrated
to influence the DC output of similar metal—semiconductor
systems.”> We believe this increase not only reflects increased
friction due to increased normal force but also is a response to
dynamic changes to the band bending upon inevitable
fluctuations to the vertical load. The contribution of flexo-
electric effects to the triboelectricity has recently been
demonstrated and explained by Marks and co-workers.”> For
a contact between a platinum—iridium (Pt,glry,) AFM tip and
a niobium-doped strontium titanate surface, the flexoelectricity
is rationalized as a band-bending ratcheting mechanism
cyclically moving electrons from the semiconductor to the
metal under cyclic changes to the contact pressure. It is likely
that a similar mechanism will hold for silicon—platinum
junctions, but a direct test of this hypothesis is still lacking.
Because formation of the triazole moiety has been shown to
cause a reduction in the work function, to increase leakage
current, and to enhance tribocurrents,'> we also tested the
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Figure 6. (a and b) Zero-bias C-AFM maps for Si(211) S-1 samples etched for 13 min in a mixture of MeOH and aqueous 40% NH,F (1:10, v/v)
under darkness. Samples were subjected to 10 (a, ¢, and e) and 40 (b, d, and f) CV cycles from —0.4 to 0.6 V, at 100 mV s™*, 1.0 M HCIO,, and 1.7
mW cm™ red light electrode illumination, and the horizontal scale bars in parts a and b are 1 um. (c and d) High-resolution XPS Si 2p scans of the
anodically damaged samples (10 and 40 CV cycles, respectively). The broad band between 101 and 104 eV are photoelectrons from SitV to Sit¥)
oxides. (e and f) Histograms of the current output from the C-AFM experiments of parts a and b. The counts are in pixels (~65K total image

pixels).

zero-bias current output of sliding junctions made on S-2
samples. C-AFM experiments performed on S-2 surfaces
revealed for both facets an increase in the current outputs
relative to S-1 samples. Outputs were as high as 8 nA for
Si(111) (99th percentile of 3.8 nA; Figure S21) and 10 nA for
Si(211) (99th percentile of 9.8 nA; Figure S22).

To clarify further why such a large TENG current exists and
why bimodal distributions occur, we focused on the impact of
oxide growth on these surfaces. We therefore performed C-
AFM experiments on deliberately oxidized samples. Figure 6a
is a C-AFM map recorded on a sample first subjected to 10 CV
cycles. The 99th percentile of the tribocurrent output was as
high as 14 nA (current average ~2.8 nA). There is oxidative
damage (Figure 6b) and yet significant tribocurrent enhance-
ment relative to freshly prepared samples (Figure S). After 40
CV cycles (Figure 6b), the TENG performances drop
drastically. As oxide grows beyond trace levels, as shown in
Figures 6d and S23, the value of the 99th percentile current
output drops to 1.8 nA (the average current decreases to ~287
pA).

Upon sample oxidation, there is an increase in the fraction of
sample locations that have very low or negligible zero-bias
tribocurrent (Figure 6ef), but while this is not surprising
because silica is an electrical insulator, what is notable is that
minor silica growth results in an increase of the maximum
TENG output. The explanation is probably that low levels of
silica introduce energy levels in the band gap, causing a
counterintuitive increase in the conductivity, which is,
however, not unprecedented. For example, minor silicon
oxidation accounts for an initial and transient drop in the
anodization voltage required for the constant-current growth of
silica adlayers over a silicon electrode.™
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3. CONCLUSIONS

In this work, we have optimized the etching and surface
modification of Si(211)—an underexplored but highly
conductive silicon crystal cut. The overall goal is to facilitate
the uptake of silicon as a platform for DC TENGs. Silicon is a
cheap and readily available semiconductor, and a promising
substrate for out-of-equilibrium Schottky-diode TENGs for
autonomous power supplies converting microscopic sliding
motion into DC electricity.”*"®® We have shown that the
etching of Si(211) in aqueous ammonium fluoride can yield
surfaces as smooth as high-quality Si(111) surfaces, which are
taken as the benchmark. The key to achieving this was to
reduce the etching rates to a minimum by means of complete
shielding from light and to simultaneous prevent the formation
of surface-pinned hydrogen bubbles by reducing the etchant
surface tension. Such an optimized Si(211) system can be
monolayer-modified and, when rubbed with sharp metal
contacts, yields tribocurrent outputs significantly greater than
those of equivalent sliding Schottky diodes made on Si(111).
We found that monolayer-modified Si(211) systems that, upon
attachment of a redox tether, give broad and multiple
voltammetric waves are generally poor TENG performers,
while surfaces with well-behaved electrochemistry are the best
performers, with a negligible fraction of sample locations
having tribocurrent outputs close to the noise level.
Introducing defects in the band gap (namely, traces of silica)
significantly enhanced the tribocurrent output. This enhance-
ment is, however, temporary because further substrate
oxidation leads to an increase of the sample’s locations with
negligible current outputs. The work highlights the scope of
noncanonical silicon crystallographic cuts in both TENGs and
electrochemistry and reveals the scope of engineering defects
in the gap to boost DC TENG outputs.
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4. EXPERIMENTAL SECTION

Chemicals and Materials. Unless stated otherwise, all chemicals
were of analytical grade and used as received. Sulfuric acid (95—97%,
Honeywell), aqueous hydrogen peroxide (30% w/w, Honeywell), and
aqueous ammonium fluoride (40% w/w, Honeywell) were of
semiconductor grade or equivalent purity grade. Methanol (MeOH;
HPLC grade, >99.9%) and ammonium sulfite monohydrate (92%)
were purchased from Sigma-Aldrich. Hydrochloric acid (35—37%,
Ajax Finechem) and 2-propanol (>99.8%, Ajax Finechem) were
supplied by Thermo Fisher Scientific. Redistilled dichloromethane
(DCM) and Milli-Q water (>18 MQ cm resistivity) were used for
wafer-cleaning and surface-modification procedures. Si(111) and
Si(211) prime grade single-side polished silicon wafers (+0.05°, S00
um thick), n-type with a resistivity of 7—13 Q cm, were obtained from
Siltronix, S.A.S. (Archamps, France). 1,8-Nonadiyne (1; 98%, Sigma—
Aldrich) was used as received. Azidomethylferrocene (2) was
prepared according to literature procedures.”®

Surface Modification Procedures. Silicon wafers were first cut
into either 10 X 10 mm (AFM measurements), 15 X 15 mm
(electrochemical measurements and ellipsometry), or 15 X 35 mm
(XRR measurements) pieces and then washed sequentially with
DCM, 2-propanol, and water before being immersed for 30 min in a
hot (100 °C) piranha solution [a 3:1 mixture (v/v) of concentrated
sulfuric acid and hydrogen peroxide (30%)]. Samples were then
rinsed three times with water and then immediately etched, with the
polished side facing up, in a deoxygenated (by means of bubbling
argon for at least 15 min) aqueous 40% solution of ammonium
fluoride. A small amount of ammonium sulfite was added as an oxygen
scavenger to the etching bath. The etching times, presence or absence
of MeOH, and degree of illumination of the sample during the etching
were varied and are specified separately. Control Si(111) samples
were etched for 13 min under ambient light with the polished side
facing up (fluorescent tubes, 0.2 mW cm™2). Hydrogen-terminated
samples (Si—H) were then rinsed once with Milli-Q water and twice
with DCM and then blow-dried under a stream of nitrogen gas. The
Si—H surfaces were immediately reacted with a small sample of 1
(Figure la), following minor modifications of a previously reported
hydrosilylation procedure. A brief account of the hydrosilylation
procedure is as follows: the liquid diyne stock was bubbled with argon
for at least 15 min, and then ~0.1 mL of 1 was used to cover a Si—H
sample, which was then rested for 2 h under nitrogen at approximately
20 cm from a 312 nm light source (Vilber, VL-215.M, nominal power
output of 30 W). The surface of the liquid sample was covered with a
1-mm-thick quartz plate (part 01031-AB, SPI Supplies) to limit its
evaporation. The reaction was stopped by removing the acetylene-
terminated monolayer (S-1) from the UV chamber, followed by
extensive sample rinsing with DCM. S-1 samples were stored for 24 h
under DCM at +4 °C prior to analysis or further derivatization. The
CuAAC reaction used to prepare a ferrocene-functionalized silicon
surface (S-2) was performed following previous procedures.”® §-1
samples were rinsed with 2-propanol and then placed in a reaction
tube containing 4 mL of 2 in 2-propanol (0.5 mM), 1 mL of aqueous
copper sulfate (20 mol % relative to 2), and 1 mL of aqueous sodium
ascorbate (100 mol % relative to 2). The reaction tube was stoppered
and the CuAAC reaction carried out at room temperature with gentle
agitation while being shielded from ambient light. The reaction was
stopped after 30 min by removing the ferrocene-modified electrode
(S-2) from the vial. Samples were rinsed thoroughly with 2-propanol,
water, HCI (0.5 M), and DCM. Finally, the samples were dried under
a stream of nitrogen gas before being analyzed.

Atomic Force Microscopy (AFM). AFM measurements of the
surface topography and zero-bias tribocurrent were carried out on a
Park NX10 (Park Systems Corp., Korea). The instrument is fitted
with a variable enhanced conductive (VECA) probe holder for
conductive AFM (C-AFM). The AFM tips were solid platinum tips
(25Pt300B, Rocky Mountain Nanotechnology, Holladay) with a
resonance frequency of 14 kHz, a spring constant of 18 N m™’, and a
tip radius of ~18.20 nm. The experimental contact area (tip—sample)
was in the range of 2.4—5.5 nm* and was calculated as described in
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the Section SI. All measurements were performed at room
temperature and under ambient air (relative humidity of ~76%).
The topography and current images were obtained simultaneously.
The C-AFM sample routing is such that a positive-sign electric
current indicates a tip-to-silicon electron flow (i.e., a leakage current
for n-type silicon with a platinum top contact). Samples were secured
on the AFM stage by carbon tape after having ensured ohmic contact
between the sample and stage by scratching the back of the silicon
with SiC emery paper and applying on the abraded surface a small
amount of gallium—indium eutectic (99.9% Alfa Aesar). Unless
otherwise specified, the imaging size was set to S X S ym, the imaging
resolution to 256 points/line, the scan rate to 1.0 Hz, and the applied
normal force to 360 nN. All data were analyzed with XEI processing
software (Park Systems), and the average and maximum current
output results are the average of at least three independent
measurements. Maximum zero-bias current at the 99th percentile
sampled points at zero bias, states for current outputs higher than 99%
of the total sampled points.*” The vertical palette color legend (scale
bar) for the AFM height and current maps does not cover the full
scale. The scale bar maximum was selected to better visualize lateral
changes in the current and height images. The residual output (noise
level) is situated around ~120 fA.

Electrochemical Measurements. All electrochemical measure-
ments were carried out on a CHI6S0D electrochemical workstation
(CH Instruments) using a three-electrode and single-compartment
poly(tetrafluoroethylene) cell. Monolayer-modified S-1 and S-2
surfaces (10 X 10 mm) served as working electrodes, a platinum
coil served as the counter electrode, and Ag/AgCl (in a 3.0 M
aqueous NaCl solution) served as a potential reference. The
geometric area of the working electrode was set to 0.28 cm?® by
means of a circular rectilinear cross-sectional Kalrez gasket. The
electrical contact of the working electrode to a copper plate was
obtained as described for the C-AFM experiments. The electrolyte
was aqueous 1.0 M perchloric acid, and all measurements were carried
out in air at room temperature (22 #+ 2 °C) and under illumination.
The red light illuminating the silicon electrode, through the
electrolyte compartment, was a light-emitting diode (660 nm,
nominal power output 940 mW, Thorlabs part M660L4) coupled
to a collimator adapter (SM1P25-A, Thorlabs). The collimator—
sample distance was approximately 10 cm. A meter from Amprobe
(model IC-LM-200) was used to measure the illuminance. Electrode
illumination was measured in Ix but reported in mW cm™ (1 Ix
approximated to 0.0024 mW cm2). The light intensity at the
electrode surface was generally ~1.7 mW cm™2 Surface coverages of
ferrocene molecules on S-2 samples are reported in mol cm™2.
Coverage values are calculated from the CV-derived faradaic charge,
taken as the average of the anodic and cathodic scans’ background-
subtracted integrated current. The reported data are the average of at
least three independently prepared and analyzed samples, with values
averaged over at least 10 different voltage sweep rates. The 99%
confidence limit of the mean coverage was calculated following
literature procedures. The apparent electron-transfer rate constants
(k) for the electron-transfer reaction between ferrocenes and
substrates (S-2 samples) was estimated from EIS measurements
using the formalism developed by Laviron.”” The EIS data to estimate
k. were obtained at a working electrode DC bias, E,, equal to the
midpoint between the potential of the anodic and cathodic current
peaks from CV experiments. k., was calculated as 1/(2R,C,4). The
potential amplitude of the AC perturbation was set to 15 mV. The
EIS data were collected between 10° and 10° Hz. The data were
analyzed with ZView (version 4.0c, Scribner Associates) using the
equivalent circuits shown in Section S2. The reported values are the
average of at least three independently prepared and analyzed
samples.

X-ray Photoelectron Spectroscopy (XPS). XPS was used to
analyze the atomic composition and chemical state of elements in the
monolayers. An AXIS Ultra DLD spectrometer (Kratos Analytical
Inc., Manchester, U.K.) with monochromic Al Ka radiation (1486.6
eV) and a hemispherical analyzer (165 mm radius) was operated in
fixed analyzer transmission mode at 2 X 10™® Torr. The analysis area
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was 300 X 700 um, and the photoelectron take-off angle was
perpendicular to the sample. Survey spectra were obtained from the
accumulation of five scans using 160 eV pass energy over a 0—1100
eV range in 0.5 eV steps. High-resolution spectra (10 scan
accumulations) were collected at a pass energy of 20 eV, with step
sizes of 0.05 eV for Si 2p (96—108 V) and 0.1 eV for C 1s (278—295
V). High-resolution narrow scans for O 1s (520—545 eV), N 1s
(395—407 eV), and Fe 2p (700—735 eV) were collected in normal
emission with a monochromatic Kratos Axis Supra, using Al K-alpha
excitation (1486.7 V) at 225 W. The pass energy was set to 20 eV,
the step size to 0.05 eV. and the dwell time to 200 ms. The XPS data
were processed using the CasaXPS software. Analysis of the spectra
involved background subtraction using the U2 Tougaard routine and
Lorentzian-Asymmetric (LA, 1.53,243) line shape. All of the reported
energies are binding energies (eV) and are corrected by applying a
rigid shift to bring the Si 2p;/, emission to 99.5 eV.

X-ray Reflectometry (XRR). Specular XRR of the monolayer-
modified sample was measured on a Panalytical X'Pert Pro
instrument. The instrument uses an X-ray wavelength of 1.54 A
(Cu Ka) from a tube source and a Gobal mirror and fixed slit of 0.1
mm to create a parallel beam. Samples had an average size of 15 X 30
mm? and a 10 X 10 mm? illuminated footprint was used. Data were
collected over a time frame of 2 h and taken from an angle of
incidence of 0.05—5.0° in 0.01° steps with a counting time of 15 s
step™. The collected data were reduced so the reflectivity at the
critical edge is scaled to unity and the angle of incidence converted to
momentum transfer (Q = 47 sin 6/, where 0 is the angle of incidence
and 1 the wavelength). The prepared organic-thin-layer structural
parameters were fitted and refined using the refnx analytical software.
The data were fitted to a model that describes the monolayer as a
single slab with the parameters of thickness, scattering length density
(SLD), and roughness. These three parameters were varied along with
the background value and substrate roughness using a differential
evolution routine until a global minimum in y* was reached. The SLD
of the substrate (silicon) was set at 2.01 X 10™° A™2 during the fitting
routines. The experimental data are represented as points, and the
theoretical reflectivity developed with the structural models is
presented in the form of solid lines.

Ellipsometry Measurements. The thickness of the oxide layer
(post piranha wash, prior to the fluoride etching) was measured by
ellipsometry on a M-2000XI ellipsometer (J. A. Woollam Co.). The
samples were irradiated with a FLS-300, 75 W xenon arc lamp light
source working in the UV—visible—near-IR range (245—1690 nm) at
a fixed angle of 65°. Spectral analysis was performed with the
CompleteEASE software (J. A. Woollam Co.).
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Chapter 3. Oxidative damage during the operation of Si(211)-
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Introduction to Chapter 3

With the increasing integration of portable electronic devices and the Internet of Things (IoT)
into everyday life, the demand for self-sustaining power sources has intensified leading to a
growing interest in Triboelectric nanogenerators (TENGs). As we have seen in Chapter 2,
hybrid constructs such as Si-SAM electrodes have the potential to harness mechanical energy
to generate electricity, for a continuous power supply. However, their widespread application
is limited by challenges related to surface wear and oxidation, which can significantly degrade

device performance over time.

Chapter 3, in the form of paper 2, provides a comprehensive analysis of the factors
contributing to surface degradation in silicon-based DC-TENGs, focusing on Schottky diodes
with organic monolayer modifications. These modifications are intended to enhance TENG
performance by improving surface properties such as wettability, friction, and work function.
Despite these enhancements, silicon-based TENGs still face durability issues, particularly due

to the high pressures and current densities involved in their operation.

Results reveal that the main surface damage is caused by oxide growth, but this oxide growth
is not caused by the passage of current but rather by the applied load (the surface experiences

large pressures ~4GPa).

Interestingly, as we will see in the chapter, the drop in current occurs with a certain delay during
the operation (sliding events). This could be one of the causes explaining why the device wear

is often not considered or neglected.

The supporting information for Chapter 3 can be found in Appendix D
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Abstract: Triboelectric nanogenerators (TENGs) based on sliding metal-semiconductor junctions
are an emerging technology that can efficiently harvest mechanical into electrical energy. These
miniature autonomous power sources can output large direct current (DC) densities, but often suf-
fer from limited durability hence their practical scope remains uncertain. Herein, through a combi-
nation of conductive atomic force microscopy (C-AFM) and photocurrent decay (PCM) experiments
we have explored the underlying cause of the surface wear during the operation of DC-TENGs.
Using monolayer-functionalized Si(211) surfaces as the model system, we demonstrate the extent to
which surface damage develops during TENG operation. We revel that introduction of surface de-
fects (oxide growth) during TENG operation is not caused by the passage of the rather large output
current densities (on average ~2 x 106 A/m?2) but it is instead mainly caused by the large pressure
(~GPa) required for the sliding Schottky diode to output a measurable zero-bias current. We also
discovered that the drop in output during operation occurs with a delay from the friction/pressure
event, which partially explains why such deterioration of DC-TENG performances is often under-
estimated or not reported.

