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Abstract 

Triboelectric nanogenerators (TENGs) are promising emerging power sources with 

applications from power generation to sensors to as yet emerging technologies like 

electroculture of plants. This thesis focuses on moving Schottky diode-based TENGs examined 

by atomic force microscopy (AFM) with modified silicon surfaces. A range of pertinent topics 

are examined herewith including pyramidally textured surfaces and a range of monolayer-

modified surfaces for their applications in TENGs and the presence of copper contamination 

in these synthesised monolayers. 

Pyramidally textured surfaces were studied for their effects on the zero-bias tribocurrent output 

of a Pt–Si moving Schottky diode by AFM. The pyramids were faceted with Si(111) compared 

to the Si(100) of the surface surrounding them, ensuring both electrical and topographical 

contrast. This contrast showed an enhancement of the zero-bias tribocurrent at the boundaries 

between Si(111) and Si(100) on the Si(111) side. This was attributed to a thinning of the space 

charge layer due to the concave nature of these boundaries. The largest zero-bias tribocurrents 

were seen on float zone process lowly doped N-type silicon followed by Czochralski process 

lowly doped N-type silicon, due to an increase in diffusion length and minority carrier lifetime 

on float zone process silicon. Minimal currents were observed on highly doped N-type and 

lowly doped P-type surfaces, agreeing with the mechanism of electron–hole separation and 

subsequent holes tunneling under the barrier. A size effect of the pyramids was also seen with 

large pyramids providing higher zero-bias tribocurrents on their edges. This work provides an 

avenue towards further miniaturisation of these moving Schottky diodes by localising the 

current to reproducible sites.  

To study the effects of organic monolayers and silicon doping on the zero-bias tribocurrent 

output and friction on TENGs, a set of monolayers to modify silicon were chosen to study with 

Pt–Si moving Schottky diodes by AFM. Monolayers were prepared by hydrosilylation of 

hydrogen-terminated Si(111) with 1,8-nonadiyne which was followed by attachment of a series 

of azides (1-azidobutane, 3-azidopropan-1-ol and 3-azidopropan-1-amine) by a CuAAC 

reaction to form a 1,2,3-triazole-containing monolayer. These monolayers were studied with 

x-ray photoelectron spectroscopy (XPS), x-ray reflectometry, cyclic voltammetry and contact 

angle measurements. These techniques showed expected behaviour of the monolayers and 

minimal differences between the monolayers on differently doped silicon. Cu contamination 

was also observed by XPS with much greater surface concentrations of Cu on P-type compared 
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to N-type. Large differences were seen in the friction and zero-bias tribocurrent outputs when 

studied by conductive AFM with a Pt tip. The measured friction and current were much greater 

on lowly doped N-type than lowly doped P-type. This suggests an electronic component to the 

friction in Pt–Si moving Schottky diodes. This effect was magnified on the triazole-containing 

monolayers. The largest currents were measured on the surfaces with the highest friction 

coefficients. This work reveals that there is a significant contribution of doping of the 

underlying silicon on the measured friction of moving Pt–Si Schottky diodes. It also reveals 

that the backbone of a monolayer can be non-innocent in this electronic component to friction.  

As copper contamination had been observed by XPS, a study of the detection of copper by 

electrochemical methods was attempted. Similar monolayers to previously studied were 

synthesised, with a focus on those derived from 3-azidopropan-1-amine, as this was seen to 

trap the most copper by XPS and azidomethylferrocene, which contained a well-characterised 

redox probe. These surfaces were studied by cyclic voltammetry, electrochemical impedance 

spectroscopy and open circuit potentiometry. Cyclic voltammetry revealed the presence of 

copper to vary considerably between surfaces with the same method of preparation, however 

greater copper was seen on P-type silicon compared to N-type silicon. Electrochemical 

impedance spectroscopy showed very fast kinetics of electron transfer on P-type silicon 

compared to N-type. Open circuit potentiometry could not be correlated with the presence of 

copper in these monolayers, however these monolayers were seen to effectively protect the 

surfaces from oxidation in all cases.  
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Chapter 1 Introduction 

The generation of clean power is one of the great challenges for the 21st century. A reliance on 

fossil fuels is fuelling climate change, so it is imperative that we reduce this reliance. A move 

away from fossil fuels comes with it challenges. New clean energy sources are needed, 

especially those that can be miniaturised and decentralised.  

The current power grid is built around centralised power stations distributing energy outwards. 

This distribution is becoming increasingly outmoded with the increase in decentralised solar 

cells and batteries capable of storing the excess energy from solar power. With an increasing 

move towards the Internet of Things, we will need further autonomous highly efficient direct 

current power sources that step away from this grid based system [1]. 

This need is currently filled by batteries, which require recharging or replacement once the 

battery has completely discharged and can contain expensive, such as lithium; or toxic, such 

as cadmium, components. This desire for green energy has expanded the scope of the search 

for harvestable energy. Solar panels are advantageous where there is sunlight, however this is 

not always viable in places with lower solar flux or where systems may be completely in the 

dark. Wind power requires constant winds which makes it unsuitable for many areas. Another 

further issue with both wind and solar is the inability to miniaturise these systems. 

One such promising class of devices are nanogenerators which convert mechanical energy into 

electrical energy. The first developed variants of these were piezoelectric nanogenerators, 

which use piezoelectricity to generate current. These however are hampered by low power 

densities [2]. Triboelectric nanogenerators (TENGs) use triboelectricity: current generated by 

friction. A particularly promising set of these are those based on junctions with rectifying 

properties such as Schottky diodes.  

Silicon is an ideal material for these Schottky diode-based TENGs, as it is cheap and versatile. 

The properties of silicon itself are also of interest as it can be modified by selecting an 

appropriate doping, facet or process to make monocrystalline silicon wafers. Procedures to etch 

silicon to form pyramidal microstructures are also well characterised and allow access to 

adjacent (100) and (111) facets, which are of interest due to their contrasting electrical 

properties.  

The surface chemistry of silicon is of particular interest. Unlike many other semiconductors 

which are III-V or II-IV compounds, silicon is a semiconducting element. One issue with 
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silicon however is the oxidation that occurs on its surface. Silicon oxide is an insulator, so this 

oxidation can adversely affect the charge transport properties through the surface. Surface 

chemistry provides us with an avenue to minimise this oxidation with the added benefits of 

being able to further tune other properties of the surface. Those of interest to triboelectric 

nanogenerators that can be tuned by surface chemistry include the friction, adhesion and 

wettability.  

In this chapter, section 1 discusses the general properties of silicon with a further discussion of 

the general preparatory methods used in silicon chemistry. Section 2 discusses organic 

monolayers on silicon with emphasis on the synthesis and properties of these monolayers. 

Section 3 discusses friction on monolayers and the relevant mechanisms by which friction 

occurs on these. Section 4 discusses TENGs in greater detail, particularly of Schottky diode 

based TENGs. Section 5 is a general overview of the thesis.  

1.1 Silicon 

1.1.1 General properties 

Silicon is one of the most important elements underpinning our current society. Without it, we 

wouldn’t be able to achieve the rapid pace of the advancement of our technology. Silicon 

crystallises in a centrosymmetric Fd-3m space group, as shown in Figure 1.1 

 

Figure 1.1: Schematic of the crystal structure of silicon. Reproduced under Creative Commons Attribution 3.0 

International License from [3] 

Monocrystalline silicon as a material is typically obtained in wafers produced by either the 

Czochralski (CZ) or float-zone (FZ) process. The Czochralski process requires the melting of 

polycrystalline silicon, into which a seed crystal is placed. Silicon crystallises from the melt on 
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this seed crystal to form a monocrystalline boule of silicon. This large single crystal is then cut 

into wafers [4].  

The float-zone process silicon is substantially more expensive, but comes with the advantage 

of very low concentrations of oxygen in the crystal itself [5]. The float-zone process requires 

an already formed polycrystalline silicon ingot, which is then pulled through a series of 

induction heaters which melt the silicon ingot and reform it into a single crystal. The impurities 

in the silicon are trapped in the melt, leaving extremely pure silicon at the end [6]. 

Silicon is rarely used as an intrinsic semiconductor, rather it is doped with small amount of 

other elements. P-type doping introduces more holes into the silicon, decreasing the electrons 

in the valence band, which increases the conductivity as more dopant is added. Typically for 

P-type silicon, boron is used as the dopant.  

For N-type doping, the addition of these dopants adds electrons into the conduction band, again 

increasing the conductivity as more dopant is added. Most N-type silicon is doped with 

phosphorus; however antimony and arsenic doped silicon are commercially available as well.  

A single crystal of silicon can be cut in to give different facets of silicon. The two most relevant 

of these are (100) and (111). Almost all technological applications use (100). One important 

property that varies with facets is the surface conductivity. Si(100) and (111) wafers were 

broken to expose Si{111} and Si{112} facets. These were then contacted with tungsten probes 

and the I-V curves were measured, revealing conductivities in the order {112} > {111} > {100} 

> {110}. Rectifying behaviour was observed with the two probes contacting {111} and {110}, 

and {110} and {112} facets, as seen in Figure 1.2 [7]. This is attributed to the varying degrees 

of band bending at the silicon–tungsten interface with greater band bending corresponding to 

greater conductivity. 
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Figure 1.2: Current-voltage curves and SEM images of tungsten probes contacting various facets of a silicon wafer. 

a) Contacting 100 and 110 facets. b) contacting 112 and 111 facets. c) contacting 111 and 110 facets. d) 

contacting 110 and 112 facets. Used with permission from [7]. Copyright 2017, Wiley. 

The work function of a material is the lowest energy required to eject an electron from its 

surface. This depends on a range of factors, including facet [8], surface chemistry [9] and 

doping [10].  

1.1.2 Silicon in atomic force microscopy 

As atomic force microscopy (AFM) is a primary method in this thesis, the properties of silicon 

in an atomic force microscope and under strain are of interest. The forces are typically small in 

an AFM experiment, up to the order of micronewtons, however, at the same time, the contact 

area can be on the order of nanometres. This can result in pressures on the order of gigapascals. 

This means that the effects of pressure on silicon cannot be ignored. Monocrystalline silicon 

undergoes a phase transition at 15 GPa at room temperature from a semiconducting state to a 

metallic state with a concomitant drastic decrease in resistivity [11]. Even at pressures below 

this, there is remains an effect on the band structure of silicon [12], resulting in a splitting of 

the conduction band and an enhancement in hole mobility.   

Flexoelectricity was proposed by Sun et al. to tune the behaviour of a silicon-based Schottky 

diode formed in an atomic force microscope between a metallic Pt/Ir tip and p-type silicon 

(111) surface [13]. Flexoelectricity is the effect on the electrical properties of a material due to 

a non-uniform strain, such as a sharp AFM tip contacting a surface, breaking the symmetry of 

a material, in this case, silicon. Silicon has a centrosymmetric crystal structure so does not 

display bulk piezoelectricity, however flexoelectricity is still present which affects the 

electrical properties of the silicon [14], increasing its conductivity with increased strain. 

Flexoelectricity, studied by varying the normal force of the AFM tip, was shown to play a 

significant role in varying the current-voltage response of the diode, as shown in Figure 1.3. 
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Figure 1.3: Effects of flexoelectricity by varying the applied tip force on the current-voltage response curve of a 

Schottky diode formed in AFM. Fitted curves are fitted to classical thermionic emission theory. Used with 

permission from [13]. Copyright 2021, Elsevier. 

1.1.3 Preparation of silicon surfaces 

Silicon surfaces are coated with an unclean layer of oxide when obtained from suppliers which 

requires cleaning and preparation to obtain the surface chemistry that is of interest in this thesis. 

This requires harsh cleaning conditions to remove any organic compounds that may remain on 

the surface. To this end, piranha solution is used, which is a mixture of hot concentrated sulfuric 

acid and 30% hydrogen peroxide. This leaves a clean oxide layer on the surface. 

There are a range of commonly used etchants to remove the native SiOx layer and replace it 

with hydrogen termination on the surface of silicon wafers. Hydrofluoric acid, buffered oxide 

etch and ammonium fluoride are all in use, however ammonium fluoride was used for all 

procedures in this thesis. Ammonium fluoride has a range of advantages over hydrofluoric acid. 

Hydrofluoric acid is extremely hazardous and deaths have resulted from exposure to as little at 

2.5% of body area [15]. Ammonium fluoride on Si(111) surfaces produces an atomically flat 

surface compared to the atomically rough surface produced with hydrofluoric acid [16]. There 

is similarly a variation in the hydride termination of these surfaces: Si(111) ends up with 

monohydride (Si–H), dihydride (Si–H2) and trihydride (Si–H3) termination when etched with 

hydrofluoric acid, while ammonium fluoride produces dominantly monohydride termination 

[17]. In contrast to Si(111), Si(100) remains rough with ammonium fluoride etching with 

dihydride termination dominating, however forming some Si(111) surfaces. These appear as 

protuberances in scanning tunnelling microscopy up to 20 Å tall after 10 seconds of ammonium 

fluoride etching, as shown in Figure 1.4 [18]. 
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Figure 1.4:  Si(100) surface after 10 s of etching in 40% NH4F solution after oxide was removed with HF. a) SEM 

image of flat regions with protuberances. b) Cut along of the line indicated by the two arrows in a). Used with 

permission from [18]. Copyright 1993, Elsevier. 

These hydride terminated surfaces are unstable on the order of hours in air, so the immediate 

usage or further modification is prudent [19]. This can be reoxidised in a controlled fashion by 

the use of chemical vapour deposition or reacted further with organic molecules to form organic 

monolayers. 

Silicon (100) wafers can be etched with hydroxide-containing solutions to form pyramids on 

the surface [20]. The hydroxide will oxidise the silicon to form silicates and hydrogen, via the 

following reactions: 

Si + 2 OH-  → Si(OH)2
2+ + 4 e-   (Equation 1.1) 

Si(OH)2
2+ + 4 e- + 4 H2O → Si(OH)6

2- + 2 H2 (Equation 1.2) 

Si + 2 OH- + 4 H2O → Si(OH)6
2- + 2 H2  (Equation 1.3) 

Typically 2-propanol is added to complex the formed silicates and avoid redeposition [21].  

This anisotropic etching is due to the etching rate in the ⟨100⟩ direction is 100 times faster than 

in the ⟨111⟩ direction [20]. This etching with a solution saturated with 2-propanol however 
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results in the formation of higher index {567} planes [22], but after further ammonium fluoride 

etching, {111} planes are produced.  

These pyramidal nanostructures have found a variety of uses in the literature, from increasing 

efficiency of solar panels due to their increased ability to trap light [23] to decreasing cell 

adhesion on silicon surfaces [24]. 

1.2 Monolayers 

1.2.1 Introduction to monolayers 

Organic monolayers on silicon are a well-studied and versatile platform for the modification 

of silicon surfaces. This affords us a great deal of control over the properties of these surfaces. 

Surface modification affects physical properties such as the wetting of the surface and the work 

function, which can have positive effects on the output of TENGs. Chemical properties such 

as kinetics of reactions can also be affected, protecting surfaces from oxidation or unwanted 

chemical processes.  

1.2.2 Silane monolayers on silicon 

The first type of monolayers on silicon studied were formed from silanes on silicon oxide 

layers. Untreated silicon is covered with a layer of native oxide approximately 2 nm in 

thickness. After cleaning with piranha solution (3:1 98% H2SO4/30% H2O2), this oxide can be 

reacted with silanes to form organic monolayers attached by Si–O bonds enabling access to a 

wide variety of chemistries. [25] A pertinent disadvantage of the usage of these silane-derived 

monolayers for is the insulating nature of the silicon oxide layer, decreasing performance of 

electronic devices using this as a substrate for monolayers [26]. 

Silane monolayers do allow us access to a range of terminal functionalities-providing us with 

an interesting platform for the study of surface chemistry effects. However, they require an 

oxidised silicon surface, which we desire to avoid. Electrical transport through these oxidised 

layers can be very low [27]. They provide a very well-studied platform for a range of physical 

properties, e.g. friction [26, 28], however they are prone to hydrolytic cleavage, especially in 

electrolyte solutions reducing usefulness in studying aqueous electrochemical processes e.g. 

ferrocenylated monolayers [29] 

1.2.3 Carbon-based monolayers on silicon 

Silicon–carbon-bound monolayers were first formed by Linford and Chidsey in 1993 [30]. 

Diacyl peroxides were thermally decomposed to generate alkyl radicals which attached to 
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hydrogen-terminated Si(100) and Si(111) surfaces. These surfaces were compared to 

structurally similar thiols on gold and silane-derived monolayers on oxidised silicon. These 

alkyl monolayers were seen to be very robust, comparably so to the silane-derived monolayers. 

Further improvements upon this method was achieved by using 1-alkenes on hydrogen-

terminated Si(111) surfaces [31]. Similar diacyl peroxides were used as radical initiators. 

Thermal hydrosilylation was also achieved without the use of a radical initiator. The usage of 

ultraviolet (UV)-catalysed hydrosilylation with 1-alkenes was also achieved with high quality 

monolayers formed [32]. 

1.2.4 Synthesis of monolayers 

1.2.4.1 Hydrosilylation reactions 

A powerful reaction for the formation of Si is the hydrosilylation reaction, which turns a Si–H 

bond into a Si–C bond. A hydride-terminated surface of silicon is required for these reactions 

which is readily prepared by methods described in 1.1.3. For the carbon-containing portion of 

the monolayer, an alkene [33] or alkyne [34] is required for the Si–C bond to form, as shown 

in Figure 1.5. There however is a surprising diversity in the mechanisms by which this reaction 

can happen, including UV-catalysed [35], white-light catalysed [36], thermal [37] and with a 

radical initiator [30]. UV-catalysed hydrosilylation is used in this thesis due to the milder 

conditions and ease of preparing many samples in parallel.  

 

Figure 1.5: Schematic showing the synthesis of monolayers by hydrosilylation on hydride-terminated silicon  using a) alkynes 

and b) alkenes.  

