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Abstract 

This thesis describes the method development and characterisation of the chemical modification of 

polar and non-polar ZnO surfaces. Due to the native OH termination on ZnO, the material exhibits 

downwards band bending at the surface, and an accompanying surface electron accumulation layer. 

This gives the ZnO surface a conducting nature which is undesirable for the development of efficient 

transparent semiconductor devices. The use of covalently-bound organic modifiers to tune the work 

function and stability of ZnO surfaces has previously been investigated, but there is little systematic 

data on the changes in band bending produced by these modifiers on the three main crystal faces of 

ZnO: Zn-polar, O-polar, and m-plane ZnO. This work investigates the effects on band bending when 

phosphonic acids, thiols, and aryldiazonium ions are used to modify the surface of ZnO. 

Three different phosphonic acid (PA) modifiers on ZnO were studied using synchrotron X-ray 

photoelectron spectroscopy. Octadecylphosphonic acid (ODPA) significantly increased the 

downwards band bending at the surface of all three ZnO faces. Surprisingly, a fluorinated analogue 

(1H,1H,2H,2H-perfluorooctyl phosphonic acid, F13OPA) also increased the surface band bending 

despite the electron withdrawing properties of fluorine. This was attributed to X-ray-induced 

decomposition of the molecules and subsequent F-Zn interactions. A fluorinated aromatic PA, 

2,3,4,5,6-pentafluorobenzyl phosphonic acid (PFBPA), was analysed using a lower X-ray flux, and was 

found to decrease the downwards band bending on ZnO. The PA modification layers were stable when 

stored in air and darkness, but UV light caused degradation of all three modifiers. Despite this, ODPA 

was able to prolong the effect of persistent photoconductivity on O-polar ZnO. 

Polar and non-polar ZnO samples were also modified with alkane- and arylthiols. In contrast to some 

previous studies, the main binding mode of thiols on ZnO was determined to be via sulfonate bonds, 

which increased downwards band bending slightly. O-polar ZnO with unoxidised octadecanethiol 

(ODT) on the surface showed a decrease in surface band bending. Zn-polar and m-plane ZnO appeared 

to oxidise thiols more readily than the O-polar face, due to the relative differences in catalytic 
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reactivity. A large increase in downwards band bending was seen for all ZnO faces that had been 

modified with an isothiocyanate derivative (3,5-bis(trifluoromethyl)benzyl mercaptan), although the 

chemical nature of the bound modifier and its binding mode are unclear. 

Aryl layers 1 – 8 nm thick were grafted to ZnO via electrochemical reduction of nitrobenzene 

diazonium ions. The electrochemical behaviour was similar to that on carbon substrates. The 

modification reduced the downwards band bending on all three ZnO faces, and the magnitude of the 

change appeared dependent on the thickness of the modification layer. Electrochemical reduction of 

nitro to amino groups was attempted on the nitrophenyl films but was only successful on the O-polar 

and m-plane faces, and the band bending did not significantly change relative to unreduced samples 

for any ZnO face. In contrast, large upwards band bending was observed when nitrophenyl films were 

treated with Na2S in attempt to chemically reduce the nitrophenyl groups. This is a very interesting 

phenomenon that is tentatively attributed to Na adsorption on ZnO and possible incorporation into 

the lattice.  

Sb-doped ZnO thin films (MBE-ZnO) with high charge carrier concentrations were electrochemically 

modified with nitrophenyl and trifluoromethyl layers from the corresponding aryldiazonium salts, 

giving good reproducibility across samples and removing the downwards band bending of ZnO as 

shown with synchrotron XPS. These changes were attributed to the electron withdrawing nature of 

the modifiers, however when synchrotron XPS was used to reduce the nitrophenyl groups to 

aminophenyl moieties, upwards surface band bending became more pronounced despite amino 

groups being electron donating. This was attributed to ZnO valence band electrons participating in the 

reduction mechanism and leaving an electron-depleted surface. Both modifiers were stable when 

stored in the dark but desorbed from the surface when exposed to UV light. 

Overall, this thesis work shows that ZnO remains a promising transparent conducting oxide for 

electronic applications because of the ability to tune the surface band bending over a range of ~1 eV 

with relatively stable covalently-bound surface modifiers.  
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1 Introduction 

Zinc oxide (ZnO) is an earth-abundant, non-toxic, transparent semiconductor that has the potential to 

provide a low-cost replacement for indium tin oxide (ITO) in electronic devices. ITO is a common 

component in touch screens, liquid crystal television screens, and solar cells due to its transparency 

and electrical conductivity.1 However, there have been increasing concerns with the volatility of both 

the price and supply of indium, so alternatives to ITO are being sought.2 Zinc is not only more abundant 

than indium, but its mineral extraction process is less difficult and less toxic.1 The biocompatibility and 

wide range of high-surface-area nanostructures of ZnO also make it useful for biosensing devices.3,4 

As an n-type semiconductor, ZnO has a wide direct band gap (3.37 eV at room temperature), which 

places it in the UVA region of the electromagnetic spectrum with potential for use in UVA sensors and 

light-emitting diodes.5 ZnO also has a high thermal conductivity and strong piezoelectric properties, 

whereby mechanical stress can be converted to electricity due to its polar crystal.6 However, the 

behaviour of ZnO in electronics can be difficult to control, reducing its efficiency in devices and 

presenting a challenge for industrial applications. This is attributed to the chemical instability of its 

surfaces, which drives reactions with atmospheric water to form a hydroxylated termination.5 The 

variability of this OH termination can lead to a lack of reproducibility between devices.7 It is known 

that replacing the OH layer by purposely attaching other chemical species in the form of self-

assembled monolayers (SAM) can not only stabilise the chemical reactivity, but also change the work 

function of ZnO.8 An example of an application of this is gas sensing for assessing the freshness of 

food, as the adsorption of trimethylamine, released by decomposing plants and animals, affects the 

electrical conductivity of ZnO.5 By purposely adsorbing different types of molecules to the surface, the 

properties of ZnO can be tuned for particular electronic applications.9 Additionally, these molecules 

may be functionalised further to selectively recognise particular analytes, and thus achieve a specific 

sensor system.  
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ZnO has several crystallographic faces, consisting of different arrangements of surface atoms, which 

have different chemical reactivities.10 Although some aspects of ZnO surface chemistry have been 

examined, a full study of the chemistry of the various faces and the optimal approach for chemically 

modifying each face has not yet been undertaken. This thesis aims to compare the reactivity of ZnO 

faces to different covalently-bound modifiers. In addition, a range of modifiers will be compared to 

assess their ability to improve the electronic properties and stability of ZnO electronic devices. 

1.1 Background 

1.1.1 Structure and Preparation of ZnO 

In its crystalline form, ZnO exists as hexagonal, Wurtzite-type crystals as seen in Figure 1.1.11 Within 

the crystal, each Zn atom is tetrahedrally coordinated to four O atoms, and each O atom is 

tetrahedrally coordinated to four Zn atoms. Different crystal faces have different chemical makeup 

and therefore different reactivities. An example of this is their susceptibilities to dissolution in acid: 

the topography of the non-polar faces changes more than the polar faces on immersion in acidic dye 

solutions.12 Also, gas-phase solvent molecules such as ethanol and acetone adsorb dissociatively on 

Zn-polar ZnO and non-dissociatively on O-polar ZnO due to the higher reactivity of the Zn-polar ZnO.13 

 

Figure 1.1: A hydrothermally-grown ZnO crystal (left) and a depiction of its Wurtzite crystal structure 

(right). Adapted from Janotti et al.5 
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1.1.1.1 Polar Faces of ZnO 

A ZnO crystal has a Zn-polar (0001) surface on one side with a corresponding O-polar (0001̅) face on 

the other (Figure 1.1 and Figure 1.2). On the Zn-polar surface, each Zn atom lacks the final oxygen 

atom necessary to complete its tetrahedral coordination; this leaves a Zn sp3 ‘dangling bond’.14 On the 

O-polar face, a similar effect occurs whereby each O atom has a dangling bond. This results in a 

localised charge imbalance at each of these surfaces. Despite this instability, polar ZnO faces are 

frequently found in nature, indicating the effect is somehow balanced. Evidence suggests that this is 

achieved via charge rearrangement, the formation of surface defects, and hydroxylation of the surface 

atoms, although due to the significant ionicity of Zn-O bonds, a spontaneous polarisation remains 

between the two faces. On both faces, water is chemisorbed to the surface to give an OH-terminated 

surface (Figure 1.2b). Each Zn on the Zn-polar face is attached to an OH group, while on the O-polar 

face, each O is attached to an H atom.15 Several groups have confirmed through X-ray techniques that 

the hydroxyl termination on the polar faces is approximately a monolayer, corresponding to a surface 

concentration of 1.8 × 10-9 mol cm-2 for both Zn-polar and O-polar faces, calculated from the unit 

cell.16–18 Additional water and oxygen molecules can physisorb to the hydroxylated layer, affecting the 

ability of ZnO to act as a semiconductor (see Section 1.1.3). At higher pH (~10), the OH groups are 

deprotonated to -O- on both faces.19 The O-polar (0001̅) ZnO face is more susceptible to attack by 

acid than Zn-polar (0001) ZnO due to the partial negative charge of the surface attracting the positive 

charge of hydronium ions (H3O+).20 Conversely, the positively-charged Zn-polar face is affected more 

by basic solutions due to the attraction of negatively-charged hydroxide ions (OH-) and the relative 

repulsion of H3O+. However, both faces may be etched faster if there are defects at the surface. Zn-

polar ZnO is considered more catalytically active than O-polar ZnO: gaseous small alcohols and related 

compounds like water adsorb most strongly on the Zn-polar face, and least strongly on the O-polar 

face.13,21 This is due to Zn ions being shielded by O ions on the O-polar face, and partially shielded on 

the m-plane face. This not only reduces the iconicity of the O-polar face but means that steric effects 

further reduce the ability of molecules to adsorb to Zn ions. 
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Figure 1.2: A 2-dimensional view of ZnO showing (a) the polarity of its opposite faces and (b) how OH 

and H groups bind to the Zn- and O-polar faces, respectively. Adapted from Heinhold et al.10 

The polarisation effects on polar ZnO surfaces mean that electrons and holes are spatially separated, 

reducing their probability of recombination. This means that for devices which rely on the 

recombination of electrons and holes for light emission, polar faces are less efficient than non-polar 

faces.22 

1.1.1.2 Non-Polar Faces of ZnO 

The m-plane (101̅0) face of a ZnO crystal is non-polar, and is the most stable and most abundant 

surface on many ZnO nanostructures, including nanowires.23 Figure 1.3 shows that it is perpendicular 

to the polar faces. The m-plane surface consists of both Zn and O atoms, terminated by approximately 

a monolayer of H, OH, and H2O.24 This corresponds to a surface OH concentration of 2.2 × 10-9  

mol cm-2, calculated from the unit cell.18 The non-polar a-plane (112̅0) and semipolar r-plane (101̅2) 

are similar, although they are less stable than m-plane ZnO and thus more difficult to grow.  

 

 

 

Figure 1.3: Non-polar and polar planes of Wurtzite ZnO. Adapted from Neiman.25 
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1.1.1.3 ZnO Growth Methods 

Single-crystal ZnO can be grown via gas or vapour transport, hydrothermal growth, and pressurised 

melt growth.5 These methods use combinations of heat, pressure, and other factors to produce 

crystals with a range of sizes and qualities. Polycrystalline films can be fabricated using methods such 

as electrochemical deposition, sol-gel synthesis, and through the oxidation of pure Zn films.5 However, 

these films are not usually suitable for electronic applications due to the relatively high concentrations 

of defects and impurities. Instead, epitaxial films mainly containing a single crystal face are preferred. 

One approach to growing good-quality, monocrystalline thin films is slowly depositing films atom by 

atom on a heated substrate, which allows them to find the most stable position within the lattice. 

When performed in this way, pulsed laser deposition (PLD) and molecular beam epitaxy (MBE) can 

both be used to obtain single crystalline ZnO.26,27 In PLD, a laser vaporises a ZnO target in an oxygen 

atmosphere, and the vapour adsorbs onto the heated substrate. In MBE, separate beams of gaseous 

elements (O and sublimed Zn) are simultaneously introduced into a vacuum chamber, where they 

slowly deposit onto the substrate. The high level of control over the growth parameters allows a range 

of crystal orientations to be fabricated, with slow rates of deposition giving very precise surfaces.18 

The quality of the thin film is also affected by the choice of substrate: a common substrate for ZnO 

growth is sapphire because it is robust and transparent, although buffer layers such as MgO or ZnO 

itself can enhance the orientation of the deposited ZnO film through improved matching of the crystal 

lattice parameters.28 Typically, PLD and MBE growth preferentially produce films with an O-polar face, 

but changing the orientation of the crystal face of the substrate allows for the growth of different ZnO 

faces.5 For example, a novel method of growing semi-polar r-plane ZnO on a silicon substrate by PLD 

at high O2 pressure was shown by Aggarwal et al. in 2010.22 Here, a buffer layer of yttria-stabilised 

zirconia was used to match the lattice of r-plane ZnO, resulting in single-crystalline r-plane thin films. 

In addition to thin films, ZnO forms a great variety of nanostructures including nanoparticles,13,19,29–31 

nanowires,32–37 nanoribbons,38 and nanorods.39–44 Nanowires are of particular interest due to their 
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large surface to volume ratio, which makes them ideal for sensing purposes where adsorption of an 

analyte affects an electrical signal in the device. ZnO nanowires can be grown from the gaseous phase 

or by hydrothermal growth from seed crystals; the latter is most commonly used due to the simplicity 

of the setup and growth conditions.45 Typically, the majority of the surface area of nanorods and 

nanowires comprises non-polar m-plane ZnO.46 

1.1.2 ZnO as a Semiconductor 

Semiconductors play a vital role in most of today’s electronics such as computer chips and light 

emitting diodes (LEDs). They have an electrical conductivity between that of insulators and metallic 

conductors, and their conductivity increases with temperature.47 This property arises from a band gap 

between the energy levels of the valence and conduction bands, in which the Fermi level (EF) usually 

resides (Figure 1.4). As-grown ZnO is intrinsically n-type. This is thought to be due to natively-occurring 

oxygen and zinc vacancies and interstitials (interstitials are atoms present in typically unoccupied 

sites).5 Even at low concentrations, impurities within the lattice such as Li or H can have a large impact 

on the electrical and optical properties of ZnO as a semiconductor.48,49  

 

Figure 1.4: Band energy diagrams for intrinsic insulators, n- and p-type semiconductors, and 

conductors. The shaded areas represent the position of the electron density for each material. 

It has proven difficult to dope ZnO to give reproducible and stable p-type conductivity, but its 

semiconductor properties can also be altered through the addition of molecules on the surface.5 ZnO 



1      Introduction 

7 
 

can be doped with a metal containing more valence electrons than Zn, such as Al or Ga.50 Antimony 

(Sb) may also be used. Typically, Sb-doping gives p-type conductivity because of the complex defects 

that it forms with ZnO.51 However, at concentrations up to 1%, Sb increases the charge carrier 

concentration of ZnO while maintaining n-type conductivity.52 Such doping can result in an increased 

band gap due to the Moss-Burstein effect, wherein the donor electrons occupy states at the bottom 

of the conduction band, preventing electrons from the valence band from being excited into these 

states due to the Pauli exclusion principle. Instead, with additional energy, these valence electrons 

can be excited to higher-energy states in the conduction band, resulting in a broadened energetic 

transition and thus a wider optical band gap.53 A disadvantage of doping is that it increases crystal 

disorder which can lead to a decrease in transmittance, and thus limit the usability of the material in 

transparent devices.54 

1.1.2.1 Work Function and Band Bending 

Transparent metal oxides have applications in devices such as organic light-emitting diodes (OLEDs) 

and organic photovoltaic cells (OPVCs). A critical part of predicting the performance of a 

semiconductor in a particular application is understanding the semiconductor band structure.18 

Doping or the adsorption of molecules on the surface, for example hydroxylation of the ZnO surface, 

can affect the energies of its bands and result in changes in work function and band bending.55 Table 

1.1 shows some typical values for band gap, work function, and carrier concentration for different 

faces of ZnO. 
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Table 1.1. Literature values for work functions, band gaps, and carrier concentrations of intrinsic or 

deliberately doped Zn-polar, O-polar, and m-plane ZnO. 

ZnO face Dopant 
Work function 

(eV) 
Band gap 

(eV) 
Carrier Concentration 

(cm-3) 
Ref. 

Zn-polar - 3.7 - - 56 

 - 4.25 - - 57 

 - 5.5 – 5.6 - - 58 

 - - 3.24 9.92 × 1016 52 

 - - - ~2 × 1017 10 

O-polar - 4.96 - - 57 

 - 4.5 - 1017–1018 56 

 - - - ~2 × 1017 10 

 - - 3.3 - 59 

m-plane 1 % Sb - 3.26 3.57 × 1017 52 

 - 4.64 - - 57 

Polycrystalline - 4.1 - - 7 

 - - -   ≥ 1016 60 

 2 % Al - - 4.7 × 1020 61 

 2 % N - - 1013 60 

 

Work function (𝜙, measured in electron volts, eV) is a property relating to how easily an electron can 

be moved from the Fermi level (EF) of a metal or semiconductor to the vacuum level. A lower work 

function indicates that electrons are less strongly bound to the surface. When two materials such as 

a metal and a semiconductor are brought together to create a metal-semiconductor junction, their 

difference in work function will affect the energy bands of the semiconductor. Electrons from the 

material with a lower work function will flow to the higher work function material until equilibrium is 

reached – that is, until the EF of both materials are the same (Figure 1.5).62 A Helmholtz double layer 

appears at the interface; for a situation where the metal has a higher work function than that of the 

semiconductor, the surface of the metal will be negatively charged due to excess electrons and the 

semiconductor surface will be positively charged. The layer of negative charge in the metal will now 

repel electrons in the semiconductor, which causes their potential energies to increase while also 

forming a near-surface electron depletion region. As a result, the bands of the semiconductor bend 
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upwards as seen in Figure 1.5c (left hand side). In the case where the metal work function is less than 

that of the semiconductor, the semiconductor bands will bend downwards (Figure 1.5c, right hand 

side). 

 

Figure 1.5: Band energy diagrams for a metal and n-type semiconductor coming into contact. The band 

energies are labelled as follows: Evac, vacuum energy; EC, conduction band energy; EV, valence band 

energy; 𝛷𝑚, work function of metal; 𝛷𝑠, work function of semiconductor. EF,s and EF,m refer to the Fermi 

energy levels of the semiconductor and the metal, respectively. Adapted from Zhang et al.62 

In OLEDs, transparent metal oxides such as ITO are used as the anode, which injects holes into the 

organic layer.63 A typical ITO work function of ~4.6 eV does not allow efficient hole injection into the 

HOMO of organic hole transport materials, which typically have HOMO at higher energies (e.g. 5.4 

eV). ITO surface treatments such as oxygen plasma or attachment of conducting polymers or other 

organic modifiers can increase the ITO work function and decrease the energetic barrier height for 

hole injection from ITO to the hole transport material. Furthermore, organic surface modifiers can 

convert the ITO surface from hydrophilic to hydrophobic and thus increase the surface energy 
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compatibility between ITO and the hole transport layer.64 These factors can improve the efficiency 

and brightness of OLEDs. 

The principles of Figure 1.5 can be applied to the behaviour of a semiconductor electrode in electrolyte 

solution for an electrochemical experiment.65 For the two components to be in equilibrium, their 

electrochemical potential must be equal. The electrochemical potential of the solution is like a work 

function in that it relates to the tendency of the chemical species to gain or lose electrons. It is 

governed by the potential of the redox species in solution. Similarly, the electrochemical potential of 

the semiconductor is determined by its work function. A typical n-type semiconductor at open circuit 

will have its EF energetically higher than the redox potential of the solution species, so the same 

process as Figure 1.5(a – c) occurs, giving a depletion layer and upwards band bending at the 

semiconductor near-surface region. Varying the applied potential on the semiconductor electrode 

shifts the EF and bulk band energies, but not the surface band energies, meaning that the band bending 

can be tuned. The flat band potential is where the electrode EF is the same as the redox potential of 

the solution species, so no transfer of charge occurs and thus there is no band bending. If the applied 

potential is more positive than the flat band potential, an n-type semiconductor will have upwards 

band bending and an electron depletion region. Likewise, applied potential more negative than the 

flat band potential will cause an accumulation of electrons at an n-type electrode surface, causing 

downwards band bending. 

ZnO is one of several unusual n-type metal oxides which possess native downwards surface band 

bending in air: In2O3,66 SnO2,67 CdO,68 and InN69,70 also have this property. The direction of the band 

bending means that electrons accumulate on the surface to give ZnO a metallic nature; this is known 

as a surface electron accumulation layer (SEAL)17,71,72 or 2D electron gas (2DEG).5,73,74 This is shown in 

Figure 1.6, a schematic of the energy level diagram for ZnO where ζ is the energetic separation 

between the valence band maximum and the Fermi level (EF – EV), ξ is the energetic separation 

between EF and the conduction band, and the typical band gaps for ZnO range from 3.3 to 3.44 eV.5 
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The 2DEG can be influenced by adsorbates such as O2, NO2, and H2O,72,75,76 which change the surface 

conductivity and allow ZnO to be used for gas sensing applications.  

 

Figure 1.6. Schematic energy level diagram of bare ZnO surface, where Vbb is the surface band bending, 

EC is the conduction band, EV is the valence band, EF is the Fermi level, Eg is the band gap (~3.37 eV for 

ZnO), ζ is the difference between EV and EF, and ξ is the difference between EC and EF. 

This downward band bending on ZnO is attributed to donor-like surface species such as hydroxyl 

groups.24 Heinhold et al. showed that surface H could be removed from O-polar ZnO upon heating to 

high temperatures (750 °C) in ultrahigh vacuum (UHV), leaving ~0.5 of a hydroxyl monolayer on the 

surface.10 On m-plane and a-plane ZnO, this effect was heightened and all surface OH and H was 

removed under the same conditions.24 The difference in reactivity was attributed to the polarity of 

the faces: the O-polar face requires hydroxyl termination in order to stabilise the charge imbalance, 

while nonpolar faces do not. Importantly, the removal of surface OH groups resulted in upward band 

bending on O-polar, m-plane, and a-plane ZnO, converting the surface from a metallic to insulating 

nature (Figure 1.7b) and confirming the role of hydroxyl groups in downwards band bending. 

However, once the samples were exposed to atmosphere, the surfaces were immediately re-

hydroxylated, and the surface regained its downwards band bending and metallic nature, so this is not 

a practical method for obtaining ‘clean’ ZnO for electronic applications. Moreover, the Zn-polar face 

could not be manipulated in this way, as its terminating OH layer was largely resistant to heating. 
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Although some hydroxyl groups were removed and the downwards band bending decreased, heat 

treatment was not able to significantly change the electronic nature at the surface (Figure 1.7d). 

 

Figure 1.7. Schematic band bending diagrams of O-polar ZnO (a) before and (b) after annealing at 750 

°C in UHV, and Zn-polar ZnO (c) before and (d) after the same. EC and EV are the conduction and valence 

bands, respectively; EF is the Fermi level; Eg is the band gap of ZnO; Vbb is the band bending; ζ is the 

energetic separation of EV and EF, and ξ is the separation of EC and EF. Adapted from Heinhold et al.10 

Deliberate modification of semiconductor surfaces with selected molecules can tune the work 

function and allow optimisation of charge transfer and band bending at the surface.58,77–79 The work 

function and band bending of a modified surface can depend on the strength of the molecular dipoles, 

the uniformity and angle at which the molecules are arranged, and how the surface charge 

redistributes itself in response to these.80 It is possible to predict the effect of a molecular monolayer 

through computational methods such as density functional theory (DFT).81 These theoretical studies 

can give good starting points for choosing a molecule for its ability to modify the work function of a 

surface.  
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1.1.2.2 Determining Band Bending from Experiment 

There are several methods for determining the band bending at a semiconductor surface, including 

Mott-Schottky analysis, scanning Kelvin Probe Force Microscopy (KPFM), and X-ray and ultraviolet 

photoelectron spectroscopy (XPS and UPS, respectively). 

Electrochemical Mott-Schottky plots of a semiconductor in an electrolyte can be made by determining 

its capacitance as a function of applied potential and frequency.23 A linear extrapolation allows the 

calculation of the flat-band potential, which is related to the degree of band bending relative to the 

redox species in the electrolyte.82 However, capacitance measurements of metal oxide 

semiconductors are known to be easily affected by surface states; they are also heavily dependent on 

the sample preparation.39 This makes results difficult to reproduce. 

Scanning KPFM is an atomic force microscope (AFM) method with very high spatial resolution. It can 

be carried out in ambient conditions to measure the contact potential (Vcp) difference between a 

semiconductor surface and a metal tip, often gold.83,84 This can be related to band bending, Vbb, by the 

equation:  

𝑉bb = 𝜙M − 𝑞𝑉cp + 𝜙off − 𝜒 + 𝐸F  (1.1) 

where 𝜙M is the work function of the tip, q is the electronic charge, 𝜙off is a measured voltage offset 

found via a calibration sample (gold), χ is the electron affinity of the semiconductor, and EF is the Fermi 

level relative to the conduction band minimum.83 Because it is a highly surface-sensitive technique, 

UHV should be used to remove contaminants which may disturb the surface during scanning.85 

Additionally, the work function of the probe needs to be measured on a sample with well-defined 

work function in order to obtain absolute values. Switching between the calibration and analysis 

samples decreases the accuracy of work function measurements.85  

X-ray photoelectron spectroscopy (XPS) is a popular technique for chemically characterising material 

surfaces and can also be used to characterise the valence band density of states. In UHV conditions, 
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soft X-rays eject photoelectrons from the sample, the kinetic energies of which are recorded (Ekinetic) 

and related to their original binding energy (BE) in the sample:86 

𝐵𝐸 = ℎ𝜈 − 𝐸kinetic + 𝜙   (1.2) 

where 𝜙 is the work function of the XPS analyser and hν is the energy of the X-ray photons. The latter 

is a key factor, as the photon energy determines how surface sensitive the XPS analysis is. For typical 

fixed-energy laboratory instruments with an Al X-ray source, hν = 1486.6 eV, whereas tuneable 

synchrotron photon sources can provide energies as low as hν = 50 eV.87,88 While X-rays typically 

penetrate relatively long distances (several µm) into a sample, it is the photon energy which 

determines the kinetic energy of the ejected photoelectrons and therefore how far these electrons 

can travel before being inelastically scattered, which is in the order of nm.86 Thus, the higher the 

photon energy, the greater the depth that the photoelectrons can escape from the sample, and 

therefore the less surface-sensitive the measurement. Figure 1.8 shows an XPS valence band (VB) 

region spectrum for ZnO. 

 

Figure 1.8. Typical fixed-energy XPS valence band spectrum for Zn-polar ZnO, showing how ζ is 

determined from the linear extrapolation of the VB edge to the instrument background. This work. 

Linear extrapolation of the low BE edge of the VB spectrum to the instrument background gives the 

value of ζ, which can be related to Vbb as shown in Figure 1.6 and detailed in Chapter 2. However, it is 
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important to note that calculated values of Vbb are dependent on how far into the sample the VB 

spectrum was been measured, i.e. the photon energy used for measurements. 

UPS is very similar to XPS, though a much lower photon energy (20 – 50 eV) is used.89 This makes the 

technique much more surface sensitive and allows easier deconvolution of molecular orbitals.78 

However, this sensitivity can be problematic as it means that very small variations in surface conditions 

(e.g. carbon contamination) between or across samples can greatly affect the spectra and the 

extracted Vbb. 

Photoelectron spectroscopy can also be used to calculate work function. On the UPS or XPS spectrum, 

photoelectrons from the sample and from the analyser overlap. Biasing the sample with a negative 

potential increases the kinetic energy of the sample photoelectrons but not the photoelectrons arising 

from the analyser. This separates the two sets of photoelectrons and allows the work function of the 

sample to be determined. In all cases, a reference sample such as Au or Pt must be used to calibrate 

the Fermi level so that absolute values of work function and ζ can be found. 

1.1.3 Photoconductivity of ZnO 

ZnO is known to display persistent photoconductivity (PPC). This phenomenon occurs upon irradiation 

of ZnO with UV light, resulting in an increase in the surface conductivity. When the UV light is switched 

off, this conductivity is slow to return to its original value. The exact mechanisms for these effects are 

not completely certain, but Figure 1.9 shows a proposed mechanism. In ambient conditions, the 

hydroxylated, electron-dense, conductive surface of ZnO is susceptible to physisorption of 

atmospheric species such as O2 and H2O. These species take up electrons from the 2DEG and as a 

result, the surface of ZnO becomes more resistive due to fewer delocalised electrons available. UV 

irradiation generates electron-hole pairs throughout the sample. The holes move towards the surface 

where they recombine with the trapped electrons and release the physisorbed species into 

atmosphere. The conductive surface is now re-established and remains for as long as the surface is 
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exposed to UV light. When the light is turned off, atmospheric species slowly physisorb to the surface 

again, thus gradually returning the resistivity to its typical value.  

 

Figure 1.9. Proposed mechanism for photoinduced conductivity changes on O-polar ZnO. Adapted from 

work by Dr Alana Salkeld, University of Canterbury. 

PPC presents a challenge for device applications based on ZnO, since UV light can change the 

conductivity of the surface in unpredictable ways. For example, UV sensors require there to be a 

change in current on exposure to UV light, but ideally this current increase should be rapid and 

immediately reversed to the base current when the UV source is removed (‘dark current’). The slow 

reversal of PPC introduces a varying background that must be subtracted to obtain useable data. A 

method of removing the PPC from ZnO is highly desired for this application. 

It has been reported that UV irradiation increases hydroxylation on ZnO surfaces and can therefore 

enhance surface modification reactions which involve surface OH groups.90 Photogenerated holes and 

electrons can also be responsible for the degradation of organic molecules such as dyes at ZnO 

surfaces via the formation of hydroxy radicals.91 Thus, the stability of organic surface modifiers on UV-

exposed ZnO is of interest. 

1.1.4 Deliberate Surface Modification of ZnO 

ZnO surfaces can be deliberately modified with molecules to improve their stability and functionality 

and mitigate some of the issues highlighted in the previous sections. 
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1.1.4.1 Gas Phase Methods 

ZnO has been modified with various gas-phase reactants, ranging from single atoms to whole 

molecules. These reactions are carried out in vacuum, often after Ar+ ion cleaning and/or annealing to 

obtain pristine, highly-reactive surfaces. Polydorou et al. used UPS to show that fluorine (SF6) plasma 

treatment increased the downwards band bending at the surface of ZnO films, proposing through 

computational calculations that F atoms substitute O atoms and act as donors.79 

Ozawa et al. showed that tetrathiafulvalene (TTF), evaporated over ZnO in a UHV chamber, adsorbed 

both molecularly and dissociatively to the surface Zn atoms.14 As expected, the amount of TTF on the 

surface was higher on the Zn-polar face than on the O-polar and m-plane faces. On the Zn-polar face, 

the level of TTF dissociation was relatively low, and the adsorbed molecules acted as electron 

acceptors. On the O-polar and m-plane faces, a higher level of dissociation of TTF caused by 

neighbouring O led to significant atomic S on the surface, which acted as an electron donor. These 

differences resulted in upwards band bending on the Zn-polar face, and downwards band bending on 

the O-polar and m-plane faces. In more recent work, Ozawa et al. showed that acridine orange 

increases downwards band bending on all ZnO faces, with the largest effect seen on the O-polar face.92 

Schlesigner et al. used 2,3,4,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane to control the work 

function and band bending on polar ZnO surfaces.56 On both O-polar and Zn-polar surfaces, the 

downwards band bending was replaced with upwards band bending. 

Gao et al. exposed m-plane ZnO nanopowders to gas-phase propiolic acid under high vacuum and 

observed that the surface topography was maintained.93 Using infrared (IR) spectroscopy, they 

determined that the molecules were bound to the ZnO surface via carboxylate linkages, leaving the 

alkyne available for a gas- or liquid-phase click reaction with benzyl azide. They cited this as an 

‘important method’ for surface functionalisation, as it negated the need for wet chemistry and 

achieved strong carboxylate linkages without etching of the ZnO by the carboxylic acid.  
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Figure 1.10. Reaction scheme for ZnO nanopowder modification with propiolic acid, followed by a click 

reaction with benzyl azide. From Gao et al.93 

Although gas-phase surface modifications can be used on a wide range of ZnO structures, the 

stabilities of the surfaces upon removal from vacuum are often not investigated. Furthermore, the 

process of evaporation can be time-consuming, involving long pump-down times of > 16 h as well as 

specialised equipment.93 There are also limitations on the size of substrate that can be modified. These 

factors limit the scalability and efficiency of gas-phase methods. 

1.1.4.2 Wet Chemical Methods 

Various functional groups have been shown to form covalent bonds with metal oxides through 

reaction with surface OH groups.94 From silanes on glass to thiols on gold, self-assembled monolayers 

(SAMs) have been well-studied over the last 35 years.95 During this time, different substrates and 

modifiers have been combined to achieve different outcomes and properties. The general principle of 

self-assembly relies on the affinity of the modifier for the surface; molecules spontaneously adsorb to 

the surface, forming bonds which reflect the strength of this affinity (Figure 1.11). A selection of 

molecules shown to self-assemble on ZnO are discussed below. 

 

Figure 1.11: A general diagram of a self-assembled monolayer on a surface. 
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1.1.4.2.1 Phosphonic Acids 

Phosphonic acids (PA) are a promising starting point for ZnO surface modification: fluorinated,58,77 

aliphatic,58,77 and aromatic PAs7,8,77 have been successfully attached to ZnO nanorods,40,96 nanowires,97 

single crystals,58,97,98 and sputtered surfaces.6,23,99 This success has been attributed to the PA anchoring 

to the surface in either a bi- or tri-dentate fashion, as depicted in Figure 1.12. 

 

Figure 1.12: Interactions between phosphonic acids and ZnO: (a) unbound pentylPA; (b) pentylPA and 

phenylPA bound in a bidentate fashion (m-plane ZnO); (c) pentylPA and phenylPA bound in a tridentate 

fashion (Zn-polar ZnO). Adapted from Wood et al.77 and Ostapenko et al.100 

Some studies report that heating is required to obtain strong phosphonate covalent bonds on metal 

oxides58,101 while others claim that the bonds form in ambient conditions.99,102 Ford et al. hypothesised 

that annealing affects the binding mode of the PA, as heat may drive a different set of condensation 

reactions to those which occur at room temperature. Computational models have been used 

alongside high-resolution XPS to determine binding modes.50,58,77 Timpel et al. calculated that each Zn-

polar ZnO unit cell is capable of binding either one or two PA molecules, via tridentate or bidentate 

configurations, respectively.58 As such, bidentate PAs have a unit-cell-limited, maximum theoretical 

surface concentration of 5.47 molecules nm-2 on ZnO, while tridentate PAs have a maximum 

theoretical coverage of 2.73 molecules nm-2.  

The change in ZnO work function after PA modification has been experimentally determined on the 

Zn-polar and O-polar faces,58,98 while computational studies have also been carried out to provide 
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theoretical values for these studies.103 Braid et al. used 2,6-difluorophenylvinylPA and 2,6-

difluorophenylethylPA to decrease the work function of ZnO by 0.78 eV and 0.57 eV, respectively.8 

The difference was attributed to the former PA having a C=C bond between the phosphonate group 

and the aryl group, while the latter did not. In contrast, Sharma et al. modified ITO with 

octadecylphosphonic acid (ODPA) and 1H,1H,2H,2H-perfluorooctyl phosphonic acid (F13OPA) to 

increase the workfunction,63 while Wang et al. used long-chain fluorinated PAs of various chain 

lengths.104 The former noted that the fluorinated chain increased the work function more than the 

non-fluorinated molecules, while Wang et al. observed that the longer-chain PAs gave larger increases 

in work function than shorter chains. Recently, Zheng et al. compared pentafluorobenzylPA (PFBPA) 

and a long-chain fluorinated PA on ITO.64 The linear PA increased the work function more than the 

aromatic one. These results agree with those found by Paniagua et al., who investigated a variety of 

PAs on ITO.105 A summary of these work function changes is shown in Table 1.2. 

Table 1.2. Work function changes of PA-modified metal oxides relative to unmodified samples. 

Substrate Modifier ΔΦ Ref. 

Polycrystalline ZnO 2,6-difluorophenylvinylphosphonic acid −0.78 8 

 2,6-difluorophenylethylphosphonic acid −0.57 8 

Zn-polar ZnO 4-trifluoromethylbenzyl phosphonic acid > +1.5 7 

 4-trifluoromethylbenzyl phosphonic acid +1.35 58 

 F13OPA +1.7 58 

O-polar ZnO 4-trifluoromethylbenzyl phosphonic acid > +1.5 7 

 4-cyanophenyl phosphonic acid −0.29 96 

 4-methoxyphenyl phosphonic acid +0.49 96 

 Phenylphosphonic acid −0.20 96 

ITO ODPA +0.0 63 

 F13OPA +0.7 63 

 F9OPA +0.64 104 

 F13OPA +0.70 104 

 F21OPA +0.91 104 

 F21OPA +0.99 64 

 Pentafluorobenzylphosphonic acid +0.38 64 

 Pentafluorobenzylphosphonic acid +0.31 106 
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Compared to work function studies, little work has been done on the effect of these PA modifications 

on the band bending of semiconductor materials. Wood et al. proposed from computational work that 

the binding mode of fluorinated benzyl PA determines the effect on band bending: bidentate binding 

results in electron density situated at the ZnO surface, while tridentate-bound molecules have 

electron density focussed at their tail group.77 The former results in an increase in surface downwards 

band bending, while the latter can decrease downwards band bending. Using Mott-Schottky analysis, 

Chen et al. showed that modification of m-plane ZnO with alkyl chain PAs decreased the downwards 

band bending.23 The values of ζ (EF – EV), extracted from the XPS VB spectra of ZnO modified with 

fluorinated PAs, appear to decrease in work presented by Timpel et al., which again indicate a 

reduction in downwards band bending.58 These results make PAs a promising candidate for tuning the 

band bending of ZnO via stable organic layers. 