Keywords: Silicon; triboelectric nanogenerators, Schottky diodes; conductive atomic force micros-
copy; silicon oxidation, organic monolayers

1. Introduction

The rapid growth of the Internet of Things and the surging demand for portable elec-
tronic devices have fueled the need for autonomous power sources.[1, 2] Conventional
batteries, while a common and widespread solution to power up electronics, are non-re-
generative power sources, hence need frequent recharging or replacing. While other en-
ergy harvesting technologies, such as piezoelectric nanogenerators (PENGs) and solar
cells, have made significant strides in converting mechanical and solar energy into elec-
tricity, they often face limitations in terms of efficiency, scalability, and compatibility with
various operating environments.[3] Triboelectric nanogenerators (TENGs) based on the
contact electrification (CE) phenomena,[4, 5] have emerged as a promising solution, offer-
ing a means to convert ubiquitous mechanical energy into electrical power.[6, 7]

The output of conventional TENGs is alternating current,[8, 9] but recently there
have been a series of breakthroughs towards the development of direct current (DC)
TENGs (DC-TENGs),[10-12] which is an important step forward since most of microelec-
tronic components rely on a DC source. For instance, in 2018 Liu et al. succeeded in show-
ing that friction of an out-of-equilibrium Schottky contact (between Pt and MoS:z) can be
efficiently converted into DC.[13] This report prompted the search for cheaper and more
readily accessible alternatives to MoS:. In this context, silicon represents a promising ma-
terial for the further development of DC-TENGs.[14-16].
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The mechanism for the mechanic-to-electric energy conversion occurring in a sliding
Schottky diode is undoubtedly a surface process dominated by several properties of the
metal-semiconductor interface.[17] Consequently, the manipulation of the silicon surface
chemistry, for example via hydrosilylation reactions to graft organic monolayers on the
surface [18, 19] offers a path to maximize TENGs performances by controlling wettability,
friction, adhesion, and work function.[20, 21] Despite the undisputed anodic protection
that the attachment of an organic monolayer imparts to the silicon surface when the con-
tact is a (soft) liquid,[18, 19, 22, 23] silicon-based Schottky TENGs have so far shown only
a limited lifespan, severely restricting their viability.[24] Previous studies have high-
lighted that the generation of DC current in Schottky TENGs requires substantial pressure
and small contacts,[25, 26] and that large current densities, up to 102 A/m? can be ob-
tained.[15] These operational conditions, both the mechanical pressure and localized heat-
ing from the flow of a large current density even under zero external bias, can undoubt-
edly lead to substrate oxidation, hence limiting the durability of Si-based DC-TENGs.
Therefore, while minor oxide growth can lead to a temporary enhancement of the DC
output,[15, 27] extensive silicon oxidation results in a complete loss of the triboelectric
output.[28] Notably, the passage of current, regardless of the current direction, plays a
major role in oxide growth.[29] Here we present a detailed analysis of the underlying
causes of surface wear/oxidation during the operation of DC silicon-based triboelectric
nanogenerators (DC-TENGs) based on sliding metal-semiconductor junctions. Our study
focuses on monolayer-modified Si(211) sur-faces, which have demonstrated superior
TENG performances in a previous work.[28] We aim to clarify whether surface damage
and oxide growth in silicon-based TENGs are primarily caused by pressure and friction
or by current-related effects. To address this, we utilized a combination of conductive
atomic force microscopy (C-AFM) and photocurrent decay (PCM) experiments. We begin
by discussing the characteristics of the model system used in our study, followed by an
exploration of the progressive surface damage during sliding events. Subsequently, we
present our findings related to surface defects, carrier life-times, and current behavior un-
der various conditions. We also discuss the unexpected observations at damaged regions
and provide insights into the potential role of flexovoltage. By exploring the progressive
surface damage during sliding events and its (detrimental) impact on current generation
we aim to clarify the actual durability of silicon-based TENGs.

2. Materials and methods
2.1 Chemicals and materials

Ammonium fluoride (semiconductor grade, 40 wt%, Honeywell), hydrogen peroxide
(MOS Puranal™, 30 wt% in water, Honeywell), sulfuric acid (VLSI Puranal™, 95-97 %,
Honeywell) and Milli-Q water (>18 MQ cm) were used for sample etching and cleaning
procedures. 1,8-Nonadiyne (98%, 1), sodium ascorbate (98%), and methanol (MeOH;
HPLC grade, >99.9%) were obtained from Sigma-Aldrich and used without further puri-
fication. Si(211) wafers (+0.05¢, prime grade) were purchased from Siltronix, S.A.S
(Archamps, France). Wafers were 500 um thick, one-side polished and N-type (phospho-
rus-doped) with resistivity of 7-13 Q cm. Gallium-indium (Galn) eutectic (99.99 %,
Sigma—Aldrich) was used to establish an electrical contact between the non-polished side
(back side) of the silicon sample and the AFM sample holder.

2.2 Surface modification procedures
Silicon wafers were cut into wafers of approximately 1 x 1 cm. Samples were first
rinsed with dichloromethane (3 x 50 mL), 2-propanol (3 x 50 mL) and Milli-Q water (5 x

50 mL) and subsequently immersed for 30 min in a hot piranha solution (100 °C, consisting
in a 3:1 v/v mixture of concentrated sulfuric acid and 30% hydrogen peroxide). After the
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piranha bath, samples were rinsed with water (3 x 50 mL) and etched for 13 min in a
mixture of deoxygenated ammonium fluoride solution (22.5 mL) and methanol (1 mL)
while shielded from ambient light, following reported procedures.[28] Ammonium sulfite
was added as oxygen scavenger to the etching mixture and the etching bath was degassed
by bubbling argon gas for 15 min before adding the silicon sample. During the etching (13
min) the polished side of the silicon sample was faced upwards. After the etching, the
silicon samples were rinsed with water (1 x 50 mL), dichloromethane (2 x 50 mL), and then
covered by a deoxygenated sample of 1. The silicon-hydride diyne-coated samples were
then placed inside a UV chamber (312 nm UV source, Vilber, VL-215. M, nominal power
output of 30 W) and held for 2 h at approximately 20 cm from the UV source. The hydros-
ilylated product (the S-1 surface, Figure 1a) was rinsed with dichloromethane (1 x 50 mL)
and stored overnight at +4 °C under dichloromethane in a sealed sample tube prior to
analysis.

2.3 Atomic force microscopy characterization

Atomic force microscopy (AFM) topography maps, zero-bias current maps, and lat-
eral force (friction) scans were performed using a NX10 microscope (Park Systems Corpo-
ration, Suwon, Korea). Measurements were performed using a single solid platinum tip
(25PT300B, Rocky Mountain Nanotechnology, Holladay, UT) with a nominal resonance
frequency of 14 kHz, a spring constant of 18 N/m, and a tip radius of ~20 nm, set points
were either 50 or 360 nN. The silicon samples—Pt tip contact area was estimated against
the Derjaguin, Muller and Toporov (DMT) model (described in the Supporting Infor-
mation).[30] The imaging resolution was set to 256 points/line, the scan rate to 1 Hz, and
scan size ranged from 2 x 2 um to 5 x 5 um. Reverse currents have a positive sign and are
indicative of an electron flow from the Pt tip to the silicon sample. The maximum zero-
bias current output is taken as the output of the 99th percentile.[31] The vertical height
and current scale bars (color coded) for the AFM measurements do not cover the full scale.
The color range was arbitrarily set so to maximize the visual clarity of topographic and
current features. The instrument current noise is around ~120 fA. AFM data were pro-
cessed with the XEI software (Park Systems). Transient photocurrent measurements
(PCM) were recorded at 10 separate sample locations, the laser wavelength is 635 nm and
the nominal laser power output is 5 mW. Current transients decay curves were fitted in
Origin 9.0™ software. Statistical analysis was performed in Python. Ohmic contact be-
tween the AFM stage and the silicon samples was ensured by applying a small amount of
Galn eutectic to the silicon non-polished side and gently rubbing it with sandpaper. Sam-
ples were further secured on the AFM stage with conductive copper tape. All measure-
ments were conducted in air at ambient temperature (24+2 °C)

3. Results and discussion

Our research focuses on Si(211) crystals, a choice based on the fact that the surface
conductivity of Si(211) is greater than that of both Si(100) and Si(111).[32, 33] This makes
Si(211) an excellent candidate for DC-TENGs. The native oxide needs first to be removed
to ensure sufficient electrical conductivity, and the resulting (hydride) surface needs to be
chemically passivated to allow handling the samples under ambient air without signifi-
cant oxidation. To this end, Si-C-bound monolayers of 1,8-nonadiyne, 1, were prepared
following published procedures (Figure 1a).[19, 34, 35] Silicon oxide samples were first
etched to expose a Si-H surface, which is reactive towards 1-alkynes such as the a, w-dial-
kyne molecule 1. This chemical strategy (S-1) prevents spontaneous semiconductor oxi-
dation and enhances the generation of DC output in response to mechanical stimuli such
as vibrations and friction.[20]

81

91
92
93
94
95
96
97
98
99
100
101
102
103

104

105

106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

128

129

130
131
132
133
134
135
136
137
138
139
140



Wet etched Si(211) has a rougher surface as compared to other Si crystal cuts, such as
for example Si(111) and Si(100).[28, 34] Figure 1b shows an AFM topography map of a
5i(211) S-1 sample, with evident rounded features, and a root-mean-square (RMS) rough-
ness of ~3 nm, a value that comparable to published results,[28] and which is at present
the smoother Si(211) surface achievable by wet chemistry methods. We then performed a
zero-bias current (C-AFM) map (2 x 2 um) to measure the current generation upon lateral
movement of the solid platinum AFM tip across the semiconductor surface (Figure 1c).
Figure 1d shows the DC distribution for the map in Figure 1c and reveals that the current
ranged from noise level up to 750 pA. The average output was ~120 pA, and 1% of the
sampled points returned current values above 700 pA. The average current density is in
the order of ~2 x 106 A/m?.
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Figure 1. (a) Chemical strategy used for the cleaning, etching and passivation of silicon samples.
Hydrogen-terminated Si(211) samples were reacted under an UV-assisted hydrosilylation reaction
with dyine 1 to yield the covalent, monolayer-modified, S-1 surface. (b) AFM topography image (5
x 5 um scan size) of a Si(211) S-1 sample. (c) Zero-voltage bias C-AFM map of S-1 sample obtained
in a 2 x 2um region. The applied normal load was 360 nN, and the contact area (Pt-Si contact) was
estimated to be ~80 nm?, hence the normal pressure was ~4.5 GPa (d) Current distribution histo-
gram plot obtained from the C-AFM map shown in panel (c). (¢) Wide zero-voltage bias C-AFM
map (5 x 5 pum) of the S-1 sample. The area marked as a red square corresponds to region where
the C-AFM scan of panel (c) was performed. (f) Current distribution histogram for the C-AFM map
of panel (e). The histogram counts refer to the number of pixels (sample locations) of a given cur-
rent value/bin, with a total of ~65K pixels making up an entire C-AFM map (5 x 5 um). The hori-
zontal scale bars in panels (b), (c) and (e) indicate 1 pm.

This tribocurrent is measured under zero external bias, and it bears the sign of a re-
verse current, that is, electrons flowing from the Pt tip to the silicon surface. Notably in
our C-AFM experiments the pressure reaches a pressure of ~4.5 GPa. To evaluate the sur-
face damage, if any, induced after the initial current map scan (2 x 2 um) we repeated the
C-AFM measurement expanding the scan area to a 5 x 5 um region (Figure 1e). Interest-
ingly, the surface area previously scanned (region marked by a red square in Figure le)
returned a significantly reduced current output. The average current decreased to ~20 pA
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Figure 2. Spatially and time-resolved photoconductivity (PCM) measurements (AFM-based) con-
ducted on S-1 surfaces. (a) Schematic representation of the PCM measurement performed to cal-
culate the carrier lifetime from the transient photocurrent response. (b) Representative PCM traces
on S-1 surfaces. The shaded grey colored area indicates the region of the curve were the exponen-
tial fit was conducted. (c) C-AFM map of a S-1 sample conducted at zero-voltage biasin a 5 x 5um
area after a previous scan conducted in a1 x 1 um scan area (center of the image). The horizontal
scale bar in panel (c) indicates 1 um. (d) Exponential fits for photocurrent curve response sampled
inside and outside the square shown in panel (c).

(current density ~3 x 10° A/m?, Figure 1f). In terms of percentage, the observed wear-in-
duced degradation led to an approximate 83.3% reduction in current density within the
scanned area. This quantified decay underscores the sensitivity of DC-TENG performance
to wear-related effects. Similar current attenuations have been previously reported for
AFM experiments on silicon surfaces under an external bias and were linked to oxide
growth.[29]We also tested the system under lower set points (~ 50 nN) to qualitatively
evaluate the surface damage (Figure S1. Supporting Information). Interestingly, C-AFM
maps revealed that the loss of spots returning DC output is only partial when performing
the scan under lower force, but this comes at a cost of lower tribocurrent outputs.

It is technically hard to acquire an XPS spectra to verify the presence of oxide inside
a 2 x 2 um region, hence we opted for a spatially resolved measurement of surface defects
rather than a direct spectroscopic evidence of silicon oxidation. We conducted spatially
and time-resolved photoconductivity (PCM) experiments to evaluate the recombination
velocities of charge carriers, hence trying to assess the introduction of surface defects dur-
ing TENG operation. Figure 2a depicts a PCM measurement, and Figure 2b displays rep-
resentative transient photocurrent decay traces for static Pt-S-1 junctions, inside and out-
side the putatively oxidized square (Figure 2c).

Unfortunately, a stable and strong photocurrent response is not always present and
approximately half of the sampled locations did not return traces as those in Figure 2b but
rather resembled those shown in Figure S2 (Supporting Information). The “non-ideal”
transients shown in Figure S1 are characterized by a capacitive charging/discharging be-
havior and could not be used to extract information on recombination velocities. The fit-

84

160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181



a) b) < .
E 10 500 pA
+= 0.5 ]
/ g 00
315
Pt o7
retrace _8 0.0 retraceﬂ " 500 pA
current ‘g 0 500 1000
monolayer amplifier P Distance / nm
silicon surface N 20 g
10 —
26 nm
| = \/\/\M 0.0 :g
— I I I_10 6
0 500 1000 T

Distance / nm “=-18 nm

Figure 3. (a) Schematic representation of the C-AFM measurement, the platinum tip is sliding in
both, trace and retrace direction, through a silicon (S-1) sample. (b) Zero-bias DC current and to-
pography profiles obtained during C-AFM experiments. The green and blue color coding indicates
the direction of the scan: first a trace (green, left to right) and then a retrace (blue, right to left) over
the same line. The topographic (height) profile is indicated by the red trace. (c-e) C-AFM and to-
pography maps indicating the location of the line along which the current trace (green), current
retrace (blue) and topography (red) data of panel (b) were acquired.

ting of the more ideal photoconductive locations (Figure 2d) returned significantly differ-
ent carrier lifetimes inside versus outside the square. The average carrier’s lifetime inside
the square was 147.9 + 10.7 us (the uncertainty is the 99% confidence limit of the mean;
the lower and upper bound were 137.2 us and 158.6 us respectively). The average carrier’s
lifetime outside the square was 188.1 + 15.7 (lower and upper bound of 172.4 us and 203.8
us respectively). The confidence limit was calculated as tn-15/n'2, where ta-1 is 3.01 for 10
different samples, where n is the number of measurements and s the standard devia-
tion.[31] In summary, sample locations within the initially scanned area returned a higher
surface recombination velocity (i.e., lower time constant), which suggests the introduction
of electronic defects, most likely linked to the onset of substrate oxidation, during TENG
operations.

The reason why such a drastic drop in TENGs performances is often unnoticed is
perhaps because it is customary to screen for such current changes by comparing outputs
of sequential trace and retrace scans. This point warrants a further explanation. A conven-
tional C-AFM measurement, as for those shown in Figure 3a and S3 (Supporting Infor-
mation), allows to simultaneously measure current and map topography (Figure 3b). The
sliding Pt tip scans the same topographical feature, sequentially, in both the trace and
retrace directions. What is indeed very surprising is that the oxidative damage and corre-
sponding drop in TENG output discussed above (Figure 1 and Figure 2) for microscopic
regions has no parallel drop in current output when one tries to detect specifically this
based on a single line of trace/retrace measurement (Figure 3c,d). In fact, retrace currents
can even reach slightly higher DC outputs than those for trace scans (Figure 3b). The data
in Figure 3 show just this, as well as showing that the zero-bias current peaks at concave
locations of the Si(211) surface. This effect has been previously reported by Ferrie et al. for
Si(111)/(100) pyramids generated via anisotropic etching of Si(100) substrates with potas-
sium hydroxide solutions.[14] The same authors also did not observe an oxidative damage
when conducting trace/retrace scans and stressed that tribocurrent discharging happened
at the base of the pyramid rather than at its apex. This was explained tentatively as the
space charge region becoming thinner at concave sites.[36]

Furthermore, it did not escape our attention that the AFM tip is twisting (based on
lateral deflection data) at the edge of the protrusions (Figure 54, Supporting Information).
This point will require further investigation and the electronic component of friction re-
mains debated.[37] Recently, Marks and co-workers have suggested that flexoelectricity
(i.e. linear coupling between strain gradients and voltage) to be the “missing term” in the
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Figure 4. (a) Nullifying-bias DC current output C-AFM experiments with a current reading close
to noise level. (b) C-AFM current map obtained at zero-bias scan in a 2 x 2um area after the exper-
iment of panel (a). In the study, a load of 360 nN was applied to the sample, and the estimated
contact area was on the order of 80 nm?2. (c) Current distribution histogram plot obtained from the
C-AFM map the yellow square corresponds to C-AFM scan conducted at nullifying voltage, green
square corresponds to tribospots outside the square and blue square tribospots close to the edge
of the square. On the histograms the counts indicate the number of pixels (sample locations) of a
given cur-rent, with a total of ~65K pixels making up a C-AFM map. The horizontal scale bars in
partsaand b are 1 pm.

contact electrification process.[38] We propose that the presence of flexovoltage may be
responsible for the occurrence of current peaks at the base of the pyramid. This hypothesis
is rooted in the understanding that a reduction in the thickness of the space charge layer
is recognized to take place at Si N-type concave sites, a phenomenon often associated with
flexoelectric effects.[39, 40]

Finally, in order to separate the impact of friction/pressure on surface damage from
damage caused by the very high current densities of a DC-TENG, we conducted C-AFM
experiments with an external DC bias of such magnitude and direction to nullify the flow
of current, while introducing no changes to the normal load and friction of the sliding
platinum tip (Figure 4a). Results depicted in Figure 4b,c indicate that the drop in DC-
TENG output is not caused by the passage of a tribocurrent. A further note which may
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stimulate future investigations is that we very often observed large tribocurrents near the
edge of previously oxidized regions (Figure 4b,c). The reason for such (localized) enhance-
ment of DC output is at present unclear.

4. Conclusion

We have quantified the extent of operational damage for DC-TENGs based on sliding
Si(211)-organic monolayer—platinum Schottky diodes and attempted to define the relative
importance of friction/pressure-induced wear versus oxidative damages to the semicon-
ductor due to the flow of the large current densities (~2 x 10° A/m?) reached during the
operation of these miniature autonomous power sources. Using conductive atomic force
microscopy (C-AFM) experiments and photocurrent decay measurements (PCM) we re-
vealed that oxide growth and loss of TENG performances upon operation are not primar-
ily caused by the passage of current, but rather more strictly linked to pressure and fric-
tion-induced surface wear. Results revealed current density drops from ~2 x 10 A/m? to
~3 x 105 A/m? representing a current decay of ~83%.The carrier lifetime within damaged
regions was found to be 147.9 + 10.7 us, compared to 188.1 + 15.7 ps outside damaged
areas, emphasizing the impact of surface defects on charge recombination. We also bring
evidence of a time delay between the friction/pressure event and the manifestation of the
surface damage (drop in TENG output). Further, which we believe will stimulate future
studies, i) zero-bias DC outputs are significantly higher at the edge of damaged areas, an
observation for which we currently lack an explanation, and ii) outputs are generally
greater at concave semiconductor locations, which may be the result of a localized thin-
ning of the space charge layer (i.e., enhanced flexoelectric effect).
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Chapter 4. Galinstan liquid metal electrical contacts for

monolayer-modified silicon surfaces
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Introduction to Chapter 4

Chapter 4 is presented as paper 3 and was conceptualized as part of an attempt to replace the
hard metal tip used in AFM nanoscale electrical measurements with a softer metal contact, in
this case a liquid metal drop. This chapter therefore follows from the previous chapter (Chapter
3) as it is an attempt to reduce the surface damage with hard contacts and large normal forces.
Although the tribocurrent the system generated when replacing the Pt tip with liquid metal (see
section 6.1) was minimal, the soft systems still performed extremely well in terms of electrical

measurements of silicon-based junctions.