1.2.4.2 Clicked monolayers 

With the use of α,ω-dialkynes, such as 1,8-nonadiyne, a hydrosilylation reaction can attach a 

monolayer with a terminal alkyne functionality. This alkyne functionality can then be reacted 
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in a copper-catalysed azide-alkyne coupling (CuAAC) reaction. This reaction involves an azide 

and an alkyne reacting to form a 1,2,3-triazole with a copper(I) catalyst as shown in Figure 1.6. 

The high yield and ease of this reaction has placed it firmly within the realm of “click 

chemistry”, to the point where it is also known as the click reaction [38]. This allows the 

attachment of a wide range of new functionalities to the monolayer in good yield [34].  

 

Figure 1.6: Schematic of the CuAAC reaction 

One important feature of this reaction is that it forms a 1,2,3-triazole within the monolayer. 

1,2,3-Triazoles have large dipole moments and are aromatic which can affect the electrical 

properties of the monolayer, as it will be seen in Chapter 4. 

One particularly useful functionality is a ferrocenyl moiety [39]. This redox-active 

functionality allows the study of electron transfer reactions through the monolayer and an 

assessment of the coverage and thus efficiency of the CuAAC reaction.  

1.2.5 Copper in click reaction 

As the CuAAC reaction uses a copper catalyst, it is worth noting that the presence of copper 

impurities in the prepared monolayer can affect the properties of the surfaces, as will be 

discussed in Chapter 5. Transition metal ions such as copper decrease the carrier lifetime by 

increasing the surface recombination velocity by increasing the density of trap states at the 

surface [40, 41]. 

Triazole coordination to copper is well established [42]. This copper contamination has been 

observed by X-ray photoelectron spectroscopy (XPS) [43]. In some cases, the copper was 

completely removed to within the noise of the XPS experiment [44]. This was further studied 

by Wu et al. by scanning photo-induced impedance microscopy (SPIM) to visualise copper 

after a patterned CuAAC reaction, which revealed that copper(I) was not completely removed 

by aqueous hydrochloric acid [45]. Instead to completely remove the copper contamination, 

ethylenediaminetetraacetic acid acidified with trifluoroacetic acid was used.  
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1.2.6 Properties of monolayers 

One property of surfaces that is easily tuned by the usage of monolayers is hydrophilicity and 

thus wettability. One of the simplest methods to characterise surfaces is a contact angle (CA) 

measurement. This involves placing a drop of water on a surface and measuring the angle 

between the surface and the droplet.  

X-ray reflectometry (XRR) has also been used to study the deposition of water onto monolayer-

modified silicon [46, 47].This work showed water deposited from the air onto the surfaces at 

different rates, which both the eventual thickness of the water layer and the kinetics of the 

deposition depend heavily on the identity of the monolayer. For the CuAAC modified 

monolayers, poor agreement between macroscale water CA and XRR-determined water 

deposition. The most hydrophobic surface (a 1,8-nonadiyne-derived monolayer) in [46] 

adsorbed a thicker water layer than a more hydrophilic amine terminated surface, while the 

ferrocene and butyl terminated surfaces have similar contact angles but the butyl monolayer 

adsorbed significantly less water than the ferrocene terminated surface.  

Oxidation of a hydride-terminated silicon substrate while scanning by AFM was observed. This 

was attributed to the interaction between the in-built electric field of the Pt-Si Schottky diode 

and adsorbed water. This was seen to be reversed however by annealing in an environment of 

nitrogen [48]. An advantage of using organic monolayers is that this oxidation of silicon during 

scanning is minimised and a sharp drop off in current is not observed. 1,8-nonadiyne derived 

monolayers can protect from oxidation in aqueous electrolytic systems. [49]  

1.3 Friction 

1.3.1 Introduction to friction  

Friction is everywhere. Wherever two surfaces are in contact and motion, there is friction. 

Friction typically converts some of this motion into heat, where it is lost to the environment.  

The simplest model of friction between two surfaces is Amontons’ Law (Equation 1.4). 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜇𝐹𝑛𝑜𝑟𝑚𝑎𝑙   (Equation 1.4) 

This describes macroscopic systems well, where the friction force depends only on the normal 

force and the apparent contact area does not seem to matter.  
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There are a range of open questions in friction however including the role of water, 

electrostatics and the electronic components of friction. This is further explored in Chapter 4 

with an examination of the effects of monolayers on friction.  

1.3.2 Electron-hole excitation 

Friction is dissipated in a number of different mechanisms. This includes phonon emission, 

exoelectron ejection, photon ejection and electron-hole excitation [50]. Of these mechanisms, 

electron-hole pair excitation is of most interest to us, as it provides a pathway to generate 

electricity in a similar mechanism to the photoelectric effect.  

On a metallic or semiconducting surface, of interest to the development of direct current (DC)-

TENGs is the generation of electron-hole (e-h) pairs. A range of alkane adsorbates on Cu(100) 

surfaces were studied and a pronounced effect of formation of e-h pairs on the damping of 

parallel adsorbate vibrations was observed [51]. This phenomenon is further supported by the 

effect of a transition from a conductor to a superconductor decreasing the friction of 

physisorbed layers of gases [52, 53].  

A pronounced effect of doping of silicon on friction was observed by Park et al. [54]. An n-

type doped substrate was implanted with highly doped p-type stripes and current and friction 

were simultaneously measured at +4 V applied bias as shown in Figure 1.7. This bias put the 

p-type regions into strong accumulation and the n-type regions into depletion or weak 

inversion. A large excess of friction was observed on the p-type regions compared to the n-

type regions without a concomitant increase in wear.  

This was followed up by the same group, who further examined the effect of the bias between 

the tip and sample [55]. Adhesion was not found to vary between the p and n-type regions as 

the bias was varied. Friction, however, was again seen to increase on the p-type regions when 

the p-type regions were in strong accumulation.  
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Figure 1.7: A) A schematic of the AFM experiment, showing the p-type stripes embedded in n-type silicon. B) Plot 

of the friction force on each region at +4 V applied bias, showing excess friction on the p-type regions. Inset 

shows the lack of difference of the adhesion force between the two regions as a function of sample bias. From 

[54]. Reproduced with permission from AAAS. 

This phenomenon of excess friction in accumulation was confirmed by the study of n-type 

gallium arsenide. The proposed mechanism by which accumulation leads to excess friction is 

that of electrostatic effects from trap states leading to a trail of charged traps which leads to 

additional attraction and thus excess friction [56].  

The interaction of hexadecanethiol-modified metal surfaces showed a pronounced effect of the 

identity of the metal pair on the friction and triboelectricity [57]. Charge transfer and e-h pair 

formation was observed to be dominant mechanisms in the friction between the monolayer-

modified metal surfaces. Direct current triboelectricity was also observed at an applied pressure 

of 6 MPa between the Ti and Au surfaces and Ag and Au surfaces.  

1.3.3 Friction on monolayers 

Friction was studied on a series of monolayer pairs by LFM by Li et al. [58]. A gold-coated 

AFM tip was modified with either dodecanethiol or 10-mercaptodecanoic acid to provide tips 

with either methyl or carboxylic acid termination. These were studied against a gold surface 
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modified with a series of short chain (3 carbon) or long chain (11-12 carbon) thiols with either 

a methyl, alcohol or carboxylic acid termination. Greater friction was seen with short chain 

monolayers and when the polar or non-polar terminations of the tip matched the polar or non-

polar termination of the surface. This work clearly indicates the potential effects that 

monolayers can have on friction. 

The adhesion and friction of monolayers on silicon were studied again by the same group [59]. 

Using silicon nitride tips, the friction coefficients of various monolayer-modified and 

chemically modified Si(111) surfaces were studied, including oxide-terminated silicon, 

hydride terminated and those modified with 1-dodecene and methyl undecyl-10-enate or 

undecyl-10-enic acid. Water contact angle was seen to correlate with friction coefficient on the 

monolayer-modified surfaces however the friction coefficient on oxide-terminated silicon was 

much higher than the monolayer-modified surfaces.  

The effect of humidity was studied on monolayers on gold synthesised with a mixture of 

dodecanethiol and 11-mercaptoundecan-1-ol, which showed a clear relationship between the 

friction coefficient and the surface composition [60]. Friction coefficients on the 11-

mercaptoundecan-1-ol-modified surface were seen to strongly depend on the relative humidity 

with a decrease as the humidity increases, whereas friction coefficients on the dodecanethiol-

modified surface were comparatively insensitive to the humidity. The effect of humidity on 

friction on monolayers is of interest to this thesis as hydrophilic and hydrophobic monolayers 

are compared at uncontrolled room humidities, comparable to the higher end of this paper.  

1.4 Triboelectric nanogenerators 

1.4.1 Introduction to nanogenerators 

Nanogenerators are a powerful emerging energy generation technology. They convert 

mechanical energy directly into electrical energy. One such specific type is the triboelectric 

nanogenerator (TENG), first reported in 2012 by Zhong Lin Wang’s group [61]. This device 

consisted of a layer of polyester and a layer of Kapton as seen in Figure 1.8, which were bent 

and then released to generate a power density of 10.4 mW cm-2. This device generates 

alternating current (AC) as current is generated in one direction when the TENG is bent and 

the other direction is generated when the TENG is relaxed. This is characteristic of polymer-

based TENGs.  
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Figure 1.8: Structure and mechanism of polymer-based TENG. a) Structure and current response of a PET-Kapton 

TENG. b) Mechanism of this polymer-based TENG. Charges are generated at the interface between the two 

polymer layers by friction, which induces charges in the metallic electrodes which then neutralise and the polymer 

layers recover, enabling the cycle to begin again. Used with permission from [61]. Copyright 2012, Elsevier B.V. 

TENGs are particularly advantageous for the capturing of energy from low frequency and small 

amplitude motions as compared to traditional electromagnetic generators [62]. The question 

remains: how to generate the direct current required by many devices? Many clever solutions 

have been found using polymer-based TENGs, including using a dielectric breakdown of air 

to rectify the current [63] and using a rotating disk setup [64]. 

The applications of TENGs vary immensely from the more traditional sensing and power 

generation for sensors to the new areas of using electricity to assist in wound healing [65] or 

electroculture of plants [66]. 

p-n diodes have been studied in and have a similar mechanism to Schottky diode-based TENGs, 

in that, friction generates electron–hole pairs at the surface which are then separated by the 

built-in electric field of the p-n diode [67]. This was further explored with a range of 

combinations of different semiconductors. A dynamic MoS2/AlN/Si generator was found to be 

ideal, working for up to 60 minutes continuously. The large band gap and interface barrier 

height of the AlN layer was found to increase the output substantially over other insulators 

used in the device [68]. 
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The first Schottky diode-based TENG used a semiconducting polypyrrole (PPy) layer 

sandwiched between an aluminium and gold electrode, creating an AlPPy Schottky junction 

and an ohmic AuPPy Schottky junction. This TENG generated direct output current densities 

of up to 2.186 A m-2. The authors also note that the output of this device is not due to the 

triboelectric effect, an early indication of the difference in mechanism between typical 

polymer-based AC TENGs and semiconductor-based DC TENGs [69]. The same group studied 

a similar system with polyaniline doped with various protonic acids and found a significant 

increase in the current and voltage outputs: a maximum of 0.339 A m-2 and 0.9 V with the use 

of HCl as a dopant [70]. 

The first usage of an inorganic semiconductor was achieved in 2017 by Liu et al. in the form 

of molybdenum disulfide showing a far greater current output than semiconducting polymer-

based TENGs [71]. A MoS2 thin film was deposited on Ag which was then studied by 

conductive AFM (C-AFM). This demonstrated clearly the feasibility of studying these devices 

by C-AFM. One issue seen with the MoS2 layer was a large variability between the electrical 

behaviour between individual grains. This gave rise to a range of electrical behaviours as shown 

in Figure 1.9.  

 

Figure 1.9: a) Topography image from AFM showing three labeled grains of MoS2. b) Current image from AFM 

of same region as a), showing a difference in tribocurrent between grains.. c) Current along lines 1 and 2 as 

shown in b). d-f) I-V curves on each region in a), highlighting the different electrical behaviour between grains. 

g-i) Equivalent circuits of tip-grain contact corresponding to the grains in a), where C is the capacitance of the 

depletion region, Rs is the resistance of the surface and D is the Schottky diode. Used with permission from [71]. 

Copyright 2017, Springer Nature. 

The usage of MoS2 was scaled up by the same group and examined in metal/semiconductor, 

metal/insulator/semiconductor and semiconductor/insulator/semiconductor configurations. A 
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range of mechanisms for the dc conduction were proposed: thermionic emission for the 

metal/semiconductor configuration, defect conduction for the metal/insulator/semiconductor 

configuration and tunnelling of the tribo-excited carriers for the 

semiconductor/insulator/semiconductor case [72].  

The first usage of silicon as a semiconductor for TENGs was again achieved by the same 

research team [73]. The use of silicon wafers avoided the inhomogeneity associated with pulsed 

laser deposited MoS2. Their macroscale study also showed an enhancement in current output 

over polymer-based TENGs and PENGs. Friction-induced tunnelling was found to be a cause 

of generation of direct current in all silicon dopings studied, however Fermi level pinning due 

to the SiO2 layer on the surfaces was found to enhance the current on p-type silicon surfaces, 

as seen in Figure 1.10 [74]. An inversion of the sign of the voltage was seen after etching with 

HF which removed the oxide layer and thus reduced the Fermi level pinning.  

 

Figure 1.10: Effects of doping and Fermi pinning on TENG output. a) Open circuit voltage output of different 

dopings of silicon. b) Experimentally and theoretically determined surface potential differences showing Fermi 

level pinning. c) Removal of surface oxide using HF. d) Open circuit voltage output after HF etching after 10 

minutes (removal off oxide) and 21 hours (restoration of oxide layer), demonstrating the inversion of sign due to 

reduction of Fermi level pinning. e) Energy band diagram of the metal–silicon contact before HF etching. f) 

Energy band diagram of the same contact after HF etching. Used with permission from [74]. Copyright 2019, Royal 

Society of Chemistry 

One issue with these Schottky diode-based TENGs is the low voltage outputs; typically less 

than 0.5 V. One solution to this is to use an array of microtips in parallel to increase the voltage 

output, however the machining of these microtips is complex and inefficient. The use of a 

conductive carbon aerogel which functions as a Schottky contact with a large number of 
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individual contacts achieved an open circuit voltage approaching 2 V, a viable voltage to power 

devices [75]. 

1.4.2 Mechanisms 

To discuss diode-based TENGs, a brief discussion of polymer-based TENGs is warranted. 

Three mechanisms are at play in these: electron transfer, ion transfer and material transfer. 

There is a material dependence here as there is a range of phenomena that are explained by 

each mechanism but different effects are observed with different materials [76]. Irrespective of 

these mechanistic questions, for a polymer-based TENG, the two polymer electrodes become 

oppositely charged, which induces image charges in the metal contacts, forcing current to flow 

as shown in Figure 1.5 [77].  

In 2019, Wang and Wang coined the term “tribovoltaic effect” with explicit reference to p-n 

junctions [78]. They note the depletion layer is a few nanometres thick while the contact 

electrification only occurs at the interface directly. The surface states are filled with holes on 

the p-type and electrons on the n-type. When these two surfaces contact, electrons flow from 

the surface states of the n-type to the p-type, resulting in a negatively charged p-type surface 

and a positively charged n-type surface. This releases enough energy to separate electron-hole 

pairs in a fashion similar to the photovoltaic effect, thus the term, tribovoltaic effect.  

This similarity is further compounded by the observations of Ren et al. [79], who examined a 

p-type Si wafer sliding against an n-type GaN wafer under illumination with UV light. This 

motion generates direct current by the tribovoltaic effect, however under illumination, the 

photovoltaic effect also generates current. This led to a 13-fold increase in current and a 4-fold 

increase in voltage, demonstrating the coupling between the photovoltaic and tribovoltaic 

effects.  

Another supporting observation to that of the involvement of surface states was by the increase 

in current when using surfaces that were etched with reactive ion etching. This roughens the 

surface and increases the density of surface states. An increase in current was seen with all of 

p-n, n-n+ and Schottky junctions, shown in Figure 1.11, clearly demonstrating the tribovoltaic 

effect [80]. 
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Figure 1.11: Tribocurrent between Pt and Si with different dopings. a) I-V curve on P-type silicon with band 

diagram showing the band bending. b) I-V curve on N-type silicon with band diagram. c) Tribocurrent on non-

etched surfaces with different dopings. d) Tribocurrent on reactive ion etched surfaces, showing an enhancement 

in current. Used with permission from [80]. Copyright 2020, Wiley 

The tribovoltaic effect has also been demonstrated at liquid-semiconductor interfaces [81]. A 

water–silicon junction was shown to have similar rectifying properties to solid metal–silicon 

interfaces as shown in Figure 1.12. The tribovoltage and tribocurrent were both found to 

depend on the built-in electric field induced by the tribovoltaic effect.  
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Figure 1.12: Water-silicon TENG. a) Schematic of the experiment, showing the water-silicon TENG. b) Voltage 

response the motion of the TENG. c) Energy band diagram showing band structure of when water is in contact 

with the silicon. d) Energy band diagram showing excitation of electron-hole pair. Used with permission from 

[81]. Copyright 2020, Elsevier. 

 

The tribovoltaic effect at a liquid-semiconductor interface with illumination has also been 

examined [82]. A similar enhancement of the tribocurrent and tribovoltage was seen here under 

illumination, indicating a similar mechanism as to that proposed in [79]. Temperature effects 

were also studied by the same group, with increasing temperature observed to give an increase 

in current and voltage [83].They attribute this to the increase in formation of bindington, the 

energy released from forming chemical bonds which is Wang’s theory for the origin of the 

tribovoltaic effect.  

Huang et al. constructed a similar device but using a microscale flake of graphite and n-type 

silicon in a structural superlubric state [84]. This achieved high current (~210 A m-2) and power 

(~7 W m-2) densities and a high level of electrical stability. This is particularly of interest as 
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the bindington mechanism cannot explain these observations, as the friction force from 

dangling bonds of the graphite is too small in these devices to excite sufficient electrons from 

the valence to conduction band of silicon or tunnel from the graphite into the conduction band 

of the silicon. The proposed mechanism to account for these observed currents is that of a 

depletion layer establishment and destruction, which was simulated and shown in Figure 1.13. 