1.1.4.2.2 Carboxylic Acids 

The main appeal of carboxylic acids as surface modifiers is the availability and range of functionalised 

acids available, as well as the bidentate binding mode which is proposed to enhance their stability 

(Figure 1.13). However, it is hard to obtain uniform monolayers, the stability of the layers deteriorates 

over time, and etching of the ZnO surface has been observed.107 Carboxylic acids have been used on 

ZnO and iron oxide, as well as on TiO2 nanoparticles in dye-sensitised solar cells.94 On ZnO, citrate was 

found to bind only to the Zn-polar face, not the O-polar face or m-plane.46 Chen et al. noted from AFM 

measurements that modification of ZnO from an ethanol solution of carboxylic acid resulted in etching 

of the surface due to the acidic nature of the molecule, while little evidence of carboxylic acid 

attachment was seen.23 Similarly, Gao et al. modified m-plane ZnO surfaces with liquid propiolic acid 

and observed from scanning electron microscopy (SEM) that the substrate was significantly etched.93  
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Figure 1.13. Carboxylic acid bound to ZnO in a bidentate fashion. From Gao et al.93 

1.1.4.2.3 Alkanethiols 

Alkanethiols have been used to form self-assembled monolayers (SAMs) for several decades, with gold 

being a popular substrate due to its strong affinity with sulfur (Figure 1.14).108 As such, they are well-

studied and there is a wealth of literature on the topic.109–115 In contrast, alkanethiol-based SAMs on 

metal oxides are little studied. Alkanethiol SAMs have been reported on metal oxides including ZnO, 

although there are contradictory findings in the literature. A complicating factor is that thiols can be 

oxidised by mild oxidising agents to form disulfides; oxidation can also give sulfenic acid, which in turn 

can be oxidised into sulfonic acid.116 Thiol oxidation over time has been seen for alkanethiol 

monolayers on gold, and is attributed to gradual reaction of the SAMs with atmospheric oxygen and 

UV exposure.13  

 

Figure 1.14. Alkanethiols on metal substrate. Adapted from Pujari et al.94 

Work by Chen et al. showed that octadecanethiol forms strong and uniform SAMs on m-plane ZnO, 

and the authors argued that the monolayers were more uniform and stable than PA SAMs.23 Perkins, 

however, modified polycrystalline ZnO with hexanethiol and hexylPA, and concluded the latter were 

more thermally stable than alkanethiol SAMs.99 These differences may be due to different binding 

modes: Chen et al. observed a S-Zn binding via XPS, while Perkins observed an additional signal arising 

from sulfonate bonding. Sadik et al. reported sulfonate binding on O-polar ZnO and thiolate binding 
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on Zn-polar ZnO.117 In contrast, Pesika et al. observed sulfonate binding on thiol-treated Zn-polar face 

and thiolate binding on O-polar ZnO.13 Clearly questions remain concerning thiol binding to ZnO, and 

the reactions may be worth further investigation. 

In their study of alkanethiol modification of m-plane ZnO, Chen et al. carried out electrochemical 

impedance measurements and determined that both octadecanethiol (ODT) and octadecylPA reduced 

the downwards band bending of m-plane ZnO.23 No other reports of thiol-induced band bending 

changes were found. 

1.1.4.2.4 Silanes 

Strong covalent bonds have been observed between silanes and polycrystalline ZnO, as well as SnO2 

and ITO.90,94,118,119 These bonds form in two steps (Figure 1.15). Firstly, water on the surface of the 

substrate hydrolyses the silane, removing leaving groups such as Cl or OC2H5 and forming silanol 

groups. These can then undergo condensation reactions with OH groups on the substrate, making a 

hydroxylated surface necessary.  

 

Figure 1.15. Silanes bound to a surface in both disordered and uniform structures, depending on the 

modification parameters. X = e.g. Cl, OH, H, OCH3, OC2H5. From Pujari et al.94 
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Drawbacks of silanes as modifiers include lack of hydrolytic stability before and during modification, 

leading to polymerisation and irreproducible multilayers on the surface.94 While anhydrous solutions 

have been shown to not form silane modification layers, too much water in solution favours 

polymerisation of the silanes.120 Silanes can be used as capping molecules to stabilise nanoparticles in 

solution and prevent aggregation.121 However, Allen et al. used triethoxysilane to modify planar 

polycrystalline ZnO, using a catalyst to enhance grafting, and observed sub-monolayer coverage of a 

disordered silane layer.90 They noted that the percentage of moisture in both the catalyst and the 

silane greatly affected the coverage, making silanes a somewhat unreliable approach to surface 

modification. 

1.1.4.2.5 Amines 

ZnO nanoparticles are often capped with alkylamine ligands to help disperse them in solution.122–124 

Coppel et al. proposed that the strongest binding between alkylamines and ZnO nanoparticles is due 

to lone-pair electron interactions between nitrogen atoms in the amines and Zn atoms of ZnO, while 

weaker attachments arise from hydrogen bonds or van der Waals interactions.125 The behaviour of 

ethylenediamine (en) at planar ZnO was investigated to determine its usefulness in directing the 

orientation of hydrothermally-grown ZnO during synthesis.46 While en was observed by FTIR on m-

plane ZnO during immersion in 10 mM en in D2O, it was not observed on the Zn-polar face, indicating 

a lack of affinity or bonding. Even on the m-plane face, most of the ethylenediamine was removed by 

rinsing, suggesting it was not strongly bound. Chen et al. also determined from AFM and XPS that 

dodecylamine did not bind strongly to m-plane ZnO.23 Amines are therefore not suitable for long-term 

surface modification of ZnO.  

1.1.4.3 Photochemical Methods 

Alkenes present a promising option for modifying the surface of ZnO as they can be photochemically 

grafted onto ZnO to give either mono- or multilayers, depending on the type of alkene.39 They have 

also been bound to other metal oxides such as ITO,126 and TiO2.127 Figure 1.16 shows a proposed 
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binding mechanism which begins when UV light emits photoelectrons from the substrate to the 

modifying solution. Consequently, the substrate become positively charged and becomes vulnerable 

to nucleophilic attack by the alkene, forming Zn-O-C bonds.  

 

Figure 1.16. Schematic showing a possible pathway to Zn-O-C bonds from an alkene at m-plane ZnO 

under UV light. From Ruther et al.39 

Ruther et al.39 showed that alkene-derived monolayers on m-plane ZnO are very stable and dense, 

although multilayers can form if exposed to UV light for too long. The choice of tail group affects the 

grafting process, with better electron acceptors giving better grafting: alkylalkenes such as 1-

dodecene underwent very inefficient grafting, while ester-terminated molecules were found to graft 

more efficiently to ZnO to form monolayers. An electron-accepting trifluoroacetamide tail group was 

shown to graft very efficiently to ZnO, giving multilayers. The same group also showed from Mott-

Schottky measurements that alkene modification did not significantly change the band bending of 

ZnO.39 

1.1.4.4 Electrochemical Methods 

Organic molecules can also be bound to surfaces using electrochemistry. The relative ease of 

aryldiazonium salt synthesis and grafting makes aryldiazonium ions a popular reagent for surface 



1      Introduction 

26 
 

modification. Their value lies in the formation of an aryl radical upon the reduction of the diazonium 

ion which can then react with a substrate to form covalent bonds (Figure 1.17).128 This reduction can 

be carried out by electrochemical means or by the addition of a chemical reducing agent such as iron 

or zinc powder.129 Mirkhalaf et al. showed that sonication of nitrobenzenediazonium (NBD) ions can 

lead to radical formation and grafting on ITO.130 ‘Spontaneous’ grafting, where the aryldiazonium ion 

is reduced by the substrate itself, can also occur at certain materials.131–134 Additionally, it has been 

proposed that aryldiazonium cations can directly react with Au surfaces to form Au-N=N-R bonds, and 

that further grafting can occur via decomposition of the aryldiazonium ion.135 Meanwhile, grafting via 

electrochemical reduction of aryldiazonium ions is a commonly-used approach for modifying carbon 

and metal surfaces, as well as metal oxides.136–139  

 

Figure 1.17: The reduction process for an aryl diazonium salt, the radical of which readily reacts with 

a substrate. Adapted from Bahr et al.140 

Due to the reactive nature of aryl radicals, loose-packed multilayer formation on the substrate is 

typical unless steps are taken to prevent it.129 The first radicals attach to the substrate, while 

subsequent radicals can also attach to the surface, or to the first layer of grafted aryl groups (Figure 

1.18). Reaction with non-reduced aryldiazonium ions can give rise to azo (N=N) linkages within the 

film. In grafting processes which require electrons to come from the substrate, that is, spontaneous 

or electrochemical grafting, electron transfer must occur over an increasingly thick insulating layer as 

the film grows. Eventually the rate becomes negligible and film growth stops, typically at a film 

thickness of a few nm.141  
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Figure 1.18. Proposed mechanisms for the formation of polyaryl multilayers during the electrografting 

of aryl diazonium salts. Adapted from Doppelt et al.142 

Chen et al. used a modifier with dual functionality, 4-aminophenylmethylPA, to probe the difference 

in stability between a modification layer formed via PA self-assembly on ITO, and a layer formed after 

in situ preparation of a diazonium ion and then electrochemical attachment via reduction.143 A 

diagram of the binding modes is given in Figure 1.19. It was observed that the PA-attached monolayer 

had no electrochemical blocking properties compared to the multi-layer formed by the diazonium 

functionality. The electrochemically-modified surface is less well-defined than the PA-modified 

surface due to the variable grafting mechanisms and multilayer formation. The authors noted their 

surprise that 10.54% of the electrochemical layer was due to phosphonate binding, given that the 

grafting took place over 5 minutes whereas traditional PA binding has required immersion times in 

the order of hours (Section 1.1.4.2.1). However, the samples were not sonicated after modification, 

which may account for this result. 
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Another approach for obtaining aryl layers was shown by English et al.144 Hydroxylated TiO2 was able 

to react with aryl iodides through nucleophilic substitution to give aryl layers on the surface. Koefoed 

et al. also used aryl iodides in electrochemical grafting, similar to that done with aryldiazonium ions.145 

They comment that the grafting efficiency is less than that for aryldiazonium ions but note that aryl 

iodide grafting is an option that gives greater control over film thickness and density.  

Wang et al. have recently used aryldiazonium ion grafting to modify ZnO films for DNA sensing (see 

below),146 and Bangle et al. used amperometry on a film of ZnO nanoparticles to modify them with a 

Ru-based dye for dye-sensitised solar cells (see below).147 However, these application-based studies 

made no attempt to characterise the bonding of aryl groups to the ZnO surface or the effect on the 

band bending. Although Bangle et al. did not provide high resolution N 1s spectra, they claimed that 

no strong evidence for azo linkages within the modification layer was observed due to the binding 

energy overlap with azo and N=C bonds within the Ru complex, with large, bulky nature of the ligands 

expected to prevent multilayer formation.147 To date, there has been no report on the effect on the 

band bending of ZnO upon modification via aryldiazonium ion chemistry, nor on the binding mode 

between aryl groups and ZnO. 

Hunger et al. performed nitro-, bromo-, and methoxyphenyl grafting on Si(111).78 They compared the 

UPS valence band spectra to those of the respective gas-phase benzene derivatives found by Chin et 

al. in 1992 (nitrobenzene)148 and Fujisawa et al. in 1986 (all other derivatives).149 The nitrobenzene 

film reduced the band bending at the surface from −0.49 eV to almost flat bands (−0.09 eV), and 

Figure 1.19. Binding modes for 4-aminophenylmethylphosphonic acid-modified ITO, modified either 

through self-assembly or electrochemically. Adapted from Chen et al.143 

 



1      Introduction 

29 
 

increased the electron affinity. These observations were associated with the dipole moment of the 

grafted molecules (3.9 D) and it was suggested that only the first monolayer of adsorbates was 

responsible. Film thickness was determined by XPS as between 3 and 5 nm, matching the results on 

metal and carbon in the literature.141  

1.1.4.5 Applications 

Bare and surface-modified ZnO have both been used in devices. A recent review by Gao and Teplyakov 

outlines difficulties associated with modifying semiconductor surfaces:150 examples include 

eliminating impurities such as water or oxygen from modification layers grown through wet chemistry, 

and creating modification layers which are stable to light, water, and heat. Other aspects to consider 

are maintaining transparency on an intrinsically-transparent substrate and the effect on the electronic 

properties of the substrate. Below are some existing applications for ZnO and similar metal oxides. 

Field-Effect Transistors 

Field-effect transistors (FET) are the basis for many devices, including sensors and screen displays, 

because they can use a change in electric field caused by adsorbates to induce a change in conductivity 

and electronic response. ZnO is an attractive material because of its transparency and the wide variety 

of ZnO nanostructures.151 However, a native hydroxyl-terminated ZnO surface with downwards band 

bending cannot be used in a FET because its surface conductivity is too high. To remove the 

conductivity, ZnO can be annealed to high temperatures to decrease the native H doping and thus the 

number of charge carriers at the surface.152,153 Alternatively, an additional dielectric layer can be 

added. Figure 1.20 shows the top-gate FET based on ZnO nanowires, fabricated by Kälblein et al.152 It 

contains source and drain terminals (in this case, aluminium), between which a voltage is applied. The 

gate (Au) controls the electron flow between the source and drain terminals while the Si substrate 

enables the device to be additionally biased. An ODPA monolayer is used as the gate dielectric as its 

thinness is suitable for conformal coverage of individual ZnO nanowires whilst still being insulating. 

Compared to an identical set-up without ODPA, which relied solely on the formation of a charge 
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depletion region in the semiconductor at the semiconductor-gate interface to control the source-drain 

current (Section 1.1.2.1), the FET format shown in Figure 1.20 had 3 orders of magnitude lower gate 

leakage current.152  

 

Figure 1.20. Schematic of top-gated ZnO FET with PA SAM indicated by red and white stripes. Adapted 

from Kälblein et al.152 

Another popular dielectric material is parylene, which is a biocompatible polymer. Zong et al. used 

parylene-protected ZnO nanowires in a FET to measure the forces involved in cell growth, making use 

of the piezoelectric properties of ZnO.154 Silane-based self-assembled dielectrics have also been used, 

although the positive charge of the dielectric decreased the performance of the FET.151 Thin dielectric 

layers which do not require high-temperature heat treatment are useful for flexible devices based on 

plastic substrates, provided they function as a good gate-insulator. 

Sensors 

The surface reactivity of ZnO to gases makes it a useful component in sensing devices for species such 

as H2,155,156 ethanol,157 ammonia,9 NO2,158 and water.159 Challenges include increasing the analyte 

sensitivity and decreasing the detection limit at room temperature, as well as lowering the power 

consumption and response and recovery time of the sensors.156 Nanowires and rods are a popular 

choice for sensing due to their large surface area:volume ratio,9 and their selectivity and sensitivity 

have been further enhanced by incorporating surface modifiers. Wang et al. showed in 2005 that 

coating ZnO nanorods with Pd clusters increased both these parameters for H2 sensing due to the 

catalytic reaction of H2 with Pd,156 an approach previously used on other semiconductor materials. 

Recently, Choo et al. showed that increasing the operating voltage of bare ZnO nanorod H2 sensors 
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more than halved the response time compared to previous ZnO and metal oxide-based sensors, 

coupled with a relatively short recovery time.155 However, their sensors were not as sensitive as 

others, and thus less suited to quantitative H2 sensing. 

Wan et al. made a simple ethanol-sensing device based on bare ZnO nanowires.157 As explained in 

Section 1.1.3, O2 molecules in ambient conditions adsorb onto ZnO, trapping electrons from the 

conduction band to form O2
-. This results in a high surface resistance, but gaseous ethanol can react 

with these adsorbed species to release the electrons and decrease this resistance. Although this is a 

surface effect, the thinness of the nanowires means that the increase in conductivity can be seen in 

the bulk measurements as well. However, the sensitivity of the device proposed by Wan et al. was 

greatest at 300 °C, which is not a practical temperature. In a different study, Wan et al. were able to 

use Cd-doped ZnO to sense humidity by taking advantage of defects on the nanowire surface, which 

have a high local charge density in dry conditions and promote the dissociation of water, allowing 

protons to act as charge carriers. In high humidity, water condenses on the surface and forms 

conduction paths between the nanowires. The change in resistance in a humid environment compared 

to dry air was more than 3 orders of magnitude greater than that for non-doped ZnO. 

Waclawik et al. sought to increase the sensitivity of ZnO nanowire sensors towards nitrogen-

containing species by attaching tris(hydroxymethyl)aminomethane (tris) or dodecanethiol to the 

surface.158 With or without tris attachment, ZnO was capable of detecting NO2 to low (2 ppm) 

concentrations. Tris-modified ZnO giving a slightly enhanced response, while the thiol failed to give a 

stable surface layer and did not enhance the sensing capabilities. Kuo et al. used an organic 

semiconductor poly(3-hexylthiophene) (P3HT), to enhance ammonia sensing at ZnO nanowires.9 Spin-

coating P3HT gave thick layers of several hundred nm, and a detection limit of < 0.1 ppm for ammonia. 

Importantly, they also showed that the maximum detectable concentration was 3 orders of magnitude 

greater than that reported for other ZnO-based ammonia sensors. The sensor was used to test 

ammonia in the breath of those suspected to have liver disease. 
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ZnO-based biosensors have also been developed for aqueous conditions. Ahmad et al. recently 

created a phosphate-sensing bio-FET incorporating ZnO nanowires, shown in Figure 1.21, for pollutant 

detection in water.160 The enzyme pyruvate oxidase was immobilised on the ZnO via an immersion 

process, and protected with a Nafion® coating. Upon exposure to phosphate, H2O2 is formed by the 

enzyme. The H2O2 is then oxidised by the ZnO, increasing the signal current between the source and 

drain terminals. The resulting sensor had a lower detection limit and a wider detection range than 

those without the ZnO nanowires, or those previously reported using carbon or cobalt electrodes. The 

authors attributed this to the large surface area and fast electron transfer at the nanowires. No 

characterisation of the enzyme immobilisation was carried out. 

 

Figure 1.21. Schematic of bio-FET fabrication for phosphate sensing, based on ZnO nanorods (NR). 

From Ahmad et al.160 

In terms of physiological sensors, such as those used in blood analysis, Shanmugam et al.3 used ZnO 

nanowire arrays for detecting the cardiac biomarker cTnI. The nanowires were modified with thiol or 

PA molecules, the tail groups of which were functionalised with the cTnI antibody. The antibody binds 

with cTnI, changing the capacitance and impedance at the surface/electrolyte interface, which is 

measured by the sensor. The authors observed that the thiol modification provided a more sensitive 

response to cTnI, because the PAs gave multilayers on the nanowire surface while the thiols gave a 

monolayer coverage.  
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Figure 1.22. Diagram of ZnO nanowire arrays functionalised with thiol- and phosphonic acid-based 

linkers with cardiac biomarker cTnI antibody tail groups. From Shanmugam et al.3 

Another example of a ZnO-based bio-FET is that designed by Hagen et al. for the detection of riboflavin 

(vitamin B2) in aqueous solution.161 Nanostructured ZnO with a large surface area, deposited by PLD 

at room temperature, was modified with silanes which were then coupled with a single-stranded 

riboflavin aptamer. When bound to riboflavin, the aptamer undergoes a structural change (Figure 

1.23). Due to the negative charge on its backbone, this produces a decrease in current flowing 

between the source and drain terminals of the device. If the aptamer is tagged with a ferrocene 

moiety, this injects electrons into the ZnO and the sensing signal becomes an increase in current. The 

latter arrangement allows for greater signal response and thus sensitivity. 

 

Figure 1.23. Schematic of ZnO-based riboflavin bio-FET, with (a) aptamers and (b) ferrocene-

terminated aptamers. From Hagen et al.161 
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Sensors can also be electrochemical: Baek et al. electrostatically immobilised gold clusters (Au25) on 

ZnO nanorods to sense alkaline phosphatase (ALP), a biomarker for liver and bone disease.4 The 

sensing mechanism is outlined in Figure 1.24: ALP oxidises p-aminophenylphosphate (APP) to p-

aminophenol (AP) in solution. The Au25 clusters are oxidised via an applied electrode potential, and 

the oxidised clusters then catalytically oxidise the AP to QI. The reduced clusters are then re-oxidised 

at an electrode, giving an increase in current as the signal. This approach gives a sensitivity > 100 times 

those previously reported, which is attributed to the dense packing of gold clusters on the nanorods 

giving high electrocatalytic activity. In this example, the ZnO nanorods function as a high-surface-area 

conductive support for the clusters. 

 

Figure 1.24. Schematic of electrochemical biosensor for ALP based on Au-cluster-functionalised ZnO 

nanorods on ITO. Adapted from Baek et al. 

Wang et al.146 have recently used aryldiazonium ion grafting to modify nanocrystalline ZnO films for 

DNA biosensing via fluorescence. After electrochemically forming a nitro-terminated aryl film, the 

nitro groups were reduced to NH2 species, which were then coupled to single-strand probe DNA. After 

immersion in the analyte, fluorescence microscopy was used to quantitatively determine the amount 

of target DNA that had been fluorescently tagged. The selectivity of this setup was high: for strands 

that differed to the target DNA by only one base, fluorescence was observed at only 30% of that seen 

with fully-matched DNA.  



1      Introduction 

35 
 

Photovoltaics 

PA-modified metal oxides have found application in photovoltaic devices, where the modification 

layer acts to improve the surface energy compatibility between a transparent electrode and the 

organic transport or donor layers of the device.64,162 The PA buffer layer can also increase the electrode 

work function and thus lower the electron injection barrier between the electrode and the organic 

layer. ZnO is a promising photoanode material for solar cells as it has excellent bulk electron transport, 

especially when compared to TiO2.163 However, it does not make efficient dye-sensitised solar cells 

(DSSC) due to its sensitive surface chemistry. In DSSCs, dye is excited by photons and injects electrons 

into the conduction band of a wide band gap semiconductor such as ZnO. A redox couple in the 

electrolyte solution transfers an electron to the excited oxidised dye, returning it to its ground state. 

A range of dyes has been trialled based on their ability to absorb light and efficiently eject electrons. 

However, they are typically acidic and dissolve ZnO, while TiO2 is more robust to a broader range of 

dyes.163 Palacios-Lidón et al. saw that this chemical reactivity at ZnO is face-dependent: upon 

attachment of DSSC dye to single-crystal ZnO, the O-polar face morphology was unchanged, while the 

m-plane face was significantly etched.12 This suggests that ZnO nanorods, which are primarily m-plane, 

are unsuitable for DSSCs.  

Lund et al. were interested in reducing the anode leakage of DSSCs having sintered fluorine-doped tin 

oxide (FTO) and TiO2 surfaces as photoanodes.164 Without modification, the open circuit voltage 

(maximum voltage available from the solar cell) was 0 V for the FTO | TiO2 electrodes, indicating poor 

performance. It was expected that an insulating organic layer would help. FTO and TiO2 were modified 

with nitrophenyl groups from nitrobenzenediazonium salt solution, resulting in a multi-layered 

modification film which was macroscopically inert to both acidic and basic, aqueous and non-aqueous, 

solutions. The insulating effect was investigated by examining the effect of the layer on electron 

transfer from ferrocene to the surface. Samples treated to 450 °C, despite having lost FTIR evidence 

for the presence of nitro groups and having a smaller amount of organic material on the surface, still 



1      Introduction 

36 
 

blocked the ferrocene redox reaction. Modification layers reduced current leakage and improved the 

open circuit voltage. 

A similar application to photovoltaics is metal oxide-based dye-sensitised photoelectrosynthesis solar 

cells (DSPEC). Recently, Bangle et al. grafted organic layers from Ru-aryldiazonium ions on an array of 

metal oxides to improve the stability of DSPECs (Figure 1.25).147  

 

Figure 1.25. Schematic of electrochemical grafting of in situ-formed aryldiazonium ions to metal oxide 

nanoparticle films (MOx) on fluorine-doped tin oxide (FTO) for use in DSPEC. Adapted from Bangle et 

al. 

Like DSSCs, a photosensitiser is anchored to the photoanode and ejects electrons into the anode when 

photoexcited. Specifically, the redox process to regenerate the sensitiser involves the oxidation of 

water to O2 (Eq 1.3), aided by a catalyst. Protons formed in the reaction diffuse through a proton-

exchange membrane and are reduced to H2 at a photocathode (Eq 1.4). Water oxidation is fastest in 

basic conditions, and thus the photosensitisers need to be stable in alkaline solution. 

2𝐻2𝑂 → 𝑂2 + 4𝑒
− + 4𝐻+  (1.3) 

4𝐻+ + 4𝑒− → 2𝐻2   (1.4) 

While it does not appear that Bangle et al. tested the stability of the aryldiazonium ion-derived layers 

on ZnO, the same layers were stable from pH 5 to ~12 on SnO2 and TiO2. Similar experiments showed 
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that PA and carboxylic acid modifications were only stable to pH 7 and pH 4, respectively. The films 

grafted from diazonium ions were also stable in ambient light conditions for several months. 

1.2 Aims 

The aim of this work is to investigate a range of methods for attaching organic modifying layers to the 

surface of ZnO with the goal of removing the downwards band bending at the ZnO surface. Formation 

of layers that protect the ZnO surface from environmental instability is also important, and the 

chemical reactivity differences between the three main faces after modification will also be explored. 

This thesis is organised as follows: 

Chapter 2: Experimental Methods: describes general experimental methods, chemicals, substrates, 

and equipment used in this work. 

Chapter 3: Phosphonic Acid Modification of Single Crystal ZnO: describes the surface modification of 

thin-film and single-crystal ZnO with a variety of phosphonic acids, their stability, and their effect on 

band bending. 

Chapter 4: Thiol Modification of Single Crystal ZnO: describes the surface modification of single-crystal 

ZnO with thiol derivatives and characterises the resulting layers. 

Chapter 5: Aryldiazonium Ion Chemistry at Single-Crystal ZnO: describes the use of aryldiazonium ions 

and electrochemistry to modify single-crystal ZnO with disordered, multi-layered aryl layers, and 

investigates the effect on band bending. 

Chapter 6: Aryldiazonium Ion Chemistry at MBE-Grown ZnO Thin Films: describes the electrografting 

of aryldiazonium ions at thin-film ZnO surfaces and characterises the binding mode, stability, and band 

bending. 

Chapter 7: Conclusions. 
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2 General Experimental and Analytical Methods 

2.1 General Synthesis and Reagents 

2.1.1 ZnO Substrates 

Hydrothermally-grown 10 x 10 mm2 single-crystal ZnO (Zn-polar, O-polar, and m-plane faces) were 

obtained from CrysTec GmbH, Germany and Tokyo Denpa, Japan. For all experiments, except those 

carried out in Chapter 5, samples were cut into smaller pieces using a diamond scribe. Directly before 

modification, each sample was sonicated in each of acetone, methanol, and isopropanol (IPA) for 4 

min and dried with N2. ‘As-received samples’ were cleaned by the same protocol and unless otherwise 

noted did not undergo any further treatment. For work performed in Chapter 5, as-received samples 

were cleaned with oxygen plasma prior to analysis to reduce carbon content. 

Thin-film ZnO samples, grown by plasma-assisted molecular beam epitaxy (MBE) on sapphire 

substrates, were prepared by Adam Hyndman (non-doped) and Dr Rodrigo Martinez Gazoni (Sb-

doped) (University of Canterbury), and characterised by Dr Gazoni. These samples grow in the O-polar 

orientation. Band gap and charge carrier concentrations are listed in Table 2.1; these were determined 

via UV-visible transmission spectroscopy and Hall Effect measurements with van der Pauw contacts, 

respectively. In this work, samples were diced using a wafer saw into 10 x 10 mm2 or 5 x 10 mm2 pieces 

where noted. For electrochemical work in Chapters 5 and 6, a ~1 mm Ti/Au contact strip was 

evaporated on the surface of the ZnO sample (MBE or single crystal) to provide good electrical contact. 

Dr Gazoni performed this step; contacts were shown previously to be ohmic on all three faces. Where 

noted (Chapter 6), as-received MBE-ZnO samples were further cleaned with oxygen plasma to reduce 

carbon content. 
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Table 2.1. Optical band gap and charge carrier concentrations for metal oxide substrates used in this 

work, experimentally-derived by Dr Rodrigo Martinez Gazoni (University of Canterbury).  

Substrate Band Gap (eV) Carrier Concentration (cm-3) 

CrysTec ZnO, single crystal 

Zn-polar 3.17 ~1.4 × 1013 

O-polar 3.17 ~5.0 × 1013 

m-plane 3.19 ~4.1 × 1012 

Tokyo Denpa ZnO, single crystal 

Zn-polar 3.18 ~1.5 × 1016 

O-polar 3.18 ~3.0 × 1014 

m-plane 3.20 ~4.0 × 1013 

MBE-grown Sb-doped ZnO, thin film 

O-polar 3.29 9.1 × 1018 ± 0.5 × 1018
 

 

2.1.2 Reagents and Solvents 

Acetone (HPLC grade, VWR International), methanol (HPLC grade, Loba Chemie), isopropanol (IPA, 

HPLC grade, Sigma Aldrich), tetrahydrofuran (THF, HPLC grade, Sigma Aldrich), and acetonitrile (ACN, 

HPLC grade, Merck) were used as supplied. All water used in this work was either Nanopure water 

(Thermo Scientific Barnstead, Chapter 4) or Milli-Q water (Millipore, all other Chapters) with 18 MΩ 

resistivity. 

2.1.3 Tetrabutylammonium Tetrafluoroborate 

Tetrabutylammonium tetrafluoroborate ([Bu4N]BF4) was prepared according to literature:1 20 mL of 

40% tetrabutylammonium hydroxide was diluted to 100 mL with water. 5 mL of fluoroboric acid (48%) 

was diluted to 25 mL with water and slowly added to the tetrabutylammonium hydroxide solution 

while stirring. A white precipitate formed, which was filtered and washed with water. It was dried in 

ambient conditions for 1 day, then stored in a ~60 °C oven. 
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2.1.4 Aryldiazonium Tetrafluoroborate Salts 

NBD tetrafluoroborate and TFBD tetrafluoroborate were prepared according to literature:2 5 mmol of 

4-nitro- or 4-trifluoromethyl-aniline was dissolved dropwise in dilute fluoroboric acid (2 mL water, 2 

mL 48 % fluoroboric acid) and chilled in an ice bath. 5 mmol of sodium nitrite was dissolved in a small 

amount of water, cooled in an ice bath, and added dropwise to the aniline solution while stirring. A 

pale precipitate formed. The mixture was cooled in an ice bath for 20 minutes and the precipitate 

separated by filtration. To purify, the product was dissolved in a small amount of cold ACN, and cold 

diethyl ether was very slowly added. The product was filtered under vacuumed and allowed to dry for 

30 minutes prior to use. Unused product was stored in the freezer. 

2.2 Instrumental Methods 

2.2.1 Atomic Force Microscopy 

Topographical measurements of ZnO were performed using non-contact tapping mode AFM (Digital 

Instruments Dimensions 3100) with a silicon cantilever (Tap300Al-G) operating at a resonant 

frequency of ~280 kHz. Images were obtained at a scan rate of 0.5 or 0.3 Hz with 512 samples per line. 

Root mean square roughnesses were measured over a 2 × 2 µm2 area. Where possible, the thickness 

of organic modification layers was measured using the procedure of Chen et al.,3 whereby the surface 

film was physically removed using the cantilever tip in contact mode, with a set-point voltage of 0.6 

V. A 1 × 1 µm2 area of modifier was first removed, and then a 1 × 3 µm2 area containing the scratched 

region was imaged in tapping mode. The depth of the scratch was calculated using the Step function 

in Nanoscope. This function finds the average sample height over a ~1 × 1 µm2 area outside the 

scratched area, and the average sample height within the scratched area. The difference of these gave 

the scratch height. As it was not possible to fully remove the modifier layer without also scratching 

some of the underlying substrate, the calculated height was corrected for the scratch-depth on an 

identical bare ZnO substrate (cleaned using oxygen plasma), using the same instrument settings. This 

method was most successful for diazonium ion work (Chapters 5 and 6), where the thick multilayer 
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films allowed unambiguous determination of the thickness with a relatively small uncertainty (± 1 nm), 

which corresponded well with film thicknesses determined through XPS calculations. It was not 

successful for phosphonic acid or thiol work (Chapters 3 and 4) due the thinness of the modification 

monolayers (~ 1 nm) and adventitious carbon on the as-received samples. 

2.2.2 Water Contact Angle Measurements 

Static water contact angle (CA) measurements were performed with a homemade goniometer setup. 

Water droplets (1 μL) were placed on the surface with a micro syringe and photographed with an 

Edmund Scientific camera with macro lens. The images were the analysed using ImageJ v1.48 software 

(NIH, Bethesda, MD) with a drop analysis plug-in. At least 3 droplets were imaged per sample, with 

the mean value reported. 

2.2.3 X-Ray and Ultraviolet Photoelectron Spectroscopy 

Three X-ray photoelectron spectroscopy (XPS) instruments were used in this work: two with fixed 

photon energy and the second with a tuneable photon energy. Fixed-energy XPS spectra were plotted 

in Igor via an Excel macro,4 and were typically normalised to give each sample of interest the same Zn 

2p3/2 peak area. This normalisation was carried across the core level spectra for ease of reading.  

A UPS instrument was also used in this work. 

2.2.3.1 XPS at the University of Wisconsin-Madison, USA 

Fixed-energy XPS at the University of Wisconsin-Madison was used for experiments in Chapters 3 and 

4. The custom-built XPS instrument (Physical Electronics Inc., Eden Prairie, MN) at the University of 

Wisconsin-Madison (UW), had a model 10-610 Al Kα source (1486.6 eV photon energy), a model 10-

420 toroidal monochromator, and a model 10-360 hemispherical analyser (16-channel detector 

array). The electron take-off angle was 45°, giving a ZnO sampling depth of ~2.3 nm. The pass energy 

of the analyser was 29.35 eV, giving a resolution of 0.025 eV and an overall experimental error in peak 

area of ~10%. Atomic sensitivity factors (ASF) for this setup were obtained from the literature.5 Spectra 

were calibrated such that the main C 1s peak (always present in adventitious carbon) was at 284.8 eV. 



2      General Experimental and Analytical Methods 

53 
 

Peaks were fitted with Voigt functions (30% Gaussian, 70% Lorentzian unless otherwise stated), and 

Shirley or linear backgrounds where appropriate, using CasaXPS.  

2.2.3.2 XPS at the University of Auckland, New Zealand 

Fixed-energy XPS at the University of Auckland was used for experiments in Chapters 5 and 6. With 

help from Dr Colin Doyle, XPS was carried out with a Kratos Axis Ultra DLD spectrometer with a 

monochromatic Al Kα source. The electron take-off angle was 90° and ASF values were sourced from 

Kratos Analytical. Core-level spectra have an energy resolution of 0.4 eV and were calibrated to 

adventitious carbon at 284.8 eV, with peaks fitted with Voigt functions with either Shirley or linear 

backgrounds. The experimental error in measuring each element’s peak intensity was 10%. 

2.2.3.3 XPS at the Australian Synchrotron, Melbourne 

The Australian Synchrotron (Melbourne) soft X-ray beamline was used for surface-sensitive 

measurements of the samples in Chapters 3 and 6. XPS was performed at room temperature at a base 

pressure of < 2 x 10-10 mbar. Spectra were collected by a Specs Phoibos 150 hemispherical analyser 

with the detector normal to the sample surface. The photon energies were selected such that the 

ejected photoelectrons all had kinetic energy of ~150 eV, corresponding to an escape depth of ~6.2 Å, 

estimated using the TPP-2M formula.6 Unless otherwise noted, C 1s, N 1s, O 1s, F 1s, P 2p, Zn 2p core 

level and valence band (VB) spectra were collected using photon energies (hν) of 435, 548, 680, 835, 

280, 1180, and 150 eV, respectively. Unlike fixed-energy XPS, the ASF values for these core levels 

measured at these energies are not known.  

Samples were mounted on an electrically-grounded tantalum foil holder, negating the need for a flood 

gun so accurate relative shifts in binding energy (BE) could be measured via direct referencing of the 

zero BE to the Fermi level of each sample. The BE scale at each photon energy was calibrated to the 

Au 4f core level doublet and Fermi edge of an Au reference sample. Initial experiments used a photon 

slit size of 6 x 20 µm2, but when it became apparent that sample damage was occurring during analysis, 

subsequent experiments were carried out using a photon slit of 6 x 9 µm2. Preliminary tests showed 
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that this slit size reduced the flux of the incoming photons sufficiently to reduce the rate of 

decomposition of the modified sample to negligible levels. When deliberately examining the effects 

of X-ray irradiation, the slit was opened to 6 x 20 µm2 and core levels (F 1s or N 1s) were repeatedly 

scanned for ~15 min to monitor changes. Spectra were typically fit using pseudo-Voigt (30:70 

Gaussian:Lorentzian) functions, except where otherwise noted, with either linear or Shirley 

backgrounds in CasaXPS.  

2.2.3.4 Ultraviolet Photoelectron Spectroscopy 

Ultraviolet photoelectron spectroscopy (UPS) was carried out with the UW-Madison XPS/UPS system, 

using the He I α excitation line which gave an incoming photon energy of 21.2 eV. A negative bias of 

~12 V was applied to all samples to ensure separation of secondary photoelectrons stemming from 

the analyser and sample. While this bias shifted the binding energy of the spectra, they were calibrated 

to EF of Pt, freshly cleaned with piranha solution prior to each UPS procedure. (Caution: piranha 

solution is very corrosive and potentially explosive when introduced to organics) All spectra were 

collected at a pass energy of 2.95 eV, with the samples at a 45° angle between the incoming photons 

and the analyser.  

2.2.3.5 Band Bending Calculations from XPS and UPS 

Near-surface band bending was determined via linear extrapolation of the valence band (VB) edge of 

the VB spectrum to the XPS or UPS instrument background, as described by Chambers et al.7,8 The 

intersect determines ζ, the energy difference between the VB maximum (Ev) and the Fermi level (EF) 

in the near-surface (~6.2 Å) region. Band bending was then determined from Vbb = Eg – ζ – ξ (Figure 

1.6) where Eg is the room-temperature bandgap of the ZnO substrate, determined from optical 

measurements, and ξ = (kT/q) ln(NC/n) is the energetic separation between EF and the conduction 

band minimum (EC) in the bulk of the sample, where n is the bulk carrier concentration of the 

substrate, and NC is the conduction band effective density of states for ZnO (NC = 2.94 × 1018 cm-3).9 Eg
 

and n for ZnO samples used here are listed in Table 2.1. Downwards band bending at the surface and 
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surface electron accumulation is indicated by negative values of Vbb, while positive values of Vbb 

indicates upwards band bending and near-surface electron depletion.10,11 The error associated with 

Vbb was derived from the uncertainty of the linear extrapolations and was ± 5% for synchrotron XPS 

and fixed-energy UPS, and ~7% for fixed-energy XPS. For synchrotron XPS, VB spectra were calibrated 

to the Au 4f peaks of a clean gold sample, while for fixed-energy XPS, VB spectra were not calibrated. 