Specifically, in this chapter, a drop of Galinstan, a promising non-toxic alternative to mercury,
is proposed as a probe to monitor changes in the rectification ratios of different surface
chemistries. It compares the electrical characteristics of S-1 and S-2 surfaces exploited in
Chapters 2 and 3 and explores a novel monolayer functionalization via homocoupling
reaction. The chapter also explores the effect of surface chemistry over junction leakage to

make qualitative predictions on the DC outputs when the electrode works as a TENG.

Importntly, as soon as exposed to air, Galinstan forms a self-limiting oxide layer which alters
the drop conductivity and surface tension. Changes in the shape and size of the junction during
operation, as well as the lack of unambiguous data on the oxide skin on conductivity, have
hindered a broader approach of Galinstan as top contact. The effect of contact size on the
quality and reproducibility of current—voltage and capacitance—voltage traces becomes
extremely relevant. The Chapter proposes chemical means to increase the liquid metal surface
tension to gain finer control over the junction size, shape, and stability (i.e., synthesis of

magnetic Galinstan by iron particle addition).

Supporting information for Chapter 4 can be found in Appendix E.
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ABSTRACT: Galinstan is the brand name for a low-melting gallium-based alloy,
which is a promising nontoxic alternative to mercury, the only elemental metal found
in the liquid state at room temperature. Liquid alloys such as Galinstan have found
applications as electromechanical actuators, sensors, and soft contacts for molecular
electronics. In this work, we validate the scope of Galinstan top contacts to probe
the electrical characteristics of Schottky junctions made on Si(111) and Si(211)
crystals modified with Si—C-bound organic monolayers. We show that the surface-
to-volume ratio of the Galinstan drop used as a macroscopic contact defines the
junction stability. Further, we explore chemical strategies to increase Galinstan
surface tension to obtain control over the junction area, hence improving the
repeatability and reproducibility of current—voltage (I—V) measurements. We
explore Galinstan top contacts as a means to monitor changes in rectification ratios
caused by surface reactions and use these data, most notably the static junction
leakage, toward making qualitative predictions on the DC outputs recorded when these semiconductor systems are incorporated in
Schottky-based triboelectric nanogenerators. We found that the introduction of iron particles leads to poor data repeatability for
capacitance—voltage (C—V) measurements but has only a small negative impact in a dynamic current measurement (I-V).
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Bl INTRODUCTION

To predictably combine the functionality of molecular organic
components with the sturdiness of inorganic semiconductors is
the aim at the core of most molecular electronic research.””
Hybrid diodes such as semiconductor—molecules—metal
junctions harvest the richness of organic chemistry,”* and
their scope and limitations have been explored extensively.””

atomic force microscopy (AFM), often carry the additional
disadvantage of poorly repeatability and reproducibility.'” van
der Waals metal contacts'® overcome most of these issues, but
their deposition is technically challenging.'” A drop of mercury
has therefore remained, for decades, the preferred metallic
contact for the electrical characterization (conductance and
capacitance) of hybrid macroscopic junctions.”’"** However,
regulations and increased awareness toward mercury toxicity

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

For instance, the attachment of a self-assembled monolayer
(SAM) on the surface of a semiconductor, such as oxide-free
silicon, can both mitigate surface electronic defects and modify
charge transport characteristics.'’ Silicon—SAM—metal rectify-
ing junctions are at the heart of devices whose function ranges
from sensing'' to energy storage,'” and recently found
application in the conversion of friction into direct current.
These junctions are contributing to the development of
triboelectric nanogenerators (TENGs), a class of out-of-
equilibrium diodes with scope as autonomous power
sources.'”'*

Despite such a wide range of applications, the character-
ization of Si—SAM—metal junctions through seemingly simple

current—voltage and capacitance—voltage measurements re- Received: August 13, 2023
mains challenging, particularly with regard to methods to Revised:  November 29, 2023
realize a nondamaging top metal contact. Evaporated macro- Accepted:  November 29, 2023

scopic metal contacts such as Au and Pd islands can penetrate
and damage the organic SAM,">'® while measurements with
nanoscopic electrical probes, such as a conductive tip used in

© 2023 American Chemical Society

7 ACS Publications
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have prompted a search for liquid alloy alternatives.”**
Liquid metals such as gallium—indium eutectic (EGaln
hereafter) and Galinstan (GalnSn hereafter) alloys have a high
electrical conductivity of ~3 X 10° S/m>® and are flexible and
self-healing.”*”” GaInSn has a lower meltin§ point than
EGaln*® and is used in sensors,”? soft robotics,*® autonomous
power sources such as TENGs,”" and as electrode material in
electrochemistry.’” Since the pioneering 2007 work by
Whitesides and co-workers on EGaln,* several other research
groups have explored liquid metals for the electrical character-
ization of molecular systems based on both semiconductors®*
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Scheme 1. Schematic Representation of the Strategy Used for the Passivation and Functionalization of the Lowly Doped

Si(111) and Si(211) Surfaces
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and metals.”® Very recently, Jurchescu and co-workers have
used EGaln to electrically wire silane-based (oxygen-bridged)
monolayers on silica, creating highly efficient SAM-based
rectifiers.>® Nevertheless, the scope of GaInSn for the electrical
characterization of rectifying junctions based on silicon—
carbon-bound monolayers is still largely unexplored.

Herein, we investigate the use of GaInSn droplets as soft
contacts to probe charge transport characteristics (current—
voltage and capacitance—voltage) of Si(111) and Si(211)
crystals modified with Si—C-bound SAMs. Si(111) is an
established platform for electrochemical and molecular
electronics research,”’ while Si(211) remains relatively
underexplored despite being readily available. Si(211) has
recently attracted interest as an electrode material,”*® as well as
a substrate for TENGs that convert friction and pressure into
direct current.”” We also explored the scope of GalnSn
junctions to detect transport changes upon monolayer
derivatization reactions (Scheme 1).

B EXPERIMENTAL SECTION

Chemicals and Materials. If not specified otherwise, all
chemicals were of analytical grade and used without further
purification. Aqueous ammonium fluoride (40% w/w, Honeywell),
sulfuric acid (95—97%, Honeywell), and aqueous hydrogen peroxide
(30% w/w, Honeywell) were of semiconductor grade. Methanol
(>99.8%), ammonium sulfite monohydrate (92%), aqueous hydro-
chloric acid (HCl, 35-37%), 1,8-nonadiyne (1, 98%), and
ethynylferrocene (3, 97%) were purchased from Sigma-Aldrich. 2-
Propanol (>99.8%) was purchased from Ajax Finechem. Redistilled
dichloromethane (DCM), Milli-Q water (>18 MQ cm resistivity),
and acetonitrile (>99.9%, Honeywell) were used for substrate-
cleaning and surface modification procedures. Phosphorus-doped
(N-type, 7—13 Q cm) prime grade single-side polished Si(111) and
Si(211) wafers (+0.05°, 500 um thick) were purchased from
Siltronix, S.A.S (Archamps, France). High-purity glassy carbon
planchets (25 mm diameter) were purchased from Ted Pella, Inc.
(part n. 16526). Azidomethylferrocene (2) was prepared according to
literature procedures.40 Commercial GaInSn (Ga/In/Sn, 62:22:16 wt
%) was purchased from Thermo Fisher Scientific and stored under an
inert atmosphere prior to use. Magnetic GalnSn was synthesized
following the procedure of Chen and co-workers."' In brief,
commercial GaInSn (2 g) was gently mixed with 0.2 g of iron
powder (diameter of ~0.5 um, 99.98%, Alfa Aesar) inside a Pyrex
glass bottle (150 mL). The magnetic GaInSn sample was then washed
five times with 20 mL of aqueous 0.5 M HCI and then stored in the
dark under HCI (0.5 M) prior to use.

Surface Modification Procedures. Silicon wafers were cut into
samples of either 10 X 10 mm (AFM, current—capacitance, current—
voltage, and XPS measurements) or 15 X 15 mm (electrochemical
measurements) and rinsed sequentially with DCM (3 X 50 mL), 2-
propanol (3 X 50 mL), and water (3 X S0 mL) before being washed
for 30 min in a heated (100 °C) 3:1 mixture (v/v) of concentrated

93

sulfuric acid (98%) and hydrogen peroxide (30%) [caution: Piranha
solution reacts violently with any organic material]. After the Piranha
wash, the samples were rinsed with water (3 X SO mL) and then
etched (polished side facing upward) for 13 min in a 40% aqueous
solution of ammonium fluoride, which had previously been
deoxygenated by means of 15 min argon bubbling (>99.99%,
Coregas). Ammonium sulfite (~50 mg) was added to the etching
bath (~50 mL) as an oxygen scavenger. Si(111) samples were etched
under ambient light (fluorescent tubes, ~4.1 mW cm™2), while
Si(211) samples were etched in the dark. Both Si(111) and Si(211)
were etched under an inert atmosphere (N,).'* The hydrogen-
terminated samples (Si—H) were rinsed first with water (1 X SO mL)
and then with DCM (2 X S0 mL) and finally blow-dried under a
stream of nitrogen gas (>99.99%, Coregas).

The UV-assisted hydrosilylation of 1,8-nonadiyne (1) on the Si—-H
surface was carried out following previous procedures.”” In brief, a
small sample of 1 (~0.1 mL) was dropped over the Si—H sample
(polished side). The liquid-covered sample was then transferred to a
nitrogen-filled reaction chamber and placed at a distance of ~20 cm
from a 312 nm light source (Vilber, VL-215.M, nominal power output
of 30 W). To ensure equal distribution and limit the evaporation of 1
during the hydrosilylation, the liquid sample was contacted with a 1
mm thick quartz plate (part no. 01031-AB, SPI Supplies). After 2 h,
the monolayer-modified surface (S-1) was removed from the UV
chamber and rinsed with DCM (3 X 50 mL). S-1 samples were stored
for 24 h under DCM at +4 °C prior to analysis or further
modification.

For the preparation of S-2 surfaces, azidomethylferrocene (2) was
covalently attached to S-1 samples through a copper(I)-catalyzed
azide—alkyne cycloaddition (CuAAC) reaction following previous
procedures.*” In brief, S-1 samples were washed with 2-propanol (3 X
50 mL) and then loaded into a glass reaction tube containing 4 mL of
a 4 mM solution of 2 in 2-propanol. To the azide solution were then
added 1 mL of aqueous copper sulfate solution (20 mol % relative to
2) and 1 mL of aqueous sodium ascorbate (100 mol % relative to 2).
The CuAAC reaction was carried out in the dark at room temperature
(24 + 2 °C) and with gentle agitation. After 30 min, the reaction was
stopped by rinsing the silicon samples sequentially with 2-propanol (3
X 50 mL), water (3 X 50 mL), 0.5 M HCl (3 X 50 mL), water (3 X
50 mL), 2-propanol (3 X 50 mL), and DCM (3 X 50 mL). Finally,
the samples were dried under a stream of nitrogen gas before being
analyzed. To prepare S-3 surfaces, an alkyne homocoupling reaction
between S-1 and ethynylferrocene (3) was performed by adapting
reported procedures for homocoupling reactions.” In brief, S-1
surfaces were rinsed with 2-propanol (3 X 10 mL), covered with ~0.2
mL of a 1.0 mM solution of 3 in acetonitrile, and placed with the
sample polished side facing upward and toward a UV LED (~255 nm,
UV-C). The sample—LED distance was ~10 cm. After S min of
reaction time, the samples were removed from the LED light and
rinsed with 2-propanol (3 X SO mL) and water (3 X SO mL).

Electrochemical Measurements. All electrochemical measure-
ments were carried out in air at room temperature (24 +£2°C) in
aqueous 1.0 M perchloric acid using a CH Instruments Inc.
potentiostat (model CHI6S0D). Ohmic contact between the back
of the sample and a copper plate was ensured by first gently rubbing
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the back of the silicon sample with silicon carbide abrasive paper (800
grit) and then covering the clean abraded silicon surface with a small
amount of gallium—indium eutectic. Electrochemical experiments
were conducted using a single-compartment and three-electrode
custom polytetrafluoroethylene cell (Figure S1 in the Supporting
Information). S-2 and S-3 monolayer-modified surfaces served as the
working electrode, a platinum coil as the counter electrode, and an
aqueous Ag/AgCl (3.0 M aqueous NaCl) electrode as a potential
reference. The geometric area of the working electrode was defined by
a rectilinear Kalrez gasket to 0.28 cm® During the cyclic voltammetry
experiments, the surface of the silicon working electrode was
illuminated through the electrolyte (the thickness of the electrolyte
layer was ~1.5 cm) with a red LED (660 nm, nominal power output
of 940 mW, Thorlabs, part n. M660L4) fitted with a collimating lens
system (SM1P25-A, Thorlabs). The overall distance between the
collimator and the electrode was ~10 cm. The electrode illumination
intensity was ~0.12 mW cm™ as measured with a meter from
Amprobe (model IC-LM-200, 1 Ix = 0.0001708 mW cm™).

The surface coverage of the ferrocene molecules (2 and 3) on S-2
and S-3 samples was extracted from the faradaic charge measured
from the integration of cyclic voltammetry (CV) traces. Ferrocene
coverages (mol cm™2) are the average of the cathodic and anodic
charges (background-subtracted) from at least three independent
samples and averaged over at least five different voltage sweep rates
per sample.

The electron transfer rate constant of the S-2 and S-3 samples (k,,
= 1/2R,C,y) was estimated from electrochemical impedance
spectroscopy (EIS) experiments (data collected between 10° and
10° Hz) using the formalism developed by Laviron.** Capacitance and
resistance values were obtained by refining experimental EIS data to
fit the equivalent circuit shown in Section S1 (Supporting
Information) through ZView software (Version 4.0c, Scribner
Associates). The EIS DC offset (Ey4.) was set equal to the midpoint
between the potentials of the anodic and cathodic CV current maxima
(E/), and the AC amplitude was set to 15 mV.

Electrical Characterization. Current density—voltage and
capacitance—voltage (J—V, C—V) measurements were performed
inside a grounded and light-proof Faraday cage using a source
measure unit (SMU, B2902A, Keysight) for J—V measurements and a
precision LCR meter (E4980A, Keysight) for C—V measurements
(Figure S2 in the Supporting Information). C—V characteristics were
measured at an AC frequency of 1 kHz and with an AC amplitude of
20 mV. The E4980A does not have the DC bias enhancement option,
so the DC offset was introduced by a potential ramp supplied by the
SMU. The SMU was interfaced to the LCR via an external bias
adapter (16065C, Keysight), which was in turn fitted with and 4-wire
Kelvin clip (BK precision, TLKB1 model). LCR and SMU were
synchronized by means of a square waveform trigger supplied by a
function generator (DG-1022, RIGOL). GaInSn top contacts were
dispensed on silicon samples from a threaded plunger syringe
(Gilmont, model GS-1200A, 2 mL capacity, 0.002 mL graduation
intervals, 24 G). A steel needle blunt tip (~0.49 mm radius) in
contact with the GaInSn drop was used to establish electrical contact.
The positioning of the needle contacting the GaInSn was controlled
by a three-axis micromanipulator (three DTS2S linear translation
stages, Thorlabs). The junction voltage was ramped cyclically between
—2.0 and 2.0 V in steps of 55 mV for J—V measurements and from 1.0
to 0.0 V in steps of 10 mV for C—V measurements (the duration of
each step is 370 ms). The bias is applied from the sample (glassy
carbon or silicon) to the GaInSn top contact, and the terminal was
configured to be grounded internally (sensing type set to four wires).
A minimum of 10 samples were analyzed for each surface chemistry
type, and the uncertainty of each chemistry was reported as the 95%
confidence level of the mean.”> The contact area of the GalnSn—
silicon junction was estimated from an optical image acquired with a
CMOS camera (model DCC1240C from Thorlabs) fitted with a
machine vision lens (Model MVL133A and 1.5X lens attachment,
Thorlabs) and analyzed using the Fiji package.*® The size of the liquid
metal drop was estimated by using the diameter of the needle contact
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as an internal reference. All experiments were carried out under dark
conditions.

Surface Tension Measurements. Surface tension measurements
of the GaInSn drops were conducted in air, at room temperature and
using the pendant drop method.”” The analysis of the shape of an
asymmetric drop was performed with a right-angle clamp (RA/90
model, Thorlabs) and a threaded plunger syringe (GS-1200 model,
Gilmont instruments) coupled with a point H style needle (1.2 mm X
28 mm from Terumo) used to generate the drops. Surface tension
data were processed with Image] software. The reported surface
tension values are the average of three measurements on five drops,
and the uncertainty is quoted as the 95% confidence limit of the
mean.

Atomic Force Microscopy. Atomic force microscopy (AFM)
measurements for surface topography and current maps (C-AFM)
were carried out on a Park NX10 microscope (Park Systems Corp.,
Korea) using solid platinum tips (25Pt300B, Rocky Mountain
Nanotechnology). The AFM tip resonance frequency was 14 kHz,
the tip radius was ~10 nm, and the spring constant was 18 N m™".
Reverse currents exhibited a positive polarity, indicating the
movement of electrons from the Pt tip toward the silicon sample.
Ohmic contact between the Si sample and the AFM stage was ensured
by gently scratching the Si nonpolished side with sandpaper and
applying a small amount of EGaln. Data were analyzed with XEI
processing software (Park Systems). The scale bars for vertical height
and current (color-coded) employed in the AFM measurements did
not span the complete spectrum. The selection of color range was
done arbitrarily in order to optimize the visualization of topographic
and current features. The size of the scan was set to S yum X S ym, the
resolution to 256 points/line, the scan rate to 1.0 Hz, and the applied
normal force to 360 nN.

X-ray Photoelectron Spectroscopy (XPS). XPS measurements
were performed on an AXIS Ultra DLD spectrometer (Kratos
Analytical Inc., Manchester, UK). The spectrometer was fitted with a
monochromic Al Ka radiation source (1486.6 €V) and a hemi-
spherical analyzer (165 mm radius) and operated in Fixed Analyzer
Transmission (FAT) mode at ~2 X 10™® Torr. Emitted photo-
electrons (takeoff angle 90°) were collected from a 300 ym X 700 ym
analysis area, setting the pass energy to 20 eV and the step size to 0.05
eV for Si 2p (96—108 €V) and 0.1 eV for C Is (278—295 eV,
accumulating 10 scans). Survey spectra were obtained over the 0—
1100 eV range in 0.5 eV steps, accumulating S scans and with a pass
energy of 160 eV. CasaXPS software was used to process XPS data.
The background subtraction routine was U 2 Tougaard, and the
spectral lines were a combination of 95% Gaussian and 5% Lorentzian
line shapes.”® All of the reported energies are binding energies (eV),
which were corrected by applying a rigid shift to bring the Si 2p;,,
emission to 99.5 eV.

X-ray Reflectometry (XRR). X-ray reflectometry data were
acquired on a Rigaku Smart Lab instrument equipped with a thin
film measuring setup. The source was a rotating anode with a
wavelength (1) of 1.54 A (Cu Ka). X-ray collimation was achieved by
cross-beam optics with a 0.5° Soller collimator pre- and postsample
and a Hypix-3000 2D detector. Specular measurements were taken at
angle of incidence (6) values ranging from 0.0S to 5.00° in steps of
0.01° (total measuring time of ~20 min). XRR data were reduced so
that the angle of incidence was converted to the scattering vector, Q,
according to (1)

_ 4msin 0

2 (1)

and reflectivity was scaled so that the critical edge was equal to a
reflectivity of 1. Data were fitted in the refnx software package,*’
where the monolayer was defined as a single slab where fit parameters
for the monolayer were thickness (7), scattering length density
(SLD), and roughness (). The SLD for X-rays is determined by
multiplying the electron density of the material (e”/A®) by a constant
factor of 2.82 X 10™° A.** The number of molecules per unit area is
determined by multiplying the volume fraction (ratio of the

Q
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Figure 1. Current density—voltage (J—V) curves recorded on glassy carbon with a GaInSn top contact of variable size. (a, b) Evolution of the -V
traces during SO continuous voltage cycles (—1.5 to 1.5 V) in ambient air over a period of ~1.5 h (sweep rate of 5S mV/s) for (a) small contacts
(1.25 X 107 cm?) and (b) big contacts (0.03 cm?). The insets are schematic representations of the measurement circuit. (c, d) J=V curves (10
cycles) recorded at 10 separate locations for (c) small contacts and (d) big contacts, where the black central line is the calculated mean, and the
shaded areas represent the standard deviation. The insets show optical images of the junction. The scale bars in the insets represent 0.5 mm.

determined SLD to the theoretical SLD), the thickness, and
Avogadro’s number and dividing by the molecular volume.