They do note however that with an AFM tip that the friction force is sufficient to excite 

electrons to generate the observed current.  

 

Figure 1.13: Depletion layer establishment and destruction mechanism. a) Quasi-static finite element simulation 

model structure and physical process. b) Output current along bottom surface with time. c) Electron concentration 

with time with arrows showing the direction of the current. d) Distribution of the band and Fermi level energies 

along the A1-B1 line in c). e) Distribution of the band and Fermi level energies along the A2-B2 line in c)  

Reproduced under Creative Commons Attribution 4.0 International License from [84]. 

This plurality of three primary mechanisms is summarised in Figure 1.14. 
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Figure 1.14: Summary of TENG mechanisms. a) Polymer based TENGs, which generate AC based on static charging of 

surfaces, b) Diode based TENGs which generate DC based on separation of electron-hole pairs, c) Graphite based TENGs 

which generate DC based on depletion layer establishment and destruction. 

1.5 Thesis Overview 

Chapter 2 will describe the methods generally used in this thesis. Presented within are details 

of the surface preparation for each chapter, the AFM experiments used and the electrochemical 

procedures. 

Chapter 3, already published in Nano Energy in 2020, will examine the effect of sharp lateral 

changes in the conductivity and electrical properties of Pt–Si-based Schottky diodes. Surfaces 

were microtextured with Si(111) pyramids on a Si(100) surface to create Si(111)–Si(100) 

junctions which were examined by conductive AFM. Sharp increases in current were seen at 

the concave boundaries between the Si(111) and Si(100) facets. FZ lowly doped n-type silicon 

was observed to have the highest current output, followed by CZ lowly doped n-type, obeying 

the trend of the minority carrier’s mobility. The highest currents were observed on the largest 

pyramids.  

Chapter 4, already published in Nano Energy in 2021, will explore the effects of surface 

chemistry on the friction and current output of Pt–Si based Schottky diodes of which the silicon 

was modified with organic monolayers. The surface chemistry was engineered to control a 

range of properties, including friction, wettability and work function. The current was observed 

to double in the case of the amine and alcohol terminated surfaces as opposed to the methyl 

terminated and thinner alkyne terminated surfaces, paralleling the effect of increased friction 

observed. A profound effect on the friction by the doping of the underlying silicon was 

observed with a large increase on n-type versus p-type. 

Chapter 5 will examine the electrochemistry of some of the surfaces studied in Chapter 4 with 

an emphasis on the viability of detecting the copper trapped in the CuAAC-derived monolayers 

by electrochemical techniques.  

Chapter 6 will conclude this thesis and examine future directions for the field of DC TENGs 

on oxide-free silicon surfaces.  
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Chapter 2 Materials and Methods 

2.1 Introduction 

A range of experimental procedures were undertaken in the course of this thesis with a view 

towards preparation and characterization of surfaces for the study of the fundamentals 

underpinning triboelectric nanogenerators. 

To prepare surfaces for study, Si(100) or (111) surfaces were cleaned with piranha solution, 

etched with ammonium fluoride to prepare hydrogen-terminated surfaces and then further 

modified depending on the desired surface.  

To prepare pyramidally textured surfaces, a potassium hydroxide etch was used as this 

anisotropically etches Si(100) to reveal higher order facets. This was then etched again with 

ammonium fluoride to prepare hydrogen-terminated surfaces ready for hydrosilylation with 

1,8-nonadiyne, which forms a passivating layer protecting the surface from oxidation. 

For azide-modified surfaces, the hydrogen-terminated Si(111) surfaces were reacted with 1,8-

nonadiyne, which also has a terminal alkyne group, allowing further modification with a range 

of azide-containing molecules in a Cu-catalysed azide-alkyne cycloaddition to prepare 1,2,3-

triazoles with a variety of terminal functional groups. Amine, alcohol and methyl terminated 

surfaces were prepared for study by atomic force microscopy for TENGs while amine and 

ferrocene terminated surfaces were prepared for electrochemical study.  

To characterise these surfaces and assure that the surfaces prepared were those expected, a 

range of techniques were used. Contact angle measurements were used to determine the 

hydrophilicity of a surface. X-ray reflectometry was used to determine thickness of monolayers 

and x-ray photoelectron spectroscopy was used to determine the elemental composition of 

surfaces.  

For electrochemical characterisation, a series of techniques were used, including cyclic 

voltammetry, electroimpedence spectroscopy and open circuit potential measurements. Cyclic 

voltammetry was used to measure the coverage of ferrocene moieties, the presence of Cu and 

the kinetics of the electron transfer to ferrocene. Electroimpedence spectroscopy was used to 

determine the kinetics of electron transfer to ferrocene and the flat-band potential. Open circuit 

potential measurements were used to measure the open circuit potential which was attempted 

to be correlated with the presence of Cu trapped in the monolayers.  
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Atomic force microscopy was used in a range of modes to characterise surfaces. The Peak 

Force TUNA mode was used to measure the triboelectric output of pyramidally textured 

surfaces, which also recorded topographical and micromechanical information. For azide-

modified surfaces, conductive lateral force microscopy was used, as this gives information 

about the topographical,  electrical and frictional properties of the surfaces studied. 

2.2 Materials 

Hydrogen peroxide (30 wt % in water), ammonium fluoride (Puranal, 40 wt % in water), and 

sulfuric acid (Puranal, 95−97%) used in wafer cleaning and etching procedures were of 

semiconductor grade and obtained from Sigma-Aldrich. Redistilled solvents and Milli-Q water 

(>18 MΩ cm) were used for substrate cleaning, chemical modification procedures and to 

prepare electrolytic solutions. Potassium hydroxide (99.99% trace metals), 1,8-Nonadiyne 

(98%), 3-azidopropan-1-amine (≥95%), 3-azidopropan-1-ol (≥96%), sodium ascorbate 

(crystalline, 98%) were obtained from Sigma-Aldrich. 1-Azidobutane [85] and 

azidomethylferrocene [86] were synthesized according to literature procedures. Copper sulfate 

(CuSO4•5H2O) was purchased from Chem-Supply. Prime grade Si(100) and Si(111) silicon 

wafers (± 0.05°) were obtained from Siltronix, S.A.S (Archamps, France). Wafers were 500 

µm thick, polished on one side only, and were of either N- or P-type (phosphorus- or boron-

doped) with a resistivity of 7–13 Ω cm, hence referred to as lowly doped or 0.007–0.013 Ω cm, 

hence referred to as highly doped. Lowly doped N-type wafers were either float zone (FZ) or 

Czochralski process (CZ), while all other wafers were CZ process.   

 

2.3 Preparation of surfaces 

2.3.1 Preparation of pyramidally microtextured silicon surfaces  

Silicon (100) wafers were cut into 1 cm by 1 cm pieces and rinsed with dichloromethane, 2-

propanol and MilliQ water. The rinsed wafers were then placed into piranha solution (130 °C, 

3:1 98% sulfuric acid/30% hydrogen peroxide) for 30 minutes. They were then rinsed with 

MilliQ water. The etched pieces were then placed in 40% ammonium fluoride solution for 10 

minutes, degassed with argon to which a small amount of ammonium sulfite was added as an 

oxygen scavenger. The etched pieces were then rinsed in MilliQ water. The etched pieces were 

then further etched for 30 minutes at 65 °C in 20% potassium hydroxide solution to which a 

small amount of isopropyl alcohol was added. The etched pieces were then etched again in 

40% ammonium fluoride for 10 minutes, again degassed with argon to which a small amount 
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of ammonium sulfite was added. The etched pieces were then rinsed with MilliQ water and 

DCM and blown dry with nitrogen. The etched pieces were covered by 1,8-nonadiyne, 

deoxygenated with argon, and placed under a 312 nm UV lamp under nitrogen for 2 hours. The 

etched pieces were then rinsed with dichloromethane and stored in dichloromethane at 4 °C 

overnight before usage.  

 

2.3.2 Preparation of azide-modified silicon surfaces for AFM 

Silicon (111) wafers were cut into 1 cm by 1 cm pieces and rinsed with dichloromethane, 2-

propanol and MilliQ water. The rinsed wafers were then placed into piranha solution (130 °C, 

3:1 98% sulfuric acid/30% hydrogen peroxide) for 30 minutes. They were then rinsed with 

MilliQ water. The etched pieces were then placed in 40% ammonium fluoride solution for 13 

minutes, degassed with argon to which a small amount of ammonium sulfite was added as an 

oxygen scavenger. The etched pieces were then rinsed in MilliQ water and dichloromethane 

and blown dry with nitrogen. The etched pieces were covered by 1,8-nonadiyne, deoxygenated 

with argon, and placed under a 312 nm UV lamp under nitrogen for 2 hours. These surfaces 

were rinsed with dichloromethane and used as synthesised after storing at 4 °C overnight or 

further reacted. The etched pieces for further reaction were rinsed with 2-propanol and then 

placed in a vial with a 1:1 (v/v) MilliQ water/2-propanol solution of 0.5 mM either 1-

azidobutane, 3-azidopropan-1-ol or 3-azidopropan-1-amine; 0.1 mM copper sulfate and 0.5 

mM sodium ascorbate. These were left to react in the dark for 30 minutes. After the reaction, 

they were rinsed with 2-propanol, dichloromethane, 2-propanol, MilliQ water, 0.5 M 

hydrochloric acid, MilliQ water, 2-propanol and dichloromethane. They were then stored at 4 

°C overnight before analysis.  

 

2.3.3 Preparation of azide-modified silicon surfaces for electrochemistry 

Silicon (111) wafers were cut into 1 cm by 1 cm pieces and rinsed with dichloromethane, 2-

propanol and MilliQ water. The rinsed wafers were then placed into piranha solution (130 °C, 

3:1 98% sulfuric acid/30% hydrogen peroxide) for 30 minutes. They were then rinsed with 

MilliQ water. The etched pieces were then placed in 40% ammonium fluoride solution for 13 

minutes, degassed with argon to which a small amount of ammonium sulfite was added as an 

oxygen scavenger. The etched pieces were then rinsed in MilliQ water and dichloromethane 

and blown dry with nitrogen. The etched pieces were covered by 1,8-nonadiyne, deoxygenated 
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with argon, and placed under a 312 nm UV lamp under nitrogen for 2 hours. These surfaces 

were rinsed with dichloromethane and stored at 4 °C overnight before usage in electrochemical 

experiments or further reaction. The etched pieces for further reaction were rinsed with 2-

propanol and then placed in a vial with a 1:1 (v/v) MilliQ water/2-propanol solution of 0.5 mM 

either azidomethylferrocene or 3-azidopropan-1-amine; 0.1 mM copper sulfate and 0.5 mM 

sodium ascorbate. These were left to react in the dark for 45 minutes. After the reaction, they 

were rinsed with 2-propanol, dichloromethane, 2-propanol, MilliQ water, 0.5 M hydrochloric 

acid, MilliQ water, 2-propanol and dichloromethane. They were then stored at 4 °C overnight 

before analysis.  

 

2.4 AFM experiments 

Experiments were performed in air and at ambient conditions (~22 °C, 45-55% humidity). All 

AFM experiments were performed using a Bruker Dimension AFM fitted with an Icon head 

with a PF-TUNA module. To estimate normal forces, the deflection sensitivity was measured 

and the cantilever spring constant was calibrated using the inbuilt Thermal Tune. Tip radius 

was measured using an RS-12M (Bruker) standard and deconvoluted using NanoScope 

Analysis (Bruker). 

 

2.4.1 PF-TUNA for pyramids 

AFM measurements were carried out in PF-TUNA mode, which allows simultaneous 

topographic, nanomechanical and electrical measurements. Solid Pt tips were used for all 

measurements (RMN-25PT300B, spring constant = 18 N/m, resonant frequency = 20 kHz, tip 

radius < 20 nm). Si surfaces were mounted to the AFM stage by conductive carbon tape. The 

Peak Force setpoint was set to 2 µN, the imaging resolution to 256 points/line and the scan rate 

to 1 Hz. Current–voltage measurements were performed at 2.25 µN and the current sensitivity 

set to 100 pA/V.  

 

2.4.2 TUNA LFM for azide modified surfaces 

AFM measurements were carried out in TUNA mode, which allows simultaneous 

topographic, friction and electrical measurements. Solid Pt tips were used for all measurements 

(RMN-12PT300B, spring constant = 0.8 N/m, resonant frequency = 9 kHz, tip radius < 20 nm). 
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Si surfaces were mounted to the AFM stage by gallium/indium eutectic on copper tape which 

was fixed to the stage with conductive carbon tape to prevent the sample from moving. The 

cantilever spring constant was calibrated using the inbuilt Thermal Tune and the deflection 

sensitivity calibrated using a silicon oxide surface. Deflection set point was set to between 0 

and 100 nN at 5 nN intervals to determine the friction coefficient of these surfaces. Current 

sensitivity was set to 100 pA/V for scanning measurements and the scan angle was set to 90° 

to capture friction data. The imaging resolution was set to 256 points/line and the scan rate to 

0.5 Hz. Friction was measured imaging a 2 m × 200 nm region and subtracting the retrace 

friction image from the trace friction image and dividing the result by 2 to give a friction loop 

image. The middle 1.8 m × 200 nm section was examined to avoid edge artifacts and the mean 

friction and standard deviation across the region were recorded. For force-distance curve 

measurements, the maximum deflection was set to 100 nN with a ramp size of 300 nm. These 

curves were recorded at 10 points across the image and the mean and standard deviations were 

recorded. For current–potential (I–V) measurements, the deflection set-point was set to 100 nN 

and the detector sensitivity was set to 1 nA/V.  

 

2.5 Electrochemical Measurements 

Experiments were performed using a CHI650D (CH Instruments) electrochemical workstation 

with a conventional three electrode setup in a custom Teflon cell. Modified silicon wafers were 

used as the working electrode, an Ag/AgCl (3.0 M KCl) electrode was used as the reference 

electrode and a Pt wire was used as the counter electrode. 1.0 M perchloric acid was used as 

the electrolyte. Experiments were carried out at room temperature (22 ± 2 °C). Open circuit 

potentials were measured for 30 minutes with the potential being recorded each second. Cyclic 

voltammograms for ferrocenylated surfaces were examined at a range of scan rates (25 mV s-1 

– 5 V s-1) and for other surfaces at 100 mV s-1. The silicon electrode for cyclic voltammetry for 

lowly doped N-type was illuminated with a collimated deep red LED (660 nm, nominal output 

1050 mW, Thorlabs part M660L4 coupled to a SM1P25-A collimator adaptor) at a distance of 

approximately 7 cm to ensure sufficiently fast kinetics to determine the coverage [87]. 

Electrochemical impedance spectroscopy (EIS) data were collected between 0.1 to 106 Hz with 

the applied working electrode DC potential set to the E1/2 as determined by cyclic voltammetry 

with an AC perturbation of 15 mV. Data for Mott-Schottky plots were collected at a frequency 

of 104 Hz with an AC perturbation of 15 mV scanning between 0.2 V and -1 V in the positive 

direction for P-type samples and the negative direction for N-type samples.  
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2.6 Contact angle measurements 

Contact angles were measured using a CAM 101 optical contact angle meter (KSV 

Instruments). Measurements were performed in triplicate using a sessile drop method with 100 

µL drop size.   

 

2.7 X-ray reflectometry 

X-ray reflectometry was carried out on a Panalytical Ltd X′Pert Pro instrument with a tube 

source of Cu Kα radiation (λ = 1.54 Å). The X-ray beam is focused using a Göbal mirror and 

a fixed slit set to 0.1 mm pre-sample and a parallel collimator post-sample. Data was obtained 

over an angle of incidence range of 0.05° to 5.00° using 0.01° steps which was measured over 

a time frame of 1 hour. The measurement was repeated sequentially 16 times to observe any 

structural changes in the film over time. Only specular reflectivity was measured (i.e. angle of 

incidence = angle of reflection). The data was reduced so that reflectivity was expressed as a 

function of scattering vector (Q) which is determined by the following:  

𝑄 =
4𝜋 sin 𝜃

𝜆
 

Where θ is the angle of incidence. The reflectivity was also scaled so that the reflectivity at the 

critical edge is equal to unity. Data was analysed using the REFNX analysis software [88] 

which uses an optical matrix method with parameters varied using differential evolution until 

the lowest possible χ2 value is achieved. The monolayer is modelled as slab defined by the 

parameters of thickness, roughness, and scattering length density (SLD) which is determined 

by the atomic makeup of the monolayer and is defined as:  

𝑆𝐿𝐷 =
∑ 𝑍𝑖𝑟𝑒

𝑛
𝑖=1

𝑉𝑚
 

Where Zi is the atomic number of the ith atom in n atoms, re is the Bohr electron radius (2.818 

10-5 Å), and Vm is the molecular volume.  
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2.8 X-ray photoelectron spectroscopy for C, Si, N and O 

XPS experiments were performed in a Kratos Axis Supra instrument (Kratos Analytical Ltd). 

Monochromatic Al K-alpha (1486.6 eV) radiation was used as the excitation source. Spectra 

were collected in hybrid lens mode, with an excitation power of 225W. The pass energy was 

set to 160 eV for wide scans using a 1 eV step size and a 200 ms dwell time. The pass energy 

was set to 20 eV for high resolution windows around core levels, using a 0.1 eV step size and 

a 200 ms dwell. High resolution scans were repeatedly swept (up to 10 sweeps) until a target 

figure of merit for signal-to-noise was achieved. The binding energy axis was corrected by 

rigidly shifting all spectra from a given sample to place the 2p 3/2 peak of elemental silicon at 

98.8 eV. 

XPS data were analysed using CasaXPS. A Shirley background subtraction was performed 

then a nonlinear least-squares fit with mixed Gaussian-Lorentzian functions. The C 1s emission 

region was deconvoluted and fitted with 80% Gaussian and 20% Lorentzian line shapes. The 

N 1s emission region was deconvoluted and fitted with 100% Gaussian line shapes. The Si 2p 

emission region was deconvoluted to two peaks and fitted with 95% Gaussian and 5% 

Lorentzian line shapes [85].  