2.2.4 Surface Coverage Calculations 

The amounts of phosphonic acids and thiols on the surface was compared using the ratios of ASF-

corrected peak areas of P 2p : Zn 2p or S 2p : Zn 2p, respectively. The inelastic mean free path (IMFP, 

the average distance a photoelectron will travel before losing kinetic energy) of P 2p and S 2p electrons 

through the modifying layer will vary slightly between modifiers and may influence quantification 

accuracy. However, Colorado and Lee found that the attenuation length of photoelectrons from 

fluorinated alkyl monolayers were indistinguishable from those from hydrocarbon monolayers.12 

Larger error is expected for Zn 2p electrons, which have short IMFP and are attenuated more for 

modifiers with long tails than shorter tails. This may artificially increase the P : Zn or S : Zn ratios. 

However, due to the deep sampling depths of fixed-energy XPS, in practice, the ratios did not appear 

to be significantly affected by modifier length and are a good indication of relative modifier 

concentrations on ZnO. For Synchrotron XPS, the P 2p : Zn 3s ratio is reported but was not ASF-

corrected.  

P:Zn ratios were also used to estimate, using a literature model, the molecular surface concentration 

for each modifier on each face. This approach is summarised by Timpel et al. and relates water CA to 

surface coverage of molecules.13 Fractional surface coverage of a modification layer on ZnO is given 

by an equation based on Cassie’s Law:14  

cos 𝜃 = 𝑓 cos𝜃𝑟𝑒𝑓 + (1 − 𝑓) cos𝜃′   (2.1) 

where 𝜃 is the water CA of the modification layer, f is the fractional coverage of the layer on ZnO, 𝜃ref 

is the contact angle for an ideal, well-packed monolayer reference, and 𝜃’ is the water CA of the 
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unmodified substrate. In this case, a thiol analogue of F13OPA on gold is considered as the ideal 

monolayer, with molecular coverage of 3.4 molecules nm-2 as determined by high-resolution AFM.15 

Using the measured water CA of a F13OPA layer on ZnO, a fractional surface coverage can be calculated 

and thus, a molecular coverage determined based on the full-packed 3.4 molecules nm-2. This method 

is only suitable for F13OPA modification layers, because it is the only PA used here which has reliable 

estimates reported for its surface coverage. However, since XPS P:Zn and S:Zn ratios give relative 

surface concentrations between modifiers, the surface coverage of other PA modifiers can be 

calculated by comparing their P:Zn ratios with those of F13OPA-modified ZnO samples with known 

surface coverage. Thus, estimated values of surface coverage can be determined for all PA modifiers, 

as was done by Timpel et al. for F13OPA and trifluoromethylphenyl phosphonic acid.13 

An alternative method for finding molecular surface concentrations was also investigated but found 

to be unsuitable. Franking et al.16 outlined a method which compares the amount of carbon on an 

unmodified reference sample to the amount of carbon on a modified sample; it assumes attenuation 

of the Zn 2p signal when a modification layer is present. This proved to be untrue for some parts of 

this work, due to the varying amounts of adventitious carbon on the reference samples and the 

variability in the optimisation of the sample alignment with regards to the X-ray beam. During the 

majority of the phosphonic acid and thiol work, access to an oxygen plasma asher was not possible, 

and thus the amount of carbon on reference samples was significant.  

2.2.5 Modification Layer Thickness Calculations 

Grafting from aryldiazonium ion solution (Chapters 5 and 6) gives relatively thick organic layers (> 1 

nm) with thicknesses that can be estimated directly from XPS data, provided it is analysed alongside a 

clean reference sample. For these calculations, as-received ZnO was cleaned with oxygen plasma prior 

to XPS analysis. 
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The thickness of the modification layer was calculated from:17  

𝐼

𝐼0
= exp (−

𝑑

𝜆
sin𝜃)  (2.2) 

where I is the intensity of the Zn 2p signal on unmodified ZnO, I0 is the Zn 2p intensity on modified 

ZnO, d is the thickness of overlayer, λ is IMFP of Zn 2p photoelectrons though a carbon modifier, and 

𝜃 is the photoelectron take-off angle (90° for the University of Auckland XPS). The main source of error 

(estimated to be 20% for the present work) in this equation is the value of λ, which must be calculated 

from a model or found empirically. In the case of Laforgue et al., nitro- and carboxyphenyl films were 

attached to gold, and the value for λ they used was that of alkanethiols on gold (42 Å).17 For the 

calculations in this work, the value of λ was 17.1 Å. This corresponds to the escape distance for Zn 2p 

photoelectrons through polystyrene and was calculated from the NIST IMFP Database.18 This thickness 

calculation method was only applicable to the aryldiazonium ion work, where the use of an oxygen 

plasma asher allowed the reference samples to be almost completely clean from carbon 

contamination, allowing a significant difference in the Zn 2p signal stemming from the bare and 

modified samples.  

2.2.6 Estimation of Modifier Lengths 

Avogadro 1.1.1 freeware19 was used to estimate the length of the modifiers used in this work. After 

the molecule was inputted and set to its lowest-energy configuration, the length was measured from 

the surface to the highest molecular atom and trigonometry was used to account for that atom’s angle 

compared to the surface normal. 

2.3 Modification Methods 

Modification methods for phosphonic acids and thiols on ZnO are described in Chapters 3 and 4, 

respectively. 
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2.3.1 Aryldiazonium Grafting 

2.3.1.1 O-Ring Method for Electrochemical Grafting 

 

 

 

 

 

Figure 2.1. Electrochemical cell setup used for the O-ring method of electrochemically grafting from 

aryldiazonium salt solution. 

The setup for typical electrochemical experiments on ZnO in this work (Chapters 5 and 6) is shown in 

Figure 2.1. This so-called ‘O-ring method’ was used for both electrochemical modification and 

reduction. Firstly, a long thin piece of copper foil was pressed onto the gold contact of a 10 x 10 mm2 

ZnO sample and secured with tape. The sample was sandwiched between an O-ring and an insulated 

base. A glass electrochemical cell with an aperture in the bottom was secured above, applying 

pressure to the O-ring to ensure that no electrolyte solution leakage. A freshly-sandpapered crocodile 

clip was attached to the dangling end of the copper foil, thus completing the working electrode circuit. 

A thin rubber tube for nitrogen purging was connected to the appropriate inlet. The counter electrode, 

a platinum mesh, was inserted into the cell, and 20 mL of the required solution carefully added. The 

open necks of the cell were stoppered, and nitrogen flowed through the solution for 15 minutes. 

Directly before grafting, the saturated calomel reference electrode was inserted, and the nitrogen 

flow halted. An alternative method (‘dipping method’) is outlined in Section 6.2.1. 

Grafting was carried out using cyclic voltammetry with a scan rate of 200 mV s-1, using various potential 

ranges. Unless otherwise specified, the aryldiazonium ion solutions used for electrochemical grafting 

were 2 mM aryldiazonium tetrafluoroborate salt and 100 mM [Bu4N]BF4 in ACN. 
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3 Phosphonic Acid Modification of Single-Crystal ZnO 

3.1 Introduction  

Phosphonic acids (PAs) and ZnO have an interesting relationship: PAs can be used to control the 

growth of ZnO nanocrystals,1 while ZnO nanocrystals can be used as a catalyst to form PAs.2 This is 

due to the strong affinity between PA head groups and metal oxides, making PAs a very promising 

starting point for ZnO surface modification. Covalent bonds form between PAs and a variety of metal 

oxides, including ZnO,3–6 ITO,7,8 and TiO2,9–12 via condensation reactions with the surface OH layer. 

Fluorinated,6 aliphatic,6,13 and aromatic PAs13–15 have been successfully attached to ZnO nanorods,16,17 

nanowires,18 single crystals,6,18,19 and sputtered films.3–5 This success has been attributed to the bi- and 

tridentate binding mode of PAs, which make attachment more stable than monodentate binding.  

3.1.1 Preparation of Phosphonic Acid Modification Layers 

The most common method for modifying ZnO with PAs involves soaking the sample in a solution of 

the acid. This appears to give weak binding between the acid and the surface,5 as well as cluster or 

multilayer formation.18 Covalent bonds between the modifier and the surface can be promoted by 

heating the ZnO after soaking. Though a study has been carried out on the effect of temperature on 

the binding of PAs to SiO2,20 no systematic study on optimal annealing temperature has been carried 

out for ZnO and a typical temperature of 140 °C is used.6,21,22 The lowest annealing temperature 

recorded for PA on ZnO is 90 °C, used by Lange et al.,19 while Perkins determined through temperature-

dependent XPS that hexylphosphonic acid layers on O-polar ZnO are stable to 350 °C. Moreover, 

Perkins observed that for an unannealed sample, a basic potassium carbonate rinse removed 

hexylphosphonic acid layers from ZnO, while annealing at ~150 °C prevented this desorption. 

A slight variation on the simple soaking technique is a method known as Tethering By Aggregation and 

Growth (T-BAG).23 Here, the sample is held vertically in solution while the solvent evaporates until the 

sample is exposed to the air. The T-BAG method has been used to successfully modify both sputtered 

and single crystal ZnO with PAs, giving well-packed monolayers.21,22 In experiments where the solvent 
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was not allowed to evaporate, Timpel et al. observed better homogeneity of the monolayer after 

repeating the immersion and annealing steps.6  

A recent study on ITO, ZnO, and nickel oxide suggests an alternative method of modifying metal oxides 

with PAs: spray coating.24 Aerosolised PAs are sprayed onto a heated surface and allowed to dry. For 

ZnO, the spray-coating method gave better surface concentration than dip-coating, but surprisingly, 

this did not significantly affect the work function. While spray-coating is a faster and perhaps more 

reliable method than those involving solvents, it requires specialist equipment. 

3.1.2 Types of Phosphonic Acids 

Many types of PAs, with varying properties, are available commercially. Three were selected for this 

work based on their similarities and differences (Table 3.1). ODPA was selected due to its popularity 

and long alkyl tail, which provides excellent van der Waals interaction stability.25 Quiñones et al. 

showed that fluorinated PAs increased the stability and surface concentration of PA monolayers on 

ZnO nanoparticles compared to non-fluorinated analogues.26 As well as this, fluorinated PAs generally 

have an opposing dipole moment to non-fluorinated derivatives27 and this property is useful in terms 

of influencing electron density at the surface of ZnO.28 For these reasons, a fluorinated analogue of 

ODPA (1H,1H,2H,2H-perfluorooctanephosphonic acid) was investigated in this work. F13OPA is very 

similar to ODPA, though only has 8 carbons in its alkyl chain, of which 6 are perfluorinated. 2,3,4,5,6-

pentafluorobenzyl phosphonic acid (PFBPA) has a fluorinated aromatic benzene ring, which can 

experience intermolecular π-π stacking interactions and stabilise the modification layer.29 Timpel et 

al. saw that a trifluoromethyl-tagged phenyl PA resulted in higher surface concentration than F13OPA 

and attributed this to the π−π interactions between the aromatic rings of the former when arranged 

on a surface.6 
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Table 3.1: PAs used to modify ZnO in the current work. 

Name Octadecyl 
phosphonic acid 

1H,1H,2H,2H-
Perfluorooctane 
phosphonic acid 

2,3,4,5,6-Pentafluorobenzyl 
phosphonic acid 

Abbreviation ODPA F13OPA PFBPA 

Structure 

  

 
 

3.1.3 Aims 

PAs form monolayers on ZnO and other metal oxide surfaces, and are a strong starting point for tuning 

the band bending of ZnO.5,6,8,15,30,31 To date, there has not been a systematic study of the ability of PAs 

to attach to all three major faces of ZnO, nor a study of the band bending differences between the 

faces. Workfunction shift for several PAs has been experimentally measured on the polar faces,6,19 

while computational studies on the Zn- and O-polar faces have been carried out.32 However, the 

experimental studies have mostly focussed on one particular type of PA, such as fluorinated. Shifts in 

work function are difficult to quantify as absolute values, as are changes in band bending, so a 

systematic comparison of a range of different PAs – and other modifiers – on the band bending of 

different ZnO faces is sought.  

This chapter investigates a range of related PAs, as seen in Table 3.1, and their ability to bind to 

different faces of ZnO via an optimised modification method. Using synchrotron XPS, the binding mode 

and effect of modification on the surface band bending of ZnO was investigated. Finally, the stability 

of PA layers on ZnO over time and when exposed to UV light was studied by water contact angle (CA) 

and XPS measurements, as were their effects on the phenomenon of persistent photoconductivity 

(PPC). 
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3.2 Experimental Methods 

3.2.1 Chemicals and Substrates 

Octadecylphosphonic acid (ODPA), 1H,1H,2H,2H-perfluorooctanephosphonic acid (F13OPA), and 

2,3,4,5-pentafluorobenzylphosphonic acid (PFBPA) were used as received from Sigma Aldrich. ZnO 

single crystals from CrysTec and Tokyo Denpa, and MBE-grown thin film ZnO, were used after they 

were diced into 5 × 10 mm2 samples. All samples were solvent-cleaned prior to modification, as 

outlined in Chapter 2, including reference samples which were not modified (‘as-received’). 

3.2.2 Modification of ZnO with Phosphonic Acids 

Unless stated otherwise, the procedure for modifying ZnO with PAs was based on that reported by 

Timpel et al., a diagram of which is shown in Figure 3.1.6 After cleaning, ZnO samples were immersed 

vertically in vials containing 5 mL of 1 mM PA in THF. Vials were sealed to prevent evaporation and 

left in ambient conditions for 6 h. Following this, the samples were annealed on a hotplate at 140 °C 

for 2 h. They were then sonicated in THF for 4 min to remove physisorbed modifier molecules, before 

being dried in nitrogen. The soaking-annealing-sonication steps were carried out twice more, but with 

a 3 h soaking step and 30 min annealing. 

3.2.3 Thermogravimetric Analysis 

Differential scanning calorimetry-thermogravimetric analysis was carried out using a Universal TA 

Instrument setup (v4.5A). 8.5 mg of sample was placed on a platinum pan and heated under nitrogen 

to 800 °C, with a step rate of 10 °C min-1. 

Figure 3.1. Diagram of the Timpel method for covalently bonding PAs to ZnO via repeated immersion, 

heating, and sonicating. 
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3.3 Results and Discussion 

3.3.1 Method Optimisation for Phosphonic Acid Modification Layers on ZnO 

The method for modifying ZnO with PAs was decided upon after trialling several different processes 

outlined in the literature. 

3.3.1.1 Modification Solvent 

Ethanol3–5,19 and THF6,17,22 have been used by other researchers as the solvent for PA modification of 

ZnO. The low dielectric constant of THF is claimed to aid the formation of dipole-oriented monolayers.8 

These two solvents were examined in this work for their ability to help form uniform molecular layers 

of PAs on ZnO. 

MBE-grown ZnO (Adam Hyndman, University of Canterbury) was used for these preliminary studies; 

the modification method was similar to that described by Chockalingam et al.31 After samples were 

cleaned in acetone, methanol, and IPA, they were immersed in separate 1 mM ODPA solutions for 18 

h in either ethanol or THF. Samples were then rinsed briefly before annealing at 120 °C for 3 h. This 

was followed by sonication in the respective solvent. The effect of modification on surface wettability 

was monitored by measuring CA. CA were 68 ° ± 7 ° prior to modification and 107 ° ± 4° and 109 ° ± 2° 

after modification with ODPA in ethanol and THF, respectively (Figure 3.2). The increase in CA indicates 

the expected increase in hydrophobicity after modification, and the two solvents give modified 

surfaces with the same wettability. 

 

Figure 3.2: Water contact angles for MBE-grown ZnO (a) as-received, (b) modified with ODPA in 

ethanol, and (c) modified with ODPA in THF. 

(a) (b)(a) (c)68 107 109 
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However, optical microscope images of the same samples revealed very different surfaces, as seen in 

Figure 3.3. The sample prepared in ethanol appeared to have residue on the surface, even after 

sonication, while the THF treatment yielded a very uniform surface. This may be due to the relative 

vapour pressures for THF and ethanol: THF has a higher vapour pressure and should be more readily 

removed from the sample after modification. Additionally, the viscosity of ethanol is higher than that 

of THF, so the ethanol may not be entirely removed during the nitrogen drying process. The apparent 

‘residue’ may also be pitting: ZnO is highly susceptible to corrosion in acidic conditions, which the 

ethanolic solution may have provided. Indeed, modification of ZnO by Chen et al. using carboxylic 

acids in ethanol proved to etch the surface.5 The polar non-protic THF was therefore selected as the 

solvent of choice for further PA modifications. 

 

Figure 3.3: Microscope images of (A) ethanol- and (B) THF-treated MBE ZnO modified with ODPA. 

Scalebars are 125 µm. 

3.3.1.2 Further Method Development 

Three methods requiring shorter immersion times were investigated for PA modification: the ‘Timpel 

method’, which has repeated steps of soaking, annealing, and sonicating;6 the ‘T-BAG method’, where 

the solvent is allowed to evaporate during the soaking step;22 and the ‘dip-coating method’, where a 

very short immersion step is used.33 

Table 3.2 shows the water CA results for these different modification methods tested on Zn-polar and 

m-plane ZnO. The CA for ODPA-treated titania was previously reported as 110°,10 and on ITO, reported 

contact angles range from 103° to 117°.8,21,34,35 A water contact angle of 103° was reported by Timpel 

(a) (b)
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et al. for F13OPA-modified Zn-polar ZnO,6 which is similar to the results seen by Hotchkiss on ITO 

(101°)36 but lower than that seen by Sharma (108°)35 and Wang (108.67°) on ITO.37 A higher contact 

angle for both ODPA- and F13OPA-modified samples is assumed to be indicative of higher molecular 

density of the hydrophobic organic modifiers at the surface and a more successful modification 

method.6 Additionally, the absolute error is an indication of how uniform the modification layer is 

across the sample, as it is the standard deviation of the angles of at least 3 water droplets for each 

sample. 

Table 3.2: Summary of PA modification methods trialled on single-crystal ZnO, and the corresponding 

water contact angle for each sample before and after modification. The concentration of PA was 1 mM 

in all solutions. *Solvent allowed to evaporate during modification. RT = room temperature. 

Method Face Modifying Solution Time Post-treatment CA (°) 

Unmod. Zn-polar - - - 64 ± 4 

Unmod. O-polar - - - 56 ± 2 

Unmod. m-plane - - - 48 ± 2 

Timpel Zn-polar F13OPA, THF, RT 6 h Annealed at 140 °C in air; 2 h 108 ± 2 

Timpel Zn-polar F13OPA, THF, RT 6 h As above; sonicated 95 ± 6 

Timpel Zn-polar F13OPA, THF, RT 3x 6 h 
Annealed at 140 °C in air; 2 h; 

sonicated 3 min; repeated 2x 
105 ± 2 

Timpel Zn-polar F13OPA, THF, RT 3x 6 h As above; sonicated 109 ± 3 

T-BAG Zn-polar F13OPA, THF*, RT 3 h* Rinsed and dried 92 ± 1 

T-BAG Zn-polar F13OPA, THF*, RT 3 h* Sonicated 99 ± 2 

Dip-coat m-plane ODPA, anisole, 60 °C ~3 s Annealed at 150 °C in air; 30 min 105 ± 4 

Dip-coat m-plane ODPA, anisole, 60 °C ~3 s As above; rinsed in THF 98 ± 4 

Dip-coat m-plane F13OPA, anisole, 60 °C ~3 s Annealed at 150 °C in air; 30 min 103 ± 2 

Dip-coat m-plane F13OPA, anisole, 60 °C ~3 s As above; sonicated in THF (3 min) 102 ± 2 

 

The highest CA (109°) was observed on the Zn-polar sample subjected to three iterations of the 

soaking, annealing, and sonicating Timpel process.6 This angle was measured after the final sonication 

of the sample, indicating that the hydrophobic layer is stable and most likely chemisorbed to the ZnO 

surface. This contrasts with the sample which was treated only once with the soaking and annealing 
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process: before sonication, the water contact angle was 108°, but after sonication decreased to 95°. 

This result emphasises the necessity of sonication to remove any physisorbed PAs, followed by re-

immersion to allow new PA molecules to move into the spaces previously blocked, and potentially 

form covalent bonds to ZnO upon annealing.  

The dip-coating method by Chen et al. describes a rapid PA modification on mica and aluminium using 

anisole, a solvent with a very low dielectric constant of 4.3.33 The sample was dipped briefly in a heated 

1 mM solution of ODPA in anisole, and after annealing it was claimed that the result was a dense ODPA 

modification layer with a water contact angle of 110°. The process was followed in this work with 

ODPA and F13OPA on ZnO. While the modified samples had acceptable water contact angles (105° and 

103° respectively), in the case of ODPA, the contact angle decreased to 98° upon sonication of the 

sample. In contrast, the F13OPA-modified sample retained its contact angle of ~103°. Its value was still 

lower than that found for the Timpel-modified Zn-polar face (109°).6 This difference is not large and 

could be attributed to differences in the polarity of the two ZnO faces. However, the Timpel method, 

with 3 immersion and annealing steps, was chosen for all subsequent PA modifications. 

3.3.2 AFM of Phosphonic Acid Modification Layers 

The AFM images of as-received Zn-polar ZnO seen in Figure 3.4 shows step-like atomic features 

approximately 300 nm wide. Figure 3.4b shows the same sample directly after modification with 

PFBPA. After PFBPA modification, small circular features appear on the ZnO surface. The roughness 

increases from 0.1 nm to 0.2 nm but the characteristic terraces of the ZnO surface are still visible, 

suggesting the ZnO has been modified with a thin layer of PFBPA. The height of a PFBPA molecule 

upright on a flat surface is approximately 0.7 nm,38 which is long enough to distort the details of the 

terraces, but not enough to completely obscure the terraces entirely. It is assumed that the circular 

features are clumps of PFBPA, and are comparable to those seen by Chen et al. of hexadecylPA on m-

plane ZnO.5 
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Figure 3.4. AFM images for high-quality Zn-polar ZnO: (a) as-received; (b) modified with PFBPA and 

imaged before synchrotron XPS analysis; (c) modified with PFBPA and imaged after synchrotron XPS 

analysis. Horizontal scale bars are 1 µm. Arrows have been added to show the approximate direction 

of terrace formation. Root mean square roughnesses are (a) 0.1 nm; (b) 0.2 nm; (c) 1.1 nm. 

AFM was used to determine the topography changes for ZnO samples modified with ODPA, F13OPA, 

and PFBPA, after synchrotron XPS analysis. This analysis order was chosen to minimise any 

contamination of the samples for the XPS analysis, but ultimately resulted in poor-quality surfaces for 

AFM, especially when compounded with external factors such as humidity.39 To illustrate this point, 

Figure 3.4c shows an AFM image of PFBPA-modified sample after XPS analysis. The surface is clearly 

very different to that imaged before XPS analysis (Figure 3.4b), and the surface roughness is 1.1 nm 

compared to the freshly-modified surface roughness of 0.2 nm. This is most likely due to the repeated 

sample handling and transport required for synchrotron XPS analysis. Consequently, AFM imaging is 

not fully discussed here, although the images obtained of all samples after synchrotron XPS analysis 

can be found in Appendix 8.1.1. 

3.3.3 Fixed-Energy XPS Analysis of Phosphonic Acid Modification of Single Crystal ZnO 

Single-crystal Zn-polar, O-polar, and m-plane ZnO (CrysTec) were modified with ODPA, F13OPA, and 

PFBPA (Table 3.1), and preliminary fixed-energy XPS analysis was performed to confirm that samples 

could be modified as expected. The atomic percentages of each modified sample and its as-received 

reference samples are shown in Table 3.3. Except for the as-received samples, evidence for PA 

modification layers was seen on all faces and with all PA derivatives. The results of core-level spectra 
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are presented and discussed in Appendix 8.1.2 and detailed analysis of samples by synchrotron XPS 

are discussed in Section 3.3.5. 

Table 3.3. Fixed-energy XPS atomic percentages from survey spectra for OPDA-, F13OPA-, and PFBPA-

modified Zn-polar, O-polar, and m-plane ZnO faces. 

Face Modifier Zn % O % C % P % F % 

Zn-polar As-received 23 45 32 0 0 
 

F13OPA 17 37 17 2 26 
 

ODPA 8 30 59 3 0 
 

PFBPA 33 43 15 2 8 

O-polar As-received 21 43 36 0 0 
 

F13OPA 17 36 18 2 27 
 

ODPA 14 35 49 2 0 
 

PFBPA 29 47 16 3 6 

m-plane As-received 27 41 33 0 0 
 

F13OPA 16 29 20 2 33 
 

ODPA 9 28 60 3 0 
 

PFBPA 23 36 23 3 14 

 

3.3.4 Water Contact Angles and Molecular Surface Concentration 

Figure 3.5 shows the water CAs determined for each of the single-crystal PA-modified ZnO faces after 

analysis with synchrotron XPS (Appendix 8.1.3). The as-received samples have lower CA than the 

modified samples in all cases, confirming a change has occurred during modification to make the 

surfaces hydrophobic. However, all CA for modified samples are lower than expected due to sample 

handling and synchrotron XPS analysis prior to CA measurements. The values for ODPA-modified ZnO 

are 77°, 106°, and 97° for Zn-polar, O-polar, and m-plane ZnO, respectively. The O-polar value is closest 

to the literature values reported for ODPA monolayers: 108° on ZnO.4 Barriet and Lee note that 

monolayers from fluorocarbon-based molecules typically have a lower packing density than their 

hydrocarbon analogues, attributed to the size increase from hydrogen to fluorine.40 This is in contrast 

to the report by Quiñones et al., who saw denser packing of fluorinated PA on ZnO nanoparticles than 
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non-fluorinated PAs.26 However, the present work uses planar surfaces, which are chemically and 

structurally different to nanoparticles. The values for F13OPA-modified ZnO were ~89°, ~86° and ~93° 

for Zn-polar, O-polar, and m-plane samples, respectively. With the exception of the O-polar face, the 

error associated with these values places them within the region of 101°, as reported by Timpel et al. 

for Zn-polar ZnO.6 This is lower than reported for the similar ODPA, a phenomenon attributed by 

Colorado and Lee to the interaction between water and the dipole of the fluorocarbons creating a 

more hydrophilic interface.27 The CA for PFBPA monolayers has been reported as 87° on ITO.41 Here, 

O-polar and m-plane samples matched this well, with values of ~83° and ~86° respectively. PFBPA-

modified Zn-polar ZnO had a significantly lower value of ~76°, with a larger error associated with it. 

The high CA of F13OPA-modified ZnO compared to those surfaces modified with PFBPA are due to the 

increased density of fluorine from the alkyl chains, resulting in a more hydrophobic surface.42 Timpel 

et al. found a CA of 93° for p-(trifluoromethyl)phenylPA monolayers on ZnO and greater surface 

concentration of this molecule than F13OPA.6 This was attributed to the π-π interactions of the 

aromatic rings, and the binding modes. 

 

Figure 3.5. Water CAs for as-received and ODPA-, F13OPA-, and PFBPA-modified Zn-polar, O-polar, and 

m-plane ZnO, measured after synchrotron XPS analysis. 
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Figure 3.6 displays CA for each of the as-received and modified faces against molecular surface 

concentrations, which were estimated by the F13OPA CA and synchrotron XPS data as described in 

Chapter 2. Typical surface concentration calculations directly from XPS are limited by assumptions that 

are inappropriate for the carbon-heavy as-received ZnO samples used in this section. No trend across 

the faces is observed. Instead, it appears that modifiers have similar surface coverages on all three 

faces. These are distinct for all but ODPA-modified O-polar ZnO. Implications of these results for the 

binding mode are discussed in Section 3.3.6. 

 

Figure 3.6. CA compared to molecular surface concentration of as-received (diamonds), ODPA-

modified (circles), F13OPA-modified (squares), and PFBPA-modified (triangles) Zn-polar (blue), O-polar 

(red), and m-plane (green) ZnO.  

3.3.5 Synchrotron XPS Analysis of Phosphonic Acids on ZnO 

Synchrotron XPS was used to obtain surface-sensitive chemical and electronic data for ODPA-,  

F13OPA-, and PFBPA-modified Zn-polar, O-polar, and m-plane ZnO samples. Tokyo Denpa crystals were 

modified with the first two modifiers, while CrysTec samples were used for PFBPA modification. 

3.3.5.1 ODPA- and F13OPA-Modified ZnO 

Figure 3.7 – Figure 3.9 show spectra obtained by synchrotron XPS for ODPA- and F13OPA-modified Zn-

polar, O-polar, and m-plane ZnO (Tokyo Denpa). Detailed data are shown in Appendix 8.1.4.  
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Figure 3.7: P 2p, C 1s, O 1s, and F 1s synchrotron XPS spectra for Zn-polar ZnO with and without 

modification with ODPA or F13OPA. All spectra have been offset for clarity, with intensities normalised 

to the Zn 3s peak area of the as-received sample (BE = 140 eV). 

 

Figure 3.8: P 2p, C 1s, O 1s, and F 1s synchrotron XPS spectra for O-polar ZnO modified with and without 

modification with ODPA or F13OPA. All spectra have been offset for clarity, with intensities normalised 

to the Zn 3s peak area of the as-received sample (BE = 140 eV). 
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Figure 3.9: P 2p, C 1s, O 1s, and F 1s synchrotron XPS spectra for m-plane ZnO with and without 

modification with ODPA or F13OPA. All spectra have been offset for clarity, with intensities normalised 

to the Zn 3s peak area of the as-received sample (BE = 140 eV). 

P 2p  

Figure 3.7a – Figure 3.9a show all modified samples have signal in the P 2p region (~134.5 eV),5,6,43 

which is possibly evidence of PA at the surface. The as-received samples have trace amounts of 

phosphorous present on the surface; this is attributed to cross-sample contamination from modified 

samples on the same analysis bar. Table 3.4 shows that ZnO faces modified with ODPA have a much 

larger P 2p signal than F13OPA-modified samples, reflecting a larger surface concentration as seen by 

Hotchkiss et al.36 and estimated in Figure 3.6. There is little difference in P 2p % between different ZnO 

faces modified with the same modifier: for ODPA, it ranges from 80 – 87%, while for F13OPA it varies 

between 62 and 68%. While m-plane ZnO has more surface OH than the two polar faces (2.2 × 10-9 

mol cm-2 compared to 1.8 × 10-9 mol cm-2, respectively),44,45 it appears that this does not increase the 

molecular surface concentration of PAs.  
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Table 3.4. Synchrotron XPS data from P 2p + Zn 3s and O 1s regions of as-received (‘as-rec.’), ODPA- 

and F13OPA-modified Zn-polar, O-polar, and m-plane ZnO. a Percentage of P 2p + Zn 3s region (hν = 280 

eV). b Percentage of O 1s region (hν = 680 eV). 

Sample Binding Energy (eV) and Assignment  

 140.3 ─ 140.8 134.3 ─ 134.8 530.8 ─ 531.2 531.8 ─ 532.3 ─ 

 Zn 3s (%)a P 2p (%)a O 1sbulk (%)b O 1ssurf. (%)b Zn 3s : O 1ssurf. 

Zn-polar As-rec. 95 5 43 57 1 : 3.3 

 ODPA 20 80 18 82 1 : 7.6 

 F13OPA 38 62 36 64 1 : 3.7 

O-polar As-rec. 86 14 39 61 1 : 5.5 

 ODPA 16 84 5 95 1 : 10. 5 

 F13OPA 32 68 29 71 1 : 5.9 

m-plane As-rec. 75 25 39 61 1 : 3.7 

 ODPA 13 87 97 3 1 : 13.7 

 F13OPA 33 67 21 79 1: 4.7 

 

O 1s 

O 1s spectra are shown in Figure 3.7b – Figure 3.9b and quantified in Table 3.4. As-received ZnO faces 

show two distinct peaks related to bulk oxygen (531 eV) and surface oxygen (~532 eV) arising from 

OH groups, which are quantified in Table 3.4. These binding energies (BE) are similar to literature 

values.46 Upon modification, a small peak at higher BE appears, and is attributed to different types of 

PA binding,13 discussed later in Section 3.3.6. F13OPA-modified ZnO samples show no significant 

difference from the as-received samples, while the ODPA-modified sample shows a significant 

increase in surface O, attributed to the large number of PA headgroups on the surface. Alongside the 

P 2p spectra, this is evidence for the ODPA-modified sample having more PA on the surface than the 

F13OPA-modified sample. The addition of modification layers is expected to attenuate the bulk O signal 

relative to the surface O. However, the Zn 3s:O 1ssurf ratios indicate that ODPA has added a significant 

amount of O to the surface, while F13OPA-modified samples have similar Zn 3s:O 1ssurf ratios to the as-
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received samples. This suggests that ODPA and F13OPA modifiers have different concentrations and 

binding modes on the surface, which will be discussed further in Section 3.3.6. 

C1s  

Adventitious carbon is always present in XPS analysis and limits the usefulness of C 1s spectra.47 Figure 

3.7c – Figure 3.9c and Table 3.5 show that ODPA-modified samples have a much larger C 1s signal than 

both the as-received samples and the F13OPA-modified samples due to more carbon atoms present in 

the ODPA molecule (18). The F13OPA modifier has only 8 carbons in its fluoroalkyl chain, which 

accounts for the sample having less carbon than the ODPA-modified sample. However, the F13OPA  

C 1s signals on all ZnO faces are less intense than on the as-received samples. It may be that the 

fluorinated F13OPA layer repels adventitious debris from the surface, resulting in a smaller amount of 

carbon on the surface. 

Table 3.5. Synchrotron XPS data for the C 1s region of as-received and ODPA- and F13OPA-modified Zn-

polar, O-polar, and m-plane ZnO. 

Sample Binding Energy (eV) and Assignment 

 284.7 ─ 
285.0 

286.3 ─ 
286.6 

287.8 ─ 
288.9 

290.0 ─ 
290.1 

292.2 ─ 
292.3 

 C-C, C-H C-O C=O CF2 CF3 

Zn-polar As-received 84 10 6 - - 

 ODPA 98 2 - - - 

 F13OPA 78 12 5 4 2 

O-polar As-received 86 10 3 - - 

 ODPA 100 - - - - 

 F13OPA 67 18 8 6 3 

m-plane As-received 87 9 4 - - 

 ODPA 100 - - - - 

 F13OPA 79 11 5 4 2 

 

Unlike fixed-energy XPS results (Appendix 8.1.2) and those reported by Timpel et al,6 the synchrotron 

XPS C 1s spectrum for F13OPA-modified ZnO did not show the intensity expected for the higher BE 
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peaks associated with CF2 (290 eV) and CF3 (292 eV) moieties (Table 3.5). This was determined from F 

1s spectra to be due to degradation of fluorine bound to carbon.40  

F 1s 

Two peaks are observed in the F 1s spectra with approximately equal areas (Figure 3.7c – Figure 3.9c), 

quantified in Table 3.6. The peak at ~687 eV is assigned to C-bound F from the F13OPA tail, while that 

at 685 eV is consistent with Zn-bound F. Evidently the synchrotron X-rays damaged the sample, 

liberating F from the modifier. It appears that this F interacts with the ZnO substrate.  

Table 3.6. Synchrotron XPS data for the F 1s region of ODPA- and F13OPA-modified Zn-polar, O-polar, 

and m-plane ZnO (hν = 835 eV). 

Sample Binding Energy (eV) 

 687.6 685.0 ─ 685.1 
 F-C (%) F-Zn (%) 

Zn-polar As-received - - 

 ODPA - - 

 F13OPA 50 50 

O-polar As-received - - 

 ODPA - - 

 F13OPA 63 37 

m-plane As-received - - 

 ODPA - - 

 F13OPA 60 40 

 

Fluoropolymers are known to be unstable under XPS conditions,40 but the possibility of thermal 

degradation of the modifiers during the annealing process was investigated by thermogravimetric 

analysis of F13OPA (Figure 3.10). The molecule does not start to decompose until temperatures higher 

than ~170 °C. Samples were annealed at 140 °C during modification and therefore it is unlikely that 

the F-Zn interaction arose due to thermal degradation of the modification layer. 
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Figure 3.10: Thermogravimetric analysis of bulk F13OPA, heated at a step rate of 10 °C min-1. 

For F13OPA-modified ZnO, the total amount of CFx degradation that occurred during XPS analysis could 

not be quantified, because the signal associated with F interacting with Zn does not include any 

liberated F that has been completely removed from the surface. While the Zn-polar face has a 1:1 ratio 

of organic:inorganic fluorine, and the O-polar and m-plane faces have ratios of ~3:2, these are not 

reliable due to differences in the number, type, and order of XPS scans on the three faces. It was 

concluded that photoelectrons from the X-ray source are the source of F13OPA degradation48 and 

following work sought to minimise the damage on PA-modified samples during XPS analysis. 

3.3.5.2 PFBPA-Modified ZnO 

PFBPA-modified ZnO was analysed with synchrotron XPS. The commercially-obtained crystals were 

from CrysTec, not Tokyo Denpa, and have lower charge carrier concentrations (Section 2.1.1). For 

these measurements, the photon flux for XPS measurements was decreased by reducing the slit size, 

which was successful in minimising the damage to the fluorinated modifier. Spectra are shown in 

Figure 3.11 – Figure 3.13.  
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Figure 3.11. Synchrotron XPS spectra of (a) Zn 3s/P 2p, (b) O 1s, (c) C 1s, and (d) F 1s regions for PFBPA-

modified Zn-polar ZnO. All spectra have been normalised to the same Zn 3s peak area. 

 

Figure 3.12. Synchrotron XPS spectra of (a) Zn 3s/P 2p, (b) O 1s, (c) C 1s, and (d) F 1s regions for PFBPA-

modified O-polar ZnO. All spectra have been normalised to the same Zn 3s peak area. 
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Figure 3.13. Synchrotron XPS spectra of (a) Zn 3s/P 2p, (b) O 1s, (c) C 1s, and (d) F 1s regions for PFBPA-

modified m-plane ZnO. All spectra have been normalised to the same Zn 3s peak area. 

All three ZnO faces showed clear XPS evidence of modification with PFBPA. As seen in Figure 3.11b – 

Figure 3.13b, a substantial pair of P 2p spin-orbit peaks is detected, while the as-received surface 

contains only a small amount of P contamination. The presence of the modifying layer attenuates the 

Zn 3s signal originating from the bulk ZnO and a similar effect is seen for bulk O 1s (Figure 3.11c – 

Figure 3.13c) where the increase in surface oxygen is likely due to attenuation of the signal arising 

from the bulk oxygen within the ZnO crystal. However, there is also a slight increase in surface O 1s:Zn 

3s (Table 3.7) which is attributed to the PA headgroup of PFBPA not being fully coordinated to the 

surface. 