B RESULTS AND DISCUSSION

Although the electrical conductivity of GalnSn is 3 times that
of mercury,”” this alloy rapidly develops an oxidized skin (0.5—
2.5 nm thick) when exposed to air.”’ If GaInSn is used to
establish an electrical contact, this oxidation reaction will most
likely affect the junction conductivity.”>* To assess the impact
of Ga,0, formation on the repeatability of electrical measure-
ments done in ambient air, we first conducted controls with
GalnSn serving as the top contact on an unmodified glassy
carbon surface rather than on silicon. The chemical stability of
glassy carbon is greater than that of silicon,” thereby allowing
to distinguish electrical changes due to oxidation of the liquid
metal from changes due to oxidation of the semiconductor. To
assess the stability and repeatability of the current density—
voltage (J—V) traces of the GalnSn—glassy carbon junctions, a
small drop of GalnSn was deposited on the electrode through a
setup consisting of a stainless steel needle mounted on a three-
axis positioning stage (Figure S3 in the Supporting
Information). The tip of the needle was immersed in a large
GalnSn drop that had been previously dispensed on a clean
PTFE surface by using a threaded plunger syringe, and the
GalnSn-coated needle was then brought into contact with the
glassy carbon surface (insets in Figure la,c). J—V curves
acquired with freshly dispensed GalnSn contacts (junctions
~0.02 cm in radius) are repeatable, but for each data set, there
is a progressive current drop (from ~0.8 to ~0.4 mA/cm?
measured at a bias of 1.0 V) during 50 consecutive cycles of
bias ramping (Figure la). The ~100% increase in junction
resistance is unlikely to be caused by a change in junction area
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(Figure 1c),>* but more likely a consequence of an oxide layer
(Ga,0,) formed upon prolonged cycling.**>*® If the increase in
junction resistance is a consequence of oxide skin formation
from the periphery of the contact and moving inward (i.e.,
from the substrate—GalnSn—air contact toward the bulk of the
liquid metal), then such an increase would be relatively less
pronounced for larger junctions, as it is reasonable to assume
the oxide growth to be self-limiting. To clarify this point, we
tested junctions of larger size, ranging from 0.1 to 0.2 cm in
radius. As shown in Figure 1b, larger junctions are relatively
more stable, and after S0 consecutive voltage cycles, the
resistance only increased by ~30%. However, although for
large GalnSn drops (millimeter scale), stability is no longer an
issue, a new problem emerges; that is, the contact does not
have a well-defined circular shape, rendering uncertain the
measurement of the GalnSn—sample contact area. This is
reflected in a lower reproducibility of current density
measurements (Figure 1d). As shown in Figure 1d, the
current density standard deviation is higher for the larger
junctions rather than for the smaller junctions. We attribute
this to errors made in estimating the contact area, which
becomes a significant issue in terms of reporting charge
transport characteristics.”” Issues in controlling and reproduc-
ing the shape and size of large GaInSn drops are probably
rooted in the decrease of the GalnSn surface tension upon its
oxidation,”*” a problem which affects mainly larger droplets
(optical image in Figure 1d).

In order to enhance the reproducibility of the J—V traces, we
therefore attempted to increase the surface tension of the metal
droplet to gain a better control on its shape and size. To
achieve this, we synthesized magnetic GaIlnSn (FeGalnSn)
through a method developed by Chen and co-workers.*' The
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method is illustrated schematically in Figures 2a and S4
(Supporting Information). The procedure was successful in
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Figure 2. (a) Schematics of the procedure used to synthesize
magnetic GalnSn (FeGaInSn). (b) J—V curves (50 cycles, sweep rate
of 55 mV/s) for glassy carbon—FeGalnSn junctions recorded over a
period of ~1.5 h. (c) Mean (solid black trace) and standard deviation
(shaded gray area) for 10 independent J—V curves. The insets in (b,c)
are the circuit used for the measurement and an optical image of the
junction, respectively. The scale bar for the inset in (c) is 0.5 mm. The
junction is ~0.02 c¢m in radius.

increasing the surface tension of the liquid metal from 0.47 +
0.03 N/m for GalnSn to 0.56 + 0.02 N/m for FeGalnSn
(Figure SS and Table S1 in the Supporting Information). The
increase in surface tension improved the spherical symmetry of
the droplet. The droplet radius ranged from 0.01 to 0.02 cm.
The stability during potential cycling of the FeGalnSn contacts
was satisfactory, as also observed above for large GalnSn
contacts, but with FeGalnSn, there is the additional advantage
of increased reproducibility of the current traces (Figure 2b).

We then moved to prepare a series of covalently bound
SAMs on silicon, with the overall aim of ascertaining whether
or not FeGalnSn contact may replace Hg to test for the
transport characteristics of Si—C-bound SAMs. Bare silicon
samples were first etched to generate a hydrogen-terminated
surface (Si—H, Scheme 1), which is reactive toward
unsaturated organic molecules.””*° A symmetrical @,0-
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dialkyne molecule (1,8-nonadyine, 1) was then grafted on
Si—H via a UV-assisted (312 nm) hydrosilylation reaction to
yield S-1 surfaces.”’ Further derivatization of the acetylene-
terminated S-1 surface with an azide-tagged ferrocene
molecule (2) through a copper-catalyzed cycloaddition
reaction led to a redox-active film (S-2 surfaces),’>®* and the
presence of the metallocene can also potentially augment the
rectification ratio of the monolayer system.®* Since copper
contaminations have been linked with electronic defects that
affect charge transport across SAMs,'** we also explored
alkyne—alkyne homocoupling reactions as a catalyst-free route
toward tethered ferrocenes. Sambi and co-workers have
recently developed a mechanism for the metal-free photo-
chemical coupling of terminal alkynes on solid samples,” and
as depicted in Scheme 1, we adapted this reaction to generate
S-3 surfaces through the UV-assisted coupling of alkyne 3 with
S-1 surfaces. Before performing any electrical characterization
of these monolayer systems (S-1, S-2, and $3) we conducted a
surface analysis (topography, ferrocene surface coverage, and
surface chemical composition). AFM-derived surface root-
mean-square (rms) roughness values for S-1 samples made on
Si(111) and Si(211) crystals were 0.1 and 1.2 nm, respectively
(Figure S6 in the Supporting Information), values that are in
line with previous reports.'* As shown in Figure S7
(Supporting Information), roughness values for S-2 samples
were 0.2 and 1.4 nm (Si(111) and Si(211), respectively),
whereas the roughness of S-3 samples was as high as 1.6 and
3.4 nm (Si(111) and Si(211), respectively).

To explain the increase in surface roughness observed after
the homocoupling ferrocene attachment, we first measured
electrochemically the surface coverage of the metallocene
(Figure 3). As the time scale of the experiment decreases
(faster sweeps), peak broadening is observed, affecting the
linearity of peak current versus scan rate (Figures S8 and S9 in
the Supporting Information). As studied in detail recently by
Gonzalez,*® this can be explained by both Laviron and
Marcus—Hush—Chidsey theories. We also checked the
stability of the new S-3 surface, which indirectly confirms a
diffusion-free (surface-confined) redox process (Figure S10 in
the Supporting Information).””

The ferrocene surface coverages of S-2 samples made on
Si(111) and Si(211) (Figure 3a,b) were (2.2 + 0.6) X 107"
and (24 + 07) X 107" mol cm™ respectively. These
coverages are below the theoretical maximum coverage
expected for a close-packed ferrocene monolayer (4.5 X
107 mol em™2)**% and comparable to previously reported
data.'* As discussed above, the surface roughness does not
increase significantly upon moving from the base layer (S-1) to
the “clicked” ferrocene samples (S-2). On the contrary, S-3
surfaces obtained through the alkyne—alkyne photocoupling
reaction (Figure 3c,d) had coverages well above the theoretical
limit, 5.1 + 0.2 X 107'° mol ecm™ for Si(111) and 7.0 & 1.1 X
107" mol cm ™ for Si(211), as well as large full width at half-
maximum (fwhm) values (~140 and ~180 mV for Si(111)
and Si(211), respectively).

Values of fwhm were close-to-ideal for S-2 surfaces (~100
and ~90 mV, for Si(111) and Si(211), respectively) but as
mentioned above larger for S§-3 samples, indicating a negative
value of the Frumkin G parameter and hence predominant
repulsive forces in the S-3 adsorbate.”””' We are at present
unsure as to the exact relationship between the large S-3
surface roughness (AFM-derived) and ferrocene surface
coverages above the monolayer limit, but one explanation
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Figure 3. Representative cyclic voltammograms (CVs) for S-2 (a, b) and S-3 (c, d) samples prepared on Si(111) and Si(211) photoanodes. The
electrode was illuminated at a light intensity of 0.12 mW cm™ The voltage scan rate was 50 mV/s.

can be that exposure to UV light is triggering side reactions
aside from the intended homocoupling path depicted in
Scheme 1.

As can be seen in the CVs of S-2 samples, at low voltage
sweep rates, the anodic wave peaks at voltages more negative
than those of the cathodic peak. This so-called “peak inversion”
is not an artifact but rather the manifestation of electrostatic
interactions between the positively charged ferricenium units
and the semiconductor’s space-charge layer (SCL). It is worth
emphasizing that at sufficiently fast voltage sweep rates (Figure
S11 in the Supporting Information), the inversion is masked by
kinetic factors.*”””

X-ray photoelectron spectroscopy (XPS) and X-ray reflec-
tometry (XRR, Figure S12 in the Supporting Information)
helped to reveal other contributing factors to the large
roughness of the S-3 samples. XPS analysis of S-3 reveals
oxide growth, which we tentatively attributed to the exposure
to UV light during sample derivatization (Figure S12ab,
Supporting Information). Elemental silicon peak signals were
fitted at 99.5 eV for Si 2p;,, and at 100.1 eV for Si 2p, .
There was a high binding energy shoulder, at 0.4 eV from Si
2py)5, assigned to Si—H species.”” In the 101.1—104.0 eV
region, we merged photoelectron contributions from Si®,
Si 3), and Si® oxides into a single band. Emissions at 708.5 and
721.5 eV (Figure S13 in the Supporting Information)
confirmed the presence of ferrocene units in the S-3 film.
The presence of oxide correlates with a notable reduction of
the electron transfer kinetics as inferred from the electron
transfer rate constant (k,,) measured by EIS (Figure S14 in the
Supporting Information). XRR-derived roughness revealed
values in line with those reported on AFM (2.7 and 3.0 nm for
Si(111) and Si(211), respectively). Data refinement returned a
monolayer thickness value of ~12 A, which is not drastically
different from literature values for ferrocene monolayers of
similar carbon length.”* Electron density values (p,) of the S-3
organic layer were 0.59 and 0.54 e /A* for Si(111) and
Si(211), respectively (Figure S12c,d). Literature values of p, in
the order of 0.52—0.57 e”/A® have been reported for highly
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packed monolayers of length similar to that of S-3 surfaces.”>”

The volume fraction inferred from p, indicates coverages in the
order of 3.8 X 107'° mol cm™ for Si(111) and 4.4 X 10 mol
cm™?, which are not drastically different from the electro-
chemical estimate.

We next evaluated the potential of the improved FeGalnSn
method (vide supra) by testing the tunneling dynamics of S-1,
S-2, and S-3 surfaces (Figure 4). We started by comparing the
current density characteristics of Si(111) S-1 surfaces (gray
trace) against freshly etched silicon surfaces (Si—H). As shown
in Figure 4a, satisfactory rectification is observed for FeGaInSn
junctions made on S-1 surfaces. The RR estimated at +0.5 V
was ~24 for S-1 samples but only ~1 for Si—H. We are at
present unsure of the underlying cause of the lack of
rectification by Si—H-based junctions, but similar data have
been reported,'’ and a plausible cause is the lack of chemical
passivation; hence, the likelihood of a significant level of band
gap defects was introduced during the handling of the samples
under ambient air. Figure 4a,b presents J—V traces for $-1, S-2,
and S-3 samples made on Si(111) and Si(211) surfaces,
respectively. We found that the ferrocene-terminated surfaces
(S-2 and S$-3) had a larger RR (95 and 130 for S-2 surfaces
prepared on Si(111) and Si(211), respectively, and 53 and 70
for $-3 samples prepared on Si(111) and Si(211)),
respectively, compared to those of S-1 surfaces (RR values of
24 and 28 for Si(111) and Si(211) samples, respectively). In
addition, we observed that S-3 samples made on Si(111)
substrates, compared to analogous systems made on Si(211),
generally returned a higher current density, particularly under a
reverse bias. This observation raises the question as to whether
or not static Schottky junctions made with a soft contact can
be used to predict the output of out-of-equilibrium (sliding)
junctions, specifically as to whether or not static junctions
characterized by a large leakage current will be top performers
when part of a TENG, noting that tribocurrent outputs (i.e.,
the zero-bias current output of a sliding Schottky diode under
large normal pressure) generally take the sign of a reverse-bias
current. It has been previously shown that Schottky junctions
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Figure 4. (a) Current—voltage (log(lJ)—V) curves acquired on
moderately doped Si(111) Si—H (dashed gray line), S-1 (dashed
black trace), S-2 (blue trace), and S-3 (red trace) samples using a
FeGalnSn top contact. (b) Log(IJl)—V data (FeGalnSn top contact)
for S-1 (dashed black trace), S-2 (blue trace), and S-3 (red trace)
samples made on Si(211). The solid or dashed lines in the plots are
the mean current of 10 different curves (recorded on 10 S-1, S-2, or
S-3 samples), while the shadowed areas indicate the standard
deviation of the mean. The voltage sweep rate was S5 mV/s, and
the junctions were ~0.02 cm in radius.

(platinum—monolayer—silicon) that are under large normal
and lateral forces, that is, operating as sliding Schottky TENGs,
output large current densities that bear the sign of a leakage
current, even under no external bias.'>'*””

We therefore assessed the TENG performances of S-3
systems, since for this surface chemistry, we observed the
largest difference in leakage current between Si(111) and
Si(211) samples under moderate reverse bias (~0.3 V). This
bias is of similar magnitude (but opposite polarity) to the
voltage generally required to nullify the TENG output.”® As
shown in Figure S15 (Supporting Information), zero external
bias C-AFM maps recorded on S-3 samples returned current
outputs as high as ~6 and ~10 nA, with the 99th percentile of
the DC output being 1.3 and 9.6 nA for Si(111) and Si(211)
samples, respectively. We suggest that the generation of
tribocurrent in a centrosymmetric material such as silicon
possibly involves mechanical aspects such as material polar-
ization due to a large strain gradient’” rather than just the
generation of electron/hole pairs due to friction.”" The
possibility of predicting TENG outputs from the leakage of
static FeGalnSn junctions therefore appears, at least for our
systems, not a viable approach.

Finally, when performing capacitance—voltage (C—V)
experiments, for instance to extract values of flat-band
potential, we found that FeGalnSn-based junctions did not
yield reproducible and physically meaningful results (Figure
S16 in the Supporting Information). Changes to the number of
surface states such as upon variations in iron oxide thickness
are known to impact Mott—Schottky plots.”"** C—V data
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acquired with large GalnSn junctions (Mott—Schottky plots in
Figure S) were generally of satisfactory quality. The
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Figure 5. Mott—Schottky plots of capacitance—voltage data acquired
on Si(111)- and Si(211)-based GaInSn junctions at an AC frequency
of 1 kHz. The surface chemistry is S-1 (a), S-2 (b), and S-3 (c).
Capacitance data are plotted as 1/C? against the semiconductor bias.

experimentally determined flat-band potential (extrapolation
of the semiconductor bias for which (1/C?) = 0) was ~—0.89
V for both $-1 and S-2 surfaces (Figure Sa,b). Interestingly, the
flat band shifted at less negative biases (~—0.55 V) for S-3
surfaces (Figure Sc). XPS data (vide supra) suggest non-
negligible substrate oxidation, but while the positive shift of the
flat band (i.e, less negative biases required to reach
accumulation) would suggest the presence of positively
charged surface states, it is hard to reconcile this scenario
with the very low pK, of silica (~2).*” Shifts of the flat band
with the level of substrate oxidation are however very complex,
and as demonstrated before, substrate oxidation can shift the
flat band in either direction.**

B CONCLUSIONS

In this work, we have explored the scope of GalnSn as a
nontoxic alternative to mercury to make soft electrical contacts
to monolayer systems grafted on Si(111) and Si(211). The
growth of insulating oxide skins causes poor electrical stability
in small junctions. Junctions made with relatively large GaInSn
drops have stable current—voltage traces but poor data
reproducibility, mainly due to irreproducible/hard-to-control
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spreading of the liquid alloy on the substrate being contacted.
This issue can be addressed by increasing the top contact
surface tension through the addition of iron powder to
GalnSn. The use of magnetic FeGalnSn is an effective strategy
to precisely control junction area, and it addresses most of the
reproducibility issues. FeGalnSn junctions were successfully
employed to characterize charge transport characteristics
(rectification ratios) of chemically modified Si—C-bound
monolayers, including novel alkyne—alkyne homocoupling
reactions. We attempted, unsuccessfully, to use data obtained
in static FeGalnSn-based junctions to make predictions on the
tribocurrents (DC outputs under zero external bias) of sliding
Schottky diodes (Pt—monolayers—Si TENGs). Finally, we
found that iron particles present in the magnetic GalnSn led to
poor C—V data repeatability. This is not the case for I-V
measurements and points to the superior ability of impedance
measurements in highlighting surface defects and changes to
surface states. Overall, this research expands our understanding
of the GalnSn scope and limitations in silicon-based molecular
electronic research.
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Chapter 5. Schottky diode leakage current fluctuations:

electrostatically induced flexoelectricity in silicon
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Introduction to Chapter 5

Nearly four decades have passed since IBM scientists pioneered atomic force microscopy
(AFM) by merging the principles of a scanning tunneling microscope with the features of a
stylus profilometer. Today, electrical AFM modes are an indispensable asset within the
semiconductor and nanotechnology industries, enabling the characterization and manipulation
of electrical properties at the nanoscale. However, electrical AFM measurements suffer from
reproducibility issues, caused for example by surface contaminations, Joule heating, and hard-
to-minimize tip drift and tilt. In this context, Chapter 5, presented here as paper 4, explores
the root cause of these irreproducibility issues. As we previously discussed in Chapter 4, the
presence of large strain gradients plays a major role in the overall triboelectric phenomenon

and is likely always present in the Pt—~SAM-Si junction.

Results reveal that voltage-dependent adhesion forces lead to significant rotation of the AFM
metal tip and that this electrostatics-driven tip rotation causes a strain gradient on the silicon

surface, which in turn induces a flexoelectric reverse bias term.

This flexoelectric internal bias term adds to the external, instrumental, reverse bias, causing
both an increased diode leakage as well as a shift of the diode knee voltage to larger forward
biases. These findings are crucial in the design and characterization of silicon-based devices,
especially those that are deliberately operated under large strain or shear, such as in emerging

energy harvesting technologies such as Schottky-based triboelectric nanogenerators (TENGs).