 

2.9 X-ray photoelectron spectroscopy for Cu 

XPS data were acquired using Mg K radiation [89]. The apparatus was built by SPECS 

(Berlin, Germany) with a non-monochromatic X-ray source and has and a base pressure of a 

few 10−10 mbar. The angle between the X-ray source and the analyser is 54.7°. At a pass energy 

of 10 eV the FWHM of the Ag 3d5/2 peak is < 1 eV. The uncertainty of the peak positions is 

typically 0.2 eV. High-resolution scans were recorded at a step size of 0.1 eV for copper at a 

pass energy of 10 eV. The acquired spectra were calibrated by setting the C 1s peak of C-C sp3 

carbon to 285.0 eV. High-resolution XP spectra were fitted with combined Gaussian-

Lorentzian peaks with Shirly background subtraction.  
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Abstract 

Harnessing triboelectricity is a promising form of energy harvesting technology. Unlike 

conventional triboelectric nanogenerators, which convert friction between insulators into 

alternating current, a sliding metal‒semiconductor contact converts small movements into 

direct current (d.c.), which can power electronic circuitry without the need of electrical 

rectification. The zero-bias d.c. output of a dynamic metal‒semiconductor contact is assumed 

to increase linearly with its area, posing restrictions on the miniaturization of this new type of 

power sources. By implementing silicon surfaces that are electrically heterogeneous, it is found 

that d.c. outputs are not steady-state, but instead peak when the metal contact slides across 

concave boundaries between highly and poorly rectifying silicon crystal facets. Sharp lateral 

changes in electrical rectification, coupled to a concave surface curvature, are more important 

to maximize current densities than applied normal force or surface friction. These findings help 

alleviating device-wear issues, as well as removing physical constraints to the miniaturization 

of sliding-diode nanogenerators. 

 

Graphical Abstract 
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3.1 Introduction 

All electronic devices are powered by direct current (d.c.), commonly supplied by a battery. 

Batteries need periodic recharging or replacement, but such procedures may not be viable in 

long-term health monitors and remote sensors in inaccessible places. Where it is not possible 

to replace or recharge the battery, such as in miniaturized autonomous or remote electronics, 

converting ubiquitous mechanical vibrations and friction and into electricity is one solution 

[90]. Ranging from the contraction of a blood vessel to the vibrational energy of an acoustic 

wave, the environment provides a broad range of mechanical energy sources. However, in a 

micro-scale setting, the efficient conversion of mechanical energy into electricity remains a 

challenge. Sliding hands on a rotating evacuated glass globe generate static electricity, and a 

conventional electrostatic generator exploits this phenomenon to charge conductive plates that 

are in relative motion but electrically isolated (e.g., by a polymer coating) [91]. This type of 

charging – contact and separation of dielectrics – being purely capacitive generates an 

alternating-current output [92]. If used to power electronics, alternating current needs firstly to 

be rectified (converted into d.c.), for instance, by adding a bridge arrangement of multiple 

diodes, detracting from any portability advantage [93, 94]. An important conceptual step in the 

direction of removing the need for downstream rectification was recently achieved by Thundat 

and co-workers, by means of replacing the capacitive process with a direct charge-transfer 

process [95]. The authors demonstrated that with no externally applied bias, the lateral 

movement of the metal contact of a sliding Schottky diode generates a d.c. output [96]. Direct-

current triboelectricity ‒ which has so far been reported for Schottky diodes on silicon [95, 97] 

and MoS2 [96] ‒ bears the sign of a reverse-bias current. More explicitly, the movement of 

electrons excited upon friction or mechanical deformation of the junction [98], appears to be 

guided by the voltage drop inside the semiconductor space charge, such as electrons flowing 

from a high work function metal contact to a n-type substrate. Published work suggests that on 

an electrically homogenous semiconducting surface, the magnitude of the zero-bias current 

collected by a sliding grounded metal contact reaches a steady-state value almost 

instantaneously [93, 95, 99]. This current output is reported to be a function of the local “static” 

leakage of the diode. That is, in the absence of an external bias, the triboelectric output is 

expected to reach a maximum over semiconductor regions showing large reverse bias currents 

in a static current‒voltage measurement [100].  
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Recent work has pursued scaling up from the AFM scale to macroscale devices with needles 

as the metal contact [101] which have shown high power densities and even larger contacts 

have also shown promise [102]. Perovskites have been examined as the semiconducting 

substrate, which also can capture light as well as mechanical energy [103]. 

Herein, by using samples that are engineered to be electrically heterogeneous ‒ that is with 

microscopic domains of poorly rectifying crystal faces surrounded by highly rectifying 

domains ‒ we demonstrate that lateral electrical contrast and concave surface curvatures, rather 

than merely large leakage currents, can maximize d.c. outputs. It demonstrates a new approach 

to minimize device area and wear, and augment zero-bias current harvested from out-of-

equilibrium Schottky diodes.  

3.2 Results and discussion 

Figure 3.1a and b show the topographical characterization by atomic force microscopy 

(AFM) of silicon samples with (111) facets bordered by (100) planes. Si(100) substrates are 

structured by anisotropic etching in potassium hydroxide and ammonium fluoride solutions to 

form protrusions with (111) facets on the surface. These pyramids are scattered across the 

surface as seen by SEM (Figure 3.2). 
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Figure 3.2: SEM imaging of a Si(100) surface with protruding Si(111) pyramids. The substrate is n-type (phosphorus-doped) 

FZ Si(100) of 8–12 Ω cm resistivity. SEM images were recorded using a Zeiss Neon 40EsB FESEM equipped with a Schottky 

field emission gun operating at 5 kV and a chamber pressure of approximately 4 × 10−6 mbar. 

 

The design of this system was inspired by the recent finding of facet-dependent conductivity 

in silicon crystals. Measurements with tungsten probes have indicated different electrical 

 
Figure 3.1: Facet-dependent rectification and zero-bias d.c. currents in an out-of-equilibrium Pt–Si diode. a) 12 × 12 µm 

AFM topographic (height) map of pyramids protruding from flat lowly doped float zone (FZ) n-type Si(100). b) Height 

profile along the red dotted line shown in (a). c) Schematic of the AFM experiment, with the platinum tip contacting a 

monolayer coated oxide-free silicon surface. The blue and red arrow indicate the trace (left to right) and retrace direction 

(right to left), respectively. d) Peak force error map for the retrace direction, showing the actual variation with respect to 

the 2 N set-point in the normal force across the sample. e) Zero-bias (0 V) tunneling AFM (TUNA) current profiles for 

scans along the trace (blue) and retrace (red) directions over the dotted red line shown in both (a) and (d). f) Values of 

“leakage” reverse-bias (+0.125 V) current, obtained from static current–potential (I–V) curves sampled at 200 evenly 

spaced points (58.6 nm spacing) along the red dotted line shown in (a). g) Schematic of the sample to tip bias routing and 

representative I–V curves sampled at point 1 on Si(100), close to the (100)/(111) boundary at point 2 on Si(111), and at 

point 3 on Si(111) but further away from the (100)/(111) boundary. Forward currents appear in the negative quadrant, that 

is, when the Si is biased negative with respect to the tip. Leakage currents are generally lower at the pyramid base, while 

rectification ratios (not shown) do not track the pyramid profile as forward currents are generally very disperse. Scale bars 

in (a) and (d) are 2 µm. 



59 

 

conductivities for different silicon facets ((111)>(100)) [104], with similar trends also reported 

for Cu2O crystals [105]. To prevent anodic decomposition of the non-oxide semiconductor we 

coated the hydrogen-terminated silicon with a monolayer of 1,8-nonadiyne (Figure 3.1c) [106]. 

The monolayer-coated and electrically heterogeneous silicon (111)/(100) platform overcomes 

the hurdle of the random electrical fluctuations in MoS2 [96], enabling direct measurements of 

the links between local characteristics of the metal‒semiconductor contact (static biased 

systems) and 2D distribution of the tribocurrents (zero-bias sliding diode). The AFM 

PeakForce Tunneling (PF-TUNA™) setup used in this study is selected to ensure precise 

control of contact force (Figure 3.1d) and to reduce as much as possible lateral forces (friction). 

Zero-bias PF-TUNA™ current data shown in Figure 3.1e demonstrate that the continuous 

lateral movement of the Schottky contact – the large work function platinum AFM tip sliding 

across a float zone (100)/(111) n-type Si sample (Figure 3.1c) – leads surprisingly to spikes of 

positive currents rather than a steady-state output.  

There are no wear tracks detected by AFM (Figure 3.3), and the maximum d.c. output is 

consistently localized near the pyramid base, indicating that a static electrification of the 

“fissile crack” type [107] is not playing a significant part in this triboelectric process. Further, 

based on the absence of an evident oxidative damage (Figure 3.3) the emission of electrons 

upon an exothermic reaction [108], such as upon the silicon substrate oxidizing to silica [105], 

is also ruled out.  

Another hypothesis ruled out is that there is a large difference in the monolayer properties 

between the (100) and (111) facets as determined by X-ray reflectometry. The scattering length 

density (SLD) of a 1,8-nonadiyne-derived monolayer on Si(111) is 10.5×10-6 Å−2 compared to 

previous reports of the SLD of a 1,8-nonadiyne-derived monolayer on Si(100) of 10.4×10-6 Å−2 

[109]. The SLD of a monolayer is related to the physical density of it, implying a similarly 

dense monolayer on (100) and (111) facets.  
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Figure 3.3: No visible wear tracks. AFM topography (height image) data acquired within one side of a Si(111) pyramid 

etched on a Si(100) wafer (CZ substrate, 8–12 Ω cm, n-type, phosphorus-doped). Data recorded in tapping mode using 

TESPA-V2 tips after prolonged tribocharging measurements (10 scans in PF-TUNA mode at a Peak Force set-point of 2.000 

µN, with line spacing of 58.6 nm). The height image was acquired at a scanning rate of 0.996 Hz. The scale bar is 200 nm 

and no wear tracks are visible at this scale. Unless otherwise specified, all samples of this study are monolayer-coated (1,8-

nonadiyne) hydride-terminated silicon surfaces. 

a) topography b) Current after 1  

scan 

c) Current after 6 

scans 

Figure 3.4: Sustained zero-bias d.c. output after repeated sliding experiments. On the time scale of these experiments, the 

decline in tribocurrents is negligible. Repeated zero-bias current imaging of Pt–Si sliding diodes on Si(100) substrates (CZ 

wafers, 8–12 Ω cm in resistivity, n-type, phosphorus-doped) etched to expose Si(111) pyramids. a) Height sensor image. b) 

TUNA current map after 1 scan. c) TUNA current map after six scans. The Peak Force set-point is 2.000 µN, the scan rate 

0.894 Hz, and scale bars are 5 µm. Imaging is in PF-TUNA mode 
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Figure 3.5:  Average Peak current (black) and maximum Peak Current (blue) continuously imaged on the same area over a 

18h period on a Si(111) pyramid prepared on lowly doped (8–12 Ω cm) n-type FZ (100) silicon with a Ga/In eutectic on 

copper tape back contact with 15 × 15 µm area with 256 sampling points per line over 256 horizontal lines. 

Further experiments to examine the short-term and long-term stability and resistance to fatigue 

of this setup are in Figure 3.4 and Figure 3.5. This last point is reinforced by the absence of a 

significant decline in the triboelectric response during consecutive measurements repeated over 

the same sample area (Figure 3.4). A thermoelectric effect leading to a tribocurrent in silicon 

is ruled out based on previous reports [100]. Further, the pressure applied by the AFM tip on 

the silicon surfaces is estimated (DMT model [50]) to be 18.8 GPa, a contact loading that is 

below the 19.5–20 GPa required in silicon to promote a phase change from semiconductor (Si-

I phase) to conductor (Si-II phase) [110]. We therefore conclude that the semiconductor bands 

remain bent downwards, and the built-in voltage of the platinum–silicon junction is acting to 

separate electron and hole pairs generated in the semiconductor upon deformation [111] or 

frictional damage [112]. The data in Figure 3.1e show tribocurrents discharging at the base of 

(111) pyramids in the form of electrons flowing from the dynamic platinum contact to the n-Si 

substrate. This zero-bias current peaks when the platinum contact has crossed over the (100)–

(111) boundary coming from (100) regions. Force error maps and TUNA current profiles 

(Figure 3.1d and e, respectively) indicate a constant force across a (111) pyramid face (Figure 

3.6), but a monotonically decreasing current output as the tip slides away from the boundary. 

This localization of spikes in the zero-bias current is not evident in smaller (~50 nm in width) 

pyramids (Figure 3.7), and becomes undetectable in flat silicon samples (Figure 3.8). 

Surprisingly the tribocurrent does not reach a maximum at a convex site as expected from 

Gauss’s law which implies a greatest electrical field at a point of highest convexity, nor it 
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g)          f) 

tracks, as expected from prior work with MoS2 [96], the substrate leakage. Instead the 

tribocurrent is highest at the boundary between (100) and (111) facets.  
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Figure 3.6: Normal force and current. (a) Topography image of Si(111) pyramids prepared on lowly doped (8–12 Ω cm) n-

type FZ (100) silicon with a carbon tape back contact.  (b-f) Current images at a scan rate of 20 µm/s. These images are in 

order of scanning, rather than order of applied force. Peak Force setpoint of (b) 2.0 µN (c) 1.0 µN, (d) 0.5 µN, (e) 1.5 µN and 

(f) 2.5 µN. Scale bars are 4 µm for all images. g) Graph showing Peak Force setpoint versus average TUNA current across 

a) Topography  b) 2.0 µN   c) 1.0 µN 

d) 0.5 µN          e) 1.5 µN   f) 2.5 µN 
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the image and the contact area as calculated by the DMT model as in Section S1. Points are numbered in the order they were 

imaged.   

 

 

b) Topography a) Current 

Figure 3.7: Zero-bias current output from sliding diodes on small pyramids. Si(100) CZ samples (8–12 Ω cm resistivity, n-

type) etched for 60 min etch in potassium hydroxide solutions, without any isopropyl alcohol, to generate small Si(111) 

pyramids. The Peak Force set-point is 0.5482 µN, the scan rate 1.00 Hz, and scale bars are 100 nm. Images acquired in 

PF-TUNA mode. a) Height sensor image. b) TUNA current image. 

b) Si(100) Current a) Si(100) 

Topography 

d) Si(111) Current c) Si(111) 

topography 
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These two points warrant a further discussion. Firstly, the current does not peak on the pyramid 

apex (Figure 3.1e). Charges spread as much as possible across a conducting surface, with the 

result that charging an object that is neither a perfect plane, or a perfect sphere, leads to large 

charge densities where the radius of the surface curvature is small: a relatively small amount 

of charge at the tip of an asperity leads to a large electric field outside the solid [113]. 

Surprisingly the zero-bias d.c. signal peaks on the side of the Si(111) pyramid, in proximity of 

the concave (111)–(100) plane intersection, and not in correspondence of the convex (111)–

(111) apex. We stress that the current is not a dielectric break down of air as shown by high-

speed current data capture (Figure 3.9).  

 

 

Figure 3.9: High-speed capture current data. The current peaks while the Pt AFM tip is contact with the silicon surface while 

there is only a small dielectric breakdown between the surface and tip immediately after the tip has left contact with the 
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Figure 3.8: Negligible d.c. output from sliding Pt–Si diodes on flat surfaces. a,b) Si(100), and c,d) Si(111) surfaces (CZ 

phosphorus-doped wafers, 8–12 Ω cm). All surfaces are monolayer-protected but non-structured, that is, prepared without 

the KOH and second NH4F etches. The Peak Force set-point is 2.000 µN, the scan rate 0.988 Hz, and scale bars are 2 µm. 

Samples are imaged in PF-TUNA mode. a,c) Height sensor images. b,d) TUNA current images. 
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surface. The TUNA current is the average of the raw current over each tip contact cycle. AFM data acquired on FZ n-type 

Si(100) samples (8–12 Ω cm). Peak Force set-point was set to 2.000 µN, the scan rate to 0.894 Hz, and the deflection error 

and raw current are sampled at 500 kHz over two cycles of tip–surface contact. 

Secondly, a detailed analysis of current‒potential (I‒V) curves acquired with high 2D 

resolution reveals that the d.c. output, which bears the sign of a reverse current, does not match 

the leakage map of the surface (Figure 3.1f). This analysis, which requires reproducible and 

spatially resolved I‒V curves (Figure 3.1g), is only possible because all our samples were 

chemically passivated with a Si–C-bound organic monolayer [106]. Oxide-free silicon surfaces 

rapidly oxidize in air to form an insulating layer of silica [96], and in such samples I‒V 

measurements were of little value in trying to extract a relationship between static leakage and 

dynamic zero-bias reverse currents.  

The coordinates of the I‒V sampling points were generally selected such to investigate: i) 

(100) regions where the zero-bias current is negligible (point 1, Figure 3.1d); ii) (111) pyramid 

facets where high zero-bias currents are measured (point 2); and iii) pyramids, but in 

correspondence of regions of low d.c. output (point 3). I‒V curves at point 1 show lower current 

in both the forward and reverse biases than at points 2 and 3. As noted above, the zero-bias 

current peaks as soon as the platinum contact, sliding at about 20 µm/s, crosses over from a 

low-leakage (100) area (point 1 in Figure 3.1d) into a (111) pyramid facet. The discharge of 

the dynamic current (point 2 in Figure 3.1d), bearing the direction of a leakage process, does 

however not reach a maximum in correspondence of those regions of largest static leakage (e.g. 

at point 3 in Figure 3.1d), but rather at the concave boundary between sites of high and low 

electrical rectification. Electrical heterogeneity alone, as shown by the poor tracking of the 

leakage and TUNA currents is not linked to any spike of d.c. output. Contrast between the low 

leakage (100) plane and the leaky and tilted (111) surface appears to maximize the efficiency 

of charge excitation and extraction upon pressure. 