Table 3.7 shows the percentages of P 2p signal in the P 2p + Zn 3s region. Like F13OPA- and ODPA-

modified samples, PFBPA-modified samples show little difference in P 2p surface concentration across 

the three faces, suggesting that coverage of PFBPA groups is governed by the bulk of the molecules 

themselves, not the chemical or physical properties of ZnO or how many OH groups are on the surface.  

The presence of the modifying layer attenuates the Zn 3s signal originating from the bulk ZnO and a 

similar effect is seen for bulk O 1s (Figure 3.11c – Figure 3.13c) where the increase in surface oxygen 

is likely due to attenuation of the signal arising from the bulk oxygen within the ZnO crystal. However, 
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there is also a slight increase in surface O 1s:Zn 3s (Table 3.7) which is attributed to the PA headgroup 

of PFBPA not being fully coordinated to the surface. 

Table 3.7. Synchrotron XPS data for O 1s, F 1s, and P 2p + Zn 3s regions of PFBPA-modified ZnO and as-

received ZnO (‘as-rec.’). a Percentage of O 1s region. b Percentage of F 1s region. c Percentage of Zn 3s 

+ P 2p region. 

Sample Binding Energy (eV) and Assignment 

 531.0 ─ 
531.2 

532.3 ─ 
532.6 

─ 688.2 ─ 
688.4 

685.6 ─ 
685.9 

140.3 ─ 
140.7 

134.1 ─ 
134.4 

 O 1sbulk 
(%)a 

O 1ssurf 

(%)2 

Zn 3s :  
O 1ssurf. 

F-C  
(%)b 

F-Zn  
(%)b 

Zn 3s  
(%)c 

P 2p  
(%)c 

Zn-polar As-rec. 36 64 1 : 6.5 - - 76 24 

 PFBPA 20 80 1: 10.6 99 1 21 79 

O-polar As-rec. 33 67 1 : 9.1 - - 80 20 

 PFBPA 17 83 1 : 11.1 98 2 20 80 

m-plane As-rec. 43 57 1 : 10.4 - - 84 16 

 PFBPA 22 78 1 : 7.9 99 1 22 78 

 

Figure 3.11c – Figure 3.13c and Figure 3.11d – Figure 3.13d show clear evidence for the presence of 

fluorine on modified Zn-polar ZnO, with a C 1s peak arising at ~288 eV corresponding to the C bound 

to F, and a F 1s peak at ~689 eV corresponding to the fluorine interacting with C.7,24 A very small 

amount of F interacting with Zn is seen at ~684 eV; unlike the measurements made on ODPA- and 

F13OPA-modified surfaces, the XPS photon flux was carefully monitored and reduced to minimise 

damage. In the C 1s spectrum, the modified sample shows an increase in a peak centred at ~286 eV, 

a slightly lower BE than the C-O peak seen on the as-received sample (Table 3.8). This peak contains 

both adventitious C-O species as well as C-P bonds. The peak at 285 eV in the as-received spectrum 

arises from adventitious carbon. In PFBPA-modified samples there is a slightly smaller peak at a slightly 

lower BE than for as-received samples. The shift in BE is consistent with an assignment to C-C and C=C 

in PFBPA. The apparent decrease in adventitious carbon is attributed to the hydro- and oleo-phobic 

nature of PFBPA, which, like F13OPA, has displaced a large amount of adventitious carbon upon 

modification and repelled any further contamination post-modification. The satellite peak at ~295 eV 
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also confirms the presence of aromatic rings on the surface: it is attributed to photoelectrons in the 

aromatic ring which underwent π-π* excitations before being ejected from the surface. m-Plane ZnO 

had the largest percentage of C-F bonds, followed by O-polar and Zn-polar. However, this difference 

is small and when compared with P 2p %, all faces have similar PFBPA surface concentrations. 

Table 3.8. Synchrotron XPS data for the C 1s region of PFBPA-modified ZnO (hν = 435 eV). 

Sample Binding Energy (eV) 

 284.9 ─ 
285.1 

285.4 286.8 ─ 
286.9 

289.3 288.1 294.6 

 C=C (%) C-C, C-H (%) C-O (%) C=O (%) CF (%) π-π* (%) 
Zn-polar As-received - 82 12 7 - - 

 PFBPA 20 30 3 7 34 6 

O-polar As-received - 80 12 8 - - 

 PFBPA 19 18 11 3 40 8 

m-plane As-received - 82 11 7 - - 

 PFBPA 7 40 1 2 42 8 

 

3.3.5.3 Band Bending of Phosphonic Acid-Modified ZnO 

As outlined in Chapter 1 and detailed in Section 2.2.3, near-surface band bending (Vbb) can be derived 

from synchrotron XPS valence band (VB) spectra by extracting ζ (EF – EV). Although changes in Vbb can 

also be detected from BE shifts of bulk O 1s and Zn 3s core levels upon modification, the synchrotron 

soft X-ray beamline calibration is more stable and precise at 150 eV, so VB spectra are more accurate 

than core level measurements. Vbb is dependent on the X-ray energy and polarity of the crystal face, 

with values of –0.60 eV, –0.18 eV, and –0.23 eV for as-received Zn-polar, O-polar, and m-plane Tokyo 

Denpa ZnO (hν = 150 eV) respectively. CrysTec ZnO samples have much smaller Vbb differences across 

faces, with –0.59 eV, –0.52, and –0.61 eV for Zn-polar, O-polar, and m-plane ZnO (hν = 150 eV) 

respectively. This is attributed to lower-quality crystals having more strain in the ZnO lattice and thus 

reducing the electronic contrast between faces.  

Figure 3.14a – c and Table 3.9 illustrate that ODPA and F13OPA modification have shifted the VB edge 

to higher BE (larger ζ values) from that of as-received ZnO, meaning that downwards band bending 
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has increased. Thus, it appears that both modifiers have added electron density to the surface. ODPA 

has a dipole moment towards the surface (–2.3 D)49 and is expected to donate electronic charge to 

the surface. ODPA-modified ZnO faces have the most negative band bending as well as the highest PA 

surface concentration (Figure 3.6) relative to F13OPA-modified samples. However, it is unclear at this 

point whether the tail group or the PA headgroup itself has the major influence on band bending. 

 

Figure 3.14. Valence band synchrotron XPS results for (a) Zn-polar, (b) O-polar, and (c) m-plane ZnO 

single crystals modified with ODPA, F13OPA, and PFBPA*. All samples Tokyo Denpa unless denoted by 

* (CrysTec). 

Two factors need to be considered for F13OPA. It has a dipole in the opposite direction to the surface 

(+1.7 D)49 arising from the strong electron withdrawing effect of F substituents. The (CH2)2 moiety 

between the PA headgroup and fluorinated tail will decrease this electron withdrawing effect, and it 

is likely that the aliphatic nature of F13OPA prevents electron delocalisation which is required for 

efficient charge transfer away from the ZnO surface through the modifier.19 Nevertheless, on all three 

ZnO faces the increase in downwards Vbb is smaller for F13OPA than the ODPA modifier. The second 

factor to consider in relation to Vbb is that F 1s XPS spectra showed a large amount of Zn-F interactions 

on all three of the F13OPA-modified samples (Figure 3.11d – Figure 3.13d). F is known to act as a 

shallow donor and will add electron density to its surroundings when part of the lattice, as opposed 
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to coordinated on the ZnO surface.50,51 This was shown by Polydorou et al. who used SF6 plasma to 

incorporate F into thin film ZnO and showed by UPS that it produced an increase in ζ and a downwards 

shift in surface bands. As evidenced by XPS measurements in this work, the Zn-polar face has the 

largest proportion of Zn-F to C-F yet has the smallest ζ change of the three faces. However, the small 

ζ changes observed on this face with each of the other two PA modifiers (Table 3.9) suggests that 

changing the band bending on the Zn-polar face is more difficult to achieve. Like ODPA, the effect of 

the F13OPA headgroup on Vbb is unclear. 

Table 3.9. Band bending information for ODPA-, F13OPA-, and PFBPA-modified Zn-polar, O-polar, and 

m-plane ZnO, from synchrotron XPS valence band regions (hν = 150 eV). Samples are Tokyo Denpa 

unless denoted by * (CrysTec). All Vbb values have an uncertainty of ± 5%. 

Sample ζ (eV) Vbb (eV) ΔVbb (eV) 

Zn-polar 

As-received 3.74 -0.60 - 

ODPA-modified 3.88 -0.74 -0.14 

F13OPA-modified 3.83 -0.69 -0.09 

As-received* 3.88 -0.59 - 

PFBPA-modified* 3.66 -0.37 +0.22 

O-polar 

As-received 3.32 -0.18 - 

ODPA-modified 3.94 -0.80 -0.62 

F13OPA-modified 3.74 -0.59 -0.42 

As-received* 3.82 -0.52 - 

PFBPA-modified* 3.53 -0.24 +0.28 

m-plane 

As-received 3.37 -0.23 - 

ODPA-modified 3.77 -0.63 -0.39 

F13OPA-modified 3.44 -0.30 -0.07 

As-received* 3.90 -0.61 - 

PFBPA-modified* 3.53 -0.24 +0.37 
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Figure 3.14a – c and Table 3.9 show that PFBPA modification decreases downwards band bending by 

several hundred meV on all ZnO faces. The direction of the ζ shift corresponds to that reported by 

Timpel et al. for fluorinated PA modifiers on ZnO, which strongly suggests that the opposite ζ shift 

seen on the F13OPA-modified ZnO in this work was governed by F-Zn interactions.6 This highlights the 

need for maintaining the stability of the PA modifier and preventing the formation of donor-like F 

species. The magnitude of the band bending decrease is smaller than expected and highlights the 

influence of the phosphonate-ZnO interface dipole on the charge transfer process.  

 

Figure 3.15. Energy-level diagrams showing surface band bending on as-received (black), F13OPA-

modified (light blue) and ODPA-modified (blue) faces of (a) Zn-polar, (b) O-polar, and (c) m-plane ZnO. 

 

Figure 3.16. Energy-level diagrams showing surface band bending on as-received (black) and PFBPA-

modified (red) faces of (a) Zn-polar, (b) O-polar, and (c) m-plane CrysTec ZnO. 
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Figure 3.15 and Figure 3.16 are energy-level diagrams showing the effects of each modifier (Figure 

3.15, ODPA and F13OPA; Figure 3.16, PFBPA). It is assumed that the valence and conduction band 

bending is the same, though literature suggests this might not be the case. King et al.52 used angle-

resolved photoemission spectroscopy to show that electron accumulation layers on semiconductor 

surfaces can reduce the band gap by way of increased interactions between the electrons. 

Consequently, the conduction band would have more downward band bending than the valence band. 

This effect means that the downwards band bending in the above Tables and Figures may be 

overestimated, but the relative changes of Vbb upon surface modification are still valid. The value of ξ 

(= kT/q ln(Nc/n), defined in Chapters 1 and 2) is different for each set of crystals: for Tokyo Denpa, it is 

0.04 eV, which places the conduction band slightly above the Fermi level, and for CrysTec, it is 0.3 eV, 

meaning the conduction band is well above the Fermi level. CrysTec samples have lower carrier 

concentrations that the higher-quality Tokyo Denpa crystals, so the band bending is affected more 

easily as fewer electrons are present.53 

Work done in this section showed that ODPA and F13OPA modifiers increased downwards Vbb on ZnO, 

while PFBPA decreased downwards Vbb. This indicates that PA tail groups can influence the electron 

density at ZnO surfaces. Chen et al. reported that hexadecylPA decreased Vbb on m-plane ZnO, as 

measured by Mott-Schottky analysis.5 However, they noted that the surface attachment was very 

weak and suggested that the PA was likely bound only by hydrogen bonds. No sonication or annealing 

was used to remove physisorbed species or form covalent bonds, respectively, so the results are not 

comparable with this work. 

Timpel et al. used synchrotron XPS/UPS to show that F13OPA on Zn-polar ZnO decreased Vbb.6 

Importantly, they included supplementary information to show that the F13OPA modifier had not been 

significantly damaged by XPS. This strongly suggests that the increased downward Vbb seen in this 

work for F13OPA-modified ZnO was significantly influenced by the XPS-induced degradation of F13OPA 

and subsequent interactions of F with Zn. The expected decrease in Vbb was seen on PFBPA-modified 
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ZnO, which corresponded with the results of Timpel et al. for F13OPA and similar fluorinated PA:6 A 

separate XPS and UPS study by Timpel et al. showed p-(trifluoromethyl)phenylPA and phenylPA 

decreased Vbb by 0.1 eV.30 These PA have no methyl group between the PA and tail group, as for PFBPA 

and F13OPA, and PFBPA has a weaker dipole than p-(trifluoromethyl)phenylPA (–1.75 D compared to 

–2.24 D).54 However, differences in carrier concentrations of the ZnO samples may explain why PFBPA 

in this work had a larger effect on Vbb than stronger electron-withdrawing PA used by Timpel et al. 

Timpel et al. annealed the ZnO samples to 1000 °C, which is known to increase the carrier 

concentration at the surface due the migration of shallow donors such as Li and Na into the bulk.55 

3.3.6 Binding Modes of Phosphonic Acids on ZnO 

Several theoretical and experimental studies have investigated binding modes for PAs on ZnO.6,13,19,30 

Consideration of molecular surface concentrations, the relative intensities and BE separation between 

bulk and surface O (Δsurf) in XPS, and the band bending direction as determined by XPS measurements 

may all give insight into the PA binding mode. 

3.3.6.1 XPS O 1s Spectra and Molecular Surface Concentration 

From theoretical studies, an XPS BE shift of surface O 1s relative to bulk O 1s (Δsurf) value of +1.1 eV is 

associated with tridentate coordination of PA to ZnO, while a value of +2.1 eV corresponds to 

bidentate binding.6,13,30 Unbound PA were calculated to have Δsurf of +3.75 eV.13 These changes occur 

due to increased electron density near surface O upon PA modification. For as-received ZnO, Δsurf 

depends on the ZnO face. Table 3.10 shows Δsurf values for as-received ZnO; these were +1.2 eV, +1.7 

eV, and +1.4 eV for Zn-polar, O-polar, and m-plane Tokyo Denpa ZnO, respectively, and +1.5 eV, +1.3 

eV, and +1.5 eV for Zn-polar, O-polar, and m-plane CrysTec ZnO, respectively. These are similar to that 

reported for fully-hydroxylated ZnO (1.4 eV).44 The differences in Δsurf are attributed to the different 

type of OH termination for each face: such polarity-related differences have been previously observed 

on polar and non-polar faces of ZnO.44,46 The differences between the two types of crystals are 

attributed to the subtleties involved with peak-fitting the XPS spectra.  
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Table 3.10. Molecular surface concentrations, Δsurf values, and Zn 3s : O 1s ratios for ODPA-, F13OPA-, 

and PFBPA-modified Zn-polar, O-polar, and m-plane ZnO. The fractional surface coverage of * was 

found by comparison of water contact angle with literature values. Synchrotron XPS Zn 3s : P 2p ratios 

were then used to estimate surface concentrations for other faces and modifiers. ǂ is the as-received 

sample for PFBPA-modified ZnO (CrysTec). 

Face Modifier Molecules nm-2  O 1s Δsurf (eV) Zn 3s : O 1s 

Zn-polar As-received - +1.2 1 : 3.3 
 

F13OPA* 2 +1.1, +2.5 1 : 3.7 
 

ODPA 4 +1.1, +2.8 1 : 7.6 

 As-receivedǂ - +1.5 1 : 6.5 
 

PFBPA 4 +1.2, +3.3 1 : 10.6 

O-polar As-received - +1.7 1 : 5.5 
 

F13OPA 1 +1.2, +2.3 1 : 5.9 
 

ODPA 6 +1.1, +2.8 1 : 10.5 

 As-receivedǂ - +1.3 1 : 9.1 
 

PFBPA 4 +1.2, +2.7 1 : 11.1 

m-plane As-received - +1.4 1 : 3.7 
 

F13OPA 2 +1.0, +1.9 1 : 4.7 
 

ODPA 7 +1.2, +2.9 1 : 13.7 

 As-receivedǂ - +1.5 1 : 10.4 
 

PFBPA 4 +1.1, +3.0 1 : 7.9 

 

In this work, Δsurf values around ~+1.1 eV are seen on all PA-modified ZnO faces, which suggest the 

main binding mode is tridentate. However, there are also less-intense O 1s peaks at higher BE. For 

F13OPA-modified ZnO, the Δsurf values for these are around ~+2.2 eV, consistent with a bidentate 

binding mode.6,13 On ODPA- and PFBPA-modified faces, small peaks at ~2.9 eV greater BE than bulk O 

1s are present, halfway between literature Δsurf values for bidentate binding (+2.1 eV) and unbound 

PA (+3.75 eV).13 This may relate to the surfaces having a combination of these modes. However, 

relative to the dominant peak, which is indicative of tridentate binding, none of the peaks 
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corresponding to bidentate or unbound PA are significantly intense, suggesting that tridentate binding 

is the major binding mode. 

From experimental XPS data, Timpel et al. found that F13OPA prefers tridentate binding on ZnO but 

also had a small amount of bidentate coordination. However, Wood et al. did not experimentally 

observe bidentate binding for a range of benzylPAs and concluded that bidentate binding is not 

probable. XPS O 1s studies of hexylPA on O-polar ZnO performed by Perkins revealed only one surface 

O 1s peak, which was assigned to tridentate binding.3 These results are consistent with XPS results 

shown here and suggest that ODPA, F13OPA, and PFBPA are mainly tridentate on all ZnO faces, 

although ODPA and PFBPA may have some multilayer formation.  

In contrast to these results, calculated molecular surface concentrations are shown in Table 3.10. 

Surface concentration of F13OPA was estimated by comparison of F13OPA-modified ZnO water CA with 

a literature value. The relationship between XPS P 2p: Zn 3s ratios and molecular surface concentration 

was used to extrapolate concentrations to other modifiers and faces. A dense PA surface 

concentration is assumed to indicate bidentate modes; a sparse coverage indicates tridentate 

binding.6 Table 3.10 shows that F13OPA modification layers have molecular surface concentrations in 

agreement with the theoretical maximum surface concentration (2.73 molecules nm-2) for tridentate 

binding (2, 1, and 2 molecules nm-2 for Zn-polar, O-polar, and m-plane faces, respectively). This 

corresponds to a surface coverage of ~3 × 10-10 mol cm-2, accounting for ~50% of the surface OH groups 

on Zn-polar and O-polar ZnO, and ~40% of surface OH groups on m-plane ZnO, participating in 

tridentate PA binding. Coverage of ODPA (4 – 7 molecules nm-2) is much higher than the theoretical 

maximum surface concentration predicted for tridentate-bound PAs on ZnO and are instead closer to 

the surface concentration predicted for bidentate binding (5.47 molecules nm-2).6 This corresponds to 

~90% (~75%) of the surface OH groups on the polar (m-plane) ZnO faces participating in bidentate PA 

binding. However, the presence of multilayers would also cause a higher PA surface concentration, so 

cannot be ruled out. Timpel et al. were able to observe and attribute peaks to both tri- and bi-dentate 
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modes for PA-modified ZnO through computationally-aided XPS, but the XPS fitting required for this 

could not be satisfactorily reproduced for the O 1s spectra obtained in this work. This suggests that 

the higher molecular surface concentrations observed here for ODPA might be due to physisorbed 

multilayers on top of a tridentate-bound layer. This would explain the water CA being slightly lower 

than literature values, as hydrophilic PA groups might be at the air-surface interface. The large surface 

O 1s signal for ODPA- and PFBPA-modified samples relative to those for as-received ZnO (Table 3.10) 

can also be explained by such a layer structure. AFM images (Figure 3.4) showed evidence of small 

clumps of PFBPA on ZnO, similar to other PA modifiers. Multilayer ‘islands’ have previously been 

reported on PA-modified ZnO,5 but have been assumed to be removed via sonication.22,56  

3.3.6.2 Band Bending Direction 

In a computational study, Wood et al. calculated that bidentate binding of PA on ZnO gives a ζ value 

dictated by O 2p orbitals of the ZnO surface and PA head group.13 In contrast, tridentate binding allows 

for the effect of the attached PA tail group to influence ζ. In this work, ODPA-modified ZnO samples 

have more positive ζ values than as-received samples. This could be due to the electron-donating alkyl 

chain, or bidentate binding of the PA contributing to increased downwards Vbb; this binding mode is 

thus unclear. For PFBPA-modified ZnO, the value of ζ shifted to more negative values, reflecting the 

electron-withdrawing properties of the fluorinated aromatic ring. This suggests tridentate binding for 

PFBPA. F13OPA cannot be reliably considered this way, because of the presence of Zn-F interactions 

whose effect on Vbb is likely significant. 

3.3.6.3 Summary 

Table 3.11 summarises the binding mode results based on molecular surface concentrations derived 

from F13OPA water contact angles and synchrotron XPS (Figure 3.6), O 1s intensities and BE shifts 

(Table 3.4), and the direction of band bending derived from synchrotron XPS (Table 3.9). For each 

modifier, there was no significant difference between ZnO faces. Evidence presented in Table 3.11 

determines conclusively that F13OPA is bound in a tridentate arrangement on Zn-polar, O-polar, and 
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m-plane ZnO. This is in accord with literature reports.6 For PFBPA and ODPA, the evidence is less clear 

and it is most likely that they bind with a mixture of bi- and tri-dentate coordination on all faces, with 

PFBPA likely having significant tridentate coordination. Infrared spectroscopy by Hotchkiss et al. 

suggested that ODPA is bound tridentate on ZnO, though lesser amounts of bidentate binding modes 

could not be ruled out. Ostapenko et al. carried out a thorough study on the binding mode of phenylPA 

on Zn-polar, O-polar, and m-plane ZnO using XPS, near-edge X-ray adsorption fine structure 

spectroscopy, thermal desorption spectroscopy, and computational work.57 They observed that for 

unhydroxylated ZnO, tridentate binding was only possible on Zn-polar ZnO due to steric constraints. 

However, OH-terminated ZnO was able to promote deprotonation of phenylPA to give tridentate 

binding as well as bidentate binding on all faces. This is consistent with the work presented here. 

Finally, the high surface concentrations of ODPA and PFBPA on ZnO suggest that there is some 

multilayer formation on these modified surfaces. 

Table 3.11. Summary of experimental evidence for bi- or tri-dentate binding modes of F13OPA, ODPA, 

and PFBPA on ZnO. Findings apply to all ZnO faces. 

Modifier 
Molecular surface 

concentration 
XPS O 1s spectrum 

(Δsurf) 
Amount of 

surface O 1s 
Band bending 

direction 

F13OPA Tri Tri Tri (Uncertain) 

ODPA Bi or multilayer Tri Bi or multilayer Tri/bi 

PFBPA Bi or multilayer Tri Bi or multilayer Tri 

 

3.3.7 Stability of Phosphonic Acid-Modified ZnO in Air and Darkness 

Freshly-prepared ODPA- and PFBPA-modified O-polar ZnO samples were analysed with fixed-energy 

XPS before and after storage in air at 22 ± 2 °C in the dark for 60 d. Results are summarised in Table 

3.12. The P 2p + Zn 3s regions, shown in Figure 3.17a and b, were accidentally truncated but a 

comparison between freshly-prepared and 60-day-old samples was still possible by taking a linear 

background for all P 2p regions and comparing the peak area to the corresponding Zn 2p peak area 
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(BE = 1022 eV). This fitting understates the true intensity of the P 2p peak, as it does not account for 

the overlap with the neighbouring Zn 3s peak, but for the purposes of comparison, it is valid.  

Table 3.12. Atomic percentages from fixed-energy XPS survey spectra on ODPA- and PFBPA-modified 

O-polar ZnO before (fresh) and after storage for 60 d (after) in ambient dark conditions. 

Atomic % C 1s % O 1s % P 2p % F 1s % Zn 2p % 

ODPA, fresh 34 49 0.3 - 17 

ODPA, after 40 37 0.3 - 23 

PFBPA, fresh 51 25 0.4 0.7 23 

PFBPA, after 46 28 0.4 0.7 25 

 

Figure 3.17. (a, b) XPS P 2p spectra and (c, d) XPS C 1s spectra for (a, c) ODPA-modified O-polar and (b, 

d) PFBPA-modified Zn-polar ZnO 1 d after modification and 60 d after analysis and storage in ambient 

lab conditions. Spectra are normalised to the same Zn 2p peak area. The Zn 3s peaks are fitted with 

GL(70). Due to poor communication with XPS technician, the fresh P 2p spectra lack the Zn 3s peak. 

Figure 3.17a and b show that no significant change in the P 2p intensities occurs on either sample after 

storage. The C 1s spectra (Figure 3.17c and d) are as expected for ODPA and PFBPA modification layers. 

Of interest are the C-C region for ODPA-modified ZnO (BE = 284.8 eV), and the C-F region for PFBPA 

(BE = 289 eV). Minor changes in the amount of adventitious C-O and C=O present on the PFBPA surface 

are seen over time.  
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ODPA- and PFBPA-modified ZnO were both stable when stored for 60 d at room temperature in the 

dark, with no significant loss of PA head group or tail group. This is a promising start for use of PA-

modified ZnO in device applications. 

3.3.8 Persistent Photoconductivity on ODPA-Modified ZnO 

As outlined in Section 1.1.3, ZnO possesses persistent photoconductivity (PPC) properties which are 

not ideal for UV-related device applications. ODPA-modified ZnO was tested to determine if the 

modification layer led to a change in the PPC behaviour. As resistivity measurements are not surface-

sensitive, MBE-grown thin-film O-polar ZnO (210 nm) was used to minimise the effects of bulk ZnO. 

Figure 3.18 shows there is a decrease in resistivity upon UV illumination at 365 nm of bare ZnO which 

returns to its original value after 2 d in air, though storage in vacuum or nitrogen prolongs the PPC 

effect (inset, Figure 3.18). The results for the ODPA-modified sample show that the initial resistivity 

was larger than for the as-received sample, showing that the attachment of PA molecules increased 

the overall resistivity. Similarly, the minimum resistivity reached upon UV illumination was achieved 

after 30 s for the bare sample, and 10 min for the ODPA-modified sample. After UV illumination was 

removed, the ODPA-modified sample (Figure 3.18) took a much longer time to recover to its initial 

resistivity, with a total recovery time of ~2 weeks (not shown). This is ~8 times longer than taken for 

as-received ZnO to return to its initial resistivity. As discussed in Section 1.1.3, the proposed 

mechanism for PPC is dependent on desorption and physisorption of atmospheric species on the 

surface of ZnO,58 and these data show that PPC decreases faster when oxygen and air species are 

present. The ODPA modification, which gave the densest modification of all the trialled PAs, is 

expected to block the transfer of species from the air to the ZnO surface, and vice versa, and enhance 

the PPC effect. The difference between the illumination time required to reach a minimum resistivity 

value on the bare and modified samples (20 times longer for the modified sample) suggests that the 

ODPA molecules hindered the desorption of physisorbed O2 and H2O from the ZnO surface as well as 

re-adsorption. 
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Figure 3.18. Resistivity changes of as-received and ODPA-modified MBE-grown O-polar ZnO upon and 

after UV illumination in air (hν = 365 nm). Inset: Effect of atmosphere (vacuum, 1 atm nitrogen, 1 atm 

oxygen, air) on the recovery time of as-received ZnO. Collected by Adam Hyndman. 

The increased lifetime of PPC on ODPA-modified ZnO points to surface modification as a possible 

method for stabilising device performance. These applications would require the PA films be stable 

long-term to UV light, so this factor was investigated in further experiments. 

3.3.9 Effect of Light on Phosphonic Acid-Modified ZnO 

3.3.9.1 Water Contact Angle Analysis of the Effect of UV Light on Phosphonic Acid-Modified ZnO 

The UV stability of ODPA and F13OPA films on each of the ZnO faces was probed via water CA 

measurements. It is known that as-received ZnO surfaces become hydrophilic when exposed to UV 

light;59 this is thought to be due to the desorption of hydrophobic molecular O2 from the surface.60 

Figure 3.19 shows this effect on each of the unmodified Zn-polar, O-polar, and m-plane faces of single-

crystal ZnO after 1 h of irradiation with 0.2 mW, 300 nm UV light. CA measured after the UV irradiation 

show that the surfaces become much less hydrophobic but return to their original levels of 

hydrophobicity within several days of storage in the dark.  
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Figure 3.19: Water contact angles on bare Zn-polar, O-polar, and m-plane ZnO before and after 

irradiation with 1 h of 0.2 mW, 300 nm UV light. 

The large decrease in hydrophobicity was not seen when the same treatment was given to samples 

which had been modified with PA layers (Figure 3.20). The surfaces proved to be mostly unchanged 

by UV light, with only a small decrease in CA upon irradiation, and CAs remained consistent in the days 

following, during which the samples were stored in the dark. Water CA is determined by the 

wettability of the PA modification layer, not the underlying ZnO substrate. As such, UV-induced 

changes on the PA-modified ZnO surface should not affect the CA. However, a week later the samples 

were re-irradiated with UV light, and a significant increase in hydrophilicity was seen. Section 3.3.7 

showed that minimal decomposition of PA layers occurs in storage in the dark, so this is attributed to 

the deterioration of the PA films under UV light that allowed for the water droplet to penetrate the 

organic layer and in turn be affected by the UV-affected ZnO surface itself. This was observed on all 

faces except for the ODPA-modified O-polar and m-plane faces, suggesting that these two modified 

faces are more stable to UV light than their as-received counterparts. From XPS, the ODPA-modified 

O-polar and m-plane faces were shown to have much higher calculated surface concentrations than 

the ODPA-modified Zn-polar face and all F13OPA-modified faces, and the increased molecular density 

and van der Waals attractions of the ODPA layers on O-polar and m-plane ZnO may account for the 

increased stability of the monolayers on these two faces. Additionally, the increased catalytic nature 
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of Zn-polar ZnO compared to O-polar ZnO may contribute to faster degradation of ODPA on Zn-polar 

ZnO (Section 1.1.1.1). 

 

Figure 3.20: Water contact angles over time after UV irradiation (1 h, 300 nm, 0.2 mW) for ODPA- and 

F13OPA-modified Zn-polar, O-polar, and m-plane ZnO. 

3.3.9.2 Fixed-Energy XPS Analysis of Effect of UV Light on PFBPA-Modified ZnO 

XPS measurements were carried out to further investigate the effect of UV light on PA layer stability. 

PFBPA was used for these measurements because F is a useful marker and the modification layers 

underwent minimal degradation during XPS analysis (Section 3.3.5.2). Here, fixed-energy XPS was used 

to probe the stability of PFBPA layers under UV irradiation, using F and P as a measure of molecular 

degradation. Atomic percentages and core level XPS spectra, before and after UV irradiation, can be 

seen in Table 3.13 and Figure 3.21, respectively. 

Table 3.13. Atomic percentages from fixed-energy XPS survey spectra for PFBPA-modified ZnO, before 

(fresh) and after hν = 300 nm UV irradiation (after UV). 

Atomic % C 1s % O 1s % P 2p % F 1s % Zn 2p % 

PFBPA, fresh 31 38 3 8 19 

PFBPA, after UV 20 49 3 2 26 
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Figure 3.21. Fixed-energy XPSP 2p, C 1s, and F 1s spectra for PFBPA-modified m-plane ZnO before and 

after UV irradiation (hv = 254 nm). Spectra have been normalised to the same Zn 2p peak area and 

offset for clarity. 

Figure 3.21a shows that the amount of phosphorous on the PFBPA-modified sample was very similar 

before and after UV exposure. However, the C 1s and F 1s spectra (Figure 3.21b and c) show a decrease 

in the amount of F on the surface after UV treatment. In the case of C 1s, the C-F signal at ~288 eV is 

significantly reduced by 67% while the F 1s peak is attenuated also, by 84%. Interestingly, there is no 

evidence of Zn-F interactions, as seen under X-ray damage conditions with synchrotron XPS (Section 

3.3.9.3). This indicates that either the cleavage mechanism is different when induced by UV or by 

photoelectrons produced during fixed-energy XPS analysis, and/or that the PFBPA molecules on this 

sample are better-packed and as such do not allow liberated F to interact with the ZnO surface. 

However, even with surface-sensitive synchrotron XPS, only a small signal originating from F-Zn 

interactions was seen on PFBPA-modified ZnO, suggesting that PFBPA films are generally less porous 

to liberated F than F13OPA layers. 

The C 1s satellite peak at around 295 eV, attributed to π-π*, disappears when the sample is irradiated. 

This suggests that not only is the modification layer losing F, but its aromatic rings are also degrading. 

A 11% decrease in C 1s signal is also seen. While a peak at 289 eV appears on the irradiated sample, 
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this corresponds to C=O bonds in adventitious carbon, and it is likely that it is also present in the fresh 

sample but masked by the large C-F signal. 

Evidently the effect of UV irradiation on PFBPA-modified ZnO is similar for ODPA on titania: Kanta et 

al. reported no change in XPS P 2p signal after UV exposure on ODPA-modified titania surfaces, but 

saw degradation of the alkyl chain and attributed it to the catalytic properties of titania.10 It is 

concluded that UV light degrades the tail end of PA layers but does not cleave the phosphonate 

linkage. 

3.3.9.3 Effect of Light-Induced Damage on Band Bending of PFBPA-Modified ZnO 

To investigate the effect of PFBPA degradation on the band bending of ZnO, in situ degradation of 

PFBPA modification layers was undertaken using synchrotron XPS. This modifier was of interest as it 

was the only PA to give a reduction in downward band bending on ZnO and exhibited only small 

amounts of Zn-F interactions. By examining the effect of deliberately decomposing the tail group and 

liberated F on the band bending, it was expected to give insight into the factors affecting band bending 

of F13OPA. PFBPA layers on Zn-polar and m-plane faces were repeatedly scanned in the F 1s region (hν 

= 835 eV) for approximately 15 min, at a higher photon flux than usually employed. In the F 1s 

spectrum (Figure 3.22b and Figure 3.23a), liberation of F from the organic film can be seen, as can a 

small increase in the Zn-F signal. The total amount of F on each surface remained constant. Figure 

3.22b and Figure 3.23b show negligible change in P 2p signal after X-ray irradiation. 
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Figure 3.22. Synchrotron XPS spectra for PFBPA-modified Zn-polar ZnO. (a) F 1s region upon continuous 

single scans for 15 min, (b) P 2p + Zn 3s region before and after the continuous scans on the F 1s region, 

and (c) valence band region for the same. 

 

Figure 3.23. Synchrotron XPS spectra for PFBPA-modified m-plane ZnO. (a) F 1s region upon continuous 

single scans for 15 min, (b) P 2p + Zn 3s region before and after the continuous scans on the F 1s region, 

and (c) valence band region for the same. 

There is very little change in the band bending on either face after degradation of PFBPA. This suggests 

that band bending is mainly influenced on the PA headgroup, as expected for a bidentate-bound PA.13 

However, there is still significant signal arising from C-F bonds after the repeated scans were stopped, 
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suggesting that not all the PFBPA was decomposed, which may explain why no change in band bending 

was seen (Figure 3.22c and Figure 3.23c). Compared to the damage noted on F13OPA-modified ZnO 

(Section 3.3.5.1), the ratio of Zn-F:C-F for PFBPA-modified samples is very small and the corresponding 

effect on band banding is assumed to be negligible. The shape of the Zn-polar VB changes with PFBPA 

degradation. Given that both Zn-polar and m-plane PFBPA had similar levels of PFBPA decomposition, 

but Zn-polar ZnO had a larger amount of Zn-F form, this change in valence band is attributed to the 

Zn-F interactions. If these are minimised, as for m-plane ZnO, the change in the valence band region 

is apparently also minimised. 

Table 3.14 quantifies the changes that occurred upon continued XPS scanning. Initially, Zn-polar and 

m-plane faces have similar ratios of C-F and Zn-F in the F 1s region, although the m-plane face has a 

slightly higher P 2p %, indicating that it has more PAs on the surface. During the F 1s scans, the C-F 

peaks on both faces decrease by ~65%. However, the Zn-F peak on the Zn-polar face increases 3 times 

in size, compared to the m-plane which increases by less than a factor of 2. This shows that a fraction 

of the liberated F interacts with the Zn-polar face more than the m-plane face, probably due to a 

combination of different facial geometry and terminating atoms, and a more complete PA surface 

concentration on the m-plane face. 

Table 3.14. Synchrotron XPS data for PFBPA-modified Zn-polar and m-plane ZnO before and after 

continuous scans at the F 1s region for 15 min. a Percentage of F 1s spectrum. b Percentage of Zn 3s + 

P 2p spectrum. 

Samples Percentages 

 C-F %a Zn-F %a C-Ffin/C-Fini Zn-Ffin/Zn-Fini Zn 3s % b P 2p % b 

Zn-polar 

Fresh 96 4 - - 26 74 

After 30 scans 85 15 0.6 3.1 25 75 

m-plane 

Fresh 93 7 - - 21 79 

After 30 scans 88 12 0.7 1.4 22 78 
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3.4 Conclusions 

A variety of PAs has been attached to Zn-polar, O-polar, and m-plane ZnO surfaces using an optimised 

method, with the highest surface concentration typically calculated for the O-polar and m-plane faces. 

F13OPA is shown to bind to ZnO in a highly-dominant tridentate mode, while ODPA and PFBPA bind in 

a mixture of bi- and tri-dentate modes, with the formation of multilayers likely. 

Synchrotron XPS revealed that downward surface band bending on ZnO became more negative upon 

attachment of ODPA and F13OPA, while PFBPA reduced the downward band bending by ~0.2 eV, 

assumed to be due to the aromatic, electron-withdrawing effects of the PFBPA tail group. This 

suggests that PFBPA has significant tridentate coordination, which allows for the tail group to 

influence the band bending. While tridentate-bound F13OPA was expected to have a similar effect as 

PFBPA, decomposition of the PA during XPS analysis resulted in F interactions with Zn, which are 

thought to have an electron donating effect.  

While the modifiers showed excellent stability when stored in dark conditions for 2 months, the 

stability was poor under UV light and synchrotron XPS irradiation. Degradation of PFBPA under XPS X-

rays did not show a significant change in band bending, emphasising that the phosphonate head group 

plays a large role in determining the surface charge transfer and therefore band bending, and that 

PFBPA modification layers do not have to be fully intact to retain their effect on the band bending. 