Supporting information for Chapter 5 can be found in Appendix F.
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Schottky Diode Leakage Current Fluctuations:
Electrostatically Induced Flexoelectricity in Silicon

Carlos Hurtado, Melanie MacGregor, Kai Chen, and Simone Ciampi*

Nearly four decades have passed since IBM scientists pioneered atomic force
microscopy (AFM) by merging the principles of a scanning tunneling
microscope with the features of a stylus profilometer. Today, electrical AFM
modes are an indispensable asset within the semiconductor and
nanotechnology industries, enabling the characterization and manipulation of
electrical properties at the nanoscale. However, electrical AFM measurements
suffer from reproducibility issues caused, for example, by surface
contaminations, Joule heating, and hard-to-minimize tip drift and tilt. Using

While traditionally associated with cer-
tain data storage technologies and pow-
ering circuitry®] Schottky diodes have
also recently entered the field of en-
ergy generation.*>] In a nanoscale metal-
semiconductor Schottky diode, relative mo-
tion of the two materials leads to a mea-
surable direct current (DC) output, even
under zero external bias.[®! Sliding diodes
represent a significant category within the

as experimental system nanoscale Schottky diodes assembled on oxide-free
silicon crystals of precisely defined surface chemistry, it is revealed that
voltage-dependent adhesion forces lead to significant rotation of the AFM
platinum tip. The electrostatics-driven tip rotation causes a strain gradient on
the silicon surface, which induces a flexoelectric reverse bias term. This
directional flexoelectric internal-bias term adds to the external (instrumental)
bias, causing both an increased diode leakage as well as a shift of the diode
knee voltage to larger forward biases. These findings will aid the design and
characterization of silicon-based devices, especially those that are deliberately
operated under large strain or shear, such as in emerging energy harvesting
technologies including Schottky-based triboelectric nanogenerators (TENGs).

1. Introduction

Metal-semiconductor rectifying junctions—Schottky diodes—
are a building block of many digital circuits and technologies.!?]
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technology of triboelectric nanogenerators
(TENGs).B11 The process through which a
DC-TENG based on a Schottky diode trans-
forms mechanical energy into electrical en-
ergy is unclear, with the specific roles of
friction,['?! normal pressure,*] shear and
strain,l'*) and their interactions, still be-
ing unclear. Specifically, what has recently
emerged, is that surface polarization in
response to bending—flexoelectricity— is
not just limited to insulators, but occur
also in semiconductors.!'>!¢] For instance,
in 2016 Catalan and co-workers demon-
strated that in wide-bandgap semiconduc-
tor oxides, flexoelectricity is augmented,
rather than diminished, by increasing the
material conductivity through doping.['”]

The DC output of a sliding Schottky diode increases as the
junction contact area decreases,'®1%] hence nanoscale measure-
ments, especially through atomic force microscopy (AFM), are
ideally suited to study TENGs mechanisms and performances.
The suitability of AFM-based measurements in TENG research
is strengthened by the possibility of simultaneously probing,
with high spatiotemporal resolution, DC outputs, mechanical
and electronic aspects of the junction, such as normal force, fric-
tion, and adhesion, as well as detecting the presence or absence
of electronic defects.[?>-22) However, AFM-based measurements,
and not just in the context of TENGs but also within the broader
realm of nanoscale electrical measurements, are often hindered
by experimental factors that are hard to control or account for,
such as tip-tilting and bias-dependent electrostatic interactions
between probe and substrate.[2324]

Here we report experimental evidence of electrostatic forces
between a conductive AFM tip and a silicon surface leading to
mechanical instability of a nanoscale Schottky diode, and reveal
that these forces account for a directional (relative to the diode’s
internal field) surface polarization. Regardless of the silicon dop-
ing type, the mechanically induced voltage term bears the direc-
tion of a reverse bias: it augments the external (operator-defined)

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Scheme 1. Schematic representation of the wet chemistry process for
the passivation and functionalization of an oxide-free Si(211) crystal. The
removal of the native SiO, layer, followed by the UV-assisted hydrosily-
lation of 1,8-nonadiyne (1) on hydrogen-terminated (Si—H) Si(211) and
Si(117) yields a passivating (against anodic decomposition) but yet elec-
trically conductive alkyne-terminated monolayer (S-1). The monolayer is
further functionalized through a Cu-catalyzed alkyne-azide cycloaddition
(CuAAC) reaction to yield a ferrocene-terminated monolayer (S-2).

reverse bias and diminishes the external forward bias. We show
how to detect, account for, and minimize (or augment) this par-
asitic polarization.

2. Results and Discussion

Asymmetric attractive forces between a semiconductor and
metal-like AFM tips have been reported before.l>2¢] However,
residual electrostatic effects—residual in the sense that they per-
sist even upon the flow of an electric current—are poorly dis-
cussed in the literature.?”-28] A Schottky junction, just like any
junction, has a certain ability to let charge through and to store
charge.[?3% Electronic drag is likely to have a negligible mechan-
ical effect on the adhesion of a biased junction,!?*! so, if any, resid-
ual attractive forces are most likely capacitive in origin.

Since the capacitance of a Schottky diode depends on the ex-
ternal bias, our first objective was therefore to explore the mag-
nitude and directionality of adhesion forces in diodes that were
deliberately biased into either accumulation or depletion. The
main experimental platform is shown in Scheme 1, which depicts
the chemical strategy used to passivate oxide-free silicon wafers.
In brief, silicon surfaces were first etched to yield a hydrogen-
terminated surface (Si—H), which has a low density of electrical
defects but is unfortunately prone to oxidation (Figures S1 and
S2, Supporting Information).’") The chemical reactivity of the
Si—H surface can however be turned into a technical advantage,
as it can be chemically passivated through surface hydrosilylation
reactions with 1-alkenes®? and 1-alkynes!*}! monolayer-forming
molecules.3*3¢] The hydrosilylation of an «,w-dialkyne molecule
(1,8-nonadiyne, 1, Scheme 1) on Si—H was used to prepare S-1
surfaces,**] where the acetylene moiety at the S-1 monolayer dis-
tal end also opens up the possibility of further chemical derivati-
zation of the semiconductor surface. This option is here used to
covalently tether ferrocene-terminated monolayers (S-2).37] The
presence of a metallocene in the S-2 monolayer allows access to
electrochemical measurements, which do not involve diffusive
reactants and are therefore an unambiguous analytical tool to
assess the outcome of the silicon passivation procedure. Elec-

Adv. Sci. 2024, 2403524

www.advancedscience.com

trochemical measurements done on S-2 samples also served to
demonstrate that the chemical passivation of the Si(211) oxide-
free crystal does not preclude the flow of DC across the inter-
face (Figure S3, Supporting Information).[*®3% The electrochem-
ically determined monolayer surface coverage for S-2 samples is
~2.2 x 1071% mol cm~2, which is lower than the expected the-
oretical value for a closely packed ferrocene monolayer (4.5 x
1071 mol cm~2)*¥l but in line with literature data for two-step
surface derivatization procedures.[*'~] The full width at half-
maximum (fwhm) of cyclic voltammetry traces was ~90 mV. This
fwhm value indicates negligible interactions between the adsor-
bate molecules.[**] What is also evident in the voltammograms
shown in Figure S3 (Supporting Information) is a peak “inver-
sion”: the anodic wave peaks at more cathodic voltages than the
cathodic wave. This inversion is indicative of electrostatic interac-
tions between the silicon space charge region and the molecular
charges of the adsorbate.[*?]

After having validated the good quality of the semiconductor
chemical derivatization, we then turned our attention to “dry”
junctions. Data presented in Figure 1a show changes in the adhe-
sion force between the silicon surface and a platinum AFM tip as
a function of the Schottky junction external bias. The junction’s
adhesion force was estimated by measuring the pull-off force in
AFM force—distance (F-d) experiments (Figure S4, Supporting
Information), over a range of sample’s bias voltages (from —1.5 to
+1.5 V) covering from silicon accumulation to silicon depletion.
The adhesion force displayed a quadratic voltage-dependent char-
acteristic, indicative of a capacitive behavior.[*#?] However, this
bias-dependent tip—sample electrostatic interaction does not fol-
low a symmetric rise around the zero bias: for a given (absolute)
value of voltage bias, adhesion forces are generally larger than
when the diode is under reverse bias (grey region, Figure la)
rather than under accumulation (red region, Figure 1a).

The original assumption of metal-silicon attractive forces be-
ing capacitive in nature is therefore in poor agreement with the
data shown in Figure 1a, since the experimentally determined
adhesion is greater when the junction is depleted, that is, when
the interface capacitance drops and its resistance increases due
to the silicon space-charge region increasing in thickness.[*’]
The observed tip-silicon attraction is greater when the Si(211)
near-surface region contains a population of unbalanced, immo-
bile ionized phosphorous dopant atoms and opposes the flow of
current®®l (Figure 1a). If the thickness of this charged region is
minimized by means of increasing the silicon doping level, the
magnitude of the metal-silicon attraction also drops (Figure S5,
Supporting Information).

One of the possible expected consequences of this bias-
dependent tip-surface adhesion force—a lateral tip-tilt due to
the likelihood of an asymmetric tip shape—is schematically de-
picted in Figure 1b. Such tilting of the AFM tip may be de-
tected by the instrument’s position-sensitive photodiode (PSPD)
in the form of a change in the tracking laser deflection (vide
infra). However, we first turned our attention to another plau-
sible consequence of a mechanical movement caused by the
observed tip-substrate attraction. It is not unlikely that an in-
crease in the normal force would cause a local strain gradient
in the silicon substrate. For many materials, the consequence of
a strain gradient (bending) is the generation of flexoelectricity.
The first report on flexoelectricity is likely to be a 1910 paper by
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Figure 1. a) Tip-sample (Pt AFM tip-S-1 grafted on n-type Si(211)) adhesion force data as a function of the external semiconductor bias (—1.5to +1.5 V).
Shaded areas delimit the forward (red) and reverse bias (gray) regimes. Labels next to each adhesion force—sample bias data point are the corresponding
current values. b) Schematics depiction of a geometrically imperfect tip tilting laterally in response to a normal attractive force. The near-surface positive
charges of space-charge ionized phosphorous dopants are indicated as plus symbols, and the blue/green color gradient indicates the strain gradient.
c,d) High-speed current capture data was acquired during AFM force—distance (F-d) measurements done on Si(211) S-1 monolayers prepared on either
¢) n-type, or d) p-type samples. The cyan traces represent the current flowing across the Schottky junction, under zero external bias, recorded as the
platinum AFM tip is pressed down onto the silicon surface (F-d data, black traces). The instrument routing is such that a current of the positive sign

indicates a flow of electrons from tip to sample.

Walter Jamieson, who observed for celluloid sheets a curvature-
dependent surface charging.[*] Flexoelectricity has been since
then verified or anticipated for several materials!'***>*} including
semiconductors.!'>"175¢] For instance, Wu et al.>3] have explored
the modulation of device performance through flexoelectric ef-
fects in MoS,-based metal-semiconductor field-effect transistors
(MESFETs), and Sun et al.®? have developed new methods to
measure flexoelectric coefficients of semiconductors. But while
a flexoelectric effect is likely to occur in strained silicon,[**57] un-
fortunately the flexoelectric coefficient of silicon remains to be
accurately determined. The reason for the lack of data on the
magnitude and sign of the silicon flexoelectric coefficient is that
a macroscopic strain-voltage measurement of such a brittle and
hard material is hindered by the rapid formation of cracks.[>®>°]
However, as shown recently for n-type SrTiO;, a strain gradi-
ent may alter local band bending, and since the flexoelectric
surface polarization can increase (or decrease) the height and
width of the interface Schottky barrier, strain gradients will likely
affect charge transport characteristics (Figure S6, Supporting
Information).[%!

To gain quantitative insights relevant to flexoelectricity in sili-
con we conducted F—d experiments while rapidly sampling the
zero-bias current. High-speed force—current data (ramp speed
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300nm s7') shown in Figure 1c and in Figure S7 (Support-
ing Information) show that, under no external bias, pressing
down a platinum tip onto a Si(211) S-1 surface leads to a cur-
rent response that bears the sign of the reverse current. It is
not unlikely that pressure from the AFM tip (=5 GPa) is caus-
ing a nonuniform strain near the tip-surface contact region®"
and that surface polarization due to the strain gradient (flexo-
electricity) is the cause of the current flow. We note that the
large zero-bias current shown in Figure 1lc is not an experi-
mental artifact arising from the coupling of an increase in con-
tact area (i.e., decrease in resistance) with a residual instru-
ment “burden” voltage. As shown in Figure 1d, control force—
current experiments performed on p-type silicon revealed that
the effect is directional: the direction of the putative flexovolt-
age changes by switching from n- to p-substrate. These con-
trols prove that the pressure-related zero-bias current is not
caused by residual instrument burden voltage coupled to a
drop in electrical resistance during the F-d scan. It is also un-
likely for this current to have a thermal origin, such as a See-
beck voltage in response to a temperature gradient. The sili-
con Seebeck coefficient is ~0.4 mV K7!, and to thermally gen-
erate currents such as those obtained in the F-d experiments
of Figure 1 would require a junction potential of ~1.7 V, which
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Figure 2. (a) Current-voltage (I-V) curves acquired at Pt AFM tip-n-type Si(211) S-1 junctions under an applied normal load of 100 nN at a voltage
sweep rate of 8V s~'. The expected asymmetric diode -V trace is “inverted,” with the reverse bias current (black lines) comparable to, or greater than,
the forward current. b) Lateral deflection—current plot revealing a substantial tip-tilting during the -V experiment shown in (a). The inset depicts the
detection through the PSPD signal of the lateral tilt of the tip. The near-surface positive charges of ionized phosphorous dopants in the space-charge
are indicated as plus symbols, and the color gradient indicates qualitatively the silicon strain gradient. c) Plot of the lateral deflection data shown in (b)
as a function of time during the voltage ramp. Shaded areas indicate a “flatter” sections within the deflection curve which also correspond to maximum
values of forward (gray) or reverse (red) current. d) SEM images of the Pt AFM tip obtained after the AFM measurements. Scale bars are 10 um (i) and

100 pum (ii).

would in turn arise from a temperature difference as large as
~3000 K.[%2]

How the zero-bias current output (Figure 1c,d) tracks the AFM
tip force setpoint warrants a further discussion. Especially evi-
dent for junctions made on n-type substrates, but to a lesser de-
gree also for the p-type systems, the flexoelectric current exhibits
spike-like features. There are two possible explanations for these
current spikes. The first is an intrinsic technical limitation: the
contact force is inferred from the vertical position of the can-
tilever rather than from the actual position of the platinum tip
contacting the silicon substrate. Consequently, mechanical de-
formations, shear, and irregularities or abrupt changes in the
nanoscopic motion of actual contact cannot be ruled out. Notably,
the observation that current spikes are much less frequent in the
p-type system may also suggest an additional, although some-
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what speculative, explanation, which is that in n-type silicon the
flexoelectric coupling is not linear with strain gradient.[®3]

Having firstly demonstrated the presence of bias-dependent
attractive forces (Figure 1a) and then of an “internal” reverse bias
term due to mechanical forces (Figure 1c,d), we went back to the
hypothesis schematically depicted in Figure 1b: the possibility of
an electrostatically driven lateral tip tilting during a static (i.e., not
the typical mapping!®!?) AFM electrical measurement.

With this in mind we performed current-voltage (I-V) mea-
surements while monitoring the tip lateral deflection channel.
We found that poorly performing Schottky junctions, that is,
“leaky” diodes with a poor rectification ratio (RR at 1 V below
~0.3, Figure 2a), were generally mechanically unstable as indi-
cated by data on the tip lateral deflection (Figure 2b). A large
diode’s leakage, which we argue is the result of a flexoelectric
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voltage pushing electrons from the tip to the n-type Si(211),
was generally coupled to the presence of two discrete popula-
tions of tip-tilt angles. As the external bias is ramped between
the forward vertex (—2 V, sample bias) to the reverse bias vertex
(+2 V), the tip tilts laterally until it reaches a deflection plateau
(Figure 2b,c; tilting plateaus in red and black symbols) when a
large forward or backward current effectively nullifies the elec-
trostatic tip—semiconductor interaction. Mechanical movements
of the tip are greater in between, i.e., when the flow of current is
minimal (e.g., cyan symbols in Figure 2b). As mentioned earlier,
the reason why a normal force causes a lateral, rather than nor-
mal, deflection is rooted in the imperfect geometry of the AFM
tip, as revealed by representative scanning electron microscopy
(SEM) images in Figure 2d. SEM data of the tip also help answer-
ing another important question: the cause of a delay between
the end of the tip tilting event (as measured by the deflection
channel) and the onset of the putative flexovoltage (as measured
by the onset of an unexpected large leakage current). In other
words, although a large reverse current is flowing—Ilarger than
expected based on the externally applied bias—while the tip-tilt
is “locked” in an apparent plateau, it is not unlikely that the end
of the AFM tip (Figure 2d, inset-i), which is in contact with the
sample and located beyond the cantilever region probed by the
AFM PSPD (Figure 2d, inset-ii), is still rotating or sliding. We
suggest that it is this “delayed” movement the cause of the flexo-
electric surface polarization, which as shown by the current data
acquired during F—d curves (Figure 1c) has the direction of a re-
verse bias. We note that this delayed movement is not affected
by surface roughness. Control experiments done on Si(111) crys-
tals, which are even smoother than the Si(211) substrates (rms
roughness 0.3 nm vs 3 nm, Figure S8, Supporting Information)
revealed similar tip lateral deflections and current outputs for the
two platforms regardless of surface roughness (Figure S9, Sup-
porting Information). Experiments with softer tips of the same
radius (Figure S10, Supporting Information) showed larger zero-
bias currents, tentatively associated with an increased probability
of the tip tilting in response to the electrostatic tip-silicon attrac-
tion.

Regarding the nature of the electrical breakdown involved
(ie., the flexoelectric current has a direction of a leakage
current), we attempted to elucidate whether the main mech-
anism is an avalanche or a Zener breakdown. For nomi-
nally static junctions biased externally (I-V curves), the leak-
age magnitude decreased with increasing temperature (Figure
S11, Supporting Information) and for zero-bias F-d curves
we observed an enhanced flexoelectric response as the silicon
space-charge layer becomes thinner (i.e., higher dopant con-
centration) (Figure S12, Supporting Information). The effect of
temperature and doping points towards a Zener rather than
avalanche breakdown, where quantum tunnelling decreases as
the depletion region widens.[* We also investigated the ef-
fect of changes to the normal load on the charge transport
characteristics. I-V data in Figure S13 (Supporting Informa-
tion) show that increasing the load increased both the leak-
age and the forward current: beyond a certain pressure thresh-
old, the effect of an increased contact area overwrites any
flexoelectric effect. Figures S14 and S15 (Supporting Infor-
mation) show the C-AFM maps at either the nullifying volt-
age (i.e., the external voltage required to bring the leakage
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current to noise level) or at zero-bias, respectively. The open
circuit voltage (Vo) and short-circuit current (Ig.) extracted
from these maps scale with the applied load, ranging from
0.25 to 0.42 V, and from 0.2 to 1.0 nA (Table S1, Supporting
Information).