We remark that the use of the term “tribocurrent” without a clear evidence of a link between 

friction and current output can be misleading. Friction between objects originates (and/or is 

caused) in part from electronic interactions [114, 115]. Electron/hole pairs form to damp 

phonons generated when lateral forces are required to slide objects laterally [116, 117]. As we 

noted above, one advantage of Peak Force AFM experiments is that the normal force is 

precisely controlled while the lateral force, if not entirely removed, is certainly minimized. 

Nonetheless, we performed control experiments in AFM contact mode where lateral forces 

acting on the platinum sliding contact are measured and mapped across the sample, 

simultaneously with the zero-bias current (Figure 3.10). By changing the chemical nature of 

the protective monolayer, specifically by adding a primary amine at the monolayer distal end 
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[118], surface friction was deliberately increased. Current and friction AFM maps in Figure 

3.10 reveal that there is no direct correlation between zero-bias current and friction, and 

surprisingly the lower current was found for the surfaces with larger friction coefficients.  

 

 

 

The electronic component to friction [119] remains highly debated: previous work by 

Nakayama showed essentially no correlation between friction and excitation of electrons in 

conductors, semiconductors and insulators under mechanical stress [112], while Salmeron and 

co-workers reported increases in sliding friction for GaAs surfaces biased into accumulation 

[115]. What is apparent on featureless flat substrates is that the normal force applied by the 

metal AFM tip on the silicon lattice, and not the lateral friction, is the main driver of electron 

excitation leading to a zero-bias current, possibly involving transient changes in carrier 

mobility [120].  

Previous studies of macroscopic Pt–Si Schottky diodes under strain have revealed changes 

in their electrical properties compared to unstrained junctions. For n-type silicon, the Schottky 

a) Amine topography b) Amine current c) Amine friction 

d) Nonadiyne topography e) Nonadiyne current f) Nonadiyne friction 

Figure 3.10: Conductive lateral force microscopy. Contact mode conductive AFM with the sample scan angle set to 90° 

for all images to obtain friction data. Samples are CZ Si(111) wafers, p-type (boron), 8–12 Ω cm. The deflection set-point 

was set to 400 nN for all images. Scale bars are 1 µm. a–c) 3-azidopropan-1-amine treated (click reaction) surfaces, 

showing increased friction and decreased current versus (d–f) 1,8-nonadiyne surfaces. a,d) Height sensor images. b,e) 

TUNA current images. c,f) Friction loop (retrace image minus trace image then divided by a factor of two. The difference 

in the lateral forces in the retrace versus the trace image corresponds to twice the friction force). 
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barrier decreases with increasing stress [121]. Furthermore, a concave curvature in n-Si is 

known to lead to a thinner space charge [122], which, for instance, accounts for the formation 

of porous silicon under anodic etching instead of an homogeneous thinning of the silicon 

electrode [123].  

This relationship between the width of the space charge barrier and surface curvature, in 

conjunction with the effect of pressure on the barrier height, appear to account for the 

localization of the d.c. maxima at the concave (100)–(111) boundary. But again, curvature 

alone is not sufficient (Figure 3.11) and the contrast in the “static” leakage between the (100) 

and (111) facets remains a key factor to maximize the current output. 

a) Topography   b) Trace current   c) Retrace 

current 

 

 

Figure 3.11: Joined pyramids showing no enhancement of current at Si(111)–Si(111) junctions. Zero-bias current imaging 

of Pt–Si sliding diodes on Si(100) substrates (FZ wafers, 8–12 Ω cm in resistivity, n-type (phosphorus-doped)) etched to 

expose Si(111) pyramids. a) Height sensor image. b) TUNA current map in trace direction (left to right). c) TUNA current 

map in retrace direction (right to left). The Peak Force set-point was set to 2.000 µN, the scan rate is 0.894 Hz, and scale 

bars are 2 µm. Imaging is in PF-TUNA mode. 
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Figure 3.12: Zero-bias current increases with the minority carriers’ mobility. Current output from sliding Schottky diodes 

(Pt–Si) on lowly doped (8–12 Ω cm) CZ (a–c) and FZ (d–f) n-type silicon. a,d) 12 × 12 µm AFM electrical data (TUNA retrace 

maps) showing higher currents close to the (100)–(111) boundary. b,e) Current–potential (I‒V) curves acquired either on 

planes of Si(100) (black trace), on the Si(111) pyramid where low current is observed (red), and on the Si(111) pyramid where 

high current is observed (blue). Lines indicate the mean current from I‒V curves recorded at ten sampling points, with each 

location sampled five times (from positive to negative) with the shaded area corresponding to one standard deviation. c, f) 

Histograms showing the relative frequency of the current value in the TUNA current image. Scale bars in (a) and (d) are 2.0 

µm. 

The zero-bias current of our sliding rectifiers has the sign of a reverse current and is therefore 

the sum of the hole and electron currents flowing over and under the barrier. If the barrier is 

sufficiently high, as is expected from the 0.79 eV difference in work functions between 

platinum and n-type silicon [124], the reverse current is mainly due to diffusion of minority 

carriers under the barrier, and therefore the d.c. output would depend critically on the carrier’s 

lifetime. To test this hypothesis we compared zero-bias d.c. outputs between Czochralski (CZ) 

and float zone (FZ) silicon substrates (Fig. 2), where due to the lower concentration of oxygen 

impurities, the diffusion length and lifetime of holes is much greater in the latter (FZ) [125]. 

FZ and CZ silicon crystals show similar trends of tribocurrent localization near the (100)–(111) 

boundary (Figure 3.12a and d), they both showed largest static leakage over sites of high 

dynamic output (Figure 3.12b and 2e). The magnitude of the current being significantly greater 

in FZ junctions with a longer hole lifetime is consistent with our hypothesis that the reverse 

current is mainly due to the diffusion of minority carriers.  

Data in Figure 3.12 illustrate another important point, the zero-bias current is not akin to an 

electron “pump”, where the normal force induces a negative forward current that removes 

electrons from (100) regions which is then balanced by a positive backward current when the 

metal tip reaches “leaky” (111) facets. This pump-like mechanism could rely on exoelectron 

emission triggered by mechanical stress [107], but although this may happen to some small 

extent, it is largely ruled out upon an analysis of the current histograms in Figure 3.12c and f. 

In the (100) regions, a small positive current is observed, however it is much lower in 

magnitude to the (111) regions. The net balance is not zero, with an overall significant 

measurable excess of forward-biased currents. 
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Figure 3.13: Doping and zero-bias output. Current output from sliding Schottky diodes (Pt–Si) on lowly doped (8–12 Ω cm) 

CZ p-type (a–c), and on highly doped (0.007–0.013 Ω cm) CZ n-type (d–f) silicon. a,d) 12 × 12 µm AFM electrical data 

(TUNA retrace maps) showing higher currents close to the (100)–(111) boundary. b,e) I–V curves acquired either on planes 

of Si(100) (black trace) and on the Si(111) pyramid (red). Lines indicate the mean current from I–V curves recorded at ten 

sampling points, with each location sampled five times from positive to negative with the shaded area corresponding to one 

standard deviation. c,f) Histograms showing the relative frequency of the current value in the TUNA current image. Scale bars 

in (a) and (d) are 2.0 µm. 

 

In contrast to lowly doped n-type silicon, lowly doped p-type and highly doped n-type yield 

a much smaller current (Figure 3.13a and b). Whilst for lowly doped n-type silicon, the on-

pyramid and off-pyramid I–V curves are well distinct (Figure 3.13b), this contrast is absent in 

highly doped n-type (Figure 3.13e). For highly doped n-type, the facet dependence of the diode 

properties is weaker than for lowly doped n-type. Compared to lowly doped n-type, the 

histogram is more symmetrical around 0 pA, however there is still a small positive current. For 

lowly doped p-type, the diode is oriented in the opposite direction. There is a small total 

negative current compared to the n-type surfaces (Figure 3.13a and c). In contrast to the I–V 

curves of lowly doped n-type silicon, the curves at 0 V for Si(111) are close to the origin, while 

there is a measurable negative current at 0 V for the Si(100) curves. This agrees with the 

increased negative tribocurrent on the Si(100) surfaces over the Si(111) surfaces. 
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Figure 3.14: Pyramid size and zero-bias current magnitude and localization. (a–d) Topography images of Si(111) pyramids 

of various sizes prepared on lowly doped (8–12 Ω cm) n-type FZ (100) silicon. The width from top edge to bottom edge is 

displayed for each pyramid. (e–h) Current images (retrace TUNA current) showing localization of the d.c. current maxima at 

the pyramids’ edges. Such localization is less appreciable in the smaller pyramids (h). Scale bars are 3.0 µm. 

 

We note that despite our primary purpose being to define the links between electrical 

heterogeneity and d.c. outputs (i.e. localization of tribocurrent maxima), we carried out 

experiments to further maximize currents. This was primarily intended so to benchmark our 

outputs against other research in this field. To this end, series resistance was minimized by 

replacing the carbon tape back contact with gallium–indium eutectic on copper tape, while 

using lowly doped, n-type FZ silicon wafers (Figure 3.14). Data shown in Figure 3.15 on the 

same pyramid as in Figure 3.14a and e reveal that the highest Peak Current – the current 

measured when the tip contact is at the highest force in the tapping cycle, which is different to 

the TUNA current, which is the current over the entire tapping cycle – being obtained was 30.6 

nA, which considering a contact area of 1.06 × 10−13 m2 (DMT model[50]) gives rise to a 

current density as high as 2.9 × 105 A m−2. This value is comparable to the values recently 

reported for Schottky diodes on silicon without 1,8-nonadiyne[97, 101], highlighting the 

importance of lateral electrical heterogeneity and of protection of silicon with a thin organic 

monolayer. Finally, while smaller pyramids show in general lower currents (Figure 3.14), the 

localization of d.c. tribocurrent maxima current at the edges of pyramids is a general feature 

independent of the pyramid size. However in general, a larger and more localized current is 

seen with larger pyramids. 
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Figure 3.15: Peak Current (current when the tip contact force is highest) trace showing a maximal current of 30.6 nA on 

Si(100) FZ wafers, 8–12 Ω cm in resistivity, n-type (phosphorus-doped) etched to expose Si(111) pyramids. Back contact is 

with a gallium/indium eutectic on copper tape. 

We stress on the inverse relationship between the curvature of the contact and the d.c. output 

of a sliding diode. Analogously to the findings on MoS2 by Thundat and co-workers in 

reference [7], a 3800 fold increase in the size of the platinum–silicon contact, here achieved by 

means of rolling a macroscopic 3 mm platinum sphere, resulted in current densities dropping 

by at least three orders of magnitude. It follows that one viable path of scaling up this form of 

energy technology is to use sliding contacts made of multiple tips or presenting multiple sharp 

asperities. 

3.3 Conclusion 

The full spectrum of chemical, mechanical and electronic factors at play in defining the zero-

bias output of an out-of-equilibrium diode is still unclear, but this work provides explicit 

evidence that the dynamic phenomenon of direct-current triboelectricity is maximized (in this 

work 2.9 × 105 A m−2) at concave sites separating semiconductor domains of significantly 

different (static) electrical leakage. Harnessing the facet-dependent conductivity, recently 

reported for several semiconductors [126], will be one way to engineer two-dimensional 

surface conductivity, which here we have shown to weight more on zero-bias d.c. currents than 

vertical and lateral (friction) forces. These findings indicate a target for miniaturizing, and 

minimizing wear, of this new type of autonomous power sources.  
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Abstract 

Triboelectric nanogenerators are an emerging energy technology which harvests electricity 

from mechanical energy. Within this technology there are sliding metal‒semiconductor 

contacts, which can be miniaturized, and having a direct current (DC) output are suitable as 

autonomous power source for electronic devices. Herein we explore the scope of engineering 

the surface chemistry of silicon towards maximizing the output of a Pt–Si Schottky diode-based 

triboelectric nanogenerator. Through the attachment of covalent Si–C-bound organic 

monolayers we have engineered silicon surface chemistry to systematically tune friction, 

wettability and surface work function, with the overall aim of clarifying the interplay between 

mechanical and electronic properties defining the DC output of a zero-bias sliding Schottky 

diode. Current outputs increase two-fold in amine- and alcohol-terminated monolayers 

compared to shorter and carbon-terminated films. This trend parallels the change in friction 

measured in response to surface functionalization. A pronounced effect of silicon doping on 

friction and current was revealed by atomic force microscopy, indicating a link between doping 

and friction, even at zero applied bias. This work reveals an electrical component of friction by 

demonstrating a friction excess in response to the flow of current, and it opens up novel avenues 

into the use of silicon, and its surface chemistry, as platform for triboelectric nanogenerators.  
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4.1 Introduction 

Energy generation is one of the great challenges for the 21st century. An increasingly 

delocalized demand for the Internet of Things presents us with a further challenge for small, 

on-demand power supplies. Triboelectric nanogenerators (TENGs) are a promising future 

power source [127], with a wide range of variants being developed [128-133]. The generation 

of DC electricity is particularly advantageous as most devices require DC power. In this 

context, Si-based triboelectricity is rapidly gaining momentum as it has the potential to open 

up an entirely new and fundamental area in energy and semiconductor research, which will 

benefit from established surface chemistry methods that are available to control the rectifying 

“diode-like” properties of static semiconductor junctions [105, 106, 134-136].  

As the generation of energy in moving Schottky diode-based TENGs occurs at a metal–

semiconductor interface, it follows that the ability to control the surface chemistry of metal and 

semiconductor, ideally with molecular precision [137, 138], can be a viable path to a more 

efficient harvesting of friction into electricity. This work aims to define the role of silicon 

surface chemistry on the current output and friction of a sliding Schottky contact. The ultimate 

technological goal is that of defining the silicon surface chemistry that yields the largest current 

output while under minimal friction. The latter requirement – minimal friction – will 

undoubtedly promote device longevity. As the relationship between doping and friction 

remains poorly understood [115, 139], the role of silicon doping level and type, on both friction 

and surface reactivity, was also explored. Previous work on the tribovoltaic effect indicates 

that friction creates electron–hole pairs, which are then separated by the built-in voltage of the 

metal–semiconductor junction [82, 102, 140, 141]. Friction has been observed to vary between 

metal–semiconductor contacts depending on the identity of the metal [142], which has also 

observed to affect current outputs [73]. The bulk electrical properties of the substrate have been 

linked to the friction on silicon and GaAs surfaces, with excess friction being shown for 

substrate forced by an external bias into accumulation [54, 115, 139, 143]. These observations 

potentially suggest a relationship between friction and current output of a Schottky diode-based 

TENG, but a deeper investigation is required since, in the first place, the zero-bias DC output 

of a sliding Schottky diode is often in the direction of a depletion, and not accumulation, 

current, as seen in Chapter 3.  

The chemical and physical properties of a silicon surface, from charge transfer to friction and 

adhesion [106, 144-146], can be widely tuned by the attachment of an organic monolayer 

bearing specific chemical functionalities [137, 138]. Hexadecylsilane-derived monolayer 
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islands grafted on silica on highly-doped N-type silicon showed lower friction than  the 

surrounding unmodified surface [147]. The incorporation of similar octadecylsilane-derived 

monolayers in a micromotor was also shown to reduce friction [148], and the choice of a 

suitable monolayer terminal group increases friction by favouring hydrogen bonding between 

two contacting surfaces [58]. However, the use of organic monolayers in TENGs is still in its 

infancy, with limited examples available for metal–monolayer–metal [149] and metal–

monolayer–semiconductor [150] sliding junctions. 

In this work we explore the scope, in silicon-based TENGs, of covalently grafted organic 

monolayers bearing a range of terminal groups. The monolayers are Si–C-bound on oxide-free 

(hydrogen-terminated) silicon by means of hydrosilylation chemistry which was also used in 

Chapter 3. This surface chemistry approach is opposed to conventional silane chemistry (Si–

O–monolayers) that requires an oxidized, hence partially electrically insulating substrate. This 

is important as hydrosilylation chemistry allows a broader tuning of surface properties, 

including control of monolayer thickness, stability of the surface chemistry [151], as well as 

tunable and reproducible charge transport across the interface [152]. 

Hydrosilylation of a di-alkyne monolayer-forming molecule (1,8-nonadiyne), and subsequent 

Cu-catalyzed azide–alkyne cycloaddition (CuAAC) reactions on the base monolayer [151, 

153], were used to impart the silicon surface with a range of terminal functionalities (Figure 

4.1). The chemically modified silicon surfaces were then characterized by X-ray and ultraviolet 

photoelectron spectroscopies (XPS and UPS), X-ray reflectometry (XRR), cyclic voltammetry 

(CV) and contact angle (CA) measurements. Current and friction of sliding Schottky diodes 

prepared with these surfaces (silicon–monolayer–platinum sliding contacts) were studied by 

conductive atomic force microscopy (C-AFM), with emphasis on current and friction being 

evaluated in the absence of any external bias. 
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4.2 Results and discussion 

4.2.1 Surface preparation and characterization 

Silicon modified with a covalent Si–C-bound monolayer of 1,8-nonadiyne (S1, Figure 4.1) was 

chosen as a robust and well-studied platform for the protection and further modification of the 

semiconductor surface [150, 151]. Its stability and resistance towards oxidation are well 

documented in the literature [151]. The mechanism for this reaction is shown in Figure 4.2. A 

possible side reaction involved is the attachment of the terminal alkyne to the surface, however 

this is largely ruled out by the thickness of the monolayer as determined by X-ray reflectometry 

(Figure 4.4), as the monolayer of the S1 surface is of a similar thickness to the length of 1,8-

nonadiyne. 

 

Figure 4.2: Mechanism for the attachment of 1,8-nonadiyne to SiH surface [36]. A hydrogen atom is removed from the Si 

surface, which is followed by attachment of 1,8-nonadiyne to the surface by a radical hydrosilylation. The formed C-centred 

radical then abstracts a hydrogen atom from a neighbouring Si atom, which then further reacts with 1,8-nonadiyne by the 

same mechanism. 