This behaviour is consistent with bidentate coordination, although the PFBPA modifiers were not 

completely decomposed. Although PFBPA layers on both Zn-polar and m-plane ZnO underwent the 

same quantitative loss of organic F, the Zn-polar face saw double the amount of Zn-bound F than the 

m-plane. This suggested that the layers were denser on the m-plane and showed that the amount of 

Zn-F interactions does change the VB spectra. 

PPC effects on ZnO were prolonged by the addition of ODPA, showing that the modification layer slows 

down the transfer of atmospheric species from air to the ZnO surface, and vice versa. While the 

organic film is not impermeable to atmospheric species, it increases the time taken to return to 
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original resistivity from 2 d to 2 weeks. This is a promising start to making photostable devices with 

ZnO, though it should be noted that ODPA modification also doubled the resistivity of the as-received 

sample, which may introduce other practical problems. 

In summary, several PA modification layers were successfully attached to Zn-polar, O-polar, and m-

plane ZnO via immersion and annealing. They provide an excellent route for increasing the negative 

band bending of ZnO, provided they are not exposed to UV light. Although PFBPA was able to decrease 

the band bending, it could not remove it entirely. The following chapters describe investigations of 

other modifiers and their effects on band bending. 
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4 Alkanethiol Modification of Single Crystal ZnO 

4.1 Introduction 

4.1.1 Alkanethiols on ZnO 

As detailed in Chapter 1, some researchers have reported that alkanethiol monolayers are physically 

stable on metal oxides such as ZnO,1,2 while other reports suggest that forming a well-organised thiol 

monolayer is difficult and requires very specific preparation parameters.3,4 These differences may be 

due to the variety of modifiers used, but may also be due to the different reactivities of ZnO faces: 

Chen et al.1 observed that on m-plane ZnO, octadecanethiol (ODT) forms better-organised SAMs than 

hexadecylphosphonic acids, while Perkins observed that hexylphosphonic acid SAMs on O-polar ZnO 

have superior stability to hexanethiol monolayers.5 Other factors that differ between studies include 

modifier concentration, reaction time, modification solvent, and post-modification treatment (rinsing 

and heating). A summary of the experimental conditions used in the preparation of alkanethiol 

monolayers on ZnO is seen in Table 4.1. 

The binding mode of thiols on ZnO is reported as being either thiolate (Zn-S) or sulfonate (Zn-O-S), as 

determined by XPS.6 A S 2p BE of ~169 eV is indicative of Zn-O-S bonds and a BE of ~163 eV arises from 

Zn-S bonds. The exact nature of ‘sulfonate’ species at ZnO is unclear, but this work will be consistent 

with previous reports by referring to S 2p BE peaks at ~169 eV as ‘sulfonate’ peaks, or oxidised S. 

Similarly, S 2p peaks at ~163 eV will be referred to as ‘thiolate’ peaks or ‘non-oxidised’ S. 

Alkanethiolate SAMs are well-studied on Au surfaces, but the mechanism for thiol adsorption and 

oxidation at ZnO is much less clear. Literature reports give inconsistent data as to the binding modes 

involved in alkanethiol SAMs on ZnO (Table 4.1), and their stability.1,2,5–7 For example, Pesika et al. 

report that the major S 2p peak on octanethiol-modified Zn-polar ZnO arises from sulfonate bonds,6 

whereas Sadik et al. observed thiolate bonds on dodecanethiol-modified Zn-polar ZnO.2 Sadik et al.,2 

Pesika et al.,6 and Perkins5 all report thiolate as the main S 2p environment for alkanethiol-modified 

O-polar ZnO, while Ogata et al.4 observed that sulfonate was the major S 2p peak at O-polar ZnO. In 
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terms of stability, Sadik et al.2 reported that dodecanethiol-modified Zn-polar and O-polar ZnO were 

stable to 400 °C and 350 °C, respectively. On the other hand, Perkins observed that the S 2p peak 

intensity remained unchanged for hexanethiol-modified O-polar ZnO to 400 °C but that C-S scission 

started to occur at temperatures > 100 °C.5 The authors listed in Table 4.1 have used a wide range of 

preparation methods and further investigation of the parameters for sulfonate and thiolate bond 

formation is warranted. 

Table 4.1: Summary of conditions used to prepare SAMs of alkanethiols on ZnO and the binding modes 

as determined from XPS S 2p BE. ‘S’ indicates an XPS S 2p peak at ~ 169 eV (sulfonate), while ‘T’ refers 

to a S 2p peak at ~163 eV (thiolate).  

Ref. Modifier Conc. 
(mM) 

Solvent Time Face Post Treatment Major 
S 2p 
Peak 

Minor 
S 2p 
Peak 

Pesika6 Octanethiol 3 IPA 24 h Zn None S T 

 Octanethiol 3 IPA 24 h Zn IPA rinse S - 

 Octanethiol 3 IPA 24 h Zn IPA + H2O rinse S - 

 Octanethiol 3 IPA 24 h O None T S 

 Octanethiol 3 IPA 24 h O IPA rinse T - 

 Octanethiol 3 IPA 24 h O IPA + H2O rinse T - 

Sadik2 Dodecanethiol 10 IPA 7 d Zn IPA rinse; 50 °C T - 

 Dodecanethiol 10 IPA 7 d Zn IPA rinse; 200 °C T - 

 Dodecanethiol 10 IPA 7 d Zn IPA rinse; 400 °C T - 

 Dodecanethiol 10 IPA 7 d Zn IPA rinse; 500 °C - - 

 Dodecanethiol 10 IPA 7 d O IPA rinse; 50 °C T S 

 Dodecanethiol 10 IPA 7 d O IPA rinse; 150 °C T S 

 Dodecanethiol 10 IPA 7 d O IPA rinse; 400 °C T - 

 Dodecanethiol 10 IPA 7 d O IPA rinse; 500 °C - - 

Perkins5 Hexanethiol 2 EtOH 16 h O EtOH rinse T S 

 Hexanethiol 2 EtOH 16 h O EtOH; 300 °C T S 

 Hexanethiol 2 EtOH 16 h O EtOH; 350 °C T - 

 Hexanethiol 2 EtOH 16 h O EtOH; 500 °C T - 

Ogata4 Propanethiol 100 IPA Overnight O IPA rinse S T 

 Propanethiol 100 IPA Overnight O IPA rinse; 100 °C S - 

 Propanethiol 100 IPA Overnight O IPA rinse; 400 °C S - 

Chen1 ODT 1 EtOH Overnight m None T - 

 

Another type of S-containing molecule is isothiocyanate (R-N=C=S, ITC). Work by Hamers et al. showed 

that both phenyl- and methyl-ITC give well-defined attachment to Si(001) surfaces, binding through 
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the N=C moiety as determined by XPS.8 In work by Loscutoff et al., germanium was modified with 

phenyl ITC in UHV in efforts to elucidate its binding structure from XPS, FTIR, and DFT calculations.9 

The authors determined that the major product was that of a [2 + 2] cycloaddition across the C=S 

moiety where the ITC was bound through both C and S, each on a different Ge atom (Figure 4.1, 

Structure a). The minor product was the [2 + 2] cycloaddition across the C=N bond (Figure 4.1, 

Structure b).  

 

Figure 4.1: Proposed products formed upon the reaction of isothiocyanate (R-N=C=S) with Ge(100)-2 × 

1 surface dimer. Adapted from Loscutoff et al.9 

To date, no work on the attachment of ITC to metal oxides has been carried out. ZnO lacks the 

proximity of the metal atoms seen in Ge, yet dative bonds may be able to form between Zn and either 

the N or S in the ITC molecule. 

4.1.2 Aims 

Due to contradictions and some incompleteness of previous studies of thiol-modified ZnO (Table 4.1), 

the work in this Chapter systematically investigates the stability and binding mode of alkanethiols on 

Zn-polar, O-polar, and m-plane ZnO. No other studies of alkanethiol modification of Zn-polar, O-polar, 

and m-plane ZnO under the same conditions have been reported. Several alkane- and arylthiol 

modifiers (Table 4.2) are compared for their surface coverage on ZnO and their effect on band 

bending. Octadecanethiol (ODT) and 1H,1H,2H,2H-perfluorooctanethiol (F13OT) were selected for 

their similarities to ODPA and F13OPA used in Chapter 3. 4-trifluoromethylbenzyl mercaptan 

(4TFMBM) was selected as it has similar properties to PFBPA. Although 3,5-bis(trifluoromethyl)phenyl 
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isothiocyanate (ITC) is not a thiol, it is also trialled alongside the thiol modifiers due to reports of 

successful isothiocyanate binding on Si and GaAs.8,9 

Table 4.2: Structures and abbreviations of thiol and isothiocyanate derivatives used to modify ZnO in 

this work. 

Name 1- 
Octadecane 

thiol 

1H,1H,2H,2H-
perfluoro 

octanethiol 

4-trifluoromethyl 
benzyl mercaptan 

3,5-bis(trifluoromethyl) 
phenyl  

isothiocyanate 

Abbreviation ODT F13OT 4TFMBM ITC 

Structure    
 
 

 
 

 

 

4.2 Experimental Methods 

All modifications and analyses in this Chapter were performed at the University of Wisconsin-Madison, 

USA. 3 × 5 mm2 single-crystal CrysTec ZnO samples (Zn-polar, O-polar, and m-plane faces) were 

solvent-cleaned prior to modification as outlined in Chapter 2. The modification method reported by 

Chen et al.1 was followed, but with a change in reaction solvent. Unless stated otherwise, thiol 

derivatives were reacted with cleaned single-crystal ZnO samples by soaking in 5 mL of 1 mM thiol 

solution in THF for 16 h in ambient laboratory atmosphere. Samples were then rinsed in THF, dried 

with nitrogen, and stored in air and darkness prior to XPS analysis. The ZnO samples were too small to 

be clipped into the standard XPS sample holder. They were instead attached using conductive colloidal 

silver paste, directly after modification. In early experiments, as in Section 4.3.1.1, the sample holder 

was immediately inserted into the load lock of the XPS instrument before the silver paste had cured. 

This method was detrimental to the UHV system and was modified so that the silver paste and samples 

were cured in a 50 °C oven for 30 min prior to loading the sample. This procedure was followed for 
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ZnO samples described in Section 4.3.1.3, but still did not solve the problems associated with 

maintaining the efficiency of the UHV system. For all other experiments, the silver paste was cured in 

ambient conditions for 22 h before the sample holder was loaded into the XPS instrument. 

The concentrations of modifiers on the surface were estimated from XPS measurements as described 

in Chapter 2.2.4. For many samples examined in this Chapter, the S signal was small (low signal:noise) 

and so there is a large uncertainty in both the amount of S on the surface and the molecular surface 

concentration. For some sets of samples, the % Zn and % S do not show a consistent relationship, 

indicating that the Zn signal has been affected by non-S-containing adventitious contamination. This 

adds to the uncertainty in surface concentration estimations, which should be assumed to be at least 

20%.  

4.3 Results and Discussion 

4.3.1 Method Optimisation for Thiol Modification of ZnO 

4.3.1.1 Role of Modifier Concentration in Octadecanethiol Modification of ZnO 

Prior studies on thiol attachment to ZnO used a range of modifier concentrations for the immersion 

step (1 to 10 mM).1,2,5,6 Given the different results of these earlier works, a study was undertaken to 

determine the effect of changing the thiol concentration on the resulting surface coverage on O-polar 

ZnO. ODT was used because it is commonly used to form SAMs and was readily available.1 After 

immersion of ZnO samples in THF solutions of ODT, samples were rinsed with water and immediately 

analysed by XPS. 

Figure 4.2 shows the XPS survey and core level S 2p spectra for ODT-modified ZnO, and Table 4.3 lists 

XPS data. Full survey spectrum peak assignments for as-received ZnO are discussed in Appendix 8.1.2. 

Peaks in the ODT-modified survey spectra (Figure 4.2a) are attributed to the presence of Zn, O, S, and 

C; the Zn 2p peak intensity decreases as the ODT concentration increases and as the C 1s and S 2p 

signals increase, indicating an increased alkanethiol coverage that attenuates the bulk ZnO signal. The 

S 2p signal is very small and is best examined through the core level scan (Figure 4.2b), where the 
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signal at 163 eV can be fitted by two peaks arising from S 2p1/2 and S 2p3/2 spin-orbit splitting.1 As 

mentioned in Section 4.1, previous reports indicate that the S 2p peak at ~168 eV can be attributed to 

sulfonate species, where S is attached to O.2,6 However, the exact structure of oxidised S is unclear. 

Due to the weakness of the sulfonate signal, the peak at ~168 eV was not deconvoluted into spin-orbit 

doublets.  

 

Figure 4.2: Fixed-energy XPS (a) survey spectra and (b) S 2p core level spectra for O-polar ZnO, modified 

in 1 mM, 2 mM, and 10 mM ODT in THF (ambient conditions). After modification, samples were rinsed 

with water and analysed immediately, without heating. Spectra have been offset for clarity. Spectra in 

(b) have been normalised to the same Zn 2p peak area. 

Using the methods described in Chapter 2, the ASF-corrected Zn:S ratios were calculated and water-

CA-derived molecular surface concentrations were estimated (Table 4.3).10–13 Increasing the ODT 

concentration from 1 to 10 mM increased the percentage of S on O-polar ZnO from 1 – 3%, and the 

calculated modifier surface concentration from 15 to 50 molecules nm-2. Chen et al. calculated from 

XPS data a surface concentration of ~4.2 ODT molecules nm-2 on m-plane ZnO and described this as 

near-monolayer coverage because the same molecules on gold formed highly-ordered, close-packed 

SAMs with a surface concentration of ~3.9 molecules nm-2 (~6.5 × 10-10 mol cm-2). In this work, SAM 

preparation using 1 mM ODT appears to give a surface concentration greater than a monolayer. 

However, the sulfonate species on O-polar ZnO modified with 1 mM ODT have a surface concentration 

of ~3 molecules nm-2, which is close to a monolayer. This might suggest that a chemisorbed sulfonate 
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monolayer is present at ZnO, and that non-oxidised ODT are physisorbed on top of this layer and not 

removed during the brief post-modification water rinsing.1 However, it is also possible that a mixed 

thiolate-sulfonate monolayer is chemisorbed to ZnO, with a mixed thiol and sulfonate ODT multilayer 

on top. 

Table 4.3: Atomic percentages from fixed-energy XPS survey spectra, sulfur oxidation state ratios from 

S 2p core level XPS spectra, and estimated molecular surface concentrations for ODT-modified O-polar 

ZnO modified in 1 mM, 2 mM, and 10 mM ODT in THF (ambient conditions). After modification, samples 

were rinsed with water and analysed immediately, without heating.  

[ODT] (mM) Zn % C % O % S % Thiolate : Sulfonate Molecule/nm2 

1 20 37 41 1 4 : 1 15 

2 9 67 20 3 7 : 1 80 

10 8 70 19 3 21 : 1 100 

 

ODT concentrations greater than 1 mM resulted in even larger surface concentration values and 

presumably thicker multilayers. Modification of O-polar ZnO in 10 mM ODT gave a sulfonate surface 

concentration of ~4 molecules nm-2, which adds weight to the explanation of a sulfonate monolayer 

with a non-oxidised ODT multilayer. However, it is not strong evidence as the 2 mM ODT modification 

gave a sulfonate surface density of ~10 sulfonate molecules nm-2, which is greater than a monolayer 

and therefore suggests that at least some physisorbed ODT are oxidised. As explained above, the 

nature of ‘sulfonate’ ODT is unclear: it may indicate a S-O-Zn bond or a physisorbed oxidised thiol (R-

SO4
- or R-SO3

-).6 Similarly, the nature of ‘thiolate’ ODT is unclear: it appears likely that a significant 

number of these ODT molecules are unreacted thiols (BE = 163.6 eV)14 which form multilayers, but 

they cannot be distinguished from the thiolate (Zn-S) signal (~163 eV). For convenience, the non-

oxidised form of the modifier which may be present as the thiol or thiolate will be referred to as 

‘thiolate’ except when it is necessary to discuss the two forms separately. Disulfides, a product of thiol 

oxidation, also have a binding energy of ~163 eV, so cannot be discounted as being present on the 
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surface.14 To minimise formation of multilayers, a modifier concentration of 1 mM was chosen for the 

remainder of the alkanethiol work.  

4.3.1.2 Preparation of Octadecanethiol-Modified ZnO in Inert Atmosphere 

The presence of an oxidised S signal on ODT-modified ZnO as discussed above was investigated further 

by carrying out the ODT modification on Zn-polar and O-polar ZnO in an Ar-filled glovebox. Samples 

were rinsed with water after modification, and XPS analysis was performed after 22 h storage in air. 

Figure 4.3 shows the resulting fixed-energy XPS S 2p spectra, and Table 4.4 gives XPS data. Both 

samples show evidence of oxidised (168 eV) and non-oxidised S (~163 eV) on the surface. The large 

modifier surface concentrations (~20 and ~30 molecules nm-2 for Zn-polar and O-polar ZnO, 

respectively) are attributed to multilayers of ODT which were not rinsed away by water and did not 

desorb from the surface during exposure to air. This is not unexpected due to the long alkyl chain of 

ODT, which is not soluble in water nor highly volatile. 

 

Figure 4.3. Fixed-energy XPS S 2p core level spectra for Zn-polar and O-polar ZnO, modified in 1 mM 

ODT in THF in an Ar-filled glovebox. After modification, samples were rinsed with water, stored for 22 

h in air, and analysed. Spectra have been normalised to the same Zn 2p peak area and offset for clarity. 

Both Zn-polar and O-polar ZnO have similar thiolate:sulfonate ratios, and sulfonates account for ~6 – 

~9 molecules nm-2. Since these values are greater than a monolayer, some physisorbed ODT molecules 
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must be sulfonate-like. However, it is unclear whether sulfonates are directly coordinated to the ZnO 

surface. 

Table 4.4. Atomic percentages and sulfonate:thiolate ratios from fixed-energy XPS survey and S 2p 

spectra for ODT-modified Zn-polar and O-polar ZnO. Modification was carried out in an Ar-filled 

glovebox with 1 mM ODT in THF; samples were rinsed with water after modification and analysed after 

22 h storage in air. 

Sample  Zn % C % O % S % Thiolate:Sulfonate Molecules/nm2 

Zn-polar 14 50 35 1 2 : 1 20 

O-polar  11 55 33 1 2: 1 30 

 

Comparing Figure 4.2b and Figure 4.3 and their corresponding Tables, it appears that modification of 

O-polar ZnO in 1 mM ODT (THF) carried out in ambient conditions and analysed immediately after 

water rinsing gives multilayer ODT coverage with ~20% of the modifiers as sulfonate. When the same 

experiment is carried out in inert conditions but with 22 h storage in air, sulfonates account for ~33% 

of the ODT present. This suggests that ODT oxidises during modification regardless of the presence of 

O2, as seen by Perkins,5 but that a more significant degree of oxidation occurs when the modified 

sample is exposed to air during storage. Thus, it appears that the post-modification treatment of 

samples is more important than the modification conditions and hence, the remaining thiol 

modifications in this work were carried out in ambient laboratory conditions. 

4.3.1.3 Effect of Rinsing Solvent on Octadecanethiol Layers on ZnO 

Castner et al. highlighted the importance of correct solvent choice for rinsing alkanethiol-based SAMs 

on Au because of the strong tendency for unbound thiol or disulfide groups to remain on the surface.15 

Likewise, Pesika et al. highlighted the importance of rinsing ZnO samples after thiol modification. They 

found that for the Zn-polar face, a ‘thiolate’ S 2p XPS signal disappeared after rinsing with IPA and 

water, leaving only a sulfonate peak (Table 4.1). The reverse was true for the O-polar face: prior to 
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rinsing, the main S 2p peak was in the thiolate region, and a small sulfonate peak was also visible. After 

rinsing with both IPA and water, only a thiolate signal was detected.6 

The post-modification treatment used in Sections 4.3.1.1 and 4.3.1.2 involved rinsing the samples with 

water before drying with nitrogen gas. However, the observed multilayer coverage suggested that this 

process did not remove physisorbed modifiers. To determine the best rinsing procedure, 4 ODT-

modified Zn-polar ZnO samples were subjected to different post-modification treatments and the S 

coverage was analysed via XPS. The rinsing steps were: no rinse, rinsed with water, rinsed with THF, 

and sonicated in THF (4 min). After rinsing, all samples were dried with nitrogen and immediately 

inserted into the XPS instrument. 

 

Figure 4.4: Fixed-energy XPS S 2p core level spectra for 4 different Zn-polar ZnO samples modified in 1 

mM ODT in THF (ambient conditions). Post modification treatments were: not rinsed, rinsed with 

water, rinsed with THF, or sonicated in THF for 4 min. All samples were dried with nitrogen and 

immediately analysed by XPS. The spectrum of the THF-rinsed sample was taken with a larger BE step 

size. Spectra have been normalised to the same Zn 2p peak area and offset for clarity. 

Figure 4.4 shows that unrinsed ODT-modified Zn-polar ZnO has a large S 2p signal in the thiolate 

region, and a small sulfonate peak at higher BE. A sample which had been rinsed with water after ODT 
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modification has a S 2p spectrum with very similar features, consistent with spectra seen in Figure 

4.2b and Figure 4.3. However, when ODT-modified Zn-polar ZnO was rinsed or sonicated in THF, the 

‘thiolate’ peak decreased significantly to leave only trace amounts, which suggests that non-oxidised 

thiols were physisorbed as multilayers. In contrast, there was only a small decrease in the sulfonate 

signal after THF rinsing or sonication. The calculated molecular surface concentrations shown in Table 

4.5 for the unrinsed sample and the THF-rinsed and THF-sonicated samples (~4 molecules nm-2, ~7 × 

10-10 mol cm-2) are consistent with an approximate monolayer of modifiers remaining after rinsing, 

bound to the surface as the sulfonate. This surface coverage is less than half that of the reported Zn-

polar ZnO OH surface concentration (~1.8 × 10-9 mol cm-2). This suggests that either the modifiers are 

monodentate and there is still a significant amount of unreacted OH groups on the surface, or that 

the modifiers have bonded to ZnO in a bi- or tridentate fashion. 

The effect of solvent rinsing seen here is consistent with that reported by Pesika et al, who rinsed Zn-

polar samples with IPA (the same solvent as their modifying solution) and saw the sulfonate signal 

decrease slightly while the thiolate signal disappeared (Table 4.1).6 Surface concentrations of 

modifiers were not reported, however Pesika et al. concluded that the sulfonate was more stable than 

the thiolate on the Zn-polar face. Ogata et al reported sub-monolayer coverage of sulfonate-type 

propanethiol on O-polar ZnO after being rinsed well with IPA.6 The present work indicates that under 

the conditions used, the sulfonate is more stable than non-oxidised thiols on Zn-polar ZnO. Given that 

any application of surface-modified ZnO is expected to require stable layers, the THF rinsing step was 

retained in further investigations to ensure that only strongly-bound modifiers remained on the 

surface. Sonicating the sample in THF did not significantly change the ODT coverage from that 

obtained with a simple rinsing step, and so was omitted in future work. 
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Table 4.5: Fixed-energy XPS survey and S 2p spectra data gathered on 4 different ODT-modified Zn-

polar samples which were subjected to several post-modification cleaning methods: no rinsing, rinsing 

with water, rinsing with THF, and sonication with THF. 

Post-modification 
treatment 

Zn % C % O % S % Thiolate : Sulfonate Molecules/nm2 

No rinse 12 58 27 3  3.0 : 1 58 

Water rinse 9 66 23 3 6.3 : 1 78 

THF rinse 31 21 48 0.5 0 : 1 4 

THF sonication 26 21 52 0.4 0 : 1 4 

 

4.3.1.4 Role of Solvent in Octadecanethiol-Modification of ZnO 

Ethanol and IPA have been commonly used in the preparation of alkanethiol-based SAMs on ZnO 

(Table 4.1).1,2,5,6 However, THF was used for the preparation of PA SAMs on ZnO (Chapter 3) because 

Chen et al. reported that using a low dielectric solvent was important in forming ordered PA SAMs on 

ITO.16 Hence, the preparation of SAMs of ODT on ZnO was compared using ethanol and THF as the 

modification solvents. After immersion in the thiol solution, the samples were rinsed with their 

respective modification solvent and heated at 50 °C for 30 min. A heating step was included because 

the use of heat is proposed to promote covalent bonding of PA modifiers to ZnO. Samples were then 

immediately analysed by XPS. 

Figure 4.5 shows fixed-energy XPS S 2p spectra for Zn-polar, O-polar, and m-plane ZnO after 

modification with ODT in THF, and Zn-polar and O-polar ZnO after modification with ODT in ethanol. 

All three THF-treated faces show a signal in the ~169 eV binding energy range, indicating oxidised S is 

present. Only the O-polar face shows evidence of non-oxidised alkanethiols on its surface. Similar 

results to Figure 4.5a were observed for ZnO modified in ethanol solution (Figure 4.5b), where Zn-

polar ZnO has no thiolate peak and O-polar ZnO has both thiolate and sulfonate signals.  



4      Alkanethiol Modification of Single Crystal ZnO 

119 
 

 

Figure 4.5: Fixed-energy XPS S 2p core level spectra for (a) Zn-polar, O-polar, and m-plane ZnO modified 

in 1 mM ODT in THF (ambient conditions), and (b) Zn-polar and O-polar ZnO modified in 1 mM ODT in 

ethanol (ambient conditions). After modification, samples were rinsed with the modification solvent, 

heated (50 °C, 30 min), and immediately analysed. Spectra have been normalised to the same Zn 2p 

peak area and offset for clarity. 

Figure 4.5 and Table 4.6 show that Zn-polar ZnO had more S on the surface when modified with ODT 

in ethanol than when modified in THF, while O-polar ZnO had more S when modified with ODT in THF 

than when modified in ethanol. O-polar ZnO had significantly more S on the surface than the other 

two faces, regardless of the solvent used. The thiolate:sulfonate ratio was higher for O-polar ZnO 

modified in ethanol than in THF. The surface concentration of ODT on both O-polar samples was 

greater than that expected for a monolayer, indicating that multilayers were present. Overall, the data 

in Table 4.6 suggest that the surface thiol concentration depends more on the ZnO face than the 

modification solvent. This is discussed later.  
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Table 4.6: Fixed-energy XPS survey and S 2p spectra data for Zn-polar, O-polar, and m-plane ZnO 

modified with 1 mM ODT in THF or ethanol (in ambient conditions). After modification, samples were 

rinsed with the modification solvent, heated (50 °C, 30 min), and immediately analysed. m-Plane ZnO 

was not reacted with ODT in ethanol. 

Face Solvent Zn % C % O % S % Thiolate : Sulfonate Molecules/nm2 

Zn-polar THF 29 27 43 0.2 0 : 1 2 
 

Ethanol 20 33 46 0.3 0 : 1 4 

O-polar THF 18 45 36 1.2 1.0 : 1 16 
 

Ethanol 20 37 42 0.8 1.7 : 1 9 

m-plane THF 15 36 48 0.1 0 : 1 2 

 

A contrast can be drawn between O-polar ZnO, and Zn-polar and m-plane ZnO: Figure 4.5 shows that 

non-oxidised, unreacted ODT molecules desorb completely from Zn-polar and m-plane surfaces during 

either or both of THF rinsing and mild heating (Figure 4.4 also shows this behaviour for the Zn-polar 

face), while on O-polar ZnO, a significant peak at BE ~163 eV is still present after both treatments. 

Evidently thiolates are more stable on O-polar ZnO than on Zn-polar or m-plane ZnO. Using UHV 

conditions, Perkins observed that the sulfonate signal from hexanethiol on O-polar ZnO was stable 

until 350 °C under UHV, while the thiolate-type signal remained on the surface to 500 °C.5 This 

demonstrates that thiolate bonding is more stable than sulfonate binding on O-polar ZnO. Assuming 

that this is also the case at Zn-polar and m-plane ZnO, the lack of thiolates at these surfaces can be 

attributed to the higher catalytic activity of the Zn-polar and m-plane faces, as suggested by Pesika et 

al.6 Under the conditions used here, thiolates at these faces are oxidised to sulfonates, whereas 

oxidation does not occur to the same degree at O-polar ZnO.  

4.3.1.5 Summary of Octadecanethiol Oxidation at ZnO 

Several previous studies have investigated the formation of alkanethiol SAMs on ZnO via S 2p XPS, yet 

the resulting modification layers differ greatly in terms of extent of thiol oxidation, as seen in Table 

4.1. As shown in Table 4.7, results in this work showed that reaction of alkanethiols with Zn-polar, O-
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polar, and m-plane ZnO gave modification layers with which also incorporated sulfonates, irrespective 

of modification solvent (Figure 4.5). The possibility that the stock ODT used in this work was oxidised 

prior to preparation of SAMs was considered. However, the NMR spectrum for the ODT sample 

showed no evidence of oxidised species (Appendix 8.2.1) and the results of various modification 

experiments were not consistent with progressive oxidation of the stock ODT. It is therefore more 

likely that oxidation of ODT occurs during and/or after modification of ZnO.  

Table 4.7. Summary of XPS S 2p data for ODT-modified ZnO from the current work. 'S' indicates an XPS 

S 2p peak at ~169 eV (sulfonate) and 'T' refers to an S 2p peak at ~163 eV (thiolate). ‘S and T’ indicates 

that the sulfonate and thiolate peaks were of the same intensity. *Denotes samples which were not 

analysed within 3 h of modification. 

Face Conc. 
(mM) 

Solvent Atmosphere Post Treatment Major S 2p 
Peak 

Minor S 2p 
Peak 

Zn-polar 1 THF Air THF rinse, 50 °C S - 

Zn-polar 1 THF Argon H2O rinse* T S 

Zn-polar 1 THF Air No rinse T S 

Zn-polar 1 THF Air THF rinse S - 

Zn-polar 1 Ethanol Air Ethanol rinse, 50 °C S - 

Zn-polar 1 THF Air THF sonicate S - 

O-polar 1 THF Argon H2O rinse* T S 

O-polar 1 THF Air THF rinse, 50 °C S and T - 

O-polar 1 Ethanol  Air Ethanol rinse, 50 °C T S 

O-polar 1 THF Air H2O rinse T S 

O-polar 2 THF Air H2O rinse T S 

O-polar 10 THF Air H2O rinse T S 

m-plane 1 THF Air THF rinse, 50 °C S - 

 

Thiols can be oxidised by atmospheric species17 as well as by ZnO itself.5 Even when freshly-modified 

O-polar ZnO samples were directly loaded into the XPS instrument, a small sulfonate signal was 

observed (Figure 4.2). Likewise, Perkins observed a small amount of oxidised thiols on hexanethiol-

modified polycrystalline ZnO, despite the modification and analysis being carried out in oxygen-free 
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conditions. The author proposed that thiols were reacting with O in the ZnO sublattice, aided by lattice 

steps and other surface defects. It is likely that a similar mechanism occurred in this work. From Figure 

4.6, it is seen that oxidation of ODT layers occurs after modification, and from the results in Figure 4.2 

and Figure 4.3, it appears that a more significant fraction of ZnO-bound ODT is oxidised upon exposure 

to air after modification than during modification. However, it is still unclear whether preformed 

sulfonates bond to ZnO, or alternatively, whether thiolates bind to the surface and are subsequently 

oxidised to sulfonates. Both processes may occur concurrently. 

On metal substrates, long-chain alkanethiols (> 10 CHx) generally have high packing density and 

uniform thiolate structures due to the high number of van der Waals attractions between the alkyl 

chains.18 Once self-assembled, these alkanethiols are more stable to oxidation than their shorter 

counterparts, as they form more effective barriers to oxidants.19 This is consistent with work carried 

out by Sadik et al. using dodecanethiol on ZnO:2 the authors observed that a densely-packed layer on 

Zn-polar ZnO was in the thiolate form, while a less-dense layer on O-polar ZnO was bound by 

sulfonates despite being more uniform.2 The modification layers were prepared by immersion in the 

alkanethiol solution for 7 d (by far the longest time reported for preparation of alkanethiol layers on 

ZnO), and hence it is possible that the long preparation time gives more densely-packed layers on Zn-

polar ZnO which are more difficult for oxidising species to penetrate. Sadik et al.’s results suggest that 

that the modification layer on the O-polar face, despite the uniformity of the layer, was not dense 

enough to prevent oxidising species from migrating to the surface. Although Chen et al. modified m-

plane ZnO with ODT using a much shorter reaction time (overnight), and reported only thiolate signal,1 

the authors did not mention a rinsing step; therefore the XPS S 2p signal could be largely due to 

physisorbed molecules. 

Schoenfisch et al.17 and Love et al.20 observed that alkanethiol SAMs on different metal substrates 

oxidise at different rates, suggesting that the substrate plays a role in oxidation. Similarly, in this work 

it was observed that long-chain ODT layers on Zn-polar and O-polar ZnO, modified in the same 
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conditions (Figure 4.5), had different amounts of oxidation. Thus, it appears that oxidation of ODT on 

ZnO depends on the substrate. This is consistent with work carried out by Pesika et al.,6 who also 

observed differences between Zn-polar and O-polar ZnO: octanethiol modification of Zn-polar ZnO 

resulted in sulfonate bonds after solvent rinsing, while the same procedure on O-polar ZnO resulted 

in thiolate bonds. This suggested that on the Zn-polar face, sulfonate formation is favoured compared 

to the O-polar face. The authors attributed this to the more catalytic nature of the Zn-polar face 

compared to O-polar ZnO. Thus, it seems likely that in this work, the higher catalytic reactivity of Zn-

polar and m-plane faces increase the oxidation rate on these faces relative to O-polar ZnO. Sulfonate-

type ODT molecules are expected to be more soluble and less prone to physisorption than their non-

oxidised counterparts, and it may be that the multilayers on Zn-polar and m-plane ZnO are catalytically 

oxidised to sulfonates prior to THF rinsing, making them easily removed by THF. On the O-polar face, 

the same extent of catalytic oxidation does not occur, and the multilayer still has significant non-

oxidised ODT which is more strongly adsorbing and not as easily removed by ethanol or THF. 

Photooxidation of thiols to sulfonates has also been reported in literature;21 samples in this work were 

largely kept in the dark, but the effect of brief exposure to ambient light on the oxidation process 

cannot be ruled out.  

4.3.2 Long-Term Stability of ODT Modifiers in Air 

The long-term stability of the ODT modification layers remaining on ZnO after heating to 50 °C for 30 

min was investigated. The ODT-modified, THF-rinsed, and heat-treated Zn-polar, O-polar, and m-plane 

ZnO samples shown in Figure 4.5 were analysed with XPS on the day of modification and were 

analysed again after 40 d storage in air and darkness. Figure 4.6 compares the Day 1 and Day 40 XPS 

spectra, and XPS data are given in Figure 4.7. 
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Figure 4.6. Fixed-energy S 2p XPS for (a) Zn-polar, (b) O-polar, and (c) m-plane ZnO faces modified with 

1 mM ODT in THF (ambient conditions), rinsed with THF, and heated (50 °C, 30 min). Spectra were 

obtained immediately after heating (Day 1) and after 40 d storage in air and darkness (Day 40). Spectra 

have been normalised to the same Zn 2p peak area and offset for clarity. The Day 1 spectra are also 

shown in Figure 4.5. 

Zn-polar and m-plane ZnO showed a loss of S from the surface after 40 d, as evidenced by a decrease 

in the S:Zn ratio in Table 4.8. On the O-polar face, the S:Zn ratio and consequently the calculated 

surface concentration of modifiers indicative of a multilayer coverage, remained the same over 40 d. 

However, the thiolate:sulfonate ratio on the O-polar face decreased from 1:1 to 1:3, indicating that 

some thiolate modifiers were oxidised to sulfonate moieties during the 40 d of storage, with minimal 

loss of total S. This is consistent with previous work on substrates other than Au, such as that done by 

Love et al., who observed that alkanethiol layers on Pd exposed to air over 5 d were oxidised to 

sulfonate or sulfate anion species.20  
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Table 4.8: Fixed-energy S 2p XPS data for Zn-polar, O-polar, and m-plane ZnO faces modified with 1 

mM ODT in THF (ambient conditions), rinsed with THF, and heated (50 °C, 30 min). Spectra were 

obtained immediately after heating (Day 1) and 40 d later (Day 40). Day 1 data are also listed in Table 

4.6. 

 Day 1  Day 40 
 

Face Thiolate : 
Sulfonate 

S : Zn Molecule/nm2  Thiolate : 
Sulfonate 

S : Zn Molecule/nm2 

Zn-polar 0 : 1 0.007 : 1 2  0 : 1 0.005 : 1 1 

O-polar 1 : 1 0.07 : 1 16  1 : 3 0.06 : 1 16 

m-plane 0 : 1 0.008 : 1 2  0 : 1 0.004 : 1 1 

 

To test the generality of the results, a similar experiment was carried out on the fluorinated analogue 

of ODT (F13OT), but without the heating step. XPS analysis of freshly-prepared F13OT-modified, THF-

rinsed ZnO was carried out 22 h after preparation. In contrast to ODT, the O-polar face did not have a 

thiolate S signal: all three faces showed evidence of sulfonate bonding only, with the m-plane face 

having the highest surface coverage. After 3 d of storage in the air and darkness, the samples were re-

analysed. The XPS results from the S 2p, C 1s, and F 1s scans can be seen in Figure 4.7.  

In the Day 2 spectra, the presence of sulfonate and F peaks in the S 2p and F 1s regions, respectively, 

indicate that the three faces were successfully modified with F13OT. CF2 and CF3 signals are present at 

~292 and ~294 eV, as expected (Figure 4.7c).22 The m-plane face had the largest signal for both 

elements, indicating the largest F13OT surface concentration (Table 4.9). However, all three faces had 

two signals in the F 1s region. The larger of these, at 689 eV, is attributed to fluorocarbon bonds, as 

expected from a fluorinated alkanethiol. The lower-energy shoulder has a BE indicative of Zn-F 

interactions23 and suggests that either the F13OT is orientated such that the intact fluorinated 

backbone is capable of interacting with the ZnO surface, or that the molecule has decomposed, 

releasing F-containing fragments that interact with the surface.14 The decomposition of fluorinated 



4      Alkanethiol Modification of Single Crystal ZnO 

126 
 

molecules under X-ray irradiation is well-established (discussed in Chapter 3),22,24–27 thus the latter 

explanation is most likely. Examination of the F:S ratios (Table 4.9), derived from F 1s and S 2p spectra, 

shows that the total amount of F on the surface for m-plane ZnO is consistent with F13OT (~12 F : 1 S) 

while for the polar ZnO faces, the ratios are slightly smaller (~9 F : 1 S). This suggests that for all faces, 

most F is still present on the surface and has not desorbed following C-F bond cleavage. 