To reinforce the role of electrostatics in causing mechanical in-
stability (hence flexoelectricity) of the Schottky junctions, we con-
ducted I-V measurements at a much lower scan rate (0.01 Hz),
hence allowing additional time for the putative surface charges to
dissipate. As shown in Figure S16 (Supporting Information), I-V
inversion was rarely observed for slowly ramped junctions: only
~1% of the I-V curves showed a measurable leakage current. Im-
portantly, a normal diode behavior (RR is well above 1000) was
also observed for nanoscale junctions that despite being ramped
at a faster voltage sweep rate were mechanically stable (Figure 3),
as well as for macroscopic Schottky junctions under negligible
normal force (Figure S17, Supporting Information). Also worth
noting is the shift in knee voltage.[*S! The knee voltage of junc-
tions that showed a lateral tip tilt (Figure 2a,b) was ~—0.8 V, hence
significantly greater than the ~—0.3 to #—0.5 V of static silicon—
platinum junctions (Figure 3a,b). Such negative shift is the re-
sult of a flexoelectric voltage term, which has the polarity of a re-
verse bias and results from the silicon strain gradient caused by
the electrostatic-driven tip rotation. Further mechanistic insights
would be at this stage speculative as dynamic changes to the en-
ergy levels of a Schottky junction under a dynamic strain gradient
remain poorly understood.!®]

We then performed additional controls to further clarify both
the delay between the flexoelectric effect and the tip-tilt, as well
as the potential involvement of galvanic (corrosion) processes.
Consecutive [-V scans recorded over the same sample location
(Figure 4a) returned a progressive decay of the leakage current
over successive scans along with an increase in forward current.
This agrees with the flexoelectric term eventually disappearing as
the movement subdues. It also suggests an unlikely role of corro-
sion, as the “oxidized” diode would not revert to a non-leaky status
as it does. Further, if silicon corrosion was involved, such corro-
sion current should decrease over time as silicon oxide grows.
This is not what the data indicates. Sequential trace and retrace
AFM scans in Figure 4b show that sample locations character-
ized by a significant tribocurrent retain this characteristic over
time. We further ruled out galvanic corrosion by observing that
the direction of the galvanic voltage does not depend, unlike the
flexovoltage (Figure 1c,d), on the silicon doping type. Both n- and
p-type silicon samples immersed in an electrolytic solution, and
then mechanically damaged to deliberately promote their corro-
sion, showed, as expected for a corroding substrate, a shift in
open circuit potential towards more cathodic voltages, irrespec-
tive of the doping type (Figure S18, Supporting Information).

Finally, we tested our junctions when operated as a sliding
TENG, with a representative zero-bias current map (C-AFM)
shown in Figure S19 (Supporting Information). The tip slides
along the S-1 surface generating a DC output that bears the sign
of a reverse current, and with an average current density of =5.5
x 10° A m~2. The performances of this TENG design are bench-
marked in Table S1 (Supporting Information) against those of
alternative TENG systems.

We conclude with a quantitative analysis (Figure 5) on the frac-
tion of samples characterized by a simultaneous I-V inversion
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Figure 3. a) Representative |-V spectroscopy data acquired at a Pt AFM tip-n-type Si(211) S-1 junction under an applied normal load of 100 nN (voltage
sweep rate of 8V s™1). b) Lateral deflection—current plot showing negligible lateral tilting during the bias ramping. The inset schematically depicts the
Pt AFM tip in static contact with the silicon surface when no tip tilting is observed.

(RR below ~0.3) and the presence of two discrete populations in
the lateral tilt recorded during the I-Vs. A remarkable 90% of the
inverted I-V curves also showed two populations of lateral deflec-
tion. As discussed above, this mechanical tip instability causes a
directional—additional reverse bias—parasitic flexovoltage. Fur-
thermore, a compelling 92% of the samples with large RR (“not
inverted” samples) were mechanically stable.

3. Conclusion

In this study we have revealed the presence of a directional
“parasitic” reverse bias term in mechanically unstable Schottky
junctions made between a platinum AFM tip and a monolayer-
modified oxide-free silicon crystal. We have explained this
additional reverse bias term as a silicon flexoelectric effect
and assigned the origin of the mechanical instability to a
semiconductor-to-metal electrostatic attraction, which surpris-
ingly does not scale with the capacitance of the junction. The par-
asitic flexoelectric voltage adds to the external (instrumental) bias
and leads to current fluctuations in current—voltage (I-V) mea-

a)
forward bias reverse bias
2 === 1stscan
=== 20d scan
0 mmm 34 scan
< ) 4" scan leakage current
T
QO -4
5
O 64
-84 l forward current
_10.

Sample bias / V

surements. The silicon strain gradient that leads to the flexoelec-
tric disturbance can be detected as it is immediately preceded by a
lateral deflection of the AFM cantilever. Such deflection is found
in most “leaky” nanoscopic junctions, and we bring evidence that
it is cause, not effect, of such a large leakage current.

We show the additional “flexoelectric” term is doping type
dependent (i.e., its direction changes from n- to p-type Si),
it is linked to the electrostatic tip-substrate attraction, and it
is not a corrosion or heating effect. The work deepens our
understanding of Schottky diodes, explains a parasitic effect
in electrical AFM measurements and will aid the design and
characterization of devices based on out-of-equilibrium diodes
such as DC-TENGs. We believe this work can aid in devel-
oping advanced sensing technologies and enhancing energy
harvesting systems to fully leverage flexoelectric effects. Al-
though large scale heterogeneous generators based on flex-
oelectricity are unlikely to be based on silicon, the reason
being the availability of several materials with larger flexo-
electric coefficients,!®! the finding of this paper will be of
value in nanoscale electrical measurements performed on
silicon.

0 500 1000
Distance / nm
retrace
<«— 1000
500
0
0 500 1000

Zero-bias current /pA  Zero-bias current / pA

Distance / nm

Figure 4. a) Consecutive color-coded I-V curves acquired at a Pt AFM tip-n-type Si(211) S-1 junction under an applied normal load of 100 nN and at a
sweep rate of 8V s~ b) Trace (left to right) and retrace (right to left) consecutive AFM scans acquired over the same sample location.
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Figure 5. Analysis of 100 /-V curves recorded between a Pt AFM tip and n-type Si(211) S-1 samples (applied normal load of 100 nN, voltage sweep rate

of 8Vs7).

4. Experimental Section

Chemicals and Materials: Redistilled dichloromethane (DCM), and
Milli-Q water (>18 MQ cm resistivity) were used for substrate-cleaning
and surface-modification procedures. Aqueous ammonium fluoride (40%,
w/w), sulfuric acid (95-97%), and aqueous hydrogen peroxide (30% w/w)
were of semiconductor grade and purchased from Honeywell. Methanol
(=99.8%), ammonium sulfite monohydrate (92%), aqueous hydrochloric
acid (HCl, 35-37%), and 1,8-nonadiyne (1, 98%) were purchased from
Sigma-Aldrich. 2-Propanol (>99.8%) was obtained from Ajax Finechem.
Si(211) and Si(117) crystals, phosphorous-doped (n-type, 7—13 Q cm,
referred to as “lowly doped”) and boron-doped (p-type, 0.001 Q cm, re-
ferred to as “highly doped”), prime grade, single-side polished Si(211)
crystals phosphorous-doped (n-type, 0.007—0.013 Q cm, referred to as
“highly doped”) were of prime grade, single-side polished, with a mis-cut
angle of +£0.05°, 500 um in thickness and acquired from Siltronix, S.A.S
(Archamps, France). Azidomethylferrocene (2) was prepared according to
previously published procedures.[38]

Silicon Surface Derivatization: ~ Silicon wafers were cut into samples of
either 10 x 10 mm (for AFM, current—voltage, and XPS measurements) 15
X 15 mm (electrochemical measurements), and then sequentially rinsed
with DCM (3 x 50 mL), 2-propanol (3 x 50 mL), and water (3 x 50 mL).
Samples then underwent a 30-min wash in a heated (100 °C) 3:1 mixture
(v/v) of concentrated sulfuric acid (98%) and hydrogen peroxide (30%).
Cautionary note: Piranha solution reacts violently with any organic ma-
terial. Following the Piranha wash, samples were rinsed with water (3 x
50 mL) and then etched (with the polished side facing upwards) for 13 min
in either aqueous 40% ammonium fluoride under ambient light (fluores-
cent tubes, ~4.1 mW cm~2) for highly doped Si(111) and Si(211) sam-
ples, or under dark in a mixture of MeOH and aqueous 40% NH,F (1:10,
v/v) for lowly doped Si(211) samples. The etching solutions had been
previously deoxygenated by bubbling argon for 15 min (>99.99%, Core-
gas). Approximately 50 mg of ammonium sulfite was added to the etch-
ing bath as an oxygen scavenger. Hydrogen-terminated samples (Si—H)
were then rinsed once with water, twice with DCM (3 x 50 mL), and
then blow-dried using a stream of nitrogen gas. The Si—H surfaces were
promptly subjected to a reaction with a small amount of compound 1
(Scheme 1), following slight adjustments to a previously reported hydrosi-
lylation procedure. Briefly, the liquid diyne 1 stock was purged with ar-
gon for at least 15 min, and approximately 0.1 mL of it was applied to
cover the Si—H surface. The sample rested for 2 h under nitrogen, po-
sitioned ~20 cm from a 312 nm light source (Vilber, VL-215.M, nomi-
nal power output of 30 W). A 1 mm thick quartz plate (part 01031-AB,
SPI Supplies) covered the liquid sample surface to limit its evaporation.
The reaction was terminated by removing the acetylene-terminated mono-
layer (S-1) from the UV chamber, followed by extensive rinsing with DCM.
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S-1 samples were stored for 24 h under DCM at +4 °C before analy-
sis.

S-1 samples were further derivatized through a CuAAC reaction to pre-
pare a ferrocene-functionalized silicon surface (S-2). To this end, S-1 sam-
ples were rinsed with 2-propanol and then placed in a reaction tube con-
taining 4 mL of 2 in 2-propanol (0.5 x 1073 m), 1 mL of aqueous cop-
per sulfate (20 mol % relative to 2), and 1 mL of aqueous sodium ascor-
bate (100 mol% relative to 2). The reaction tube was sealed, and the
CuAAC reaction was conducted at room temperature with gentle agitation
while shielded from ambient light. After 30 min, the ferrocene-modified
electrode (S-2) was removed from the vial and thoroughly rinsed with 2-
propanol, water, HC| (0.5 m), and DCM. Finally, the samples were dried
under a stream of nitrogen gas before analysis.

Atomic Force Microscopy (AFM):  AFM measurements were conducted
using a Park NX10 instrument from Park Systems Corp., Korea. The instru-
ment has a variable-enhanced conductive (VECA) probe holder for con-
ductive AFM. The AFM tips were solid platinum tips (RMN-25Pt300B and
RMN-12Pt300B, Rocky Mountain Nanotechnology, Holladay) with reso-
nance frequency of 14 kHz and a spring constant of 18 N m~! for the RMN-
25Pt300B tips and resonance frequency of 9 kHz and a spring constant of
0.8 N m~" for the RMN-12Pt3008B tips. The tip radius was approximately
18.2 nm for both tips. All measurements were conducted at room temper-
ature (22 + 2 °C) in ambient air with a relative humidity of approximately
75% unless specified otherwise. Experiments conducted at higher temper-
atures (40 + 2 °C) were conducted incorporating a Peltier plate (part num-
ber 174-3113, RS components, Australia). Electrical contact was ensured
between the silicon sample and the metal sample stage/holder bypassing
the Peltier plate with copper tape. A positive sign current indicates a tip-
to-silicon electron flow. Samples were mounted on the AFM stage using
carbon tape after scratching the silicon’s back with SiC emery paper and
applying a small amount of gallium—indium eutectic (99.9% Alfa Aesar) on
the abraded surface. Imaging parameters were set to a size of 5 X 5 um, a
resolution of 256 points per line, a scan rate of 1.0 Hz, and an applied nor-
mal force of 360 nN. Data analysis was performed using XEI processing
software (Park Systems), and the reported average and maximum current
outputs are based on a minimum of three independent measurements.
The vertical palette color legend (scale bar) for the AFM height does not
cover the full scale; the scale bar maximum was chosen to better visualize
lateral changes in the height images. The residual output (noise level) is
approximately around 120 fA. Force—distance (F-d) measurements were
employed to estimate adhesion forces and the flexoelectric response of
the samples. The maximum deflection was set to 2000 nN, the ramp size
to 300 nm and the ramp speed to 300nm s~'. The applied load on -V
measurements was 100 nN unless specified otherwise. To calculate the
adhesion force, the curves were processed with OriginPro 9.0 (OriginLab
Corp.)
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Scanning Electron Microscopy (SEM): Samples were mounted onto
the conductive copper tape and visualized using scanning electron mi-
croscopy (SEM). SEM images were captured on an FEI's Verios SEM using
an Everhart-Thornley detector (ETD) with a voltage of 5 kV and a probe
current of 100 pA.

Macroscopic Current—Voltage Electrical Measurements: ~ Current-voltage
(I-V) measurements were performed inside a grounded and light-proof
Faraday cage using a source measure unit (SMU, B2902A, Keysight)
and a FeGalnSn drop as the top contact. GalnSn alloy with a compo-
sition of 62% gallium, 22% indium, and 16% tin by weight was ac-
quired from Thermo Fisher Scientific and was kept in conditions de-
void of air exposure before its utilization. The process of creating mag-
netic GalnSn was adapted from the methodology described by Chen
et all®l In summary, 2 g of the GalnSn alloy were carefully blended
with 200 mg of iron particles (approximately 0.5 um in size, purity of
99.98%, sourced from Alfa Aesar) within a 150 ml Pyrex container. Fol-
lowing this, the resultant magnetic GalnSn composite was subjected to
purification through five consecutive rinses with 20 mL of a 0.5 M hy-
drochloric acid solution, after which it was preserved away from light,
and submerged in a 0.5 m HCl solution until needed. The drop of Fe-
GalnSn was dispensed on the silicon sample using a threaded plunger
syringe (Gilmont, model GS-1200A, 2 mL capacity, 0.002 mL graduation
intervals, 24 G). A steel needle with a blunt tip (approximately 0.49 mm
radius) was brought into contact with the GalnSn drop and connected
to the SMU. The positioning of the needle in contact with GalnSn was
controlled by a three-axis micromanipulator (three DTS25 linear transla-
tion stages, Thorlabs). For |-V measurements the junction voltage was
cyclically ramped between —2.0 and 2.0 V in steps of 55 mV. The bias
is applied from the sample to the GalnSn top contact, and the termi-
nal was configured to be grounded internally (sensing type set to four
wires).

Electrochemical Measurements: Cyclic voltammetry and open-circuit
potentiometry experiments were performed with a CHI650D electro-
chemical workstation (CH Instruments) and a three-electrode, single-
compartment poly(tetrafluoroethylene) cell. The working electrodes were
monolayer-modified S-2 surfaces (15 X 15 mm), a platinum coil served
as the counter electrode, and Ag/AgCl (in a 3.0 m aqueous NaCl so-
lution) was employed as the reference electrode. The geometric area
of the working electrode was set to 0.28 cm? using a circular rectilin-
ear cross-sectional Kalrez gasket. Electrical contact between the working
electrode and a copper plate was established following the same pro-
cedure described for the conductive AFM experiments. The electrolyte
was aqueous 1.0 M perchloric acid, and all measurements were con-
ducted in air at room temperature (22 + 2 °C) and under illumination
(660 nm light-emitting diode, nominal power output 940 mW, Thorlabs
part M660L4) coupled to a collimator adapter (SM1P25-A, Thorlabs). II-
lumination of the silicon electrode was through the electrolyte compart-
ment, the collimator—sample distance was approximately 10 cm, and illu-
minance was measured using a meter from Amprobe (model IC-LM-200).
The light intensity at the electrode surface was generally ~#0.12 mW cm~2.
Surface coverages of ferrocene molecules on S-2 samples are reported
in mol cm™2. Coverage values were calculated from the cyclic voltam-
metry derived Faradaic charge, taken as the average of the anodic and
cathodic scans background-subtracted integrated current. The 99% con-
fidence limit of the mean coverage was calculated following literature
procedures.[%8]

X-Ray Photoelectron Spectroscopy (XPS):  XPS was employed to analyze
the atomic composition and chemical state of elements in the monolay-
ers. An AXIS Ultra DLD spectrometer (Kratos Analytical Inc., Manchester,
UK) with monochromatic Al Ke radiation (1486.6 eV) and a hemispheri-
cal analyzer (165 mm radius) was operated in fixed analyzer transmission
mode at 2 X 1078 Torr. The analysis area was 300 x 700 um, and the pho-
toelectron take-off angle was perpendicular to the sample. Survey spectra
resulted from the accumulation of five scans using 160 eV pass energy
over a 0-1100 eV range in 0.5 eV steps. High-resolution spectra (10 scan
accumulations) were collected at a pass energy of 20 eV, with step sizes
of 0.05 eV for Si 2p (96-108 eV) and 0.1 eV for C 1s (278-295 eV). The
pass energy was set to 20 eV, the step size to 0.05 eV, and the dwell time
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to 200 ms. The XPS data underwent processing using CasaXPS software.
Spectra analysis involved background subtraction using the U2 Tougaard
routine and Lorentzian-Asymmetric (LA, 1.53243) line shape. All reported
energies are binding energies (eV) and are corrected by applying a rigid
shift to bring the Si 2p; , emission to 99.5 eV.
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Chapter 6. Summary and future outlook

6.1 Summary

This thesis presents an experimental and comprehensive exploration of the relationship
between apparently separated fields such as surface chemistry, mechanical motion, and current
generation in monolayer—functionalized electrodes. 1 have investigated how mechanical
motion (i.e., sliding and pressing events) have the potential to produce clean energy in the form
of current output. Silicon, a primary and low-cost semiconductor in industry, has been proposed

as an electrode platform.

Chapter 1 introduced SC physics' fundamental concepts, including a comprehensive overview
of the band diagram theory. A brief description of the band energetics on silicon—electrolyte
and silicon—metal contact based on the equalization of the Ef, is also provided. Given the
relevance of the surface properties control on the overall current-generation phenomena,
concepts of silicon surface chemistry were also introduced. Chemical etching methods to
remove the native oxide layer and surface functionalization pathways were subsequently
considered and presented. The main techniques, including working principles and history, were
presented to characterize and test the system (namely, silicon—-monolayer functionalized

surfaces).

Chapter 2 focused on the role of crystal orientation and surface conductivity in current output
generation when silicon performs as a TENG. Surfaces bearing higher conductivity (namely
Si(211)) returned greater current output compared to less conductive cuts (namely, Si(111)).
Remarkably, predicting the TENG performance of the system by a simple electrochemistry

approach (i.e., CV shape analysis) was explored and proposed as a straightforward diagnostic
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tool. The chapter concludes with an analysis of how the introduction of surface defects (namely,

oxide) transiently enhances current output.

The current generation mechanism—the sliding of the AFM tip along the silicon surface—
induces surface damage, limiting the longevity of the device. Chapter 3 addressed the root
cause of surface damage during device operation. Results demonstrated that this damage,
driven primarily by mechanical pressure, leads to a reduction in current output. Interestingly,
the current drop caused by surface damage occurs with a slight delay, as successive trace and
retrace scans produced comparable output. A closer examination of line scans revealed that the
spots with the highest current output correspond to locations where mechanical pressure is

greatest.

Prompted by conclusions dragged on Chapter 3, the motivation focused on replacing the hard
metal contact (i.e., Pt tip) with a softer metal contact (i.e., Galinstan). Figure | shows the
vibration set-up designed to emulate the sliding events happening in the Schottky junction on
AFM. Although the junction was stable, unlike on AFM, the contact pressure was negligible

and so was the tribocurrent generated.

monolayer
Silicon

Figure 1. (a) Experimental vibration set-up designed to produce vibrations emulating the sliding events
happening on a conventional C-AFM experiment. Insets show the silicon—-SAM-Galinstan junction in ohmic
contact with a copper plate previously polished. (b) Shows the instruments used to perform the experiment. (i)
Function generator, model DG-1022 to control the vibrations. (ii) SMU, model B2902A to collect current
output and (iii) LCR meter, model E4980A, to collect capacitance data.
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Although this lack of pressure turned out to be detrimental for Galinstan to be implemented on
a hypothetical TENG set-up, in Chapter 4 its role as a macroscopic probe was explored. The
goal was to use Galinstan top contacts on Si—-SAMs systems to track shifts in the leakage
current, and to predict with these changes the DC output when the electrode forms part of a
TENG. Since results showed that the junction stability was controlled by the surface-to-volume
ratio, the chapter explores a chemical strategy (i.e., iron particle addition) to increase the
surface tension of the Galinstan probe. This increase in surface tension was crucial to enhancing
the reproducibility and repeatability of the [-V measurements but had a negative impact on the
capacitance measurements. Galinstan top contact was finally used to explore the electrical
characteristics of silicon electrodes functionalized via a novel alkyne—alkyne homocoupling

reaction.