A further advantage of this surface chemistry is the presence of a terminal alkyne moiety, which 

enables an high-yielding and straightforward surface modification via CuAAC reactions; the 

 

Figure 4.1: Silicon surface preparation. Schematics of the surface functionalization strategy. Native oxide is first cleaned 

and etched (1,2) to form a hydrogen-terminated surface. This surface is reacted under UV with 1,8-nonadiyne to form 

surface S1. The terminal acetylene functionality of S1 is reacted through a CuAAC reaction to covalently attach either 3-

azidopropan-1-amine (forming S2-NH2), 3-azidopropan-1-ol (S2-OH), or 1-azidobutane (S2-CH3). 
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mechanism of which is shown in Figure 4.3 [85]. Side reactions of this process include 

homocoupling of alkynes, however this process is suppressed by an excess of sodium 

ascorbate, which prevents this oxidative coupling [154].  

 

Figure 4.3: Mechanism of CuAAC reaction [155]. A Cu(1) complex coordinates to the terminal alkyne of the monolayer. This 

then further reacts with another equivalent of the Cu(I) complex which replaces the hydrogen of the terminal alkyne. The azide 

then coordinates to the Cu(I) complex which is coordinated to the alkyne by the π-system. This complex then rearranges to 

form a six-membered ring with the nitrogen coordinating to the two Cu(I) complexes. This eliminates one equivalent of the 

Cu(I) complex forming the 1,2,3-triazole. The final Cu(I) complex is replaced by hydrogen in the final step. 

 Functional azides used to modify the diyne-passivated silicon surface (S1) were structurally 

similar, with differences being limited to terminal functionality whilst maintaining the same 

number of atoms in the monolayer. As shown in Figure 4.1, the choice of introducing with the 

CuAAC reaction either a terminal amine (S2-NH2), an alcohol (S2-OH) or a methyl (S2-CH3) 

group allows access to a range of hydrophilicities of the surface and to systematically examine 

the effect of specific surface chemistries on the tribocurrent and friction of sliding metal–

monolayer–semiconductor junctions. This experimental design also simplifies the analysis of 

surface chemistry on DC outputs, as maintaining a constant monolayer thickness removes 

potentially ambiguous data caused by the exponential dependence of current on tunneling 

distance. XRR data confirmed a comparable monolayer thicknesses for all three surface 

chemistries (Figure 4.4), hence comparable tunneling distances, removing the possibility of 
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differences in tribocurrent (vide infra) arising simply from differences in monolayer thickness 

[156] rather than from different friction and chemistry.  

 

 

Further, C-AFM experiments used to estimate zero-bias DC outputs discussed below were 

conducted under ambient conditions (relative humidity of ~50%). Therefore controlling and 

measuring the hydrophilicity of each surface chemistry was done to account for a potentially 

crucial aspect: surface wetting. Wetting can affect adhesion and friction [158, 159], as well as 

static charging [160], hence it can potentially influence the performance of a TENG. As shown 

in Figure 4.5 a, changes to the monolayer distal caused changes in the static water CA value. 

Surface S2-NH2 was the most hydrophilic, followed by S2-OH and then S2-CH3, while S1 

was the most hydrophobic with a contact angle of 80° which is comparable with prior reports 

[85]. It is interesting to note that the triazole ring formed upon the CuAAC reaction increases 

the sample hydrophilicity, presumably due to its large dipole moment. Values of water contact 

 

Figure 4.4: X-ray reflectometry (XRR) profiles of a) S1, b) S2-NH2, c) S2-OH, and d) S2-CH3 surfaces made on N-type 

silicon substrates. The points with error bars are the collected data and the solid lines are the fits to a monolayer model 

defined by its thickness (d), scattering length density (SLD), and roughness. The refined structural parameters were: S1, d 

= 10.38 (4.52) Å, SLD = 1.05 × 10−5 Å−2; S2-NH2, d = 14.41 (0.24) Å, SLD = 1.21 × 10−5 Å−2; S2-OH, d = 12.23 (0.19) 

Å, SLD = 1.35 × 10−5 Å−2; 2-CH3, d = 12.12 (0.19) Å, SLD = 1.27 × 10−5 Å−2. Estimated standard deviations (esd’s) are 

given in parentheses. SLD for X-rays are equal to the material electron density (e-/Å3) multiplied by 2.82 × 10−5 Å. The 

refined electron densities obtained for these surface (∼0.4 e-/Å3) are higher than the average 0.31 e-/Å3reported for a series 

of methyl-terminated monolayers prepared on Si(100) from 1-alkynes [157], reinforcing on the compactness of the organic 

monolayers used in this study. 
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angle were comparable in both N- and P-type silicon, indicating a negligible effect of the silicon 

doping type on the surface wettability.  

XPS data are consistent with a high yield of the CuAAC reaction, and shows spectral features 

consistent with the expected surface chemistry. Extensive XPS spectral data and their detailed 

discussion are in Figure 4.6, Figure 4.7, Figure 4.8 and Figure 4.9. Most importantly, Si 2p 

high-resolution scans (Figure 4.5 b) showed minimal sign of substrate oxidation on all the 

studied surfaces. While XPS-derived carbon/silicon elemental ratios, for both the CuAAC and 

hydrosilylation reactions, were similar between P- and N-type systems, we estimated CuAAC 

yields by means of electrochemical data obtained through cyclic voltammetry experiments 

(Figure 4.5 c and Figure 4.10). In these controls a conventional redox probe, an azide-tagged 

ferrocene, is first grafted through the CuAAC reaction on the base layer (S1) and then the redox 

probe surface coverage is accurately assessed by integrating the background-subtracted anodic 

and cathodic voltametric currents. The ferrocene voltametric signal is in a voltage region free 

 

Figure 4.5: Silicon surface characterization. (a) Water contact angle measurements, showing minimal influence of 

substrate doping on wettability within samples of same surface chemistry. (b) High-resolution X-ray photoelectron 

spectroscopy of the Si 2p narrow region, showing minimal formation of silicon oxides. (c) Plot of the anodic (positive 

values) and cathodic (negative values) current peak heights obtained from cyclic voltammograms of ferrocene-terminated 

monolayers. Current data indicate a comparable ferrocene surface coverage, hence CuAAC yield, in both P- and N-type 

silicon. (d) Work function of the chemically passivated surfaces measured by ultraviolet photoelectron spectroscopy. 
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from parasitic redox signals [153]. We estimated the surface density of ferrocene molecules to 

be 2.17 × 10−10 mol cm−2 (1.29 × 1014 molecules cm−2) for P-type, leading to a fractional 

coverage of 0.165 based on the density of Si–H on Si(111) [161], or equivalent to 48% of the 

maximum density reported for closely-packed ferrocene head groups [162]. This coverage is 

close to the maximum value reported for similar chemistries on silicon [163]. Similarly, a 

coverage of 2.15 × 10-10 mol cm−2 (1.31 × 1014 molecules cm−2) was measured for N-type 

electrodes, indicating a fractional coverage of 0.167 (49% of a closed-packed ferrocene layer). 

A CuAAC yield close to 50% for the derivatization of the surface acetylenes of S1 is expected 

for this type of surface chemistry [138] and was therefore not further optimized. 
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c) N-type S2-NH2 
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e) N-type S2-OH 

 

f) P-type S2-OH 

 

g) N-type S2-CH3 

 

h) P-type S2-CH3 

 

 

 

 

 

Figure 4.6: XPS wide scans of a) S1 samples prepared on N-type silicon (C/Si ratio = 0.496), b) S1 samples 

prepared on P-type silicon (C/Si ratio = 0.489), c) S2-NH2 samples prepared on N-type silicon (C/Si ratio = 

0.871), d) S2-NH2 samples prepared on P-type silicon (C/Si ratio = 1.071), e) S2-OH samples prepared on N-

type silicon (C/Si ratio = 0.623), f) S2-OH samples prepared on P-type silicon (C/Si ratio = 0.714), g) S2-CH3 

sampled prepared on N-type silicon (C/Si ratio = 0.615), and h) S2-CH3 samples prepared on P-type silicon 

(C/Si ratio = 0.699). All wide scans showed expected emissions in agreement with the expected Si and C 

presence (all surfaces) and N (only for S2 surfaces). Peaks corresponding to Cu emission at 933 eV were 

observed on N-type S2-NH2, P-type S2-NH2, P-type S2-OH and P-type S2-CH3. 
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Figure 4.7: XPS narrow scans of the C 1s region of a) N-type S1, b) P-type S1, c) N-type S2-NH2, d) P-type S2-NH2, e) N-

type S2-OH, f) P-type S2-OH, g) N-type S2-CH3 and h) P-type S2-CH3 samples. For S1 surfaces, three mixed Gaussian–

Lorentzian (80% Gaussian and 20% Lorentzian) functions were required to fit the experimental C 1s band. These three refined 

components were centred at 283.5, 284.5 and 285.6 eV corresponding respectively to C–Si (silicon-bound carbons, [164]), 

C–C (carbon-bound carbons [165]), and carbon in either a C–OH or CC bonding configuration for the high energy 

component [166]. For S2 surfaces, three separate functions were also required fit the experimental C 1s emission. These 

functions were located at 284.5, 286.1 and 287.9 eV, corresponding to C–C, the C–N/C–O and the C=N carbons, which is 

consistent with previous reports [85]. 
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Figure 4.8: XPS narrow scans of the Si 2p region of a) N-type S1, b) P-type S1, c) N-type S2-NH2, d) P-type S2-NH2, e) N-

type S2-OH, f) P-type S2-OH, g) N-type S2-CH3 and h) P-type S2-CH3 samples. For all surfaces, the experimental Si 2p 

emission was fitted with two mixed Gaussian–Lorentzian (95% Gaussian and 5% Lorentzian) functions centred at 98.8 and 

99.4 eV, corresponding respectively to the 2p3/2 and 2p1/2 spin–orbit-split components, and having a FWHM of 0.5 eV. This 

assignment is in line with previous reports [85]. The silicon 2p scan emission did not show evidence of oxidised silicon on the 

S1 surfaces, however a minor high binding energy component located at ca, 102 eV was detected in the S2 samples and 

attributed to minor presence of silicon oxides. We attribute this to oxidation during the CuAAC reaction, however silicon oxide 

was not observed in AFM (e.g. Figure 4.14), which generally appears as sharp topographic features. 
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Figure 4.9: XPS narrow scans of the N 1s region of a) N-type S2-NH2, b) P-type S2-NH2, c) N-type S2-OH, d) P-type S2-OH, 

e) N-type S2-CH3 and f) P-type S2-CH3 sample. The N 1s experimental signals were fitted with two Gaussian functions 

centered at 399.7 and 401.3 eV, corresponding to N═N–N and NH2 (for S2-NH2 surfaces) and N═N–N in line with previous 

reports [85, 167]. As expected from the chemical structure of the azide tethered onto the surface, the two refined contributions 

were a 2:1 ratio for S2-OH and S2-CH3 samples, and in a 3:1 ratio for S2-NH2 surfaces. No emission corresponding to 

unreacted (physically adsorbed rather than chemisorbed) azide molecules, expected at 405 eV [168], was seen in any of the 

spectra.  
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Figure 4.10: Electrochemical measurements of the CuAAC reaction yields (surface coverage). Cyclic voltammograms 

recorded at a variable voltage sweep rate (indicated by the labels in figure) of ferrocenylated silicon surfaces (chemical details 

as per Fig. 2c). The silicon surface served as the working electrode, and Ag/AgCl as the reference electrode, and a platinum 

coil as the counter electrode. The electrolyte was aqueous 1.0 M HClO4. Panel (a) shows data for P-type samples under 

ambient light, and (b) for N-type samples under red light illumination (660 nm). 
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Despite surface coverage and wettability not being affected by the substrate doping type, a 

doping-related electronic effect is present and is tuned by the surface chemistry. UPS data in 

Figure 4.5 d and Figure 4.11 reveal a stronger electronic effect, imparted by the monolayer 

chemistry, on P-type than on N-type silicon. On N-type silicon, the surface work function is 

reduced after the formation of the triazole ring, but this reduction is independent to the terminal 

chemistry of the monolayer. On the contrary, on P-type we found a significant electronic effect 

by the monolayer chemistry. This is tentatively attributed to the presence of residual copper 

catalyst in the monolayer, see Figure 4.12, which parallels the observed trend in work 

functions. Surprisingly the protocol [169] used to remove the CuAAC copper catalyst in these 

experiments was highly effective for N-type, but not for P-type.  

After having validated the surface chemistry strategy (by XPS), ensured a consistent tunneling 

barrier (XRR), assessed the wettability and propensity to uptake ambient water (CA and XRR), 

and gauged surface work functions (UPS), we next moved to studying the electrical and 

tribological properties of these surfaces. 
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Figure 4.11: UPS spectra of the secondary edge region of a) N-type S1, b) P-type S1, c) N-type S2-NH2, d) P-type S2-NH2, 

e) N-type S2-OH, f) P-type S2-OH, g) N-type S2-CH3 and h) P-type S2-CH3 samples. The black line is the acquired data and 

the red lines are linear fits to the flat and steep regions. The work function of each sample was estimated from the position of 

the intersection between the flat lines (subtracted from the 21.218 eV excitation energy). 
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Figure 4.12: XPS-derived surface copper concentration estimated as percentage of the total photoelectron counts. In general, 

a small amount of copper was observed on samples prepared on N-type silicon, while a greater amount was observed for P-

type surfaces. This trend tracks the change in work function (UPS data, Figure 4.11). 

 

4.2.2 Tribocurrent and friction  

Conductive AFM (C-AFM) measurements revealed differences in friction and current outputs 

with varying monolayers and doping of the silicon underneath. Importantly, the use of 

conductive AFM tips allows us to measure, simultaneously, the zero-bias current as well as the 

friction and topography across the surface. The generation of DC current with a 

metal−semiconductor moving contact, rooted in a tribovoltaic effect, is well established [99, 

141, 150]. In a typical C-AFM experiment, such as for those shown in Figure 4.13, we 

simultaneously measured topography (Figure 4.13 b), current (Figure 4.13 c) and friction 

(Figure 4.13 d) across a range of applied loads (0–100 nN), and then measured the static 

current–voltage (Figure 4.13 e,f) and force–distance characteristics to determine adhesion 

afterwards. Topography was observed to be similar between all surfaces (Figure 4.14), and 

typical of an oxide-free terraced Si(111) crystal surface [153] with a surface roughness (Ra) as 

low as 0.099 nm. For both P- and N-type substrates, static junctions made on S1 surfaces 

showed the smallest current across the entire voltage range (Figure 4.13 e and f). In Figure 4.13 

e, the I–V curves of P-type surfaces with S2-OH and S2-CH3 monolayers showed similar 
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current response while the S2-NH2 monolayer showed a similar profile but a smaller current. 

In Figure 4.13f, the currents in the reverse bias (positive quadrant in our setup) for N-type 

surfaces increased in the same order as the sample hydrophilicity (S2-NH2 > S2-OH > S2-CH3 

> S1). This warrants particular attention since the zero-bias current has the direction of a 

reverse bias (leakage) current. This current is mainly carried by holes tunneling under the 

barrier of the Pt–Si junction, as previously demonstrated [150]. The nulling voltages were 

measured in another AFM experiment (Figure 4.15) and are consistent with this mechanism. 
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a) N-type S1 

Ra = 0.170 nm 

 

 

b) P-type S1 

Ra = 0.099 nm 

 

c) N-type S2-NH2 

Ra = 0.116 nm 

 

d) P-type S2-NH2 

Ra = 0.116 nm 

 

e) N-type S2-OH 

Ra = 0.311 nm 

f) P-type S2-OH 

Ra = 0.134 nm 

 

Figure 4.13:  AFM experiments. (a) Schematic showing the AFM tip–monolayer–Si sliding contact and the configuration 

of the electrical circuit for C-AFM. In our C-AFM setup the external voltage bias is applied to the substrate. b) Typical 

topography data of a monolayer-modified crystalline Si surface (S2-NH2, N-type). (c) Representative zero-bias (0.0 V) 

current image of a sliding junction (S2-NH2, N-type). (d) Representative friction loop image (friction measured in the trace 

direction minus the friction measured in the retrace direction, all divided by two to give the friction force; S2-NH2, N-type 

). (e,f) Current–voltage (I–V) curves acquired on P-type (e) and N-type (f) silicon surfaces bearing different monolayers 

(each trace is the average of ten I–V curves; labels to the curves specify the monolayer chemistry). 

 



91 

 

  

g) N-type S2-CH3 

Ra = 0.133 nm 

 

h) P-type S2-CH3 

Ra = 0.105 nm 

 

Figure 4.14: Topography AFM images and roughness values for all surfaces of this study ((a) N-type S1; (b) P-type S1; (c) 

N-type S2-NH2; (d) P-type S2-NH2; (e) N-type S2-OH; (f) P-type S2-OH; (g) N-type S2-CH3; (h) P-type S2-CH3). The 

topography images are height sensor images acquired under an applied force of 50 nN. Analysing data of a 1.8 m × 200 nm 

region allows removing edge artifacts. This was the same sampling area on which friction data are also measured. Scale bars 

are 400 nm. Surface roughness (Ra) values are indicated in figure. 
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Figure 4.15: Nulling voltages as determined from I–V curves, as the external bias at which the current switches sign. These 

data show a consistently greater (more negative) nulling voltages on N-type over P-type, and indicate a greater effect on 

nulling voltage mediated by the monolayer chemistry rather than by the doping type of the underneath silicon. 
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As shown in Figure 4.16a,b, the measured friction increases with increased load. This is an 

expected behaviour. An effect on friction is seen by varying the monolayer chemistry while 

keeping unchanged the substrate doping. Friction increases for monolayers with more polar 

end groups (S2-NH2 and S2-OH) compared to interfaces exposing less polar terminal 

functionalities (S1 and S2-CH3). This molecular effect on friction is however more pronounced 

on P- than on N-type silicon. It is also worth noting that friction was substantially lower on all 

 

Figure 4.16:  AFM-derived friction, adhesion and zero-bias current data. (a,b) Friction force versus normal force data for 

all monolayer systems ((a), N-type silicon; (b) P-type silicon). Data recorded at zero applied bias. c) Adhesion data for all 

monolayer systems, prepared on either N- or P-type silicon substrates. d) Friction coefficients (µ) for all monolayer systems 

(N- and P-type silicon substrates). e) Ratio between the friction coefficient of samples with the same monolayer type but 

grafted on either N- or P-type silicon. Data indicate a significantly larger µ on N-type samples for all S2 monolayers 

systems, while the N-/P- ratio of µ was closer to unity for the S1 monolayer. f) Maximum zero-bias tribocurrent output 

measured on samples prepared on N-type silicon. Sliding junctions made on P-type silicon did not show a zero-bias current 

greater than the noise in the measurements (~1 pA). 
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P-type surfaces (Figure 4.16b), which, as will be discussed later, are the surfaces with the lower 

(negligible) zero-bias tribocurrent output. To shine some light on this relationship between 

friction, doping type and current, specifically, to start addressing the question as whether 

friction can be, at least in part, a response and therefore, not only because of a passing current, 

adhesion on N-type surfaces (Figure 4.16c) was observed to be vary weakly with the chemistry 

of the monolayer, except for a greater adhesion on the S2-OH surface. P-type surfaces showed 

a greater variation in the adhesion with the lowest adhesion being observed on the S2-OH 

surface. Importantly, it is clear that the trend in adhesion does not follow the trend in friction 

coefficients, so, once again, dynamic factors such as current generation cannot be neglected as 

having a role in influencing friction.  