 

Figure 4.7: Fixed-energy XPS (a) S 2p, (b) F 1s, and (c) C 1s spectra for F13OT-modified Zn-polar, O-polar, 

and m-plane ZnO modified with 1 mM F13OT in THF (ambient conditions) and rinsed with THF (no 

heating step). Spectra were obtained 22 h after preparation (Day 2) and 3 d later (Day 5). Spectra have 

been normalised to the same Zn 2p peak area and offset for clarity. 

Calculated molecular surface concentrations, listed in Table 4.9, show that when examined 22 h after 

preparation (Day 2), Zn-polar and O-polar ZnO had sub-monolayer coverage of F13OT (2 molecules  

nm-2), while m-plane ZnO appeared to have multilayer coverage (12 molecules nm-2). The difference 
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between faces and to the surface coverage of ODT on m-plane ZnO (3 molecules nm-2) is attributed to 

physisorbed, oxidised F13OT not being fully rinsed from m-plane ZnO due to its fluorinated alkyl chain. 

Unlike results seen with ODT, F13OT-modified O-polar ZnO does not show any thiolate signal, which 

suggests that surprisingly, F13OT appears to oxidise more readily than ODT on ZnO.  

Table 4.9: Fixed-energy S 2p and F 1s XPS data for F13OT-modified Zn-polar, O-polar, and m-plane ZnO 

modified with 1 mM F13OT in THF (ambient conditions) and rinsed with THF (no heating). Data was 

obtained 22 h after preparation (Day 2) and 3 d later (Day 5).  

Face S 2p type S : Zn F : Zn F : S  Molecules nm-2 

F13OT-modified ZnO, Day 2 

Zn-polar Sulfonate 0.01 : 1 0.1 : 1 8 : 1  2 

O-polar Sulfonate 0.01 : 1 0.1 : 1 9 : 1  2 

m-plane Sulfonate 0.05 : 1 0.6 : 1 12 : 1  12 

F13OT-modified ZnO, Day 5 

Zn-polar Sulfonate 0.005 : 1 0 : 1 0 : 1  1 

O-polar None 0 : 1 0.02 : 1 0 : 1  0 

m-plane None 0 : 1 0 : 1   0 

 

After 3 d storage in air and darkness, no S 2p signal was observed on O-polar or m-plane ZnO. This 

does not follow the results seen with ODT, where a S signal – especially that in the sulfonate region – 

was still observed for all three faces after 40 d. The lower stability for F13OT than ODT is attributed to 

fewer stabilising van der Waals interactions and the increased steric bulk of fluorinated modifiers. It 

is also possible that the heating step used for the ODT modification increased the amount of covalent 

bonding to the surface, but this was not further investigated. Although a small S signal is obtained for 

Zn-polar ZnO after 3 d storage in air and darkness, no F 1s signal is evident, indicating decomposition 

of the fluorinated tail. The nature of S-containing species remaining on the surface is unclear. 
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In summary, F13OT-modified ZnO was not stable when stored in air and darkness for several days. ODT-

modified ZnO was more stable, with loss of thiols from Zn-polar and m-plane ZnO. No S was lost from 

ODT-modified O-polar ZnO, but thiolates were oxidised to sulfonates. 

4.3.3 Comparison of Thiol Modifiers and ZnO Faces 

4.3.3.1 Molecular Surface Concentration 

Having explored some of the variables involved in preparation of SAMs from thiols, two additional 

modifiers were examined: the aromatic thiol 4TFMBM and the isothiocyanate, ITC (Table 4.2). Samples 

were modified in 1 mM of modifier in THF (ambient conditions), rinsed with THF, and kept in the dark 

for 22 h prior to XPS measurement. Figure 4.8 shows the results of XPS analysis of these samples and, 

for convenience, data for F13OT-modified ZnO, modified and analysed under the same conditions, are 

also shown in Figure 4.8. (These results are those shown in Figure 4.7). Similarly, XPS spectra of ODT-

modified samples which were rinsed in THF and heated for 30 min (50 °C) immediately prior to analysis 

are also included in Figure 4.8. (These spectra are also shown in Figure 4.5). Atomic percentages are 

listed in Appendix 8.2.2. 

Figure 4.8 (a, e, i) shows that except for ODT-modified O-polar ZnO, all S 2p signal arises from sulfonate 

species. The very small, broad peak seen at lower binding energy (~159 eV) arises from a plasmon loss 

from the Zn 3s transition and is not related to S.5 The F 1s and C 1s spectra show that organic F species 

are present where expected, alongside some minor Zn-F interactions, except for 4TFMBM-modified 

Zn-polar and m-plane ZnO which have no F 1s signal. The O 1s spectra (Figure 4.8d, h, l) are largely 

unchanged for modified ZnO, but attenuation of the bulk O 1s peak can be seen in the spectra for 

ODT- and ITC-modified ZnO. For ODT-modified ZnO, this is attributed to the attenuating effect of the 

long alkyl chain of ODT, and for the O-polar sample, to the substantial amount of sulfonate on the 

surface which may increase the amount of surface O. However, for ITC-modified ZnO, both bulk and 

surface O signals are significantly attenuated while the S:Zn ratio indicates only a monolayer is present. 

The nature of the modifying layer formed by ITC is thus not clear. 
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Figure 4.8: Fixed-energy XPS S 2p, F 1s, C 1s, O 1s, and Zn 2p spectra collected on (a – d) Zn-polar, (e – 

h) O-polar, and (i – l) m-plane ZnO, as-received and modified with 1 mM ODT, F13OT, 4TFMBM, and ITC 

(ambient conditions). All samples were rinsed with THF after modification. Except for ODT-modified 
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ZnO, all samples were kept in the dark for 22 h prior to XPS analysis. ODT-modified samples were 

heated after modification (30 min, 50 °C) and immediately analysed with XPS. Spectra are offset for 

clarity and normalised to the Zn 2p peak area, scaled where noted. The spectra for ODT- and F13OT-

modified samples are also shown in Figures 4.5 and 4.7, respectively.  

Table 4.10 gives a summary of fixed-energy XPS results, water CA, and estimated modifier surface 

concentrations (derived from S:Zn ratios and water CA as described in Section 2.2.4) on the modified 

surfaces. Only ODT-modified O-polar ZnO and F13OT-modified m-plane ZnO had molecular surface 

concentrations greater than a monolayer, and only the former sample had evidence of non-oxidised 

modifiers. This suggests that sulfonate bonds are more likely than direct Zn-S bonds regardless of the 

modifier type. Garrell et al. observed through surface-enhanced Raman spectroscopy that aromatic 

thiolate monolayers on Au are less prone to oxidation than alkanethiolate monolayers, but this 

difference is not seen in the present work:28 4TFMBM and ITC modifiers both have a sulfonate signal. 

Their calculated molecular coverages are approximately a monolayer. However, these were calculated 

using S:Zn ratios, which do not account for decomposition of the modifiers as seen below. It is thus 

unclear how many molecules are on the surface, and the species on the surface after reaction with 

ITC could not be determined from XPS.  

All ZnO surfaces showed an increase in water CA and therefore hydrophobicity after reaction with the 

modifiers. Due to the relatively large margin of error for contact angle measurements, only angle 

differences > 10° were considered significant. The CAs for the modified ZnO samples are not always 

consistent with the calculated Zn:S ratios (Table 4.10); this is assumed to be related to the uniformity 

of the modifiers at the surface. Further, the CA are smaller than those observed on PA-modified ZnO 

(Chapter 3). This is consistent with work by Perkins, who observed that hexanethiol-modified ZnO had 

significantly smaller water CA than did analogous hexylPA-modified surfaces, due to differences in 

uniformity.5  
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Table 4.10: Fixed-energy XPS data for thiol surface coverage on Zn-polar, O-polar, and m-plane ZnO 

modified with 1 mM ODT, F13OT, 4TFMBM, and ITC in THF (ambient conditions). All samples were 

rinsed with THF after modification. Except for ODT-modified ZnO, all samples were kept in the dark for 

22 h prior to XPS analysis. *ODT-modified samples were heated (30 min, 50 °C) and immediately 

analysed with XPS. All water contact angles have an uncertainty of ± 10°.  

Sample S 2p type S : Zn S : F S : N Water CA (°) Molecule nm-2 

Zn-polar       

As-received - - - - 64 - 

*ODT Sulfonate 0.007 : 1 - - 88 2 

F13OT Sulfonate 0.012 : 1 1 : 6 - 104 3 

4TFMBM Sulfonate 0.012 : 1 1 : 0 - 73 3 

ITC Sulfonate 0.009 : 1 1 : 21 1 : 1 84 2 

O-polar       

As-received - - - - 56 - 

*ODT 
Sulfonate & 

thiolate 
0.07 : 1 - - 101 16 

F13OT Sulfonate 0.013 : 1 1 : 10 - 78 3 

4TFMBM Sulfonate 0.018 : 1 1 : 2 - 83 4 

ITC Sulfonate 0.015 : 1 1 : 9 1 : 1 80 4 

m-plane       

As-received - - - - 48 - 

*ODT Sulfonate 0.007 : 1 - - - 2 

F13OT Sulfonate 0.048 : 1 1 : 12 - 99 11 

4TFMBM Sulfonate 0.015 : 1 1 : 0 - 68 4 

ITC Sulfonate 0.013 : 1 1 : 16 1 : 1 80 3 

 

The S:F ratios for 4TFMBM-modified ZnO are much smaller than expected, which is attributed to C-F 

cleavage during XPS and loss of F from the surface. For ITC-modified ZnO, the S:F ratios are much larger 

than expected, while the S:N ratios for ITC are ~1:1. This suggests that ITC has decomposed, liberating 

S and N in equal amounts from the surface, and leaving organic F on the surface. As the C % is similar 

to other modifiers (Appendix 8.2.2), it is tentatively proposed that the phenyl ring remains intact. This 

was not further investigated. Generally, O-polar ZnO has less evidence of modifier disintegration, 
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which is consistent with the O-polar face being the least reactive face of the three faces,29 but this 

evidence is not statistically significant. It is unknown why 4TFMBM appears more susceptible to 

decomposition than ITC or F13OT.  

4.3.3.2 Band Bending at Thiol-Modified ZnO 

 

Figure 4.9: UPS (a, d, g) and XPS (all others) VB spectra for and ODT-, F13OT-, and ITC-modified Zn-polar 

(a – c), O-polar (d – f), and m-plane (g – i) ZnO. On all spectra, the black trace indicates the spectrum 

of the corresponding as-received (‘as rec.’) ZnO sample. The spectra have been normalised in the y-

direction for visual clarity, but no calibration has been applied to the binding energy scale. As such, all 

values are relative to the respective as-received ZnO sample. 
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The effects of ODT, F13OT, and ITC on the VB spectrum of ZnO were studied using fixed-energy XPS (hν 

= 1486.6 eV) and UPS (hν = 21.2 eV). 4TFMBM was not investigated as core level XPS spectra (Figure 

4.8) showed that it had significantly decomposed on the surface. The results, seen in Figure 4.9, 

indicated that all modifiers had only a small effect on band bending, except for ITC. This is most likely 

due to a significant amount of OH remaining on the surface after modification, and perhaps the high 

level of thiol oxidation gives a surface interaction similar to that for PAs.  

The spectra in Figure 4.9 obtained using XPS show large BE differences between the as-received ZnO 

samples used in different experiments. The values of ζ derived from XPS spectra for as-received ZnO 

varied hugely, from 1.5 eV to -0.5 eV. Such values are inconsistent with previous work on ZnO, which 

showed that ZnO has a typical ζ value > 3.2 eV, giving downwards band bending. This difference is 

most likely due the XPS instrument used, which had not been calibrated for many years, and the lack 

of external reference sample.30 UPS spectra were calibrated to freshly-cleaned Pt and thus gave the 

expected ζ values and absolute band bending values for the surface region probed at hν = 21.2 eV. 

However, for all samples, the calculated Δζ values are reliable (Table 4.11), showing the change in 

band bending for a modified sample relative to an as-received sample measured in the same 

experiment with a particular photon energy.  

The use of UPS to study the ODT-modified samples means that the band bending closer to the surface 

is being probed than when using fixed-energy XPS. The low photon energy (hν = 21.2 eV) can be 

problematic as contributions from the molecular orbitals of the modifiers can convolute the VB 

spectra. This may be seen in Figure 4.9d on O-polar ZnO; it is more difficult to know where the VB 

edge is compared to XPS VB spectra. However, it appears that the downwards band bending on ODT-

modified Zn-polar and m-plane ZnO has increased by ~0.3 eV, while for ODT-modified O-polar ZnO, 

downwards band bending has decreased by ~0.1 eV. This difference is most likely due to the different 

oxidation states and surface coverage of ODT on the surface: Zn-polar and m-plane ZnO had a sub-

monolayer of sulfonate modifiers whereas O-polar ZnO had a thick multilayer with 50% of the S 2p 
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signal attributed to thiolates. Chen et al. performed Mott-Schottky analysis on thiolate-bound ODT on 

m-plane ZnO and observed that the ODT modifier decreased the negative band bending.1 This 

evidence, coupled with the decreased negative band bending on ODT-modified O-polar ZnO seen in 

this work, suggests that thiolate-bound ODT may decrease negative surface band bending at ZnO 

surfaces, while ODT bound as Zn-O-S increases the negative band bending. Ozawa et al. also observed 

a decrease in downwards band bending on Zn-polar ZnO when tetrathiafulvalene was non-

dissociatively bound to ZnO via S-Zn bonds, which adds weight to this explanation.31  

Table 4.11: Surface band bending for ZnO samples modified with ODT, F13OT, and ITC, from valence 

band XPS data. * Samples were analysed using UPS and calibrated to the Fermi level of a Pt reference 

sample. 

Sample Δζ (eV) Abs. BB 

Zn-polar ZnO 

ODT -0.34 ± 0.05* -0.80 ± 0.05* 

F13OT -0.3 ± 0.2 - 

ITC -0.8 ± 0.1 - 

O-polar ZnO 

ODT +0.13 ± 0.05* -0.39 ± 0.05* 

F13OT -0.2 ± 0.2 - 

ITC -0.6 ± 0.1 - 

m-plane ZnO 

ODT -0.26 ± 0.05* -0.90 ± 0.05* 

F13OT -0.0 ± 0.2 - 

ITC -0.5 ± 0.1 - 

 

Due to the poor resolution of the VB spectra for F13OT-modified ZnO, the uncertainty of Δζ is high. 

However, a clear shift to higher BE can be seen for the VB edge of F13OT-modified Zn-polar ZnO, 

consistent with an increase in downwards band bending of ~−0.3 eV (Table 4.11). The F13OT surface 

coverage for this sample was significantly less than seen for m-plane ZnO, which showed no change in 

ζ. It is thus unlikely that the sulfonate modification produced this band bending change. Instead it is 
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proposed that F interacting directly with Zn, as was observed in the F 1s core level spectrum (Figure 

4.8a), acts as a donor on the Zn-polar surface.23 This was also observed for decomposed F13OPA on 

ZnO in Chapter 3. 

The most significant and reliable Δζ was seen for ITC-modified ZnO; all faces showed an increase in 

downwards band bending of > 0.5 eV (Table 4.11). This is a significant change, but its origins are not 

clear. While elemental S acts as a donor in ZnO,31 S was present as sulfonate (or similar) on ITC-

modified ZnO, and so it seems unlikely to be able to act as a donor. Further, the smallest band bending 

change is seen on m-plane ZnO, which had a similar S:Zn ratio to the O-polar face, whereas the largest 

Δζ was observed for ITC-modified Zn-polar ZnO (−0.8 eV), which had the smallest S:Zn ratio of the 

three ZnO faces (Table 4.10). In terms of F, significant F-Zn interactions were observed on the F 1s 

spectrum for Zn-polar and m-plane ZnO. In contrast to other F-containing modifiers (F13OT and 

4TFMBM), the S:F ratio was considerably lower than expected, suggesting that the 

bistrifluoromethylphenyl moiety is interacting with the surface after loss of S. However, the trend in 

Δζ does not match the amount of Zn-F on the surface. Another factor to consider is the S:N ratio; this 

is approximately 1:1 for all three ZnO faces but the degree to which decomposition has occurred is 

not known. While elemental N acts as an acceptor in ZnO and would shift ζ to lower BE,32 it is possible 

that the N=C moiety acts as a donor. An alternative mechanism is nucleophilic attack on the carbon in 

N=C=S by the ZnO hydroxyl groups, giving a thiourea Zn-O-C linkage (Figure 4.10). The sulfur would 

have to undergo subsequent oxidation in order to give the XPS S 2p signal at ~169 eV. 

 

Figure 4.10. Possible binding mode for ITC on ZnO. 
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Although the shift in ζ on ITC-modified ZnO is significant and interesting, when the samples were re-

analysed 5 days after modification (Appendix 8.2.3), XPS spectra showed that the significant amounts 

of S and F had been lost from the surface and that band bending had returned to the same values as 

as-received ZnO samples. This indicates that the increase in downwards band bending observed on 

ITC-modified ZnO is short-lived and that ITC modification therefore appears not be a practical 

modification method. 

4.4 Conclusion 

A method was developed for ODT modification of ZnO; during this process, a number of observations 

about the nature of ODT on ZnO were made. Firstly, multilayers of non-oxidised thiols readily form on 

the surface. These undergo oxidation to a small degree during modification, but more significantly 

when exposed to air for even a short time (< 1 d). Thiolate multilayers can be removed from Zn-polar 

and m-plane ZnO by rinsing in a solvent which dissolves thiols to give approximately monolayer surface 

coverage on ZnO. On O-polar ZnO, a single THF rinse was not successful in removing these multilayers. 

It is suggested that thiols are more easily oxidised on, and removed from, Zn-polar and m-plane ZnO 

due to the increased catalytic nature of these faces compared to O-polar ZnO, and a lower tendency 

of sulfonates to physisorb compared to thiolates. Other workers reported both thiolate and sulfonate 

bonds on ZnO faces, but it is difficult to detect any trend because of variations in modification 

procedures in those experiments. From this work, it appears that ODT modification of all three ZnO 

faces results in approximately a monolayer of sulfonate-type ODT, but it is not clear whether modifiers 

bind to the surface as sulfonates or bind as thiolates and oxidise to sulfonates post-modification.  

The difficulty of obtaining close-packed, well-characterised thiol-derived monolayers on ZnO means 

that surface modification layers are somewhat irreproducible, and it was therefore difficult to observe 

a trend in the reactivities of Zn-polar, O-polar, and m-plane ZnO towards modification with different 

thiol derivatives and ITC. It was seen that O-polar ZnO had the highest surface concentration of ODT, 

and m-plane ZnO had the highest surface coverage of F13OT, but these large multilayer surface 
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coverages did not lead to large changes in the surface band bending of ZnO. This is evidence that 

significant amounts of ODT and F13OT were not directly bound to ZnO and had no effect on its electron 

density. ITC-modification of ZnO had the largest effect on band bending, increasing the downwards 

band bending by ~0.7 eV on all ZnO faces. However, the modifier layer was not stable, desorbing from 

the surface within several days. 

While some authors have reported that alkanethiols are useful for assembling SAMs on ZnO, the 

present work shows that reproducible alkanethiol modification of ZnO is difficult and that the resulting 

layers are not stable. Overall, thiols gave lower surface concentrations and had poorer stability than 

PAs on ZnO. Sulfonate-type ODT monolayers remain on the surface of O-polar ZnO after 40 d storage 

in air and darkness, while significant desorption was observed on ODT-modified Zn-polar and m-plane 

ZnO in the same conditions. 

This work aimed to systematically study the formation of thiol SAMs on ZnO and untangle several 

contradictory reports from previous studies. It did not establish conditions where reproducible 

thiolate SAMs were formed on the surface, but results suggest that the large variability in previous 

reports are due to the catalytic nature of ZnO, which is expected to vary with crystal quality as well as 

face. Differences in the modification and post-modification treatments also play an important role. 

This work highlighted the importance of rinsing modified ZnO with a solvent that can dissolve thiols. 

It was conclusively demonstrated that preparing SAMs from alkanethiols is not an attractive route to 

modified ZnO substrates for practical applications. 
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5 Aryldiazonium Ion Chemistry at Single Crystal ZnO Surfaces 

5.1 Introduction 

As detailed in Chapter 1, aryldiazonium ions are a common precursor for covalently-bound organic 

layers on carbon,1–4 metals,5,6 and semiconductors such as silicon,7,8 ITO,9–11 TiO2,11,12 MnO2,13 iron 

oxide,14 SnO2,11,12 and ZnO.11,15 The diazonium ion can either be formed in situ or prepared as a salt 

beforehand through straightforward one-step reactions.16 Tetrafluoroborate salts are commonly used 

because of their stability and lack of explosion risk: due to the bulky anion, the diazonium ion will 

decompose via the Balz-Schiemann reaction to form fluoroaryl groups.17 However, they are still 

sensitive to heat and light and must be stored in appropriate conditions.18 

Electrochemistry was the first reported method of forming aryl layers from aryldiazonium salt 

solutions.19 It is a relatively simple way of supplying electrons for the reduction of aryldiazonium ions, 

although some substrates are capable of spontaneously reducing aryldiazonium ions without applied 

potential.20–22 Typically, cyclic voltammetry (CV) is carried out with a three-electrode cell, where the 

substrate to be modified acts as the working electrode. The solution consists of the aryldiazonium salt 

in its tetrafluoroborate form and a supporting electrolyte such as H2SO4 or tetrabutylammonium 

tetrafluoroborate ([Bu4N]BF4) in aqueous or non-aqueous conditions, respectively.11,23 Once grafted 

to a substrate, further chemistry can be carried out on the layer to achieve specific functionalisation 

for applications such as sensors.6  

5.1.1 Electrochemical Grafting from Aryldiazonium Ions at Gold and Carbon 

CVs give information on the electrochemical reduction of aryldiazonium ions occurring at the 

substrate during grafting. A typical CV for NBD reduction at a gold electrode is shown in Figure 5.1. 

Here, three scans were performed between +0.65 V and −0.1 V. On the first cycle, a large current 

density peak is seen around +0.58 V, corresponding to the reduction of NBD to NP radicals. 

Correspondingly, the mass of the grafted film increases, as seen on the mass-potential curve. On the 

second and third CV scans, very little current is seen, indicating that NP grafting has occurred and is 
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blocking the electrode from further electron transfer and thus reduction processes. However, grafting 

still occurs according to the mass-potential curves. A complicating factor in CV interpretation is that 

the current output relates to how many aryldiazonium ions have been reduced, not how many radicals 

have then grafted to the substrate, and the grafting efficiency is not 100%. 

 

Figure 5.1. Repeat CVs and mass-potential curves of an Au electrode in 5 mM NBD, 0.1 M [Bu4N]BF4-

ACN. Scan rate = 5 mV s-1. Adapted from Laforgue et al.24 

Although the reduction of a diazonium ion is a one-electron process, the mechanisms that occur are 

complicated. This is reflected in the variety of CVs observed for different substrates, modifiers,25,26 

modifier concentrations,27 scan rates,3 and potential ranges.3,15 Importantly, there have been reports 

of different CVs obtained at similar substrates in identical conditions.3,28 This highlights the subtleties 

of aryldiazonium ion reduction, which are not fully understood. For example, Benedetto et al. studied 

the CVs obtained during reduction of a highly-passivating, fluorinated aryldiazonium salt at three 

different types of Au surfaces, shown in Figure 5.2.28 These surfaces were: 

A-Au: polycrystalline Au on glass 

B-Au: Au(111) on mica 
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C-Au: Au deposited on bronze by galvanoplasty.  

 

Figure 5.2. Single CVs acquired during grafting at 3 different Au surfaces from a fluorinated 

aryldiazonium salt (inset) in ACN-[Et3N]PO4H3. Blue = Au-A (polycrystalline Au on glass); Black = B-Au 

(Au(111) on mica); Red = Au-C (Au on bronze). Adapted from Benedetto et al.28 

Experiments were carried out in inert atmosphere to observe differences in the grafting CVs for each 

of these three substrates. For A-Au, the authors observed three separate peaks in the CV (Figure 5.2, 

blue), while for C-Au, a single broad peak was seen (red). B-Au showed one high-current peak with 

two broader, less-distinct peaks at more negative potential (black). The authors first noted that the 

cleanness of the Au substrates was important: for freshly-cleaned A-Au surfaces, the three CV peaks 

were present as in Figure 5.2, while substrates that had been exposed to air for a longer time produced 

a CV with only one broad peak. The authors point to this as an explanation for why most CVs reported 

elsewhere lack multiple reduction peaks. 

The second main conclusion Benedetto et al. drew was that the crystal orientation of the Au substrate 

was important. This was not a new observation, but they were able to attribute the peak at positive 

potential to the reduction of the aryldiazonium ion at Au(111), the more negative peak to reduction 

at Au(100), and the most negative peak to reduction at the remaining crystal facets present, including 

those with lattice defects. These were assigned by comparing the work functions and corresponding 

points of zero charge of each crystallographic orientation of Au in solution. 
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Figure 5.3. Repeat CVs (scan rate = 200 mV s-1) on glassy carbon surfaces, obtained in 0.1 M 

[Bu4N]BF4−ACN of (a) 1 mM NBD (solid line = first scan; dashed line = second scan) 3 and (b) 2 mM NBD 

(a, c, d = first, second, third scans). (a) Obtained by Lee et al.3 (b) Obtained by Adenier et al.22  

CVs for aryldiazonium ion reduction at carbon are also complicated. Lee et al.3 compared a CV of 

nitrobenzene diazonium (NBD) reduction obtained at glassy carbon (GC) to that observed by Adenier 

et al. (Figure 5.3).22 While Adenier et al. observed only one broad reduction peak in the first scan 

(Figure 5.3b), the CV collected by Lee et al. showed two peaks (Figure 5.3a). For second and 

subsequent scans, the CVs are similar: the current attenuates due to the presence of a blocking 

nitrophenyl (NP) film on the carbon electrode. Cline et al. had proposed that, like that observed on Au 

surfaces, the presence of 2 peaks vs only one peak was due to the cleanness of the carbon substrate.29 

Lee explored this further and examined NBD grafting at three types of carbon surfaces: glassy carbon 

(GC), highly-ordered pyrolytic graphite (HOPG), and pyrolyzed photoresist films (PPF).3 The results can 

be seen in Figure 5.4. 

Similar to the work of Benedetto et al. on Au, Lee et al. observed that NBD reduction at two carbon 

surfaces (GC and PPF) produced two distinct reduction peaks, while NBD reduction at HOPG resulted 

in one dominant peak and a low-current, broad peak at more negative potential.3 The authors 

confirmed through film thickness measurements that both peaks result in NP grafting. They tentatively 

proposed that a catalytic reduction of NBD can occur at a clean carbon surface, giving a sparse 

multilayer which grows until the NBD can no longer interact with the surface. This manifests in a 

reduction peak at a relatively positive potential. Then, when a more negative potential is applied, it 
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drives non-catalytic reduction to result in NP radicals ‘filling in the gaps’ of the sparse film already 

present on the surface. However, the catalysed reduction peak was observed for all carbon surfaces 

(GC, HOPG, PPF) despite HOPG consisting mainly of basal planes and GC and PPF consisting mainly of 

edge planes. This meant that Lee et al. were unable to assign the catalytic reaction to a particular 

carbon site. 

 

Figure 5.4. Repeat CVs obtained in 1 mM NBD in 0.1 M [Bu4N]BF4-ACN (scan rate = 50 mV s-1) at GC 

(black), HOPG (red), and PPF (blue). Solid line = first scan; dashed line = second scan. Adapted from Lee 

et al.3 

Another complicating factor with CV interpretation is ‘spontaneous’ reduction – where the 

aryldiazonium ion is reduced without an applied potential – which can occur on substrates such as 

carbon.20,25,30 If an electrode is kept in the grafting solution prior to application of potential, 

spontaneous reduction and grafting can occur, affecting the appearance of the subsequent CVs.3 

5.1.2 Electrochemical Grafting from Aryldiazonium Ions at ZnO 

As mentioned in Chapter 1, Wang et al. used electrochemistry to graft NP layers to Al-doped 

nanocrystalline ZnO films in [Bu4N]BF4-ACN (anhydrous).15 Figure 5.5 shows the CVs for this process 

over short and long potential ranges. In Figure 5.5a, one broad peak can be seen at −0.3 V vs Ag/Ag+, 

which is attenuated on the second scan. On subsequent scans, the peak is not significantly attenuated 

further. Figure 5.5b shows the same system over a wider potential range, and 3 peaks at more negative 

potentials, in addition to the peak seen in Figure 5.5a. Of these, the one at −1.12 V vs Ag/Ag+ was 
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attributed to a ‘small amount of unattached’ NBD, while the peaks at −1.32 and −1.50 V vs Ag/Ag+ 

were attributed to the reduction of grafted NP groups (see Section 5.1.3). This reduction is chemically 

reversible in anhydrous ACN. 

 

Figure 5.5: Repeat CVs at nanocrystalline ZnO films in 1 mM NBD in anhydrous [Bu4N]BF4-ACN at 200 

mV s-1. (a) Scanning range +0.2 to −0.8 V vs Ag/Ag+; (b) Scanning range 0 to −1.8 V vs Ag/Ag+. (Highest 

current is Scan 1) Adapted from Wang et al.15 

Bangle et al. modified a ZnO nanoparticle film on FTO with diazonium ion-based ruthenium complexes 

formed in situ and grafted by applying a fixed potential for 30 min. They noted that the optimal 

potential for grafting to ZnO ranged from +0.14 V vs NHE (−0.1 V vs SCE) to −0.2 V vs NHE (−0.44 V vs 

SCE).11 This range varied across other metal oxides such as SnO2, ZrO2, and TiO2 and was convoluted 

by the non-planar nanoparticles. No further explanation for the different CVs was given. 

Electrochemical grafting from aryldiazonium ions at carbon, Au, and ZnO surfaces involves 

complicated processes. CVs can offer a limited insight into these processes, but they are not fully 

understood. 

5.1.3 Reduction of Nitrophenyl Films 

NBD has been used for electrochemically grafting multi-layered NP films on a range of substrates.2,4,31 

The grafted NP groups have a distinctive N 1s XPS binding energy (BE) which offers a useful tag for 

analysis. Furthermore, nitro groups can be reduced to amino groups, which are versatile functional 

groups commonly used in linking reactions such as with carboxylic acids to form amides.32 The nature 



5      Aryldiazonium Ion Chemistry at Single Crystal ZnO Surfaces 

146 
 

of aryldiazonium salt synthesis from anilines precludes straightforward preparation of isolated 

arylamine diazonium salts, so the amine functionality is often produced post-grafting.  

Grafted NP groups can be fully reduced to form aminophenyl groups via a 6 electron process 

(Equations 5.1 and 5.2), or partially reduced to NHOH groups via a 4 electron pathway (Equation 5.1 

only):4
 

C6H4(NO2)
+ 4H++ 4e−

→        C6H4(NHOH) + H2O       (5.1) 

 

C6H4(NHOH)
+ 2H++ 2e−

→        C6H4(NH2)  + H2O      (5.2) 

 

Yu et al. trialled a range of techniques for reducing NP films on carbon substrates.4 These were 

electrochemical reduction methods in various media (0.25 M H2SO4; 0.1 M KCl in 1:9 ethanol:H2O, and 

20 mM benzoic acid in 0.1 M [Bu4N]BF4-ACN) and a chemical reduction process using ethanolic Na2S. 

It was found that the latter method gave the cleanest and most complete conversion from nitro to 

amine groups, while the ACN-based electrochemical method was the least effective. NaBH4 has also 

been used as a chemical reducing agent for NP groups.33 

 

Figure 5.6. CV scans at 200 mV s-1 of thin NP films on glassy carbon in (a) 0.5 H2SO4 and (b) 0.2 M 

KOH(aq). Adapted from Brooksby et al.23 

Electrochemical reduction can be used to characterise the surface concentration of grafted NP groups 

by relating the charge to the number of electrons participating in the reduction (Equations 5.1 and 

5.2). Brooksby et al. carried out a series of experiments to investigate the reduction process in acidic 
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and basic conditions on carbon.23 The CVs obtained in these conditions are shown in Figure 5.6. The 

peaks are numbered in order of appearance: Peak 1 is due to NP reduction, while Peaks 2/4 and 3 

represent the reversible redox reaction in Equation 5.3, where NHOH groups (produced by Equation 

5.1) are oxidised to NO (Peaks 2/4) and NO groups are reduced to NHOH (Peak 3). 

C6H4(NHOH)  ⇌  C6H4(NO) + 2H
+ + 2e− (5.3) 

Acidic conditions were recommended over basic media for reducing NP films as the reduction process 

is better understood in acid, resulting in more reliable surface concentration calculations.23 Regardless 

of pH, NP groups located far from the electrode in the multi-layered film can be electrochemically 

inactive, leading to underestimations of surface concentration.2 

There are numerous reports of NP films undergoing reduction during analysis with XPS,7,34–36 or by 

deliberately exposing NP-modified surfaces to electrons to achieve localised reduction via electron 

beam lithography.37–39 These will be discussed in Chapter 6. 

5.1.4 Aims 

Aryldiazonium ion chemistry gives robust multilayer films on a wide range of substrates. As described 

in Chapter 1, although various metal oxides have been modified in this way, very little work has been 

done on ZnO.11,15 Furthermore, no work to date has characterised the nature of films and bonding on 

ZnO. There have been no reports of the effect of aryl layers on the surface band bending of ZnO, 

although the aromaticity of such multilayers has been proposed as a potential path for charge 

transfer.7  

In this Chapter, electrografting from NBD to well-defined Zn-polar, O-polar, and m-plane ZnO faces at 

ZnO surfaces was explored. The results were characterised with AFM and XPS, including the effects on 

surface band bending. Secondly, grafted NP films were subjected to electrochemical and chemical 

reduction conditions and analysed using XPS. Finally, the ability of nitrobenzene diazonium ions (NBD) 

to undergo ‘spontaneous’ reduction at single crystal ZnO was investigated. 
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5.2 Methods 

5.2.1 Chemicals and Materials 

Unless otherwise stated, 10 × 10 mm2 single-crystal Zn-polar, O-polar, and m-plane ZnO from CrysTec, 

Germany, were used. To ensure good electrical contact to samples, thin Ti/Au contacts were thermally 

evaporated onto a small section of the ZnO prior to modification as described in Chapter 2. NBD and 

[Bu4N]BF4 were synthesised as detailed in Chapter 2. Samples that were not modified and used as 

comparisons to modified samples (‘as-received’ samples) were cleaned with O2 plasma to enable 

accurate modification layer thicknesses to be derived from XPS data. 

5.2.2 Modification Methods 

5.2.2.1 Electrochemical Grafting of Nitrophenyl Films 

Single-crystal ZnO samples were modified using cyclic voltammetry in 2 mM NBD in [Bu4N]BF4-ACN 

using the O-ring set-up, as detailed in Chapter 2. The scan rate was 200 mV s-1 in all cases. All ZnO 

samples were solvent-cleaned prior to CV measurements, and not cleaned with O2 plasma unless 

stated otherwise. 

5.2.2.2 Reduction of Nitrophenyl Films 

Electrochemical reduction was undertaken via cyclic voltammetry (O-ring set-up) in 0.2 M KOH(aq), with 

a scan rate of 200 mV s-1. The potential was scanned from 0.6 V to −1.1 V vs SCE for 10 cycles. Prior to 

reduction, the electrochemical cell was purged with nitrogen for 15 min. After modification, samples 

were sonicated in ACN for 3 min, and rinsed with acetone, MeOH, and IPA prior to N2 drying. 

For chemical reduction, NP-modified samples were immersed for 2 h in stirred 0.8 M Na2S in 1:1 

ethanol:H2O at ~50 °C. Afterwards, samples were sonicated in ethanol for 3 min, then rinsed in each 

of acetone, MeOH, and IPA and blown dry with N2. 

5.2.2.3 ‘Spontaneous’ Grafting of Nitrophenyl Films 

Single crystal m-plane ZnO samples were soaked for 4 h in the dark in one of: 
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1. ACN 

2. ACN and NBD 

3. Water and NBD. 

In each case, the concentration of NBD was 25 mM. Two different pre-treatments were also 

investigated to enhance the electron accumulation layer at the m-plane surface:40,41  

1. UVA treatment: 30 min under a 365 nm mercury lamp, then immersed in ACN and NBD 

2. Base treatment: 30 min in pH 12 NaOH(aq), then immersed in ACN and NBD. 

5.3 Results and Discussion 

5.3.1 Electrochemical Grafting of Nitrophenyl Films on ZnO 

Electrochemical grafting from NBD solution in ACN was performed on single-crystal ZnO samples using 

the O-ring format outlined in Section 2.3.1.1. Similar conditions and parameters to those previously 

reported on carbon surfaces were used, though the potential range and pre-modification treatment 

of ZnO were varied. 

 

Figure 5.7. Repeat CVs (scan rate = 200 mV s-1) for electrochemical grafting of NBD in [Bu4N]BF4-ACN 

at three different samples of each of (a) Zn-polar, (b) O-polar and (c) m-plane ZnO over a short potential 

range. In each panel, the 2 CVs of the same colour represent repeat scans (largest peak current density 

is Scan 1). 
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Figure 5.7 shows CVs collected during the reduction of 2 mM NBD in [Bu4N]BF4-ACN at separate 

samples of single-crystal ZnO over a relatively narrow potential range (0.6 to −0.4 V for O-polar and 

m-plane ZnO, and 0.6 to −0.6 V for Zn-polar ZnO). On the two polar faces, the first scan elicits a large 

reduction current peak. As discussed in Section 5.1.1 and 5.1.2, this is attributed to the reduction of 

the NBD ion to an NP radical that can then graft to ZnO and to each other as shown in Figures 1.17 

and 1.18. On the second CV scan, the reduction current is significantly attenuated, indicating that the 

grafted NP film has blocked further electron transfer from ZnO and thus NBD reduction can no longer 

proceed to the same extent as before.23 All three short-potential-range CVs on m-plane ZnO lack an 

obvious reduction peak, and very little current is seen relative to polar ZnO faces. 

The reduction peak potential on Zn-polar ZnO (Figure 5.7a) varies for each sample over a range of 0.3 

V. The reduction peaks in the O-polar modification process are slightly less variable, with peak 

potentials ranging from −0.05 to −0.20 V. 