While [-Vs collected with Galinstan contacts (namely, macroscopic junctions) were close to
ideal, I-Vs collected on AFM (namely, nanoscopic junction) returned more often than not, non-
ideal behavior characterized by an anomalous high reverse current (i.e., inverted [-V curves).
To explain this effect, Chapter S starts with an analysis of the adhesion force under bias (—1.5
to +1.5) between the tip and the sample showing that adhesion was greater when the junction
was depleted. This instability triggers tip-tilting which translates into an induced strain gradient
in the silicon sample. Therefore, Chapter 5 focused on the role of strain gradients occurring on
the tip—silicon junction and the subsequent surface electric polarization (i.e., flexoelectric
effect). The consequence of this so-called flexoelectric effect is that an additional “parasitic’
reverse bias term is added to the instrumental (external) bias, shifting the turn-on voltage and

increasing the leakage current.

6.2 Future outlook
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Although tremendous effort has been made to account for the main factors governing the
triboelectric and flexoelectric phenomena, there is still some degree of uncertainty regarding
the working mechanism of devices that convert mechanical motion into electricity. For
instance, results in Chapter 5 indicate that the influence of temperature and doping points to
the Zener breakdown mechanism being more probable than avalanche breakdown, regarding
the nature of the electrical breakdown involved. This is based on the fact that quantum
tunnelling decreases with the widening of the depletion region. Nevertheless, further research
into triboelectric and flexoelectric phenomena under varying environmental conditions is

needed for a deeper understanding and development of this class of technologies.

Additionally, while this thesis has focused on single-contact asperity (i.e., Pt tip contacting the
electrode surface) further research on multi asperity contacts warrants further attention. Recent
advances in tribology have started to highlight the role of surface chemistry governing
macroscopic friction phenomena. It seems that van der Waals interactions, along with
interfacial bond networks, including covalent and hydrogen bonds, play a critical role in
influencing stick-slips events. Despite these insights, the exact correlation between the number
of interfacial bonds and the friction force at the microscopic level is still not fully understood.
Furthermore, it remains unclear whether the bonding mechanisms driving nanoscale friction

are also responsible for friction at larger, application-relevant scales.

An important open question concerns the impact and extent of the flexoelectric effect, and
whether it can be optimized to increase current output. Even though Chapter S has provided
significant insights into the role of strain gradient at the tip—electrode junction, the magnitude
of'the silicon flexoelectric coefficient remains experimentally undetermined. More quantitative
studies are needed to investigate how zero-bias current reacts to material deformation when

strain is applied, which would help clarify the role of flexoelectricity in the zero-bias
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performance of TENGs. This can be examined using soft materials, like silicon thin films,

where both the current and the material's deformation are recorded at the same time.

The implications of these findings open up new avenues for future research in enhancing the
durability and current generation of silicon-based TENGs. Developing strategies to mitigate
oxidative damage, while preserving the beneficial effects of surface defects will be critical for
advancing the practical application of these devices. Furthermore, the insights gained from this
research extend beyond silicon, suggesting that similar approaches could be applied to other
semiconductor materials, potentially leading to the discovery of new, more efficient energy-

harvesting technologies.
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Figure S1. Representative EIS phase angle versus frequency plot for a S-1 sample on Si(111). The Eq4 was set to
—0.5 V. Black dots are the experimental values, and the red line is the best fit (Chi-squared = 0.01). The equivalent
circuit used in the fitting is shown in Section S2. Refined values of Ryim, and Cq where 6.2 x 106 Q and 0.1 x 1076

F respectively.
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Figure S2. Progressive cathodic shift of the open circuit potential for a Si(111) S-2 sample (photoanode) as a
function of its illumination intensity. The electrode was irradiated with a red LED and progressively increasing the

light intensity from dark (0 — 100 s), to 1.0 mW c¢m2 (100 — 200 s), 1.7 mW cm 2 (200 — 300 s) and reaching 3.4
mW cm? (after 300 s).
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Figure S3. Representative cyclic voltammograms (CVs) for a S-2 Si(111) photoanode. The electrode was
illuminated at a light intensity of 1.7 mW cm 2. The scan rate was (a) 50 mV/s, (b) 100 mV/s, (c) 500 mV/s
and (d) 2000 mV/s.
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Figure S4. Representative EIS phase angle versus frequency plot for a S-2 sample on Si(111). The Eqc was set to 0.1 V.
The electrode was illuminated at a light intensity of 1.7 mW cm™. Black dots are the experimental values and the red
line is the best fit (Chi-squared = 0.01). The equivalent circuit model used in the fitting is shown in Section S2. The
refined ke was (3.6£1.4) x 102 s71.! Values of Ret, Cags, and Cq were 50.1 Q, 4.2 x 10°F and 1.1 x 1078 F, respectively.
Capacitors were modelled as CPEs with power modifiers of 0.98 for Cq and 0.99 for Cags.
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Figure S5. XPS spectra for S-1 samples on Si(211). The etching time was 13 min [40% aqueous NH4F under ambient light
(0.2 mW cm2)]. (a) XPS survey spectrum. (b) Narrow scan of the Si 2p region. The Si 2ps, peak was 99.5 eV. The high
binding energy shoulder (0.40 eV higher than Si 2p..) is tentatively attributed to photoelectrons from Si—H species.? In the
101.5-104 eV region, photoelectrons from Si®, Si® and Si® oxides merge into a single band. (c) Narrow scan of the C 1s

region. The signal was deconvoluted into a main C-C peak (carbon bound to carbon) at 284.9 eV, a C-Si (carbon bound to
silicon) at 284.0 eV, and a contribution at 286.9 eV ascribed to C=C and/or C—OH.3
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Figure S6. (a) AFM topography image of a S-1 sample grafted on a Si(211) wafer etched for 13 min in aqueous
40% NH4F under ambient light and in the absence of methanol. The sample roughness was 8.6 nm. The
photograph shown in (a) above the AFM map shows the wafer while being etched. (b) AFM topography image
of a representative S-1 sample grafted on a Si(211) wafer etched for 13 min in a mixture of MeOH and 40% NH4F
(1:10) under ambient light. The sample roughness was 3.1 nm. The photograph shown in (b) above the AFM map
shows the wafer while being etched.
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Figure S7. (a) AFM topography image of a representative S-1 sample on Si(211). The wafer was etched
for 2 min in a mixture of MeOH and 40% NH,F (1:10), under ambient light (0.2 mW cm™2). The sample
roughness was 1.0 nm. (b) AFM topography image of a representative S-1 sample grafted on Si(211) etched
for 13 min in a mixture of MeOH and 40% NH4F (1:10) under ambient light. Roughness value for the
sample shown in panel was 3.4 nm. (c) Bar plot showing the evolution of the ferrocene coverage for S-2
samples prepared from the S-1 samples of (a) and (b) as well as on samples prepared via intermediate

etching times. The etching time is shown in figure, and the error bars represent the standard deviation from
the mean coverage value.
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Figure S8. XPS data for S-1 samples grafted on Si(211). The Si(211) substrates were etched for 2 min (a, c, €)
and for 13 min (b, d, f), in a mixture of MeOH and 40% NHF (1:10) under ambient light (0.2 mW cm™2). (a,
b) XPS survey spectra. (c, d) Narrow scans of the Si 2p region. The Si 2ps» peak was at 99.5 eV. The high
binding energy shoulder (0.40 eV from Si 2p1y,) is tentatively attributed to Si—H species.? In the 101.6-104 eV
region, photoelectrons from Si® Si® and Si oxides merge into a single band (2 min etch). Photoelectron from
Si® and Si® and Si® oxides, are attributed to the signal at 101.5-103.7 eV (13 min etch). (e, f) Narrow scans
of the C 1s region. The spectra were deconvoluted into a main C—C signal (carbon bound to carbon) at 284.9

eV, a C-Si (carbon bound to silicon) shifted at 284.0 eV, and a third contribution at 286.9 eV, ascribed to C=C
and/or C-OH.®
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Figure S9. (a) AFM topography image of a representative S-1 sample prepared on Si(211). The Si(211)
substrate was etched for 13 min in a mixture of MeOH and 40% NH4F (1:10) in dark. The roughness value
for the sample shown in figure is 2.6 nm.
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Table S1. Surface roughness (AFM data) for S-1 samples on Si(211) as function of solvent,

etchant, etching time and illumination levels

Solvent Etching time  Illumination Roughness (RMS,

(min) (mWcem ?2) nm)
Aqueous 40% NH4F 2 0.2 0.4<+0.1
MeOH 10%, 40% NH4F (1:10, v/v) 2 0.2 09+0.1
MeOH 10%, 40% NH4F (1:10, v/v) 2 dark 0.7+0.4
Aqueous 40% NH4F 13 0.2 7.8£3.2
MeOH 10%, 40% NH4F (1:10, v/v) 13 0.2 32+0.3
MeOH 10%, 40% NH4F (1:10, v/v) 13 dark 2.6 +0.1
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Figure S10. XPS data for S-2 samples grafted on Si(111) (a, ¢, €), and on Si(211) (b, d, f). The Si(211)
substrates were etched for 13 min in a mixture of MeOH and 40% NHyF (1:10) under ambient light (0.2 mW
cm ). (a, b) Narrow scans of the Si 2p region. The Si 2p3» peak was at 99.5 €V. The high binding energy
shoulder (0.40 eV from the Si 2pi) is tentatively ascribed to Si—H species. In the 102—-104 eV region,
photoelectrons from Si®, Si® and Si®® oxides merge into a single band (2 min etch). Photoelectron from
Si® and Si® oxides, are attributed to the signal at 102—104 ¢V (13 min etch). (c, d) Narrow scans of the Fe
2p region showing refined Fe 2ps;» [708.6 eV for Fe(Il)) and Fe 2pi» (721.5 eV for Fe(Il)] spin—orbit-split

signals. High binding energy shoulders are Fe(III) signals from ferricenium species. (e, f) Narrow scans of
the N 1s region.
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Figure S11. XRR profile for a S-1 film on Si(111) surfaces. The refined model (red line) is shown over the
experimental data (solid blue symbols, %*= ~10). The etching time was 13 min [40% aqueous NH4F under ambient
light (0.2 mW cm)]
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Table S2. XRR Refined Structural Parameters for S-1 films on Si(111) and Si(211)

Si111) Si2110)
SLD (A™) 1.3x107° 1.0x10°°
Roughness monolayer—air interface (A) 2.9 3.1
Roughness monolayer—silicon interface (A) 3.2 8.2
Organic film thickness (A) 9.5 10
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Figure S12. Evolution of the ferrocene surface coverage for S-2 samples prepared on Si(211) with etching time.
Si(211) substrates were etched in dark in a mixture of MeOH and 40% NH.F (1:10). The etching time varied
between 2 and 13 min and is specified in figure [(black) 2 min; (red) 6 min; (blue) 10 min; (pink) 13 min]. The
error bar represents the standard deviation from the mean coverage value.
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Figure S13. Cathodic and anodic peak heights (current density) as function of the voltage scan rate (mV/s) for S-2
samples made on (a) Si(111) and (b) Si(211). The electrodes were illuminated at a light intensity of 1.7 mW c¢m 2.
Si(211) samples were etched in a mixture of MeOH and aqueous 40% NH4F (1:10, v/v) in dark.
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Figure S14. Representative cyclic voltammograms (CVs) for a S-2 Si(211) photoanode. The electrode was
illuminated at a light intensity of 1.7 mW cm™2. The voltage scan rate was (a) 50 mV/s, (b) 100 mV/s, (c) 500

mV/s, and (d) 2000 mV/s. Samples were etched in a mixture of MeOH and aqueous 40% NH4F (1:10, v/v) in
dark.
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Figure S15. Representative CVs (100 mV/s, 1.0 M HCIOy) for S-2 samples made on Si(211). The Si(211) substrate
was etched in a mixture of MeOH and aqueous 40% NH.F (1:10, v/v) in absence of light. The CVs in figure were
recorded after either (a) 10 CV cycles or (b) 40 cycles. Cycles were in the —0.4 to 0.6 V range (100 mV/s, 1.0 M
HCIO4). The electrodes were illuminated at a light intensity of 1.7 mW cm™2. (c, d) XPS high-resolution Si 2p spectra
for the samples analyzed by CVs in (a, b). A broad 100-104 eV signal is the result of photoelectrons from Si®V, Si®,
Si®and Si® oxides.
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a)

Figure S16. Representative EIS phase angle versus frequency plots for S-2 samples on Si(211). Samples were
anodically damaged by means of 10 and 40 cycles ((a) and (b) respectively) prior to the EIS experiments. The Eqgc
was set to 0.1 V. Black dots are the experimental values and the red lines the best fits. The equivalent circuit used
in the fitting is shown in Section S2. Refined values of Ret, Cags, and Cq were 696.2 Q, 5.5 x 10°F and 2.7 x 1078
F for samples subjected to 10 CV cycles, and 7170 ©, 1.2 x 105F and 1.8 x 107 F for samples subjected to 40
cycles (yielding ke of 12.9 s and 5.9 s respectively). Experimental data are solid points and the fits solid lines
((a) Chi-squared = 0.01, (b) Chi-squared = 0.02)). The substrate was Si(211) etched in a mixture of MeOH and
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Figure S17. (a) Location of nine separate sampling regions across a Si(211) S-1 surface. The horizontal scale bar is 2.5
mm, and the size of the AFM micrographs, indicating the actual sampling locations, is not up to scale. (b—g)
Representative C-AFM maps for S-1 Si(211) samples etched for 13 min in 1:10 v/v MeOH/NH4F 40% while shielded
from ambient light. Horizontal scale bars in (b—g) are 1 um. The mean current output value for the different locations

were (b) 241 pA, (c) 347 pA, (d) 293 pA, (e) 429 pA, (f) 371 pA, and (g) 434 pA.
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Figure S18. Zero-bias C-AFM maps for S-1 samples etched under dark for 13 min in a mixture of MeOH and aqueous
40% NH4F (1:10, v/v). Panels (a, c, e) are current maps recorded after 1 (mean of current output value of 352 pA), 2 (mean
of current output value of 187 pA) and 3 (mean of current output value of 47 pA) successive scan cycles under 50 nN of
normal force. Panels (b, d, f) show histograms of the current output in the C-AFM maps. The histograms’ y—axis counts
indicate the number of pixels (sample locations) of a given current magnitude, with a total of ~65k pixels making up a C-
AFM map. Horizontal scale bars in panels (a, ¢, ¢) are 1 um.
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Figure S19. Zero-bias C-AFM maps acquired on S-1 at different scan rates. Samples were etched under dark
for 13 min in a mixture of MeOH and aqueous 40% NH4F (1:10, v/v). Panels (a, ¢, e) are current maps recorded
at 5 Hz (mean of current value of 295 pA), 7 Hz (mean of current value of 372 pA), and 11 Hz (mean of current
value 0f 397 pA), under 360 nN of normal force. Panels (b, d, f) show histograms of the current output obtained
from the C-AFM maps. The histograms y—axis counts indicate the number of pixels (sample locations) of a

given current magnitude, with a total of ~65k pixels making up a C-AFM map. Horizontal scale bars in panels
(a,c,e)are 1 um.
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Figure S20. Dependence of the mean zero-bias current output on normal force. Sliding diode C-AFM data obtained
on Si(211) S-1 samples. The substrates were etched for 13 min in a mixture of MeOH and aqueous 40% NH4F (1:10,
v/v) under dark.

159



O
~

Counts (x1000)

——

4 6 8
Zero-bias output / nA

Figure S21. (a) AFM topography image of a S-2 sample made on Si(111). (b) Zero bias C-AFM map of a S-2 sample—
platinum junction on Si(111). Horizontal scale bars in (a, b) are 1 pm. (c¢) Histogram plot of the current output of data

in (b). Counts indicate the number of pixels of a given current bin, with a total of ~65k pixels being sampled in a single
C-AFM map. The current average output was 1.4 nA.
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Figure S22. (a) AFM topography image of a S-2 sample made on Si(211) (b) Zero bias C-AFM map of a S-2 sample—platinum
junction. Horizontal scale bars in (a, b) are 1 um. (c) Histogram plot of the current output of data in (b). Counts indicate the
number of pixels of a given current bin, with a total of ~65k pixels being sampled in a single C-AFM map. Data in figure are

for Si(211) wafers etched for 13 min in 1:10 v/v MeOH/NH4F 40% and shielded from ambient light. The current average
average output was 2.3 nA.
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Figure S23. XPS data for S-1 samples grafted on Si(211). Samples were subjected to 40 CV cycles from —0.4 to 0.6 V,
100 mV/s, 1.0 M HCIO4, 1.7 mW cm 2 red light electrode illumination. The Si(211) substrates were etched for 13 min in
a mixture of MeOH and 40% NH4F (1:10), shielded from ambient light. (a) XPS survey spectra. (b) Narrow scan of the
O 1s region. The spectra were deconvoluted into a main O—Si signal (oxygen bound to Si) at 533 ¢V, and a second peak
signal at higher binding energy attributed to water adsorption to satisfy the fitting.*
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Section S1
Determination of AFM tip—sample contact area

We estimated the tip-silicon contact area for current density calculations in C-AFM.
Calculations were made following the DMT (Derjaguin—-Muller—Toporov) model.>®. The
contact area is defined by:

wiln

R
A= T[{E (L+ ZnRy)}
Where:

e Risthe tip radius,

e Kiis the reduced Young’s modulus,

(K) is given by:

4 1—-v¢ 1-—v2
3

+
Ey E; )

1
K
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.” The reduced Young’s modulus is therefore 70.78 GPa.

e L isthe Set point (normal applied force)

And 2mRy is the adhesion force, obtained as the average of 10 force-distance curves. The

adhesion force is obtained by averaging data from multiple F-D (force—distance) curves.
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Section S2

RE.;- Cdl
A =
e R ——
R

film

Equivalent electrical circuit used to fit the EIS data acquired at a DC offset (Eqc) sufficiently
different from ferrocene apparent formal potential. The capacitor was treated as a constant
phase element (CPE).

py
A‘AO

sol

2

Equivalent electrical circuit used to fit the EIS data acquired at a DC offset (Eqc) equal to
ferrocene apparent formal potential. Both capacitors were treated as a constant phase element
(CPE).
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Figure S1. (a, b) Sequential C-AFM images (2 x 2 pm (a), 5 x 5 um (b)) recorded at zero-voltage bias
on a 5i(211) S-1 sample. The first map (2 x 2 um (a)) was recorded setting a normal force set point of
50 nN. The corresponding histogram plot for the current output is shown in panel (c). The second
map (5 x 5 um (b)) covered the sample area imaged in (a) and was acquired under a normal force of
360 nN. The specific area highlighted by a red square coincides with the region scanned in panel (a).
The current histogram associated with the region marked by the red square within this broader C-
AFM map is depicted in panel (d). It is important to note that the histogram counts represent the
quantity of pixels (sample locations) falling within each current value/bin. The complete C-AFM map
(5 x 5 um) comprises a total of approximately 65,000 pixels. Horizontal scale bars indicating 1 um
are provided in panels (a) and (b).
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Figure S3. (a) Zero-bias DC current and topography profiles obtained during C-AFM experiments.
The green and black color coding indicates the direction of the scan: first a trace (green, left to right)
and then a retrace (black, right to left) over the same line. The topographic (height) profile is indicated
by the red trace. (c—e) C-AFM and topography maps indicating the location of the line along which

the current trace (green), current retrace (black) and topography (red) data of panel (a) were
acquired.
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Figure S4. (a) 3D topography scan image of a Si(211) S-1 surface. (b) Zero-bias DC current,
topography and lateral force profiles obtained during C-AFM experiments. The black color indicate
the current profile output (trace direction). The height profile is indicated by the red trace. The brown
color profile represents the lateral force data. (c) Zero-bias current map. (d) Lateral force (tip
deflection) map.
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Contact area (Pt AFM tip-S1 sample) determination

The DMT (Derjaguin-Muller-Toporov) model is a widely used approach for studying solid
adhesion in materials, particularly applicable to hard and weakly adhesive substances such as silicon.
The model's equation for estimating the contact area (A) is expressed as follows:

2
R 2
A= Tr{; (L + 27rRy)}3

Here:

R refers to the tip radius,

K represents the reduced Young’s modulus,

L is the normal applied force, and27tRy denotes the adhesion force.