This finding points towards the tip–surface interaction being governed both by the chemistry 

of the terminal group as well as involving an electronic effect from the silicon beneath the 

monolayer. Wear of the tip was ruled out by measuring the tip radius between each surface, 

which was not found to change.  

To gain further insights on the link between friction and current, especially trying to unveil to 

what extent friction is a response to current and not strictly vice-versa, friction was modelled 

by a modified form of Amontons’ Law where the lateral force (𝐹𝐿), measured here in Volts, is 

given by 𝐹𝐿 = 𝜇𝐹𝑁 + 𝐹0, and 𝜇 is the friction coefficient (with units V/nN) [58]. The friction 

is measured in Volts due to it being determined by the lateral deflection of the AFM tip which 

gives rise to a voltage on the photodiode used to determine the angular position of the tip. This 

voltage is proportional to the friction force by a constant calibration term. We performed linear 

regression on each of the friction–load curves and the experimentally determined values of 𝜇 

are shown in Figure 4.16d. As for the friction data discussed above, there is clear evidence of 

a pronounced effect of the doping type on the friction coefficient. This effect is made more 

explicit in Figure 4.16e, which plots the ratio of 𝜇 values for N-type surfaces over that obtained 

for P-type surfaces. This was to isolate, within the same monolayer system, the effect of doping 

alone over the friction coefficient. The N-type to P-type ratio of µ is comparable within 

experimental error for each of the CuAAC surfaces (S2-NH2, S2-OH, S2-CH3) surfaces, 

however this is noticeably different to the ratio obtained for S1 samples, which is closer to 

unity. This suggests that the backbone of the organic monolayer itself is non-innocent in 

mediating a substrate-doping effect on friction. The cause is at present unclear, but one crucial 

difference between the S1 and all S2 monolayers is the presence of a 1,2,3-triazole in the latter. 

It appears as though this feature amplifies the effect of the doping on friction, possibly through 
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the dipole of this group interacting with the electric field of the Schottky junction. A lateral 

flexoelectronic effect in addition to the flexoelectronic effect due to the normal force may also 

be present [13]. 

The most obvious environmental interference on friction and adhesion– differences in nano- 

and micro-scale water adsorption – was tested by XRR [46]. In general, prior to AFM 

experiments, surfaces were rinsed with dichloromethane, which will remove water from these 

surfaces. However measurements were done in air, and there is the possibility that surfaces will 

slowly re-adsorb water. As shown by XRR data in Figure 4.17, N- and P-type surfaces adsorb 

nanoscopic layers of water at comparable rates. We thus conclude that the adsorption of water 

from the air is not a major factor in the causing different friction coefficients between different 

dopings. This however does not discount the effect of the formation of the water meniscus 

between the tip and surface influencing the difference between friction coefficients between 

the different monolayers, yet it will unlikely be the cause of the difference between N- and P-

type samples, where the main difference remains the different zero-bias tribocurrent output.  

 

Figure 4.17: X-ray reflectometry (XRR) analysis of the nanoscale water-uptake kinetics on monolayer-modified samples. By 

unveiling the time scale required for a nanoscale water layer to adsorb, time-resolved XRR experiments allowed to rule out a 

doping-related effect on water uptake, hence a link between friction and current with surface water layers. The velocity and 

extent of water accumulation is comparable between P- and N-type samples. (a,b) XRR data showing the accumulation of 

water on S1 surfaces, showing no kinetic difference, between samples made on substrates of different doping type, in the water 

uptake from air ((a) N-type silicon; (b) P-type silicon). The blue XRR profiles are obtained on dry samples (t = 0 h), while the 

red curves are profiles obtained between 1 and 15 h after exposure of the samples to ambient air. The emergence of a Kiessig 

fringe indicate nanoscale water accumulation on the surface. This water layer makes the system overall progressively thicker, 

and the black traces are the final measurements at time t = 15 h. (c) Plot of R/R0 at Q = 0.351 Å-1 (where R is reflectivity at a 

given time and R0 is reflectivity a t = 0 h) which shows increasing intensity of the Kiessig fringe over time. 
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As shown in Figure 4.13 f, beside doping type, tribocurrents were greatly affected by the 

terminal chemistry. Current densities and contact areas are presented in Table 4.1. By simply 

changing the monolayer end group we were able to increase the current output by a factor of 

two and the current density by a factor of 1.9 (Table 4.1: DMT Contact areas and current 

densities at 100 nN normal force. The current measured for P-type surfaces did not show a 

greater zero-bias current than the noise in the measurements (~1 pA).). 

Table 4.1: DMT Contact areas and current densities at 100 nN normal force. The current measured for P-type surfaces did 

not show a greater zero-bias current than the noise in the measurements (~1 pA).  

Doping type / sample Contact area (nm2) Current density (106 A m−2) 

N-type / S1 47 2.4 

P-type / S1 45 - 

N-type / S2-NH2 46 4.6 

P-type / S2-NH2 44 - 

N-type / S2-OH 53 3.9 

P-type / S2-OH 37 - 

N-type / S2-CH3 47 2.7 

P-type / S2-CH3 42 - 

The DMT (Derjaguin-Muller-Toporov) model of contact is appropriate for hard, poorly adhesive materials, such as Si, even 

when coated with a monolayer. For the DMT model, the contact area is given by the following formula, where R is the tip 

radius, K is the reduced Young’s modulus, L is the normal force and 2𝜋𝑅𝛾 is the adhesive force [170]:  

𝐴 = 𝜋 [
𝑅

𝐾
(𝐿 + 2𝜋𝑅𝛾)]

2
3
 

The Young’s modulus for Pt and Si are 177.3 GPa and 162.9 GPa respectively and the Poisson ratios are 0.395 and 0.222 

respectively [171]. The reduced Young’s modulus for the Pt–Si contact is given by the formula: 

1

𝐾
=

4

3
(
1 − 𝜈1

2

𝐸1
+

1 − 𝜈2
2

𝐸2
) 

K for this contact is 70.8 GPa. The tip radius is measured to be 26 nm by AFM in TUNA mode on a standard Ti Roughness 

sample. The adhesive forces are stated in Figure 4.16d). The normal force is 100 nN at maximum applied force.  

Thicker monolayers (e.g. S2-NH2 versus S1) did show the largest output despite the longer 

tunneling distance, which suggests that the triazole has a positive effect on the current output. 

The study of the effect of surface dipoles in general is lacking [172] and the modification of 

surface chemistry can have an impact on the work function and electron affinity of a surface 

[173]. Zero-bias currents for sliding junctions made on P-type samples did not rise above noise 

level (~1 pA), while on N-type surfaces (Figure 4.16f) were substantial and tracked the 

measured friction. This trend also correlates with the static I–V properties, such as the 

magnitude of the reverse bias current shown in Figure 4.16 f, revealing a powerful diagnostic 
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tool to screen and select for surfaces most likely to lead to a larger tribocurrent and proving a 

relationship between the static electrical properties and the dynamic friction.  

4.3 Conclusions 

Despite chemical methods to modify surfaces being routinely exploited in applications ranging 

from chemical catalysis to sensing, the scope of engineering the surface chemistry of a 

semiconductor towards improving the performance of TENGs based on sliding Schottky 

diodes is underexplored. We prepared a series of silicon–carbon-bound organic monolayers on 

oxide-free Si(111), with an emphasis on controlling the thickness of the organic film (tunneling 

distance) whilst changing the monolayer terminal chemistry in order to tune friction, adhesion, 

wettability and work function of the surface. One possible complication here is that the electron 

tunneling depends on the barrier height and not just the thickness of the monolayer, so this is 

an avenue of future research. 

These monolayers were studied by C-AFM to examine, in particular, the links between friction 

and current output. We demonstrate that surface chemistry can maximize the zero-bias 

tribocurrent output, primarily by the formation of a 1,2,3-triazole moiety in the monolayer 

causing a significant reduction in work function, and increase in static leakage current. 

Triazole-bearing monolayers with dipolar terminations (amines and alcohols) showed the 

largest static leakage, matched by the largest DC current output at zero bias. Chemistry-related 

changes in adhesion do not appear to have a significant effect on tribocurrent outputs. This 

work has unveiled a surprising and pronounced effect of substrate doping type on the friction 

of a sliding platinum–monolayer–semiconductor junction. This discovery is counterintuitive, 

as the generally accepted view is that of friction being determined primarily by the chemistry 

and morphology of an interface. We show that for monolayer-modified crystalline Si(111) 

samples, having identical chemistry and morphology, a greater friction manifests when, under 

no external bias, larger tribocurrents cross the interface. This work bridges the fields of surface 

chemistry and molecular electronics with the rapidly expanding field of triboelectricity. 
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Chapter 5 Electrochemical Investigation of Copper in CuAAC 

Assembled Monolayers 

Abstract 

Cu(I)-catalysed azide–alkyne cycloaddition reactions were used in Chapter 4 as an efficient 

and high yielding reaction to attach a diverse set of functionalities to a surface. Copper 

contamination of these surfaces was detected so a further study of this was warranted. Copper 

contamination was investigated on two types of surfaces: amine-terminated and ferrocene-

terminated with 1,8-nonadiyne-derived monolayers as a copper-free control. Copper 

contamination was observed in varying amounts by cyclic voltammetry on ferrocene-

terminated surfaces with higher surface concentrations on P-type surfaces. Surfaces were 

further characterised by electrochemical impedance methods, showing a greater rate of electron 

transfer on P-type surfaces. Open circuit potentiometry was also investigated as a potentially 

simple method of copper detection, however this could not be correlated with the presence of 

copper using solely electrochemical methods. 
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5.1 Introduction 

The Cu(I)-catalysed azide–alkyne cycloaddition (CuAAC) reaction provides an ideal platform 

for the modification of silicon surfaces [29, 174]. It is a reliable reaction for the attachment of 

a diverse range of functionalities [34, 46]. One of particular interest is the ferrocene moiety, 

which can be used as a redox probe on Si, which it is facile to determine coverage and electron 

transfer kinetics [39]. 

Due to usage of copper as a catalyst in the CuAAC reaction, it is important to remove it due to 

adverse effects of copper on the electrical properties of a system [175, 176], in particular acting 

as recombination centres [177], which can adversely affect the output of a triboelectric 

nanogenerator. Copper ions can be trapped as a stable acetylide [178], by surface oxide on 

silicon [179] or coordinated to by 1,2,3-triazoles [42]. 

Copper is a redox active metal and can be detected electrochemically, so open circuit 

potentiometry is a logical tool to detect copper. Copper has been successfully detected by using 

open circuit potential (OCP) methods to examine the deposition of copper from hydrofluoric 

acid solutions on to silicon electrodes [180-182] down to a parts per billion scale. Under these 

conditions, copper metal deposits on to the silicon surface, which can be seen by AFM and 

SEM. Copper surface concentrations were determined by total x-ray reflection fluorescence 

(TXRF) spectroscopy which allows measurement of very low surface concentrations of copper. 

All of these studies focused on the reduction of Cu2+ to Cu metal on bare silicon, however the 

system examined in this chapter involves Cu+ generated by the reduction of Cu2+ in solution 

by sodium ascorbate.  

This chapter report attempts to measure copper contamination by a range of electrochemical 

procedures with an emphasis on the surfaces studied in Chapter 4. A range of silicon dopings 

and types was explored in an attempt to establish a link between doping and copper surface 

concentration which was observed in Chapter 4.  
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5.2 Synthesis of Clicked Monolayers 

 

Figure 5.1: Synthesis of studied monolayers using typical methods to hydrogen-terminate the surface then a hydrosilylation 

and CuAAC strategy to assemble the monolayers of interest. 

As shown in Figure 5.1, the native oxide on the silicon wafer is first cleaned by solvents and 

piranha solution and is then etched by ammonium fluoride to synthesise a hydrogen-terminated 

surface. The hydrogen-terminated surface is then reacted with 1,8-nonadiyne in a UV-catalysed 

hydrosilylation reaction to form the 1,8-nonadiyne modified S1. S1 is then reacted in a CuAAC 

reaction with either azidomethylferrocene or 3-azidopropan-1-amine to form S2 and S3 

respectively. These surfaces were cleaned with a range of solvents and 0.5 M hydrochloric acid 

in an attempt to remove all the Cu catalyst used in the CuAAC reaction . 

S1 surfaces were chosen as a Cu-free platform for the further modification and electrochemical 

study. S2 was selected as it contains a well-characterised redox probe [39]. S3 was chosen as 

it was shown to trap the most copper in Chapter 4, so warranted further study to examine the 

possibility of determining the amount of copper on the surface electrochemically. 

5.3 Cyclic Voltametric Studies of the Prepared Monolayers 

Cyclic voltammetry was performed on all surfaces to examine their electrochemical properties. 

S1 surfaces, as expected, showed no peaks in the studied range (0.2–0.7 V versus Ag/AgCl), 

an example of which is shown in Figure 5.2. 
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Figure 5.2: Cyclic voltammogram of highly doped N-type S1 surface at 100 mV/s scan rate (5 cycles) 

S3 surfaces however were expected to show peaks corresponding to the oxidation of Cu trapped 

on the surface after the CuAAC reaction, however this peak was only seen once on a lowly-

doped P-type surface and never on other doped surfaces. Only an oxidation peak could be seen 

however at 0.60 V versus Ag/AgCl at 100 mV/s scan rate with no clear reduction peak observed 

as seen in Figure 5.3. Surface concentration was seen to decrease with each scan as shown in 

Figure 5.4, which is attributed to the solubilisation of Cu(II) or the interference of the oxidation 

of the surface. 
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Figure 5.3: Cyclic voltammogram of lowly doped P-type S3 surface at 100 mV/s scan rate (5 cycles), showing the presence of 

copper 
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Figure 5.4: Surface concentration as determined from anodic peak of cyclic voltammogram in Figure 5.3 

Cyclic voltammetry on S2 surfaces proved to be of more interest however with a redox active 

ferrocene moiety tethered to the surface. 

 

Figure 5.5: Cyclic voltammograms of four lowly doped P-type S2 surfaces at a range of scan rate with Cu shoulder peak 

annotated by an arrow. a) Sample 1, b) sample 2, c) sample 3, d) sample 4 

Lowly doped P-type surfaces showed reproducible voltammetry with a consistent E1/2 of 0.355 

V across all samples as shown in Figure 5.5. This agrees with previous reports of the E1/2 of 
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ferrocene bound in this monolayer [163]. A small peak is seen in Figure 5.5 a) at 0.46 V in the 

oxidation peak which is attributed to Cu oxidation. This peak is also tentatively assigned in 

Figure 5.5 b) and d). No corresponding reduction peak could be observed for this however. 

Even with consistent sample preparation, differing amounts the peak attributed to Cu were 

observed, which shows that minor inconsistencies in sample preparation leads to significantly 

different amounts of Cu observed. It would also appear that ferrocene is required to see this Cu 

peak. 

These ferrocene films exhibit CV waves with a full width at half maximum (hence fwhm) for 

both oxidation and reduction at 250 mV/s of a) 0.141 V, b) 0.124, c) 0.127, d) 0.126 V. This is 

greater than the ideal fwhm from the Langmuir isotherm for a Nernstian process of 90.6 mV. 

This can be explained by repulsive interactions between ferrocene moieties [183]. The fwhm 

is also affected by the peak attributed to Cu oxidation, increasing it by a small amount.  

High coverage was observed for all surfaces with a coverage of 2.43 × 10-10 mol cm−2 

corresponding to a fractional coverage of a complete monolayer of close packed ferrocenes of 

0.54. This is comparable to previous reports [163], showing a high efficiency of the CuAAC 

reaction.  

Extremely fast kinetics were observed for these surfaces with a maximum peak splitting of 9 

mV at 5 V s−1. This does not allow us to use Laviron’s formalism based on the peak splitting 

to determine the kinetics [184], however electrochemical impedance spectroscopy can be used 

in these cases and is further discussed later in Section 5.4.  
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Figure 5.6: Cyclic voltammograms of three highly doped P-type S2 surfaces at a range of scan rate with Cu shoulder peak 

annotated by an arrow. a) Sample 1, b) sample 2, c) sample 3 

Highly doped P-type surfaces showed similarly reproducible voltammetry with a consistent 

E1/2 of 0.355 V, similar to lowly doped P-type. A similar peak attributed to copper oxidation at 

0.46 V was seen in Figure 5.6 a) and is tentatively assigned in Figure 5.6 c). The fwhm of these 

peaks is reflective of similar interactions to those seen in Figure 5.5, with slightly larger than 

ideal fwhms. At 250 mV s-1, the fwhm for a) were 0.117 V for the oxidation peak and 0.126 V 

for the reduction peak, for b) were 0.109 V for the oxidation peak and 0.110 V for the reduction 

peak and for c) were 0.131 V for the oxidation peak and 0.123 V for the reduction peak. The 

largest peak splitting was observed in b) with a splitting of 29 mV. It is also the peak with the 

smallest copper oxidation peak, suggesting that the copper may play a role in catalysing the 

oxidation and reduction of the ferrocene moieties as the peak splitting is reflective of the 

kinetics of this reaction. The mechanism by which this occurs is unclear and requires further 

investigation. Again, high coverages were observed with an average coverage of 2.43 × 10-10 

mol cm−2 corresponding to a fractional coverage of a complete monolayer of close packed 

ferrocenes of 0.54.  