Figure 5.8 shows NP grafting CVs for Zn-polar, O-polar, and m-plane ZnO over a wider potential range 

than used in Figure 5.7. Like Figure 5.7a and b, the CVs for Zn-polar and O-polar ZnO show a large 

reduction peak which is greatly attenuated on the second scan (Figure 5.8a and b). An additional 

reduction process occurs at ~−0.8 V. Assuming similar electron behaviour as discussed on carbon 

electrodes (Section 5.1.1), both processes may be assigned to reduction of NBD at sites of different 

reactivities. The onset of reduction current on O-polar ZnO occurs at a more positive potential than 

the other faces, indicating that electron transfer from O-polar ZnO is more facile than from the other 

faces.  
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Figure 5.8. Two repeat CVs of 2 mM NBD in 0.1 M [Bu4N]BF4-ACN for electrochemical grafting of NBD 

(scan rate = 200 mV s-1) at (a) 3 samples of Zn-polar, (b) 3 samples of O-polar and (c) two samples of 

m-plane ZnO over a wide potential range. Unless otherwise noted, all samples had gold contacts and 

were solvent-cleaned with no plasma ashing. In each panel, the 2 CVs of the same colour represent 

repeat scans (largest peak current density is Scan 1). 

A very broad low-current reduction process is observed on m-plane ZnO (Figure 5.8c), in contrast with 

polar ZnO faces. This is consistent with the relatively low carrier concentration for this material. As 

listed in Table 2.1, m-plane CrysTec ZnO has the lowest charge carrier concentration of the three faces, 

with 𝜇 = 4.1 × 1012 cm-3 compared to 𝜇 = 1.4 × 1013 cm-3 for Zn-polar ZnO and 𝜇 = 5.0 × 1013 cm-3 for O-

polar ZnO. Table 5.1 lists the potentials of their reduction peaks. With the exception of the m-plane, 

these values fall within the range observed by Bangle et al. (Section 5.1.2),11 and the Zn-polar ZnO has 

a more negative reduction potential than O-polar ZnO, as expected from the relative charge carrier 

concentrations. Alternatively, or concurrently, the more negative reduction potential for NBD at Zn-

polar ZnO could be due to the significant chemical differences of the crystal terminations and the 

differences in work function (Table 1.1), which affect the potential of zero charge and thus the 

reduction potential, as outlined in Section 5.1.1. 

  



5      Aryldiazonium Ion Chemistry at Single Crystal ZnO Surfaces 

152 
 

Table 5.1. Reduction peak potentials for CVs (scan rate = 200 mV s-1) in 2 mM NBD in [Bu4N]BF4-ACN 

on Zn-polar, O-polar, and m-plane face (Figure 5.7 and Figure 5.8). Data from the sample without a 

Ti/Au contact is not included. 

Face Reduction peak potential range (V vs SCE) Reduction peak potential mean (V vs SCE) 

Zn-polar −0.40 – −0.10 −0.27 

O-polar −0.20 – −0.05 −0.18 

m-plane < −0.50 < −0.50 

 

Several modification parameters were varied to determine the optimal grafting conditions at ZnO. 

Firstly, the importance of the Ti/Au strip on the crystal surface was investigated. The CV for NBD 

reduction at a Zn-polar sample without a gold contact, shown in Figure 5.8a, has significantly smaller 

maximum current and more negative reduction current onset and peak potential than seen on other 

Zn-polar samples. This confirms that the Ti/Au contact is advantageous, and it was therefore used for 

all subsequent experiments. The effect of sample cleaning by O2 plasma prior to electrochemistry was 

also examined. Figure 5.8b shows that this step made no significant difference to the grafting CV at 

Zn-polar ZnO so was not pursued.  

To probe the effect of charge carrier concentration on reduction peak position further, Tokyo Denpa 

single crystals which are of higher quality (fewer defects) than the CrysTec crystals, were used in the 

same NP grafting process as above; the CV results can be seen in Figure 5.9. 
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Figure 5.9. Two repeat CVs of NP grafting on Tokyo Denpa (a) Zn-polar, (b) O-polar, and (c) m-plane 

ZnO in 2 mM NBD in [Bu4N]BF4-ACN. Scan rate = 200 mV s-1. In each panel, the scan with the largest 

peak current density is the first scan. 

For each ZnO face, Tokyo Denpa crystals have a higher charge carrier concentration than CrysTec 

samples: for Zn-polar, O-polar, and m-plane single crystals, 𝜇 = 1.5 × 1016 cm-3, 3.0 × 1014 cm-3, and 4.0 

× 1013 cm-3, respectively. Figure 5.9c shows that a well-defined, relatively high-current reduction peak 

at −0.25 V is now visible on the m-plane CV, where none was visible on CrysTec m-plane ZnO. The Zn-

polar face has a very broad reduction peak centred around −0.20 V, while the O-polar face has a 

narrow but high current peak at −0.30 V. It is interesting that the NBD reduction peak potential is 0.1 

V more negative at Tokyo Denpa O-polar ZnO than at the CrysTec O-polar face, and that Tokyo Denpa 

Zn-polar and m-plane ZnO have similar NBD reduction potentials to each other, despite having ~3 

orders of magnitude difference in charge carrier concentration. Across the two sets of samples, there 

is no clear trend between the NBD reduction peak potential and charge carrier concentration of the 

sample, nor between the peak potential and the crystal face. This is maybe not surprising due to the 

range of reduction peak potentials observed at different crystallographic faces of Au and carbon, as 

discussed in Section 5.1.1.3,28 It shows that the reduction potential of each face is likely dependent on 

a combination of charge carrier concentration, chemical termination, and work function (and thus the 

potential of zero charge). 
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Notably, on both O-polar and m-plane ZnO, the second CV scan also shows a significant reduction 

peak, indicating that the surface was not completely blocked to further electron transfer as seen on 

the Zn-polar face. The more negative potential limit used for the CVs at the Zn-polar face, resulting in 

a thicker grafted film, is the most likely explanation for this observation.  

Overall, it appears that O-polar ZnO gives the most reproducible CVs, with a peak potential ranging 

from −0.05 V to −0.2 V for the CrysTec samples that were used for further investigations. The CrysTec 

m-plane face is too resistive to have the typical features of an NBD grafting CV. Electrochemical 

behaviour of NBD at the different crystal faces of the 2 brands of crystals is of fundamental interest in 

the context of aryldiazonium ion reduction. Unfortunately, practical factors prevented further 

investigations at these interesting systems: each crystal could only be used once, and the cost made 

more detailed electrochemistry investigations unfeasible. 

5.3.1.1 Nitrophenyl Film Thicknesses at CrysTec ZnO from AFM 

AFM depth profiling, outlined in Section 2.2.1, was carried out to determine the thickness of NP films 

grafted over a short potential range (Figure 5.7, green trace) or a long potential range (Figure 5.8, light 

blue trace). The AFM images and line profiles can be seen in Figure 5.10. It is immediately clear that 

the films produced under a wide potential range are thicker than those produced using a shorter range 

(6 – 8 nm compared 1 – 5 nm). The results are consistent with thicknesses reported on carbon 

surfaces.17 The total charge passed for reduction of NBD is greater during the wide potential range 

scans than the shorter range scans, leading to a greater number of aryl radicals and hence a thicker 

film. All films, except for that grafted over the short potential range on m-plane ZnO (Figure 5.10c), 

are clearly multilayers given that the height of an individual NP moiety, vertically aligned on a flat 

surface, is 0.6 nm (calculated using Avogadro).42 The thinness of that NP film on m-plane ZnO is 

consistent with the small reduction current seen in the grafting CV (Figure 5.7c). Given the clear 

differences in thickness between films grafted over ‘short’ and ‘wide’ potentials, the samples will be 

referred to as ‘thin’ and ‘thick’ films from now on.  
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Figure 5.10. Tapping-mode AFM images, corresponding line profiles, and blank-corrected film 

thickness of (a – c) Zn-polar, O-polar, and m-plane ZnO modified with NP groups over a short potential 

range, and (d – f) the same crystal faces modified with NP groups over a wide potential range. The 

height scale is 20 nm, and horizontal scale bars are 500 nm.  

5.3.1.2 Fixed-Energy XPS Analysis of Nitrophenyl Films on Single-Crystal ZnO 

XPS survey spectra were collected on thin and thick NP-modified Zn-polar, O-polar, and m-plane ZnO 

samples (CrysTec) to obtain elemental percentages of NP films. The films are those generated in the 

grafting CVs shown in Figure 5.7 (green) and Figure 5.8 (light blue). An example of the XPS survey 

spectra obtained from the samples is shown in Figure 5.11 for Zn-polar ZnO; other faces are not shown 

due to the similar spectra, however all results are tabulated in Table 5.2. 
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Figure 5.11. Fixed-energy XPS survey spectra for Zn-polar ZnO, as-received and modified with thin and 

thick NP films on Zn-polar ZnO. Elements of interest are noted. Spectra are not scaled but are offset for 

clarity. 

As-received Zn-polar ZnO has an XPS survey spectrum typical for single crystal ZnO, with two large Zn 

2p signals at ~1020 eV, an O 1s signal at ~530 eV, and a small C 1s signal at ~285 eV. No evidence for 

N on the surface was seen. The appearance of a signal near 400 eV (N 1s) and the significant increase 

in the C 1s signal on both NP-modified samples suggests that electrochemical NP grafting has been 

successful. The thin NP film on m-plane shows a smaller amount of N on the surface than the other 

two faces (Table 5.2), consistent with low thickness. The Zn 2p signal has been greatly attenuated by 

the grafted layers, as has the total O 1s signal. The C 1s carbon signal is greater on thick samples than 

it is on thin samples, as expected for an increase in the number of aryl layers on the surface. No sample 

shows the presence of F, which suggests that BF4, used as both an electrolyte and the NBD counter 

ion, is not present on the surface. 
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Table 5.2. Elemental percentages and XPS- and AFM-derived thicknesses of Zn-polar, O-polar, and m-

plane ZnO modified with thin and thick NP films.  

 
C % N % O % Zn % F % Thickness (nm) 

from XPS 
Thickness (nm) 

from AFM 

Zn-polar 
    

 
 

 

As-received  18 0 46 36 0 - - 

Thin 63 9 25 4 0 4.2 ± 0.8 5 ± 1 

Thick 69 12 18 1 0 6 ± 1 6 ± 1 

O-polar 
    

 
 

 

As-received 25 0 49 26 0 - - 

Thin 51 8 31 10 0 2.3 ± 0.5 2 ± 1 

Thick 70 12 18 1 0 7 ± 1 7 ± 1 

m-plane 
    

 
 

 

As-received 26 0 45 28 0 - - 

Thin 40 2 39 19 0 1.1 ± 0.2 1 ± 1 

Thick 68 10 21 1 0 6 ± 1 8 ± 1 

 

The Zn 2p signal ratios of as-received and modified samples were used to calculate the thicknesses of 

the NP film. A comparison of the values obtained from XPS and AFM measurements is seen in Table 

5.2. There is excellent agreement between the two methods which gives confidence in both methods 

for determining film thickness.  
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N 1s 

 

Figure 5.12. Fixed-energy XPS N 1s spectra for (a) Zn-polar, (b) O-polar, and (c) m-plane ZnO, as-

received and modified with thin and thick NP films. Spectra are normalised to the same Zn 2p peak 

area, scaled where noted and vertically offset for clarity. 

Figure 5.12 shows the N 1s core level XPS spectra for Zn-polar, O-polar, and m-plane ZnO, as-received 

and modified with thin and thick NP films on. Thin NP films on each of the three main ZnO faces have 

very similar features in the N 1s spectrum, which are consistent with those reported for NP films on 

other substrates.7,13 A peak arising from NO2 groups is present at ~406 eV, as expected for NP films.8 

This peak has a shoulder at slightly higher BE (407 eV), which is a satellite peak that arises from 

photoelectrons which have undergone π – π* transitions in NO2 prior to being ejected from the 

surface.7 Together, these peaks are evidence for the presence of NP films on the ZnO surface. There 

is a broad signal at lower BE, which can be deconvoluted into two peaks: azo (N=N) linkages around 

400 eV,31 and amino groups (NH2, ~399.7 eV).7 An azo signal is commonly seen in XPS spectra for films 

grafted from aryldiazonium ions, formed from unreduced aryldiazonium ions which graft either to the 

substrate or to already-grafted organic groups (Figures 1.18 and 1.19).7,8,10 Chen et al. formed 

diazonium ions in situ from 4-aminophenylmethylphosphonate, which were electrochemically 
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reduced at ITO.10 They suggested that 7.99% of the resulting film was grafted to ITO with azo bonds 

as opposed to ITO-C or phosphonate bonds.  

Typically, amino groups are assumed to arise from NO2 functionalities that have been reduced during 

the electrochemical grafting process in aqueous solutions and/or during XPS measurements, as noted 

on other surfaces.2,7,31,33 Mirkhalaf et al. used ultrasonication to induce NP grafting on ITO and 

observed that at high frequencies (≥ 582 kHz), grafted NP groups were reduced to aminophenyl 

groups.33 The possibility that NP films in this work were reduced during the sonication step of the post-

modification cleaning process was considered. However, Mirkhalaf et al. observed that minimal NP 

reduction occurred at 20 kHz, which is very similar to the frequency of the sonicator used in this work 

(37 kHz, Elmasonic). It is therefore unlikely that NP groups were reduced by sonication, and as grafting 

was carried out in non-aqueous ACN solution, reduction of NP groups during XPS measurements is the 

most likely explanation. 

The remaining peaks, centred around 404 eV and 402 eV, are attributed to partially-reduced NP 

groups: NO and NHOH, respectively.7  

Table 5.3. Fixed-energy XPS N 1s peak assignments, percentages, and azo ratios for Zn-polar, O-polar, 

and m-plane ZnO modified with thin and thick NP films on. 

Binding Energy Assignment Zn-polar (%) O-polar (%) m-plane (%) 

  Thin Thick Thin Thick Thin Thick 

407.2 – 406.7 π-π* (NO2) 16 15 8 15 15 11 

405.9 – 405.7 NO2 41 32 43 33 39 47 

404.2 – 403.6 NO 3 2 0 2 4 1 

402.4 – 402.1 NHOH 4 5 7 6 3 4 

400.3 – 399.8 N=N 17 29 24 18 20 20 

399.6 – 399.1 NH2 19 18 18 27 18 16 

- Azo : NP 1 : 5 1 : 10 1 : 6 1 : 9 1 : 8 1 : 8 
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As seen in Table 5.3, the percentage of NO2 of the N 1stotal is similar across the faces and for different 

thicknesses. The ratios of N=N signal to (NO2 + reduced NO2 signal) for thin and thick NP films on Zn-

polar face are 1:5 and 1:2.5. These correspond to one azo linkage for every 10 grafted NP groups and 

one azo linkage for every 5 grafted NP groups, respectively (Table 5.3). On the thin NP film on O-polar 

ZnO, it appears that azo linkages form once every 6 NP groups, while the thick film has 9 NP groups 

per azo linkage. Although it is difficult to be confident of the fitting of the N 1s signal near 400 eV, the 

data suggests that azo linkages are more prone to form near the ZnO surface than further away, as 

the azo:NP ratios are greater for the thin NP films on Zn-polar and O-polar ZnO than the thick films. 

This is unexpected, as reduction of NBD groups are more likely to occur closer to the ZnO surface 

where electron transfer occurs, while non-reduced species are likely to be further from the surface.  

On the m-plane, azo linkages occur every 8 NP groups in both thin and thick films. While this was not 

explored further, an explanation is that the polar faces are capable of stabilising positive aryldiazonium 

cations at the surface due to electrostatic interactions with Zn-OH termination (Zn-polar face) or O-H 

termination (O-polar face). This could increase the number of unreduced NBD that form azo linkages 

near the ZnO/organic interface. As the film grows, the ZnO surface would no longer be able to interact 

with NBD species, and thus the preferred grafting mode would switch to grafting via phenyl radicals. 

While there is no evidence for direct azo linkages with the ZnO surface, this possibility cannot be ruled 

out. 
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O 1s 

 

Figure 5.13. Fixed-energy XPS O 1s spectra for (a) Zn-polar, (b) O-polar, and (c) m-plane ZnO, as-

received and modified with thin and thick NP films. Spectra have been normalised to the same Zn 2p 

peak area, scaled where noted and offset for clarity. 

The O 1s results for NP-modified ZnO are shown in Figure 5.13. The two peaks seen in the as-received 

Zn-polar, O-polar, and m-plane ZnO spectra arise from bulk and surface O,43 as seen in previous thesis 

Chapters. Upon NP modification, another peak appears in the spectra at ~533 eV, shown in pink. The 

intensity of this peak is greatest for thick NP films and the ‘thin’ NP film on Zn-polar sample, which is 

thick relative to the other thin films (Table 5.2). This observation is consistent with assigning the peak 

to NO2, as reported by others.7,8 To further confirm this, the ASF-corrected O 1s NO2 peak area of thick 

NP film on Zn-polar ZnO was compared to the corresponding ASF-corrected N 1s NO2 peak. As 

expected, the peak area ratio of N:O was 1:2. Accurate fitting of the O 1s NO2 peak on the thin film 

samples was subsequently aided by loosely constraining the NO2 peak area to double that of the NO2 

peak (considering ASFs and satellite peaks). A small satellite peak next to the NO2 peak is also visible 
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on NP-modified samples at 535 eV. It is attributed to the π-π* shake-up peak for NO2, and its intensity 

is small relative to that of the main NO2 peak.8  

There are no other expected sources of O in NP-modified samples, so the remainder of the O 1s signal 

is assigned to the presence of surface OH groups that have not reacted during the modification 

process, and from Zn-O-C bonds between the aryl groups and the ZnO substrate, should these be 

present. Assuming an OH coverage of ~1 monolayer,43 the density of OH groups on Zn-polar and O-

polar ZnO is ~1.8 × 10-9 mol cm-2 and ~2.2 × 10-9 mol cm-2 on m-plane ZnO,44 but the computed ideal 

packed monolayer of phenyl rings on flat surface is ~1.3 × 10-9 mol cm-2.45 These means that ~30% of 

the surface OH groups on polar ZnO, and ~40% of OH on m-plane ZnO, cannot react with NP radicals 

due to steric effects. Furthermore, previous reports on gold and carbon substrates suggested that the 

density of NP groups bound directly to the substrate was ~2.5 – 4.0 × 10-10 mol cm-2; this corresponds 

to ~20 – 33% of a close-packed NP monolayer and suggests the multilayer here is also loosely-

packed.2,45  

Because there is a wide range of reported XPS BEs for metal-O-C moieties on metal oxides, and none 

reported for Zn-O-C,13,46,47,48 deconvoluting Zn-O-C signals from OH signals with confidence proved 

difficult. As such, they were grouped together in a peak centred around 532 eV but are discussed 

further in Chapter 6.  

The NO2 peak is significantly larger for thick NP films when compared to thin films (Table 5.4). This is 

the result of more NP groups on the surface, which contribute to a larger NO2 peak but also attenuate 

the signal from bulk O. This is most noticeable on the Zn-polar face, further strengthening the results 

of XPS and AFM thickness calculations which showed that the Zn-polar face had the thickest ‘thin’ aryl 

modification layer. This can be compared to the CVs in Figure 5.7a, which showed that the largest NBD 

reduction peak current density of the three ZnO faces was observed on the Zn-polar face, while the 

m-plane face showed the smallest current density (Figure 5.7c) and the thinnest ‘thin’ NP film. 
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Table 5.4. Binding energies and percentage peak areas from O 1s XPS spectra for Zn-polar, O-polar, 

and m-plane ZnO modified with thin and thick NP films. 

 Bulk O (%) Zn-O-C / OH (%) NO2 (%) π−π* (NO2) (%) 

Binding Energy (eV) 530.2 – 529.8 531.6 – 531.2 533.2 – 532.8 535.6 – 534.8 

Zn-polar     

As-received 45 55 0 0 

Thin 26 24 44 6 

Thick 16 13 64 8 

O-polar     

As-received 52 47 0 0 

Thin 44 27 26 3 

Thick 15 16 60 9 

m-plane     

As-received 67 34 0 0 

Thin 59 15 24 2 

Thick 15 15 62 9 

 

C 1s 

Figure 5.14 shows the C 1s spectra for as-received and NP-modified ZnO. As-received ZnO samples 

were cleaned with O2 plasma prior to XPS analysis to achieve a low-carbon surface: consequently, the 

amount of adventitious carbon on the as-received samples is very small. Upon NP modification, the C 

1s signal increases significantly. On both thin and thick NP films, the largest peak at 284.8 eV is 

assigned to C-C, C-H, and the aromatic carbon rings. The large intensity of the peak at ~286 eV suggests 

that C-N bonds are present,49 but the C-O signal from adventitious carbon has the same BE, so the 

amount of C-N bonds cannot be quantified. O-C=O signal at ~288.5 eV is also typical of adventitious 

carbon. However, a satellite peak around 291 eV is visible on the NP-modified samples but not the as-

received samples and is associated with the π-π* excitations which occurred within the aryl rings on 

the surface. It is the strongest C 1s evidence of successful NP grafting. This peak is most intense on the 

thicker films, as expected due to the increased number of aryl groups present.  
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Figure 5.14. Fixed-energy XPS C 1s spectra for (a) Zn-polar, (b) O-polar, and (c) m-plane ZnO, as-

received and modified with thin and thick NP films. Spectra have been normalised to the same Zn 2p 

peak area, scaled where noted and offset for clarity. 

Importantly, the absence of a C 1s peak at low BE (~281 eV) suggests that Zn-C bonds are not present.11 

The films are resistant to sonicating, suggesting that they are covalently bound to the substrate, and 

thus it seems likely that the NP groups are bound through Zn-O-C bonds as noted in the O 1s section 

and observed on other metal oxides.12–14,50 The mechanism for surface grafting is expected to be 

similar to those proposed in the literature for hydrogenated silicon, where electrons provided by the 

negatively-biased substrate generate aryl radicals (Figure 5.15). Abstraction of surface H by one aryl 

radical forms a surface radical which can combine with another aryl radical to give Zn-O-C covalent 

bonds.51,52 Heinhold et al. reported that H was less easily removed from Zn-polar ZnO than O-polar 

ZnO via heating in UHV,43 so it might be expected that H-abstraction occurs more easily on O-polar 

and m-plane ZnO to give more Zn-O-C bonds than on the Zn-polar face; however, due to the different 

grafting potentials used and the ambiguity of the O 1s Zn-O-C peak area, this hypothesis cannot be 

tested using the present data. 
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Figure 5.15. Proposed mechanism for the electrografting of aryl groups to the O-polar ZnO surface by 

reduction of aryldiazonium ions.  

5.3.1.3 Band Bending of Nitrophenyl-Modified Single Crystal ZnO 

Figure 5.16 shows the valence band spectra (hν = 1486 eV) for NP-modified Zn-polar, O-polar, and m-

plane ZnO.  

 

Figure 5.16. Fixed-energy XPS valence band spectra for (a) Zn-polar, (b) O-polar, and (c) m-plane ZnO, 

as-received and modified with thin and thick NP films. 

The VB XPS spectra are noisy due to the small number of scans collected. However, it is still evident 

that the addition of a NP film decreases the value of ζ on all ZnO faces compared to as-received 

samples, which corresponds to a decrease in downwards band bending. Data are listed in Table 5.5; 
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these were not calibrated to either an external reference or adventitious carbon (284.8 eV), as were 

the core-level XPS spectra, but are relative values. 

Table 5.5. ζ and band bending (Vbb) values from fixed-energy XPS valence band spectra of Zn-polar, O-

polar, and m-plane ZnO, as-received and modified with thin and thick NP films. Uncertainty ± 7%. 

 
Zn-polar O-polar m-plane 

NP-modification ζ (eV) Vbb (eV) ΔVbb (eV) ζ (eV) Vbb (eV) ΔVbb (eV) ζ (eV) Vbb (eV) ΔVbb (eV) 

As-received  3.34 -0.47 - 3.30 -0.40 - 3.34 -0.49 - 

Thin 3.08 -0.21 +0.26 3.09 -0.19 +0.21 3.17 -0.32 +0.17 

Thick 3.11 -0.24 +0.23 3.07 -0.17 +0.23 3.09 -0.24 +0.25 

 

On the Zn-polar face, essentially the same ζ shift is seen for the thin and thick NP films (~+0.24 eV). 

The same trend is seen on the O-polar face, where ζ shifts by ~+0.22 eV for both thicknesses of film. 

This suggests that Vbb is affected the same regardless of whether the NP film is 4 – 5 nm or 6 nm (Zn-

polar face), or 2 – 2.5 nm or 7 nm (O-polar face). In contrast, the thin NP film on the m-plane face (~1 

nm) induces a ζ shift of only +0.17 eV compared to +0.25 eV seen on the thick NP film (~7 nm). It thus 

appears that to achieve the maximum effect on ζ, the thickness of the NP film should be greater than 

1 nm. Furthermore, while NP-modified O-polar ZnO has the least negative surface band bending, the 

largest band bending change upon modification was seen on the Zn-polar face. This could be due to 

the as-received Zn-polar face having a lower charge carrier concentration and more downwards band 

bending than O-polar ZnO, meaning that the bands are more easily influenced by electron-

withdrawing substituents.53 However, the difference in this case is probably negligible. Regardless of 

the crystal face or thickness, NP films are successful in decreasing the downwards band bending on 

ZnO. 
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5.3.2 Electrochemical Reduction of Nitrophenyl Films on ZnO 

5.3.2.1 Electrochemical Reduction of Nitrophenyl Films on ZnO in Basic Conditions  

A second set of thin and thick NP films on Zn-polar, O-polar, and m-plane ZnO were used to investigate 

the electrochemical reduction of NP films (the corresponding grafting CVs are the dark blue lines in 

Figure 5.7 and Figure 5.8). Although acidic conditions are most commonly used in electrochemical 

reduction of NP films to generate aminophenyl groups, basic solution was chosen so as to not dissolve 

the ZnO. Reduction of NP films in basic conditions is also reported to yield aminophenyl groups 

although the details of the reaction are not clear.23 The reduction is reported to occur at ~−0.9 V vs 

SCE at 200 mV s-1 on glassy carbon.23 Figure 5.17 shows control CVs obtained while cycling as-received 

Zn-polar ZnO in basic conditions after variable periods of N2 purging. Even after 30 min of purging with 

N2, a well-defined reduction process is observed. This occurs at the same potential as the air-saturated 

solution, suggesting that either residual O2 or ZnO itself is participating in some reduction process. 

 

Figure 5.17. As-received Zn-polar ZnO in 0.2 M KOH(aq) at 200 mV s-1, cycled after increasing degassing 

times. Scans of the same colour correspond to 2 repeat CVs obtained after a period of N2 purging. The 

peak with the larger current density was the first scan of each pair. 

Figure 5.18 shows the CVs for the reduction of NP-modified ZnO in 0.2 M KOH. The thin NP film on Zn-

polar ZnO has a similar CV to the response on as-received ZnO, suggesting that the reduction process 
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is unrelated to the NP film. Reduction of an NP film is expected to be irreversible and close to complete 

on the first scan. Hence the persistence of the reduction also indicates it is not due to reduction of NP 

groups. The CV for reduction of the thick NP film on Zn-polar ZnO has a somewhat different shape, 

with the initial appearance of a reduction peak that decreases on each scan but does not disappear 

even after 10 scans.  

Both thin and thick NP films on O-polar ZnO had similar CV responses, with the first scan showing a 

relatively large reduction current that decreases rapidly on repeat scans. The CVs show a small redox 

couple at ~−0.4 V that only appears after the first scan. This response matches those reported for NP 

films on carbon, where the first scan reduces NO2 groups to NHOH and NH2 at ~−0.4 V in 0.2 M KOH 

(Equation 5.1 and 5.2); on the return scan, NHOH are then oxidised to NO (Equation 5.3). The reduction 

peak at −0.5 V on the second sweep is due to NO groups which are reduced back to NHOH. 

 

Figure 5.18. Repeat CVs in 0.2 M KOH(aq) at 200 mV s-1after 15 min N2 purging for thick (blue) and thin 

(red) NP films on (a) Zn-polar, (b) O-polar, (c) m-plane ZnO. 10 scans were run per sample: largest 

current density = first scan. Inset: Closer view of areas of interest. 

Both thin and thick films on m-plane ZnO had the same electrochemical response with relatively low 

current and no reduction peak. This response indicates that this substrate is more resistive than polar 

ZnO, as observed for NP grafting CVs on m-plane ZnO (Figure 5.7). 
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In summary, the CVs in Figure 5.18 show little evidence for reduction of NP films. Only for O-polar 

ZnO, where a couple assigned to NHOH/NO redox reaction is observed, is NP reduction definitely 

indicated.  

5.3.2.2 XPS Characterisation of Electrochemically Reduced Nitrophenyl Films on ZnO 

Electrochemically-reduced thick and thin NP films on Zn-polar, O-polar, and m-plane ZnO were 

characterised by fixed-energy XPS. All these were reduced by 10 scans under the conditions stated in 

the Figure 5.18 caption. Note that these are separate samples from those shown in Figure 12 – Figure 

14; the grafting CVs can be seen in Figure 5.7 and Figure 5.8 (dark blue traces).  

Table 5.6 shows the atomic percentages and film thicknesses derived from XPS survey spectra. As-

received ZnO samples have no evidence of nitrogen on the surface, while all modified samples have a 

significant N 1s signal. Within the margin of error, the film thicknesses and N % of the reduced samples 

do not differ from the freshly-modified samples in Section 5.3.1.2 (Table 5.2), except for the thin O-

polar modification layer which is only half the thickness and N % seen previously, consistent with a 

relatively small peak current seen in the grafting CV (Figure 5.7b). This demonstrates that, with the 

one exception, the electrochemical modification has good reproducibility and that the reduction 

process did not remove significant amounts of modifier or NO2 groups from the films.  
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Table 5.6. Atomic percentages and film thicknesses from fixed-energy XPS of Zn-polar, O-polar, and m-

plane ZnO, modified with thin and thick NP films and electrochemically reduced. 

 
C % N % O % Zn % Thickness (nm) from XPS 

Zn-polar 
     

As-received  18 0 46 36 - 

Thin reduced 62 6 26 5 2.8 ± 0.6 

Thick reduced 75 9 16 0 7 ± 1 

O-polar 
     

As-received 25 0 49 26 - 

Thin reduced 53 5 30 12 1.0 ± 0.2 

Thick reduced 73 10 16 1 5 ± 1 

m-plane 
     

As-received 26 0 45 28 - 

Thin reduced 59 3 27 11 1.3 ± 0.3 

Thick reduced 72 7 19 2 4.1 ± 0.8 

 

N 1s 

Figure 5.19 shows the N 1s spectra obtained for each sample, the peaks of which are quantified in 

Table 5.7. Figure 5.19a shows the XPS N 1s spectra of NP-modified Zn-polar ZnO after electrochemical 

reduction. No obvious difference in the NO2:NH2 ratio is seen relative to that shown in Figure 5.12 and 

Table 5.3 (non-reduced); again, the NO2 signal is more intense than the lower BE NH2 signal for both 

the thin and thick NP films. These XPS data provide no evidence for reduction of NP groups which 

supports the conclusion from CV experiments that the response seen in Figure 5.18 is due to reduction 

of O2 or ZnO itself, not the NP films. The reason why NP films cannot be reduced on Zn-polar ZnO is 

not clear but may be related to its relatively low carrier concentration and thick NP films; Richard et 

al. observed that the reaction rate for NP reduction in acidic conditions is limited by electron transfer 

from the carbon substrate rather than proton migration from the electrolyte through the modification 

layer.1 
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Figure 5.19. Fixed-energy XPS N 1s spectra for electrochemically-reduced thin and thick NP films on (a) 

Zn-polar, (b) O-polar, and (c) m-plane ZnO. Spectra were normalised to the same Zn 2p peak area, 

scaled and offset for clarity. 

On the O-polar face (Figure 5.19b), a large difference is seen between the freshly-prepared NP films 

(Figure 5.12b) and those that have undergone electrochemical reduction. On the reduced thin NP film, 

there is very little NO2 signal and the NH2 peak is dominant. The thick NP film also shows greater NH2 

signal than NO2, suggesting that reduction of NO2 groups occurred. The remaining NO2 groups may be 

electrochemically inactive due to their position in the film, as mentioned in Section 5.1.3. This is 

consistent with the reduced thick NP film (5 nm thick) having relatively more NO2 than the reduced 

thin film (1 nm thick), because electron transfer rate decreases with distance and so NO2 groups in the 

outer regions of the film may not be reduced.54 It is also possible that a thicker film restricts access of 

electrolyte solution to the inner regions of the film, thereby preventing reduction. 

From the N 1s spectra of NP-modified m-plane samples, both samples appear to have been reduced. 

The thick NP film now has 30% of its N 1s signal attributed to NH2 groups (Table 5.7) compared to 16% 

for a non-reduced sample (Table 5.30). The thin NP film appears to also be reduced, as the NO2 peak 

intensity of the reduced thin NP film now only accounts for 23% of the N 1s signal (including π-π*), 

instead of 54% as on the non-reduced sample. Interestingly, the NHOH peak at 402 eV is very intense 
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on the thin NP film on m-plane ZnO and is the dominant peak with 30% of the N 1s signal. From 

Equation 5.1, this suggests that only partial reduction involving 4 electrons has occurred. This may be 

due to the higher resistivity of the m-plane sample making electron transfer less facile than on the 

other two ZnO faces. 

Table 5.7. Fixed-energy XPS N 1s peak assignments and percentages for thin and thick NP films on Zn-

polar, O-polar, and m-plane ZnO after electrochemical reduction treatment. 

Binding Energy 

(eV) 

Assignment Zn-polar (%) O-polar (%) m-plane (%) 

 Thin Thick Thin Thick Thin Thick 

407.2 – 406.7 π-π* (NO2) 13 18 1 7 5 9 

405.9 – 405.7 NO2 33 25 16 23 18 21 

404.2 – 403.6 NO 3 3 3 4 7 5 

402.4 – 402.1 NHOH 7 8 9 8 24 8 

400.3 – 399.8 N=N 21 19 15 23 16 15 

399.6 – 399.1 NH2 23 25 56 36 30 42 
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O 1s 

 

Figure 5.20. Fixed-energy XPS O 1s spectra for electrochemically-reduced thin and thick NP films on (a) 

Zn-polar, (b) O-polar, and (c) m-plane ZnO. Spectra were normalised to the same Zn 2p peak area, 

scaled and offset for clarity. 

Figure 5.20 shows the O 1s spectra for electrochemically ‘reduced’ thin and thick NP films on Zn-polar, 

O-polar, and m-plane ZnO. The data are qualified in Table 5.8. On the Zn-polar face, the thinness of 

the ‘reduced’ thin NP film (2.8 nm) compared to the freshly-prepared thin NP film (5 nm) results in a 

smaller NO2 peak than for the non-reduced thin NP film (Figure 5.13 and Table 5.4). The ‘reduced’ 

thick NP film, however, bears resemblance to the freshly-modified thick NP film, which is consistent 

with the evidence from the N 1s spectrum suggesting that the film was not reduced. 

From N 1s spectra, it was clear that successful reduction processes occurred only on NP films on O-

polar and m-plane ZnO. Similarly, the O 1s spectra for thin NP films on O-polar and m-plane ZnO show 

significantly less NO2 signal than either the freshly-modified samples, or the thin NP film on Zn-polar 

ZnO. Furthermore, the π-π* shake-up peak for NO2 is negligible in these films.7 The O 1s spectrum of 

thick NP film on O-polar ZnO still has significant NO2 signal, which contrasts with its N 1s spectrum 

where NO2 signal accounted for only 23% of the total N 1 signal. However, the ASF-corrected peak 
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area ratio for NO2:NO2 is 1:2, as expected. The thicker NP film has unreacted NO2 groups, and it is likely 

the thickness of the film attenuates the bulk O signal and thus exaggerates the NO2 peak on the O 1s 

spectrum. The thick NP film on m-plane ZnO has 39% of its O 1s signal attributed to NO2, compared to 

71% on non-reduced thick NP film (Table 5.4). 

Table 5.8. Binding energies and percentage peak areas from O 1s XPS spectra for Zn-polar, O-polar, 

and m-plane ZnO modified with electrochemically-reduced thin and thick NP films. 

 % Bulk O % Zn-O-C / OH % NO2 % π−π* (NO2) 

Binding Energy (eV) 530.2 – 529.8 531.6 – 531.2 533.2 – 532.8 535.6 – 534.8 

Zn-polar     

Thin, reduced 43 30 24 3 

Thick, reduced 19 24 51 7 

O-polar     

Thin, reduced 60 34 7 0 

Thick, reduced 28 27 39 5 

m-plane     

Thin, reduced 60 31 7 1 

Thick, reduced 31 29 36 3 

 

5.3.2.3 Band Bending of Electrochemically-Reduced Nitrophenyl Films on Single Crystal ZnO 

The fixed-energy XPS VB spectra for NP-modified Zn-polar, O-polar, and m-plane ZnO 

electrochemically treated in basic conditions are shown in Figure 5.21, and values of interest are listed 

in Table 5.9. Because non-reduced and reduced NP-modified samples were prepared and analysed at 

different times without external calibration, there is difference in the absolute ζ values between Table 

5.5 and Table 5.9. However, as explained earlier, the changes in band bending relative to the as-

received reference sample (ΔVbb) can be directly compared.  
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Figure 5.21. Fixed-energy XPS valence band spectra for as-received and NP-modified (a) Zn-polar, (b) 

O-polar, and (c) m-plane ZnO, after electrochemical reduction in KOH(aq). As-received ZnO samples are 

shown in black. 

On the Zn-polar face, where N 1s and CV data suggested that the reduction had not been successful, 

both thin and thick NP films have similar values of ζ (3.35 eV), and their ΔVbb closely match those of 

the non-reduced analogues (~+0.25 eV for ‘reduced’, ~+0.24 eV for non-reduced).  

The reduced thin NP film on O-polar ZnO, which showed evidence of reduction occurring in the N 1s 

spectrum, had ΔVbb of +0.17 eV relative to the as-received sample, which is 0.04 eV smaller than the 

band bending change seen on the freshly-prepared NP film (Table 5.5). This suggests that the 

reduction and the resulting amino groups have slightly affected Vbb and have resulted in a small shift 

towards the original band banding of the as-received sample, as expected for electron-donating aryl 

substituents. However, the reduction has not completely removed the decrease in downwards band 

bending, despite the significant decrease in the number of electron-withdrawing NP groups. It is 

possible that there is a competing effect between the amino groups and the non-reduced nitro groups: 

the N 1s spectrum suggests that 17% of the N 1s signal still originates from nitro groups, compared to 
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54% on the unreduced sample. The relative locations of the groups may also influence the effect on 

surface band bending. 

Table 5.9. ζ and band bending (Vbb) values from fixed-energy XPS valence band spectra of Zn-polar, O-

polar, and m-plane ZnO modified with thin and thick NP films and electrochemically reduced. Values 

have not been calibrated. Uncertainty ± 6%. 