The adhesion force is determined by averaging data from multiple F-D (force—distance) curves.
Meanwhile, the reduced Young’'s modulus (K) can be calculated using the formula:

1

K

1—v? 1—v?2
1-v 1-v
Eq E,

4
3 )

where E represents the Young’s modulus and v represents the Poisson ratio. For silicon and
platinum, the Poisson ratios are 0.222 and 0.395, respectively, with Young’s modulus values of 162.9
GPa and 177.3 GPa, respectively. Thus, the reduced Young’s modulus for these materials is determined
to be 70.78 GPa. Experimental contact area have been observed to be 80 nm? on average.
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Figure S1. (a) Schematic depiction of the single-compartment three-electrode custom polytetrafluoroethylene
cell used for the electrochemical experiments. (b) Front and (c) top view optical images of the actual cell.
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Figure S2. Instrument rack for the J-V and C—V measurements. (1) Function generator, model DG-1022, from
RIGOL, (2) SMU, model B2902A, from Keysight, and (3) LCR meter, model E4980A, from Keysight.
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Figure S3. Experimental setup used for J-V and C—V experiments. (1) A camera (model DCC1240C, Thorlabs)
fitted with a machine-vision lens (model MVL133A and 1.5x lens attachment, Thorlabs), was used to measure
the Galinstan drop size. Control of the top-contact deposition was achieved via a (2) x-y-z positioning stage (made
up by three DTS25 linear translation stages, Thorlabs) holding the stainless steel metal contact and a (3) threaded
plunger syringe to dispense the liquid alloy. (4) Bottom electrode connection and sample holder plate. (5)
Illumination system (used only during the capture of the Galinstan droplet optical images). All measurements
were carried out in dark, inside a grounded Faraday cage. (6) External bias adapter (16065C, Keysight) used to
couple the LCR with the SMU.
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Figure S4. Optical images of the synthetized FeGalnSn, immersed in an acid bath solution (aqueous 0.5 M HCI),
showing its attraction to a magnet. (a) FeGaInSn sample away from the magnet, and (b) movement of the sample
towards the magnet (part number 13020, AMF magnetics).
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Figure S5. (a) Experimental setup for pendant drop experiments used to estimate surface tension data. Data were
analyzed with the image processing software ImageJ (pendent drop analysis, results presented in Table S1). (b)
Representative water surface tension experiment used for calibration (water surface tension = 72.00 £0.01 mN/m).
(c) GalnSn drop, surface tension = 0.47 £+ 0.03 N/m and (d) FeGalnSn drop, surface tension = 0.56 = 0.02 N/m.
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Table S1. obtained from the “drop-shape” (Image J'-2) analysis of pendant drops micrographs of water, GalnSn
and FeGalnSn samples in air. In Imagel, "px" represents pixels, the basic unit of measurement in digital images,
used for analysis and measurements.

Surface tension / mN/m RMS fitting / px
72.0 0.8
Water 72.1 0.9
72.1 08
71.8 0.9
504.6 1.0
GalnSn 462.2 0.9
473.8 1.1
445.8 0.9
588.2 0.9
FeGalnSn 475.2 0.9
600.6 1.2
565.20 1.0
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0.4 nm 20 nm

-2 nm

Figure S6. AFM topography images of S-1 surfaces. (a) Data for Si(111) crystals showing a terraced structure
(rms = 0.1 nm) steps are on average ~ 0.2 nm. (b) Data for Si(211) samples indicating a relatively rougher
surface (rms = 1.2 nm). Scale bar in panels (a) and (b) is 1 um.
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a) b)

7 nm

c) d)

5 nm 12 nm

Figure S7. AFM topography images of S-2 (a, b) and S-3 (¢, d) surfaces. (a, ¢) The terraced Si(111) structure
remains evident after monolayer derivatization (conversion of S-1 into S-2 and S-3). (b, d) Evidence of a
rougher (relatively to the Si(111) samples) Si(211) surface. Roughness values are 0.2 nm and 1.4 nm for Si(111)
and Si(211) S-2 surfaces respectively, and 1.6 nm and 3.4 nm for Si(111) and Si(211) S-3 surfaces, respectively.
Scale bars are 1 um.
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Figure S8. Voltammetric current peak as function of the scan rate for S-2 and S-3 samples prepared on Si(111)
(a, b) (slope: 0.087,—0.097 and 0.278, —0.185) and on Si(211) (¢, d) electrodes (slope: 0.094, —0.093 and 0.274,
—0.167). During the experiments the electrodes were illuminated with a red light of 0.12 mW cm™ intensity.
The electrolyte is aqueous 1.0 M HCIOs.
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Figure S9. (a-b) Broadening of fwhm with scan rate. Representative cyclic voltammograms (CVs) for S-3 surfaces (a,
b) grafted on Si(211). The electrode was illuminated at a light intensity of 0.12 mW cm 2. The voltage scan rate was
50 mV/s (a), and 1000 mV/s (b). The electrolyte is aqueous 1.0 M HCIOs.
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Figure S10. Prolonged cycling (50 consecutive cyclic voltammetry cycles) of S-3 samples grafted on a Si(211)
surface. The electrode was illuminated at a light intensity of 0.12 mW cm™. The voltage scan rate was 100
mV/s, and the coverage dropped only from ~7.2 x 107'° to 6.4 x 107! mol cm™? (first and last cycle,
respectively).
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Figure S11. (a—d) Progressive masking by kinetic factors of the electrostatic-based peak inversion.>*
Representative cyclic voltammograms (CVs) for S-2 surfaces made on Si(211) and recorded at different voltage
sweep rates. The electrode was illuminated at a light intensity of 0.12 mW c¢m 2. The voltage scan rate was 50 mV/s
(a), 100 mV/s (b), 250 mV/s (c), and 500 mV/s (d).
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Figure S12. (a, b) Narrow scans of the Si 2p region of S-3 surfaces grafted on Si(111) (a) and on Si(211) (b). The
Si 2p3p peak is located at 99.5 eV. The high binding energy shoulder at 0.4 eV from the Si 2pi» emission is
attributed to Si—H species.’ Photoelectrons from Si(2) Si(3) and Si(4) oxides merge into a single band (101-104
eV). (c, d) XRR profiles for S-3 films made on Si(111) (c), and on Si(211) (d) crystals. The refined XRR trace is
plotted in orange over the experimental data (solid blue symbols).
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Figure S14. Representative EIS phase angle versus frequency plots obtained for S-2 and S-3 samples grafted on
Si(111) (a, b) and on Si(211) (c, d) electrodes. During the EIS measurement the electrodes were illuminated at a
light intensity of 1.7 mW cm2. Black symbols are the experimental data, while the blue and red solid lines are
the best fits (S-2 and S-3 surfaces, respectively). The fittings chi-squared was ~1x 107, The Eq4; was set to 0.1 V.
The equivalent circuit model used in the fitting is shown in Section S1. The refined ke values were: 2.18 x 102 57!
(a); 5.01 x 10" s7! (b); 5.89 x 10! 57! (c); 3.29 x 10' s (d).”
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Figure S15. Zero-voltage bias C-AFM maps of S-3 samples prepared on (a) Si(111) and (b) Si(211). Panels
(c) and (d) are the histograms of the zero-bias output extracted from the C-AFM experiments shown in (a) and
(b) respectively. The 99% percentile of the DC output is 1.3 nA and 9.6 nA and average current density values
are 0.2 and 2.2 nA for Si(111) and Si(211) respectively. The area of the scan was 5 x 5 um and the applied
normal load was 360 nN. Scale bars in panel (a) and panel (b) are 1 um. The C-AFM bias routing is such that

positive currents have the direction of a leakage current (electrons flowing from the platinum AFM tip to the
n-type silicon substrate).
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Figure S16. Mott—Schottky plots of capacitance—voltage data acquired at an AC frequency of 1 KHz on
moderately doped (a, b, ¢) Si(111), and (d, e, f) Si(211)/FeGalnSn junctions. The surface chemistries were S-1
(a, d), S-2 (b, €), and S-3 (c, f). Capacitance data are plotted as 1/C? against the silicon bias. Curves were
recorded at three different samples where the dashed central line is the calculated mean, and the error bars
indicate the standard deviation.
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Section S1

Equivalent electrical circuit used to fit the EIS data acquired at a DC offset (E4c) of 0.1 V (equal to the ferrocene
apparent formal potential, cyclic voltammetry data). The capacitor was treated as a constant phase element (CPE).
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Figure S1. XPS data for Si—H samples made on n-type, lowly doped Si(211) crystals. The substrates were
etched for 13 min in a mixture of MeOH and 40% NH4F (1:10) under dark. (a) XPS survey spectra. (b, ¢)
Narrow scans of the Si 2p region conducted on the Si—H terminated samples exposed to ambient air for either
(b) 2 h, or (c) 24 h. The Si 2ps; emission is at 99.5 eV. A noticeable high binding energy shoulder (0.40 eV
from the Si 2py, emission), is ascribed to Si—H species. Evident in the 102-105 eV region are photoelectrons
originating from Si®, Si®, and Si® oxides, which coalesce into a single band.
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Figure S2. AFM topography images of Si—H terminated surfaces (n-type, lowly doped, Si(211) crystals) exposed to
air for 2 h (a) and 24 h (b). Rounded topographical features (white dots) are attributed to oxidized surface sites. Scale
bars in panels (a) and (b) are 1 pm.

196



O8]
(=]

- N
© o o
1 1 1

104

-20

Current density / pA cm?

o
S

-(IJ.4 I -6.2 I d.O | d.2 | d.4 I 0.6
Potential / V vs (Ag/AgClI)
Figure S3. Representative cyclic voltammogram for a S-2 sample made on a Si(211) and run as photoanode
(n-type, lowly doped, 100 mV s, 1.0 M HCIOy4, red light illumination). The sample was etched in a mixture

of MeOH and aqueous 40% NHF (1:10, v/v) in the dark. The inset displays AFM topography image of the S-
1 sample (rms = ~3 nm).
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Figure S4. (a) A representative force—distance (F—d) AFM curve part of an adhesion force measurement. The
inset shows the section of the curve used to estimate the adhesion force.
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Figure S5. (a) Current—voltage (I-V) spectroscopy data acquired on a S-1 sample grafted on highly doped
Si(211). The force setpoint was of 100 nN, and the voltage sweep rate 8 V/s. The applied bias ranged from —2
V to +2 V. (b) Tip tilting—current plot corresponding to the experiment shown in (a), showing the lateral tip
movement as function of the current crossing the Pt-silicon junction. The lateral deflection data suggest only
a small tip deflection. (c) Tip—sample adhesion force as function of the externally applied bias (-2 V to +2 V).
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Figure S6. Proposed ratcheting mechanism for charge transfer in a Ptir—STO system. Reprinted (adapted) with
permission from Nano Lett. 2022, 22, 10, 3914-3921. Copyright 2022 American Chemical Society. (a) At
minimal applied force, the depletion potential is predominant. (b—d) As the force rises, electrons (illustrated as
white circles with arrows) shift from areas with an increasing potential to areas with a decreasing potential. (e—
g) Once the applied force diminishes, the quantity of available states within the potential well is reduced. This
forces some electrons to move into the metal instead of crossing back over the barrier into the semiconductor

(h).
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Figure S7. Current—force data acquired during AFM force—distance (F—d) measurements on Si(211) S-1
monolayers prepared on either n-type (a), or p-type (b) Si(211) substrates. The F—d traces were acquired under

zero external bias. The instrument routing is such that a current with a positive sign indicates a flow of electrons
from the tip to the sample.
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10 nm

Figure S8. AFM topography images for S-1 monolayers grafted on (a) Si(111) and on (b) Si(211) crystals,
both n-type and lowly doped. The root-mean-square (rms) roughness of the Si(111) sample is ~ 0.3 nm. The
rms value of the Si(211) sample is ~ 3 nm. The horizontal scale bars in panels (a) and (b) are 1 um.
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Figure S9. (a) A representative I-V curve acquired for a Pt AFM tip—n-type Si(111) S-1 junction under an applied
normal load of 100 nN, and at a voltage sweep rate of 8 V/s. The two vertical dashed lines indicate the conventional
knee voltage for a Si/Pt junction (generally located between ~—0.3 and ~—0.5 V), and the “shifted” knee voltage
(~—0.8 V) experimentally observed when a putative flexoelectric voltage term is present. Analogously, this
flexoelectric term shifts the reverse breakdown voltage towards smaller applied reverse voltages. (b) Lateral
deflection—current plot indicating a substantial tip-tilt during the I-V experiment shown in (a). (c) Plot of the lateral
deflection data shown in (b) as a function of time during the voltage ramp. Shaded areas indicate regions with a
less pronounced rate of deflection change (i.e. tilting less over time) corresponding to forward regions where knee
voltage shifts negative (red) and reverse regions where the breakdown voltage shifts towards zero (black).
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Figure S10. (a) High-speed capture current data acquired during AFM F—d measurements performed on S-1
samples prepared on n-type Si(211). Experiments conducted with soft RMN-12Pt300B tips (spring constant of

0.8 N/m for the RMN-12Pt300B tips, versus 18 N/m of the RMN-25Pt300B). (b) SEM image of an RMN-
12Pt300B tip. The scale bar is 10 pm.
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Figure S11. (a) Representative I-V curve acquired on Pt AFM tip—n-type Si(211) S-1 junctions under an
applied normal load of 100 nN at a voltage sweep rate of 8 V/s. (b) F—d measurements conducted on Si(211)
S-1 n-type. A Peltier plate schematically depicted in the inset, was used to increase the sample temperature to
40 + 2 °C. Electrical contact between the back of the silicon sample and the metal AFM sample stage/holder
(not shown in figure) was realised by copper tape bypassing the Peltier plate.
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Figure S12. Representative AFM-based F—d measurement performed on a S-1 sample prepared on highly
doped Si(211) n-type.
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Figure S13. I-V measurements conducted on lowly doped Si(211) S-1 n-type samples at a voltage sweep rate
of 8 V/s. The normal load applied to the cantilever was varied as specified by the labels in figure.
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Figure S14. Experimentally determined open-circuit voltage (Voc) on Si(211) S-1 surfaces. (a—d) C-AFM
maps recorded on S-1 samples with the platinum AFM tip moving along the surface at 1 Hz. The force setpoint
was 100, 500, 700, and 900 nN for panels (a—d), respectively. The bias applied to the silicon sample
corresponds to the voltage required to bring the current output to noise level at each force setpoint.
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Figure S15. Experimentally determined short-circuit current (Isc) for Si(211) S-1 surfaces. (a—d) Zero-bias C-
AFM maps recorded on S-1 samples with the platinum AFM tip moving along the surface at 1 Hz. The force
setpoint was 100, 500, 700, and 900 nN, panels (a—d), respectively.
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Figure S16. (a) Experimental current-voltage (1-V) spectroscopy data acquired on S-1 lowly-doped n-type
functionalized Si(211) surfaces with an applied load of 100 nN, at 0.01Hz (0.08 V// s sweep rate) and an applied
bias which ranged from —2 V to +2 V. (b) Tip tilting—current plot corresponding to the experiment in (a),
tracking the lateral tip displacement as a function of the current crossing the junction. Lateral force values
indicate low or negligible lateral tip displacement.
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Figure S17. Evolution of current—voltage (I-V) curves over 50 continuous voltage cycles (~1.5 h of sampling

time, —2 V to +2 V) recorded on a S-1 Si(211) surface with FeGalnSn top contact, in ambient air at a voltage
sweep rate of 55 mV/s. The inset represents the scheme of the measurement circuit.
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Figure S18. (a) Evolution of the open-circuit potential (OCP, working vs reference electrode) over time of a
Si(211) lowly-dope n-type (a), and of a lowly-doped p-type (b) electrodes. In both panels, three cathodic OCP
spikes indicate the build-up of an open-circuit electronic “pressure” following the in-Situ mechanically induced
(surface scribing with a diamond scribe) oxidation of the freshly exposed silicon surface. Samples are immersed
in aqueous 1.0 M HCIO4 electrolyte.
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Figure S19. C-AFM map recorded on a S-1 sample, at zero-voltage bias, and with the platinum AFM tip
moving along the surface at 1 Hz (force setpoint of 360 nN). The horizontal scale bar in panel (a) represents 1
um. (b) Histogram plot of the current output for the C-AFM map shown in panel (a). Counts indicate the number
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of pixels of a given current bin (x-axis), with a total of ~65K pixels being sampled in a single C-AFM map.

Table S1. Performances of various TENGs designs.

Material

Operation

ISL’

Load

VDC

Jave.

OB

Ideality
factor

junction Surface treatment mode (nA) @N) (V) Am?) (V) Ref

I S m "
Si(111)/ [Pt] (fﬁlfffgﬁ?‘féi) Sliding 4.6 x 10° 2]
si211y/ [Py S ey ! Static 100 68 o
Si211)/ [Pt] S’*(Y;fr‘)‘;‘rf;g;ilged Static 500 8.2 VI::E
Si211)/ [P] Si?;i‘gg;ﬁ‘;ilged Static 700 125
Si211)/ [P] Sz%(l}d;?:;;gr;ilged Static 900 00
Si211)/ [Pt] Sﬁygi‘gﬁgﬁﬁe‘fed Sliding 100 025 - - — o
Si211)/ [Pt] SAS}“;TSS;E‘;?S“ Sliding 500 0.35 - - - s
Si211)/ [P] Si?;iﬁf;ﬁ‘;ilged Sliding 700 037 - - — ot
Si211)/ [Pt] Sﬁygi‘gﬁgﬁﬁe‘fed Sliding 900 042 - - — o
Si211)/ [Pt] S‘A(l}/[;ifg;ﬁgilged Sliding 020 100 - 4x10° 024 workes
si211)/ [Pt] Si?;?gﬁ;ﬁgfged Sliding 0.6° 500 - Sxlo 022 work
Si(211)/ [PY] S’*(I\l/';fl:*:r‘f;‘dol‘;iged Sliding 0.8 700 - 6x10° 020 WZ]]:]I(]S a
Si(211)/ [PY] SAMs functionalized Sliding 1.0° 900 - 7x10° 019 wglkisad

(1,8-nonadiyne)
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PTFE/ [Cu] Pre-charged PTFE Sliding 200 50 [4]
Si/ [graphene] HF etched Sliding 40.0 [5]
Si(100)/ . .
[eraphite] Buffered oxide etched Sliding 210 [6]
p-type Ssli/] [n-type HF etched Sliding 50 7]
Si/ [black Deposition o
phosphorus] (AIN, HfO2, A1O3) Sliding 6.1 124 [8]
n-type Ssll/] [n-type HF etched Sliding 0.35 214 9]
p-type Si(111)/ .
[diamond coated M"lecular(lkr’lepa)m epitaxy Sliding } (5)53 2 % 104 [10]

Si tip]

Isc, short-circuit current. Represents the average current at zero bias (under sliding at different set point).
Voc, open-circuit voltage. Represents the nullifying voltage (under sliding at different force set point) to
bring the leakage current to noise level.

Javg, Average current density calculated by estimating the tip—sample contact area using the Derjaguin—
Muller—Toporov (DMT) model.

o, Schottky barrier height calculated by applying the thermionic emission equation, using a the average
current density (C-AFM) calculated at different setpoint forces.

Ideality factor calculated from the slope of the linear region of the natural logarithm of the forward
current density versus voltage plot.
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