105 

 

 

Figure 5.7: Cyclic voltammograms of three lowly doped N-type S2 surfaces at a range of scan rates under illumination. a) 

Sample 1, b) sample 2, c) sample 3 

Lowly doped N-type S2 surfaces were illuminated to ensure sufficient kinetics to determine 

the coverage and ensure close to ideal kinetics [87]. The E1/2 of a) (−0.186 V) was substantially 

different for those determined for b) (−0.126 V) and c) (−0.128 V). This is attributed to a 

difference in light intensity, as an increase in light intensity shifts the peak to a more negative 

value. Noticeable asymmetry was seen in Error! Reference source not found. a) and b), 

which again is tentatively assigned to the oxidation of Cu. Greater fwhms were observed for 

these surfaces than the p-type surfaces, due to an increase in interactions between ferrocene 

moieties and the surface. At 250 mV s−1, the fwhm for a) were 0.143 V for the oxidation peak 

and 0.173 V for the reduction peak, for b) were 0.175 V for the oxidation peak and 0.170 V for 

the reduction peak and for c) were 0.175 V for the oxidation peak and 0.170 V for the reduction 

peak. Small peak splittings were observed again, similar to lowly doped and highly doped P-

type silicon. Again, high coverages were observed with an average coverage of 2.15 × 10−10 

mol cm−2 corresponding to a fractional coverage of a complete monolayer of close packed 

ferrocenes of 0.48. This is somewhat lower than that observed for lowly doped and highly 

doped P-type.  
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Figure 5.8: Cyclic voltammograms of highly doped N-type S2 surfaces at a range of scan rates. a) Sample 1, b) sample 2, c) 

sample 3 

It is immediately apparent from the CV data that there is a distinct difference between highly 

doped N-type from the other studied dopings. There is a clear second reduction peak in Figure 

5.8 b) and c). This corresponds to a pronounced stabilisation of the ferrocenium moiety at 

higher scan rates. We attribute this to ferrocene as the anodic and cathodic coverages are the 

same by integration and no clear peaks that could feasibly be attributed to copper can be seen. 

This peak was not observed in Figure 5.8 a) as the scan window was not wide enough to see 

these peaks, however there is a corresponding difference in the cathodic coverage versus the 

anodic coverage, suggesting the possible presence of it. In Figure 5.8 a), there is a difference 

between the fwhm of the peaks at 250 mV s−1 in the anodic (0.108 V) and cathodic (0.136 V) 

direction, suggesting a greater interaction of the oxidised ferrocenium moieties on the highly 

doped N-type than on other surfaces.  
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5.4 Electrochemical Impedance Spectroscopy 

 

Figure 5.9: Bode plots of S2 surfaces on a) lowly-doped N-type silicon with filled squares for dark EIS and crossed squares 

for red illuminated EIS, b) lowly-doped P-type silicon, c) highly-doped N-type silicon with filled squares for initial EIS and 

empty squares for EIS after obtaining cyclic voltammograms, d) highly-doped P-type silicon. 

Impedances can be measured over a broad range of frequencies to allow us to estimate 

individual elements of an electrical circuit to model the kinetics of the redox reaction of the 

ferrocene on S2 surfaces. Bode plots, as Figure 5.9, show visually the electrochemical kinetics. 

As the AC frequency becomes close to the time constant of the redox reaction, the phase and 

the gradient of the |Z| versus frequency plot reach a minimum. It becomes readily apparent then 

that the doping has a significant effect on the kinetics of the redox reaction from Error! 

Reference source not found.. A quantitative treatment of the kinetics can be achieved by a 

fitting of the data to the model Randles circuit as shown in Figure 5.10. Capacitances are treated 

as constant phase elements due to inhomogeneity in the electrochemical system e.g. kinetic 

dispersion [185].  
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Figure 5.10: Model Randles circuit for EIS fitting. Rsol is the solution resistance, Cads is the adsorption pseudo-capacitance, 

Rct is the charge transfer resistance and Cdl is the double layer capacitance. 

Table 5.1: EIS fitting data from Figure 5.9. Errors are determined from fitting 

Doping and 

condition 

Rsol (Ω) Cdl (F) Cdl 

phase 

(°) 

Rct (Ω) Cads (F) Cads 

phase 

(°) 

ket (s-1) χ2 

Lowly doped 

N-type dark 

0 ±11 1.6×10-8 

±0.2×10-8 

0.879 

±0.008 

4.24×103 

±0.03×103 

4.05×10-5 

±0.05×10-5 

0.9112 

±0.006 

2.91 ±0.06 0.0015 

Lowly doped 

N-type 

illuminated 

19.0 

±0.7 

4×10-8 

±1×10-8 

0.82 

±0.02 

2.1×102 

±0.2×102 

8×10-6 

±1×10-6 

0.94 

±0.02 

3.1×102 

±0.2×102 

0.0065 

Lowly doped 

P-type 

10.4 

±0.2 

2.7×10-6 

±0.5×10-6 

0.88 

±0.01 

14.1±0.3 4.16×10-5 

±0.05×10-5 

0.989 

±0.001 

8.5×102 

±0.3×102 

0.00026 

Highly doped 

N-type pre-

CV 

3.3± 

0.8 

1.7×10-7 

±0.1×10-7 

0.949±

0.007 

3.05×103 

±0.06×103 

4.3×10-5 

±0.1×10-5 

0.78 

±0.01 

3.8±0.2 0.0052 

Highly doped 

N-type post-

CV 

3.4± 

0.7 

1.7×10-7 

±0.1×10-7 

0.952±

0.006 

3.19×103 

±0.05×103 

2.68×10-5 

±0.05×10-5 

0.818 

±0.008 

5.9±0.2 0.0041 

Highly doped 

P-type 

6.44 

±0.09 

1.5×10-6 

±0.1×10-6  

0.934± 

0.007 

31.5 ± 0.3 5.07×10-5 ± 

0.03×10-5 

0.974 

±0.001 

314±5 0.00042 

.  

Fitted data are displayed Table 5.1. High quality fits (χ2 < 0.0005) were obtained on both P-

type surfaces however the fits on N-type surfaces were of lower quality (χ2 <0.0065). EIS was 

used to determine the kinetics of the ferrocene/ferrocenium redox reaction via the formalism 

developed by Laviron [186, 187], that is 
1

2𝑅𝑐𝑡𝐶𝑎𝑑𝑠
= 𝑘, where Rct is the charge transfer 

resistance, Cads is the adsorption pseudo-capacitance and k is the time constant of the redox 

reaction. The redox reaction was observed to be much faster on P-type surfaces than N-type, 

except where the lowly doped N-type surface was illuminated, bringing the kinetics much 

closer to those of the P-type surfaces. The P-type surfaces have a much lower charge transfer 
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resistance than N-type, suggesting a greater difficulty in charge transfer from the ferrocene 

moiety to the N-type silicon attributed to these surfaces being in depletion.  

 

Figure 5.11: Mott-Schottky plots at 10 kHz of prepared surfaces (black) with linearly fit and extrapolated region (red) to 

determine the flat band potential. a) Lowly-doped P-type S1, b) lowly-doped N-type S1, c) lowly-doped P-type S2, d) lowly-

doped N-type S2, e) lowly-doped P-type S3, f) lowly doped N-type S3. 

 

The flat band potential is of interest as at it, there is no depletion layer in the junction between 

the silicon surface and the electrolyte. We can then use this flat band potential to determine 

whether the surface is in depletion or accumulation, which is of relevance as this affects the 

electron transfer kinetics.  
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Mott-Schottky plots, shown in Figure 5.11, are used to determine the flat band potential via the 

following equations [188] where Cs is the capacitance, εSi is the permittivity of Si, ε0 is the 

permittivity of free space, q is the elementary charge, NA is the number of acceptors or donors, 

Vs is the applied voltage, Vfb is the flat band potential, kB is Boltzmann’s constant and T is the 

temperature:  

1

𝐶𝑠
2 = (

2

𝑞 𝜀𝑆𝑖𝜀0𝑁𝐴
) (|𝑉𝑠 − 𝑉𝑓𝑏| −

𝑘𝐵𝑇

𝑞
)   (Equation 5.1) 

𝑉𝑆
𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙𝑎𝑡𝑒𝑑 −

𝑘𝐵𝑇

𝑞
= 𝑉𝑓𝑏    (Equation 5.2) 

A linear fit is performed to the linear region to find the intercept with the x-axis, which is the 

VS
extrapolated and the flat band potential can be determined from this value. Values of flat band 

potentials determined from Figure 5.11 are shown in Figure 5.12. 
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Figure 5.12: Flat band potential as determined from extrapolation of Mott-Schottky plots 
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5.5 Open Circuit Potentiometry 

 

Figure 5.13: Open circuit voltages versus Ag/AgCl for a) S1 surfaces, b) S2 surfaces and c) S3 surfaces. 

Open circuit potential (OCP) measurement is a simple procedure to determine how difficult a 

surface is to oxidise and a measure of the rate of oxidation of the surface [189]. For S1 surfaces 

in Figure 5.13 a), slight oxidation of the surfaces is seen by a small increase in the OCP over 

the studied time, with the greatest level of oxidation seen on lowly doped N-type silicon. It is 

apparent from the small change in OCP that the 1,8-nonadiyne-derived monolayer effectively 

protects the underlying silicon from oxidation. This was also used as a copper-free control 

surface.  

For S2 surfaces in Figure 5.13 b), the OCP was dominated by the presence of the unoxidised 

ferrocene moieties on the surface. Only small trends corresponding to oxidation of the surface 

were seen, however on highly doped surfaces, the OCP was much less stable, showing 

fluctuations of up to 40 mV. These sharp changes were seen to be reversible however and there 

is only a weak positive trend of the OCP. The lowly doped surfaces were seen to oxidise slightly 

however substantially less so than the S1 surfaces.  
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For S3 surfaces in Figure 5.13 c), similar trends to S1 surfaces were observed, except for lowly 

doped N-type, which was seen to be more resistant to oxidation than the corresponding S1 

surface. These surfaces showed a greater change in OCP than the corresponding S1 surface. 

This suggests an increase in the rate of oxidation of these S3 surfaces. The amine of these 

surfaces is likely to be protonated as the electrolyte used is 1 M HClO4, a strong acid, which 

could encourage oxidation by increasing the monolayer wettability, which increases the contact 

with water.  

Lowly doped P-type was repeated three times to try to determine a correlation between the 

presence of copper and the OCP, however no copper could be detected by CV, so it was not 

possible to establish a correlation between the two. There are small differences in the OCP 

between each of the three trials, which may suggest a link between the OCP and the residual 

copper trapped in the monolayer, however this could also be attributed to small differences in 

the monolayer giving rise to a greater degree of accessible sites for oxidation.  

5.6 Conclusions 

Hydrosilylation and Cu(I)-catalysed azide–alkyne cycloaddition reactions were used to prepare 

a range of monolayers with a range of functionalities. Copper was attempted to be detected 

electrochemically and was observed in varying amounts on S2 surfaces by cyclic voltammetry, 

with peaks attributed to copper on S2 surfaces were seen more strongly on P-type surfaces. The 

kinetics of electron transfer to the ferrocene moiety on S2 surfaces were observed to depend 

strongly on the doping of the underlying silicon, which may suggest a connection between the 

presence of copper in the monolayer and the kinetics of electron transfer. This raises the further 

question of whether these variations are due to varying amounts of Cu versus varying 

interactions between Cu and ferrocene moieties. Of interest would be determining the 

equilibrium constant for this process however this is beyond the scope of this thesis. Open 

circuit potential did not show a clear correlation between the presence of copper and the 

measured potential, however further work is needed to accurately quantify the presence of 

copper on these surfaces.  
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Chapter 6 Conclusions and Future Outlook 

6.1 Conclusions 

Chapter Three examined pyramidally textured surfaces with an emphasis on the zero-bias 

tribocurrent. We aimed to examine the effects of Si(100)/(111) junction on the tribocurrent 

output of a moving Pt/Si Schottky diode. Si(100) surfaces were etched with potassium 

hydroxide to generate pyramids with Si(111) faces and were then studied using the PF-TUNA 

AFM mode.  The zero-bias tribocurrent was observed to peak at the boundary between the 

Si(100) of the wafer and the Si(111) of the pyramid surfaces. This was attributed to a thinning 

in the space charge layer at this concave boundary. On lowly doped N-type silicon, float zone 

process silicon was shown to give a greater zero-bias tribocurrent than Czochralski process 

silicon due to the longer hole lifetime and greater diffusion length. Lowly doped P-type and 

highly doped N-type silicon showed negligibly small currents under PF-TUNA conditions. 

Greater zero-bias tribocurrent was also seen for larger pyramids with a concomitant greater 

localisation at the edges of the pyramid. This work removes constraints to further 

miniaturisation of these devices by enhancing the localisation of the highest current outputs. 

Chapter Four exploited a range of surface chemistries on Si(111) to examine the interaction of 

surface chemistry, friction and zero-bias tribocurrent of a moving Pt/Si Schottky diode. Si(111) 

surfaces of different doping types were modified with a range of terminal functionalities by a 

CuAAC reaction: alkyne, alcohol, amine and methyl. Characterisation of these surfaces by 

XPS, contact angle measurements, and cyclic voltammetry revealed minimal differences of the 

surfaces due to doping. Minimal oxidation was seen by XPS indicating the monolayers protect 

the underlying silicon from oxidation effectively. A considerable difference in work function 

was observed between the P-type and N-type silicon however, which was, in part, due to the 

presence of trapped copper in these monolayers which was greater on P-type silicon.  

AFM was used to simultaneously observe the topography, zero-bias tribocurrent and friction 

on these surfaces. Friction was greater on the P-type and N-type surfaces with the polar 

functionalities: amine and alcohol. Friction coefficients on N-type silicon were much greater 

than those on P-type silicon with the same monolayer, even though minimal differences were 

observed in the other characterisation experiments. This effect was more pronounced on the 

monolayers containing the 1,2,3-triazole from the CuAAC reaction than the monolayer 

prepared without, suggesting that the 1,2,3-triazole in the backbone of the monolayer is non-

innocent in the electronic contribution to friction. The greatest currents were seen on the 
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surfaces with the greatest friction coefficients, highlighting the link between friction and zero-

bias tribocurrent. 

Chapter Five aimed to study the effects of copper trapped in monolayers on the electrochemical 

properties of these surfaces, with an view towards simple detection using open circuit 

potentiometry. The presence of copper was studied in two CuAAC-derived monolayers with a 

control of an unmodified 1,8-nonadiyne-derived monolayer. Copper was detected by cyclic 

voltammetry on the ferrocene-terminated monolayers on P-type surfaces in varying amounts 

suggesting the method used to remove copper, primarily 0.5 M hydrochloric acid, was 

insufficient, however this method was generally effective on amine-terminated monolayers. 

Electrochemical impedance methods were also used to study these monolayers and showed 

much faster electron transfer kinetics on P-type compared to N-type surfaces regardless of level 

of doping. Open circuit potentiometry was attempted to be used to study the presence of copper 

in these monolayers, however, as no copper oxidation peak was observed by cyclic 

voltammetry for these surfaces, the presence of copper could not be correlated with the change 

in open circuit potential. 

6.2 Future Outlook 

Triboelectric nanogenerators built from moving Schottky diodes based on silicon are a 

promising technology, however further work is needed before commercialisation is achievable.  

Scaling up of these diodes to a macroscopic scale without the concomitant loss of power density 

as seen in Chapter 3 is an important goal. The use of surfaces that can conform to the 

pyramidally textured surfaces would hopefully lead to a capturing of the enhancement of 

current seen at the Si(111)/(100) boundaries. Soft contacts such as conductive polymers or 

liquid metals would be a platform worthy of study.  

A study of the friction measured on these Si(111) pyramids would also be of interest. 

Adhesions on the pyramids versus off the pyramids were seen to be inconsistent in direction, 

with adhesions on the pyramids sometimes being higher than the surrounding flat surface and 

sometimes lower. A more detailed examination of the relationship between the static 

mechanical and electrical properties with a view towards the effects of flexoelectricity would 

be warranted to examine the effect on the triboelectricity.   

As we contend that one of the factors increasing the current is the electronic contrast between 

the Si(111) and Si(100) surfaces, it is of interest to exploit this on a flat surface without having 
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to worry about the difficulty of having a surface conform to the pyramidally textured surface. 

This could be achieved in a spatially controlled manner by using microcontact printing or dip 

pen nanolithography to attach monolayers using a CuAAC reaction to examine the effects of 

surface chemistry or by boron implantation into an N-type wafer to examine the effects of 

doping.  

The long-term stability of the surfaces studied in Chapter 4 is of concern, so long term 

experiments should be undertaken to ascertain the stability. In the limited experiments on 

surfaces that were left exposed to the atmosphere for extended periods of time, unusual results 

were seen, such as negative friction coefficients, which were attributed to the water layer 

deposited on the surface wearing away or reorganising and very high current outputs that 

decreased exponentially with scanning under AFM, which were attributed to oxidation of the 

silicon underneath the monolayer.  

For chapter 5, a more thorough determination of the surface concentration of copper is required. 

Total reflection x-ray fluorescence (TXRF) spectroscopy is an ideal choice of tool to determine 

this. A closer inspection of the oxidation state of the copper deposited on the surface is also of 

value as this can be determined by XPS. It is also suggested for further work with these types 

of monolayers that metal-free reactions are used to entirely avoid the issue of copper 

contamination. 
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