 
Zn-polar O-polar m-plane 

NP-modification ζ (eV) Vbb (eV) ΔVbb (eV) ζ (eV) Vbb (eV) ΔVbb (eV) ζ (eV) Vbb (eV) ΔVbb (eV) 

As-received  3.60 -0.73 - 3.74 -0.84 - 3.66 -0.81 - 

Thin, ‘reduced’ 3.35 -0.48 +0.25 3.57 -0.67 +0.17 3.51 -0.66 +0.15 

Thick, ‘reduced’ 3.36 -0.49 +0.24 3.53 -0.63 +0.21 3.44 -0.58 +0.23 

 

The reduced thick NP film on O-polar ZnO, which was not as well-reduced as the thin layer, had slightly 

smaller Vbb than the unreduced sample by 0.02 eV. This is not a significant difference, which suggests 

that the electron-withdrawing ability of the partially-reduced NP film was not changed. 

The thin NP films on m-plane ZnO, which was reduced to give 3 different N 1s signals (Figure 5.19), 

also had an insignificant (−0.02 eV) change in Vbb compared to the non-reduced sample. The prominent 

NHOH reduction product is expected to have electron-withdrawing characteristics similar to NO2. XPS 

results (Table 5.7) indicated that a greater fraction of NP groups was reduced in the thin film than the 

thick film. The reduced thick NP film also had a −0.02 eV change in band bending relative to its non-

reduced sample; this is attributed to a significant amount of NO2 groups remaining on the surface 

which may be competing with the NH2 groups (Figure 5.19).  

Overall, the band bending did not significantly change for any NP-modified sample after 

electrochemical reduction. This suggests that the NP groups closest to the ZnO have the most 

influence on the band bending: if these are not reduced during electrochemical reduction, then any 

successfully-reduced electron-donating amino groups further up in the film can have little effect on 

band bending. This could be investigated using chemical reduction methods. 
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Figure 5.22. Schematic energy level diagrams of as-received, NP-modified, and reduced NP-modified 

(a) Zn-polar, (b) O-polar, and (c) m-plane ZnO surfaces, using the ζ and Vbb values extracted from the 

fixed-energy XPS VB spectra in Figure 5.16 and Figure 5.21 with the zero of the energy scale equal to 

EF, which is assumed to not change after NP modification as it is a bulk property. For ease of reading, 

the energy scale has been shifted to give the as-received samples the same ζ. 

Figure 5.22 compares band bending on non-reduced and reduced NP films. As-received samples have 

been calibrated to the same energy for visual clarity: the ζ value for the as-received sample of each 

face for spectra collected during analysis of non-reduced (Table 5.5) and reduced (Table 5.9) samples 

were set to the values in Table 5.5. 

In summary, the addition of thin and thick NP films decreased the downwards band bending on all 

ZnO faces. On Zn-polar ZnO, there is little difference between thin and thick, ‘reduced’ and unreduced 

films, which is attributed to the thickness of the thin films, and the unsuccessful reduction of NP 

groups. On the O-polar face, the band bending effects of both thin and thick films are similar, and 

successful partial reduction of both NP films slightly increased the downwards band bending 

compared to a freshly-prepared sample. The direction of this shift is expected, due to the amine-type 

products having electron donating character, but the small magnitude of the shift suggests that there 
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are competing influences. On m-plane ZnO, it was seen that a very thin NP film changed the band 

bending less than did a thicker film. After reduction of NO2 groups to electron-withdrawing NHOH, the 

downwards band bending on thin NP films shifted by a small amount towards the original band 

bending of as-received m-plane ZnO. The thick NP film on m-plane, when reduced, showed a smaller 

decrease in downwards band bending relative to the freshly-modified sample, consistent with the 

main product of the reduction being amino groups. 

On as-received Zn-polar, O-polar, and m-plane ZnO, downwards band bending of ~−0.40 eV positions 

the Fermi level within the conduction band near the surface. Upon NP modification, the band bending 

decreases, which separates the Fermi level from the conduction band on all faces. This means that 

fewer electrons populate the conduction band than on as-received ZnO; this could be a reason for 

subsequent poor electrochemical behaviour of the modified materials. On the other hand, the lack of 

external calibration of ζ values means that Figure 5.22 is illustrative and does not contain absolute 

values. 

Figure 5.23a summarises the changes in band bending associated with each film thickness, including 

the samples which had undergone electrochemical reduction. Several observations can be made. 

Firstly, the thin reduced films (1 – 1.3 nm) had, as expected, the smallest change in Vbb as nearly all of 

the NO2 groups were reduced, while the thicker analogues (4 – 5 nm) on the O-polar and m-plane faces 

still had significant NO2 signals and thus had Vbb values which reflected that. In general, it appears that 

NP films < 2.5 nm thick have relatively little effect on Vbb (< 0.2 eV) while thicker films of 3 – 7 nm may 

have larger band bending changes. It also appears that films in the range of 6 – 7 nm have smaller ΔVbb 

than those of 4 – 5 nm, however, the uncertainty for film thickness shown here (± 20%) and the small 

number of samples do not allow for a firm conclusion to be made. The largest ΔVbb is seen on Zn-polar 

ZnO, suggesting that the bands are more easily changed compared to O-polar and m-plane faces. 
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Figure 5.23. Band bending changes relative to the as-received samples for NP-modified and NP-

modified, then reduced, Zn-polar, O-polar, and m-plane ZnO, as compared to (a) NP-layer thickness 

and (b) the NO2/reduced N XPS fraction.  

Figure 5.23b shows how Vbb changes with respect to the amount of NO2 relative to reduced N species 

on the surface. It appears that the change in Vbb increases with the amount of NO2 (if the film is thick 

enough), but there is no clear trend and the role of NO2 in band bending relative to reduced N groups 

is uncertain. The range of ΔVbb values for the successfully reduced NP films on O-polar and m-plane 

ZnO, where the amount of NO2 is less than the amount of reduced N, is very similar to the range of 

values seen on non-reduced NP films, which have larger amounts of NO2 than reduced N species. The 

possibility of aryl rings acting to withdraw electrons from ZnO, regardless of the aryl substituents, 

therefore cannot be ruled out. Study of a known electron-donating substituent on the aryl group 

would be useful to explore this further.  

5.3.3 Chemical Reduction of Nitrophenyl Films on ZnO 

As electrochemical reduction of NP films was incomplete, a direct chemical reduction method was 

investigated. O-polar ZnO was first modified with a thin film on NP before immersion in an ethanolic 

Na2S solution and heated to ~40 °C.4 It was analysed with AFM and fixed-energy XPS.4  
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5.3.3.1 Surface Morphology of Chemically-Reduced Nitrophenyl Films on ZnO 

Figure 5.24 shows AFM images of Na2S-treated, NP-modified O-polar ZnO and as-received O-polar 

ZnO. While the as-received sample has a small amount of debris and polishing scratches on the 

surface, the modified sample has undergone large changes in topography and roughness. Notably, 

there are large raised islands several hundred nm in diameter and 20 – 60 nm in height, as well as 

smaller features. These appeared unlikely to be due to the NP film as these were not seen previously. 

 

Figure 5.24. AFM images of (a) Na2S-treated NP-modified O-polar ZnO and (b) as-received O-polar ZnO. 

Scale bar is 1 µm. 

5.3.3.2 XPS Characterisation of Chemically Reduced Nitrophenyl-Modified O-polar ZnO  

Na2S-treated NP-modified O-polar ZnO was analysed with fixed-energy XPS. As-received O-polar ZnO 

with a Ti/Au contact strip was also subjected to the same Na2S treatment as a control. Figure 5.25 

shows the survey XPS spectra for these samples and for an as-received sample; Table 5.10 shows the 

atomic percentages. 
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Figure 5.25. Fixed-energy XPS survey spectra for as-received O-polar ZnO, O-polar ZnO with a Ti/Au 

contact strip treated with Na2S (‘control’), and NP-modified O-polar ZnO modified treated with Na2S. 

Spectra offset and resized for clarity. Core levels of interest are noted.  

Table 5.10. ASF-corrected atomic percentages and overlayer thicknesses from fixed-energy XPS survey 

spectra for as-received O-polar ZnO, O-polar ZnO with a Ti/Au contact strip treated with Na2S 

(‘control’), and NP-modified O-polar ZnO treated with Na2S. 

 % Zn 2p % C 1s % O 1s % N 1s % S 2p % Na 1s Overlayer 
Thickness (nm) 

As-received  41 15 40 - 4 - - 

Control 22 35 18 - 20 5 1.8 ± 0.4 

NP and Na2S 23 36 16 - 21 5 1.7 ± 0.3 

 

In Figure 5.25, there is no detectable N 1s signal from any sample, including NP-modified O-polar ZnO. 

This indicates that N was lost from NP-modified ZnO during Na2S treatment, via either NO2 cleavage 

from the phenyl rings, or desorption of entire NP groups. The second scenario is more likely, as the 

NP-modified sample has the same C:Zn ratio as the control sample (1.6:1). The percentage of Zn in the 

survey spectrum decreases from 41% to 22% upon Na2S treatment of both O-polar ZnO samples; this 

gives a similar calculated overlayer thickness on both samples of ~1.8 ± 0.5 nm, which is similar to that 
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reported by Love et al. for Na2S-treated Pd.55 The overlayers on the treated surfaces likely consist of 

C, S, and Na, as the percentage of these elements increases on these samples. The percentages of 

each of these elements is consistent across the control and NP-modified surfaces. The Na:S ratio is 

~1:4, suggesting that S is more likely to adsorb strongly to the surface than Na. 

 

Figure 5.26. Fixed-energy XPS (a) N1s, (b) O 1s, and (c) S 2p spectra for as-received O-polar ZnO, 

‘control’ O-polar ZnO treated with Na2S, and NP-modified O-polar ZnO treated with Na2S. Spectra are 

normalised to the same Zn 2p peak area and vertically offset for clarity. 

Figure 5.26 shows the N 1s, O 1s, and S 2p core level spectra. Figure 5.26a further shows that only 

trace N is present on the samples. This confirms loss of NO2 and azo groups from the NP-modified 

sample; combined with the modified samples having similar amounts of C on the surface (Table 5.10), 

this suggests that the entire NP film was removed during the Na2S treatment. 

Figure 5.26b shows unusual O 1s spectra for both Na2S-treated samples compared to the as-received 

sample, which has the typical two peaks indicative of bulk and surface oxygen as discussed previously. 

On the Na2S-modified samples it appears that the bulk O peak at ~531 eV has disappeared. Either an 

overlayer containing C, S, Na, and O is present, masking the bulk O signal, or a large shift in the core 

levels has shifted the bulk O signal to higher BE (~533 eV) and there is a very small amount of surface 
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O at ~534 eV. The bulk O BE shift of +1.35 eV required for the latter explanation is not consistent with 

BE shifts in other spectra. For example, the BE difference between the S 2p peak at ~170 eV for as-

received O-polar ZnO and Na2S-treated ZnO is 0.39 eV; for Zn 2p, it is 0.34 eV. These are significantly 

smaller shifts than 1.35 eV, as proposed for the O 1s spectra. On the other hand, the high percentages 

of C, S, and Na on control and NP-modified Na2S-treated samples, alongside the attenuation of the Zn 

2p signal, suggest that loss of the bulk O 1s signal due to attenuation by an overlayer is more likely. 

However, it is unusual that the Zn 2p signal has not been attenuated by a similar amount; this cannot 

be attributed to a difference in BE of Zn 2p and O 1s as the O 1s signal should be attenuated less than 

Zn 2p due to O 1s having a lower BE and therefore a longer IMFP. This is currently unexplained, but an 

unusually limited penetration depth of Na2S-treated Pd was also observed by Love et al,55 who 

observed a PdS metal sulfide layer had formed after 24 h in 10 mM Na2S(aq) (RT). 

A significant amount of S is seen in the S 2p region of both Na2S-treated samples (Figure 5.26c). A trace 

amount of oxidised S contamination is present on the as-received sample (~168 eV), while the 

strongest signal for the Na2S-treated samples is at BE ~162 eV, consistent with S bound to Zn.56 This 

shows that S was strongly adsorbed to the modified surface and able to withstand sonication. Spin-

orbit splitting of the S 2p peak is evident in both the ~170 eV and ~161.5 eV regions, while small peaks 

at 167 eV and 163 eV are currently unassigned but likely arise from different oxidation states of S. All 

Na2S-treated samples have a similar amount of S on the surface. 

The results described above demonstrate that Na2S treatment was not successful in reducing NP 

groups on NP modification films, and instead removed NP groups and contaminated the ZnO surfaces. 

However, the highly unusual O 1s spectra are intriguing and hence the effect of Na2S treatment on 

surface band bending was investigated.  
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5.3.3.3 Band Bending of O-polar ZnO After Treatment with Na2S 

 

Figure 5.27. Fixed-energy VB spectra for as-received O-polar ZnO (black), O-polar ZnO contacted with 

a Ti/Au strip prior to treatment with Na2S (‘control’, orange), and NP-modified O-polar ZnO treated 

with Na2S (blue). (a) BE scale 10 to 0 eV; (b) BE scale 14 to 0 eV. Spectra are normalised to the same 

intensity of the lowest BE peak. 

Figure 5.27 shows VB spectra measured for NP-modified O-polar ZnO subjected to Na2S treatment. 

For comparison, an as-received O-polar ZnO sample is plotted, as are spectra for as-received O-polar 

ZnO, with a Ti/Au contact, treated with Na2S (‘control’). It is immediately clear that both Na2S-treated 

samples have undergone a large change in surface properties, with a decrease in ζ of ~1.75 eV (Figure 

5.27a). Table 5.11 tabulates ζ and the corresponding band bending values for each sample. While not 

shown, an identical treatment of NP-modified MBE-grown ZnO gave similar results with average Δ ζ = 

−1.75 eV, confirming reproducibility. The ζ change on the Na2S-treated samples is highly significant, 

as it indicates that the surface now has upwards band bending of +0.95 – 0.96 eV. This is an extremely 

large change, especially as it was measured using high-energy photons of hν = 1486.6 eV, which means 

that the surface now has an insulating nature that extends well into the bulk of ZnO.  
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The shapes of the VB spectra for the modified samples are qualitatively similar to that of the as-

received O-polar ZnO, indicating that the material is still ZnO. However, there is a small decrease in 

intensity for the peak located at higher BE (8 eV for as-received ZnO; 7 eV for Na2S-treated ZnO). This 

peak is assigned to hybridised O 2p and Zn 4s states,57 and its attenuation upon modification may 

reflect the attenuation of the bulk O signal as seen in core level spectra. Again, little evidence of Zn 

attenuation is seen: the Zn 3d peaks situated at ~11 eV have similar intensities for all three samples. 

On the Na2S-treated samples, the Zn 3d peak is shifted by ~−0.4 eV relative to as-received O-polar 

ZnO, while the hybridised O 2p and Zn 4s peak is shifted by ~−1 eV. This suggests that a large change 

has occurred in the VB of ZnO upon Na2S treatment. 

Table 5.11. ζ and band bending data for as-received O-polar ZnO, O-polar ZnO contacted with Ti/Au 

prior to treatment with Na2S (‘control’), and NP-modified O-polar ZnO treated with Na2S, determined 

from fixed-energy XPS valence band spectra. 

Sample ζ (eV) Δζ (eV) Vbb (eV) 

As-received 3.67 - −0.80 

Control, Na2S-treated 1.92 −1.75 0.95 

NP-modified, Na2S treated 1.91 −1.76 0.96 

 

The amount of S on the two Na2S-treated samples is similar (Table 5.10), so it is proposed that S may 

play a role in their similar band bending changes. However, the direction of the band bending shift is 

unexpected if this is the case. Ozawa et al. observed that S atoms bound on ZnO faces via dissociative 

adsorption of tetrathiafulvalene act as dopants, not acceptors, and would be expected to shift the VB 

to more positive BE.58 Several studies report that spin-coated thin films of Na2S change the band 

bending at semiconductor surfaces: Petrovykh et al. observed increased downwards on band bending 

n-type InAs when treated this way, but that the effects only lasted for several days.59 Besser and Helms 

used Na2S on n-type GaAs and also observed that downwards band bending increased.60 In another 

study, the same authors trialled both sodium and ammonium sulfides on n-type GaAs; while Na2S 
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treatment resulted in an oxygenated surface, (NH4)2S left very little surface O.61 However, both 

treatments increased downwards band bending. In contrast, Chen et al. observed a decrease in 

downwards band bending on p-type GaAs after soaking the substrate in dilute (NH4)2S at 50 °C for 10 

– 25 min.62 The different doping type of the two n- and p-type materials explains the difference in ΔVbb 

direction. 

The possibility of ZnS formation on top of the ZnO surface in the present work was considered, since 

O signal has been attenuated while Zn signal was not, suggesting that Zn species are still present at 

the surface.55 However, if the VB spectrum was dominated by ZnS, the value of ζ would be expected 

to shift to a higher BE, not a lower BE, because hexagonal ZnS has a bandgap of 3.91 eV, which is ~0.6 

eV greater than that of ZnO.63 Furthermore, the shape of the VB spectra are consistent with that of 

ZnO, not ZnS.64 This could be due to the low surface sensitivity of the fixed-energy XPS and would be 

worth investigating with a tuneable X-ray source or angle-resolved XPS. 

The amounts of Na on each Na2S-treated sample are also similar (Table 5.10). Na is known to be a 

shallow acceptor in ZnO,44,65 and may be responsible for the large shift of ζ towards lower BE. The 

nature of Na adsorption on ZnO is not known, however. At this time, no explanation for this large and 

reproducible band bending shift is given and further investigation into this interesting phenomenon is 

required. 

5.3.4 Characterisation of ‘Spontaneous’ NBD-Treated m-Plane ZnO 

5.3.4.1 Surface Morphology of ‘Spontaneous’ NBD-Treated m-Plane ZnO 

Having determined that ZnO can be grafted with NP layers using electrochemical reduction of NBD, 

the ability of the same reaction to occur ‘spontaneously’ – that is, without applied potential – was 

investigated. This is a desirable modification method due to its simplicity. 
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Figure 5.28: AFM images for (a) as-received m-plane ZnO, and m-plane ZnO after immersion in (b) ACN, 

(c) water and NBD, and (d), (e), (f) ACN and NBD. Sample (e) was treated with UV prior to immersion, 

and sample (f) was treated with NaOH before immersion. Scale bars are 1 µm. 

Figure 5.28 shows AFM images obtained for m-plane ZnO samples subjected to the ‘spontaneous’ 

grafting procedures outlined in 5.2.2.3, and their corresponding surface roughness values.  

As-received m-plane ZnO (Figure 5.28a) is very smooth, with small specks of dust present on the 

surface as well as several small pits < 1 nm deep due to sonication. When analysed after immersion in 

ACN (Figure 5.28b), m-plane ZnO shows clear evidence of increased pitting, with pits ranging from 50 

– 350 nm wide. The larger pits are less than 2 nm deep, while the narrow pits are up to 30 nm deep. 

No significant changes in surface topography or roughness are seen for any of the samples treated 

with ACN and NBD (Figure 5.28d, e and f) regardless of UV or base pre-treatment, which suggests that 

none of these samples were successfully modified with NP groups. On the other hand, the lack of 

pitting compared to the ACN control sample may indicate that the samples have been modified with 

NP groups, which have either ‘filled-in’ the pits caused by ACN or prevented the pits from forming. 
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The m-plane sample which was immersed in water and NBD (Figure 5.28c) shows a significant increase 

in surface roughness from 0.1 nm (as-received) to 3.4 nm, with very rough surface features clearly 

visible. This is thought to be due to etching by the slightly acidic Milli-Q water used for the diazonium 

salt solution (pH ~6.4). (Carbon dioxide is known to dissolve into deionised water from the 

atmosphere, lowering the pH.) Acidic conditions are known to lead to etching of ZnO, especially on 

the m-plane, and are most likely the cause of the roughened surface.66 However, the roughness could 

also possibly be due to disordered layers of precipitated NBD or covalently-bound NP groups on the 

surface. 

However, fixed-energy XPS spectra of NBD-treated m-plane samples, and synchrotron XPS spectra of 

NBD-treated Zn-polar, O-polar, and m-plane ZnO, did not show any evidence of successful NP grafting 

(Appendix 8.3) or changes in band bending. This is consistent with the above AFM images. Evidently, 

the 2DEG at ZnO surfaces is unable to spontaneously participate in the NBD reduction process. Further 

investigation was not deemed necessary considering that the use of electrochemistry is a well-known 

technique for acquiring aryl layers from aryldiazonium salt solutions. 

5.4 Conclusions 

Grafting of NP groups on ZnO does not occur spontaneously during immersion in either aqueous or 

non-aqueous NBD salt solution, indicating that the 2DEG is not readily available for the reduction 

reaction. However, ZnO can be modified via electrochemical means to give NP film thicknesses ranging 

from 1 – 7 nm depending on the potential range used and the ZnO crystal face. The thicker films were 

grafted by extending the potential limit to a more negative value. In general, using the same 

modification conditions, thinner films are grafted to m-plane ZnO, with Zn-polar ZnO gaining the 

thickest NP layers. These differences are attributed to the surfaces’ resistivities, where m-plane ZnO 

has the highest resistivity of the three faces. Despite the different compositions of the Zn-polar, O-

polar, and m-plane ZnO crystal faces, no clear dependence of the electrochemical behaviour of NBD 

at the different faces could be identified. As shown in this Chapter, the shape of the grafting CV is not 
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a reliable indicator of the success of a grafting process: for example, the grafting CV for a thin NP film 

on m-plane ZnO had very little current density relative to the polar faces, yet XPS and AFM 

measurements revealed that the surface was modified with 2 or 3 layers of NP groups. This cannot be 

attributed to a contribution from spontaneous grafting occurring during the degassing process (15 

min) as spontaneous grafting was shown not to occur at ZnO. Chapter 6 investigates electrografting 

from aryldiazonium salt solutions on Sb-doped ZnO, which has a higher charge carrier concentration 

than bulk crystals. 

While attempts to determine the exact binding mode of the aryl groups on ZnO were made through 

detailed examination of XPS data, an emission uniquely attributable to Zn-O-C bonds could not be 

identified. However, due to the lack of evidence for Zn-C bonds, and the fact that the films can 

withstand sonication, it is proposed that the films attach to all three ZnO faces via Zn-O-C bonds. The 

mechanism previously proposed for grafting from aryldiazonium ion solutions at Si may account for 

formation of Zn-O-C bonds. This is consistent with previous reports of metal-O-C bonds for other metal 

oxides modified by aryldiazonium ion chemistry. In Chapter 6, surface-sensitive synchrotron XPS is 

used to further characterise the binding mode.  

NP films were found to decrease downwards band bending from ZnO surfaces by ~+0.2 eV (hν = 1486.6 

eV), with thicker NP films (> 2.5 nm) having the greatest effect. Beyond this thickness, no further 

decrease in band bending is seen. Upon electrochemical reduction of some nitro groups to amino 

groups, the downwards band bending increases but remains smaller than that of as-received ZnO. 

Chapter 6 investigates XPS-induced reduction of NP groups. 

Finally, a large upwards shift in band bending was seen on O-polar ZnO when treated with Na2S. 

Although XPS showed that all NP modifiers were removed by this treatment, S and Na remained on 

the surface. As S is expected to increase downwards band bending, Na is tentatively proposed to act 

as an acceptor on ZnO. However, the exact mechanism behind this band bending shift is unclear and 

the nature of the modified surface deserves further investigation.  
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6 Aryldiazonium Ion Chemistry at MBE-Grown ZnO Thin Films 

6.1 Introduction and Aims 

Aryldiazonium ions can be reduced at single crystal ZnO surfaces via electrochemistry to produce 

disordered multi-layered aryl films, as shown in Chapter 5 with nitrobenzene diazonium (NBD). 

However, results indicated that the polarity and carrier concentration of the substrate influence the 

reproducibility and thickness of these electrografted aryl layers, with thinner layers at the m-plane 

face than the two polar faces. The O-polar face appeared to give the most reproducible cyclic 

voltammograms (CVs). In this chapter, further studies of surface modification of O-polar ZnO using 

aryldiazonium ions is described. Sb-doped ZnO was used because the increased carrier concentration 

was expected to give improved electrochemical responses.1 Thin-film O-polar-type Sb-doped ZnO was 

grown via plasma-assisted molecular beam epitaxy (MBE) on sapphire substrates and used for these 

studies. They will be referred to in this chapter as ‘MBE-ZnO’. 

In the previous chapter, nitrophenyl (NP) films were shown to decrease downwards band bending on 

single crystal ZnO, and it was seen that electrochemical reduction of the nitro functional groups did 

not significantly change the band bending. In this chapter, another method for reduction of nitro 

groups using synchrotron XPS photoelectrons is investigated. A second aryldiazonium salt, 

trifluoromethylbenzene diazonium tetrafluoroborate (TFMBD), is also examined to compare the effect 

on the band bending with that of NBD. Both NBD and TFMBD have electron-withdrawing functional 

groups and aromatic rings; NBD has a dipole moment of 4.22 ± 0.08 D while that of TFMBD is 2.86 ± 

0.08 D; as such, the latter is expected to have a smaller effect on the band bending.2 Furthermore, 

fixed-energy XPS used in Chapter 5 was unable to reveal the binding mode of NP groups on the ZnO 

surface; in this Chapter, surface-sensitive synchrotron XPS is used to obtain detailed surface 

characterisation. 

A third section of work in this chapter examines the stability of the modifying layers on ZnO. The 

samples were exposed to heat, UV light, acidic conditions, or stored in the dark for ≥ 60 days to 
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determine if the aryl layers can withstand conditions typically of concern for potential device 

applications. Changes in the films were monitored using XPS measurements. The effect of NP 

modification layers on persistent photoconductivity (PPC) of MBE-ZnO was also examined and 

compared to the effect of ODPA layers (Section 3.3.8). 

The MBE-ZnO electrodes used for the work in this chapter had two different formats. Either the area 

of the working electrode was defined by use of an O-ring as described in Section 2.3.1.1, or a 5 × 10 

cm2 sample was immersed into the grafting solution as described in Section 6.2.1. The O-ring method 

has the advantage of giving a known electrochemical surface area whereas the dipping method results 

in a modifying layer over the whole ZnO surface as required for PPC measurements and modifier 

stability investigations.  

6.2 Methods 

6.2.1 Electrochemical Grafting on MBE-ZnO 

Grafting on MBE-ZnO was carried out using cyclic voltammetry with either the O-ring (Section 2.3.1.1) 

or dipping format in ACN-[Bu4N]BF4. A scan rate of 200 mV s-1 was used, and each potential range was 

scanned twice. 

 

 

 

 

 

Figure 6.1. Electrochemical cell setup for the dipping method, including reference and counter 

electrodes (SCE and Pt, respectively). (a) and (b) show enlarged views of the ZnO samples used in the 

stability tests and PPC measurements, respectively. Each sample measures 5 × 10 mm2. 

(a) (b)
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Figure 6.1 shows the cell set-up for the dipping method for electrografting. The 5 × 10 mm2 ZnO 

working electrode was contacted with a crocodile clip at an evaporated Ti/Au contact strip on the 

upper edge of the sample (Section 2.1.1). It was suspended above the solution during 15 min of 

nitrogen purging and was then lowered into solution. While care was taken to minimise contact 

between the clip and solution, wicking of the solution was unavoidable; a control sample determined 

that the contribution of this to the resulting CV was ~40% of total signal (see below). 

Two types of samples were prepared for the dipping method: for use in stability tests, a single Ti/Au 

contact was applied to the ZnO ( 

Figure 6.1a); for PPC measurements, where a square sample area was needed for use with the Hall 

effect measurement setup, three Ti/Au strips were applied ( 

Figure 6.1b). The top strip gave a contact for electrochemistry, whereas the lower strips acted as 

contacts for PPC measurements.  

6.2.2 Stability of Phenyl Films on MBE-ZnO 

To probe the stability of phenyl films on ZnO, NP- and TFMP-modified MBE-grown ZnO samples were 

subjected to a range of conditions. The effect of each treatment was assessed by fixed-energy XPS 

analysis of samples before and after treatment. After each treatment (below), and prior to XPS 

analysis, samples were rinsed briefly in acetone, methanol, and IPA before being dried with nitrogen. 

Heat treatment: Samples were heated at 160 °C for 40 min on a hotplate, in air.  

UV treatment: Samples were exposed to 365 nm, 9.9 mW cm-2 light for 5 min (corresponding to 2970 

mJ cm-2).  

Acid treatment: Samples were immersed in 5 mM aqueous NH4Cl (pH 5.6) for 40 min. NH4Cl is a mildly 

acidic solution capable of controllably etching ZnO.3,4 

Storage in the air in the dark: Samples were stored in closed containers for 80 d (NP-modified MBE-

ZnO) or 60 d (TFMP-modified MBE-ZnO) at 22 ± 2°C.  



6      Aryldiazonium Ion Chemistry at MBE-Grown ZnO Thin Films 

198 
 

6.3 Results and Discussion 

6.3.1 Preparation and Characterisation of NP- and TFMP-Modified MBE-ZnO for 

Synchrotron XPS Measurements 

For all electrografting of samples in Sections 6.3.1 and 6.3.2, the O-ring method was used. 

6.3.1.1 Cyclic Voltammetry 

 

Figure 6.2. (a) Repeat CVs obtained at CrysTec single crystal O-polar ZnO and MBE-ZnO; (b) enlarged 

view of CVs obtained at MBE-ZnO in the presence (black) and the absence (purple) of NBD (‘control’); 

(c) repeat CVs obtained at MBE-ZnO in TFMBD solution over a short and long potential range. Repeat 

scans are indicated by CVs of the same colour with the current density decreasing with scan number. 

The concentration of aryldiazonium salt for MBE-ZnO electrografting was 10 mM, and 2 mM for single 

crystal ZnO. 

The features of the NP-grafting CV shown in Figure 6.2a for MBE-ZnO are similar to that for single 

crystal ZnO. However, two main differences are seen. Firstly, the reduction onset potential and the 

position of the reduction peak potential are more positive at MBE-ZnO than at single crystal O-polar 

ZnO. This observation can be attributed to the higher carrier concentration of Sb-doped MBE-ZnO (9.1 

± 0.5 × 1018 cm-3) than CrysTec single crystals (~5.0 × 1013 cm-3). It is also possible that the different 

peak potentials at the two substrates correspond to different reduction processes as proposed for 

carbon surfaces.5 However, the difference in carrier concentration seems a more likely explanation.  
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The second clear difference between the CVs in Figure 6.2a is the peak current densities. The MBE-

ZnO CV is expected to have a higher peak current density due to having a higher NBD concentration 

than that used for modifying single crystal ZnO (10 mM compared to 2 mM), but the opposite is 

observed. This observation was not investigated further but it is reasonable to propose that doped 

MBE-ZnO may be able to spontaneously reduce NBD while in contact with the electrografting solution 

during 15 min of solution degassing in the O-ring format cell. When electrografting is subsequently 

initiated, only a small current for reduction of NBD would be expected because the surface already 

bears a partially blocking film. Such behaviour has been clearly demonstrated on carbon electrodes.5 

While work described in Section 5.3.1 determined that spontaneous grafting does not occur on single 

crystal Zn-polar, O-polar, or m-plane ZnO, the ability of NBD to graft spontaneously to doped MBE-

ZnO was not investigated. Figure 6.2b confirms that the reduction peak is due to NBD, as negligible 

current is seen for an identical CV carried out in electrolyte solution that did not contain NBD 

(‘control’). 

TFMP grafting on MBE-ZnO was also investigated (Figure 6.2c). An identical potential range as for NP 

grafting was used initially, based on NBD and TFMBD having similar reduction peak potentials on 

carbon.6 However, on MBE-ZnO the TFMBD reduction peak occurred at −0.6 V vs SCE, a significantly 

more negative potential than that seen for NBD (0 vs SCE). Nevertheless, preliminary XPS results 

showed that a modifying layer was present on MBE-ZnO samples which had not been exposed to the 

wider potential range, so the shorter range was used in further experiments. The peak current at −0.6 

V is similar to that seen for NP-grafting at single crystal O-polar ZnO (Figure 6.2a), suggesting that 

spontaneous grafting did not occur. This is consistent with reduction of TFMBD occurring at more 

negative potentials than does NBD at ZnO. 

6.3.1.2 AFM Analysis of Nitrophenyl and Trifluoromethylphenyl on Films MBE-ZnO 

Tapping-mode AFM was used to determine the surface morphology and thickness of the organic 

modification layers grown on MBE-ZnO. Figure 6.3 shows topographical AFM images and averaged 
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line-profiles of as-received, control, NP-modified, and TFMP-modified ZnO after a 1 × 1 µm2 area of 

each surface was deliberately removed by the AFM tip in contact mode.  

 

Figure 6.3. Typical AFM images and line profiles of as-received, control, and NP- and TFMP-modified 

MBE-ZnO samples after a 1 × 1 µm2 area of the surface was removed using the AFM tip. All x scale bars 

are 800 nm. [NBD] = 10 mM, [TFMBD] = 10 mM; potential range +0.6 to –0.4 V vs SCE. 

A modification layer is clearly present after electrografting, with globular features appearing to follow 

the morphology of the MBE-ZnO substrate. The average scratch depth was corrected against that on 

the as-received ZnO surface, giving thicknesses of 5 ± 1 nm and 4 ± 1 nm for NP and TFMP layers, 

respectively. Given the height of vertically-aligned NP and TFMP groups (0.6 nm and 0.5 nm,7 

respectively), this suggests that in both cases the modification has resulted in multilayers. This is 

typical for films grafted electrochemically from aryldiazonium ions with small para substitutents,8,9 

and is more than double the thickness of the NP film on single crystal O-polar ZnO grafted under similar 

conditions in the previous Chapter (~2 nm). The greater thickness of the film prepared on MBE-ZnO 

can be attributed to the higher carrier concentration of Sb-doped MBE-ZnO compared to single crystal 

ZnO, as well as the higher NBD concentration used to modify the MBE-ZnO (10 mM) compared to 
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single crystal ZnO (2 mM). The MBE-ZnO surface roughness increases after modification, giving values 

of 1.6 nm and 1.9 nm for the NP and TMFP film, respectively, compared with 1.4 nm and 1.3 nm for 

the reference and control surfaces, respectively. Again, this confirms that a layer has been deposited 

on the surface during electrografting, presumably following a similar mechanism to that proposed at 

other conducting substrates (Figure 1.18).10 

6.3.2 Synchrotron XPS Characterisation of NP and TFMP Layers on MBE-ZnO 

6.3.2.1 Elemental XPS Results 

Synchrotron XPS measurements were carried out to characterise the nature of NP- and TFMP- films 

on MBE-ZnO and to compare their effects on surface band bending. Figure 6.4 shows the survey scans 

collected at hν = 835 eV or 680 eV. The peaks are quantified in Table 6.1 with respect to the Zn 3p 

intensity; this signal was used as it was obtained for all samples. 

 

Figure 6.4. Synchrotron XPS survey spectra of as-received, control, and NP- and TFMP-modified MBE-

ZnO (O-ring method). All spectra were measured at hν = 680 eV, except for the TFMP-modified 

spectrum which was measured at hν = 835 eV. All spectra are normalised to the same Zn 3p intensity. 

There is a small C 1s signal on the as-received and control samples due to adventitious carbon, 

however the C 1s peak increases significantly upon modification with NP and TFMP groups. Similarly, 
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an increase in the O 1s signal is seen, and a F 1s signal is present for TFMP-modified ZnO. There is a 

substantial increase in N 1s signal for both modified samples, with the NP-modified sample giving the 

strongest signal. The same trend is seen with C, which is greatest on the NP-modified sample. The 

control sample spectrum is very similar to that of the as-received sample, indicating that the changes 

seen on the modified samples are due to the reaction of NBD or TFMBD with ZnO, rather than reaction 

of the electrolyte solution with the substrate. 

Table 6.1. Ratios from synchrotron XPS survey spectra for as-received, control, and NP- and TFMP-

modified MBE-ZnO. 

Modification O : Zn N : Zn C : Zn F : Zn 

As-received 0.50 : 1 0.01 : 1 0.35 : 1 - 

Control 0.52 : 1 0.02 : 1 0.40 : 1 - 

NP-modified 1.79 : 1 0.58 : 1 5.07 : 1 - 

TFMP-modified 1.49 : 1 0.10 : 1 1.43 : 1 0.38 : 1 

 

Figure 6.5 shows the core level XPS spectra for each element, which are discussed below.  

 

Figure 6.5. Synchrotron XPS core level spectra for as-received, control, and NP- and TFMP-modified 

MBE-ZnO. (a) O 1s (hν = 680 eV); (b) Zn 2p (hν = 1180 eV); (c) C 1s (hν = 435 eV); (d) N 1s (hν = 548 eV); 

(e) F 1s (hν = 835 eV). Spectra have been normalised to the same Zn 3p peak area. 
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O 1s and Zn 2p 

Core level synchrotron XPS O 1s results are shown in Figure 6.5a and listed in Table 6.2.                                                                

As seen in previous chapters, two main peaks are observed in the O 1s spectrum of as-received ZnO. 

The lower BE peak, located at 531.4 eV, is assigned to bulk O, while the higher BE peak at ~533 eV is 

associated with surface O.11 The spectrum of the control sample is essentially the same as that for the 

as-received sample. Upon modification with NP and TFMP layers, the ratio of the intensity of the peak 

at ~533 eV increases significantly. In the case of NP films, the increase in this signal can be partially 

attributed to the oxygen-containing NO2 groups, however the TFMP-modified sample also shows a 

large ~533 eV peak relative to the bulk O peak. For both modified samples it is assumed that unreacted 

surface OH groups contribute to this signal (or are the sole contributor, for the TFMP-modified 

sample). Aryldiazonium ion grafting typically gives loosely-packed disordered multilayers,12 with 

studies at carbon and gold electrodes indicating that 2.5 – 4 × 10-10 mol cm-2 of aryl groups are directly 

bound to the surface. This is 20 – 30% of an ideal close-packed monolayer of aryl groups (~1.3 × 10-9 

mol cm-2). An O-polar ZnO surface has an OH surface concentration of ~1.8 × 10-9 mol cm-2, therefore 

at least ~30% of OH groups cannot have reacted with aryl groups due to steric effects. These unreacted 

OH groups account for the surface O emission peak around 533 eV. The increase in the intensity of 

the surface O peak after grafting NP and TFMP layers is attributed to the presence of the surface film 

which decreases the depth of ZnO sampled during XPS measurements, thereby increasing the 

measured surface O:bulk O ratio. Other workers have also noted an increase in surface O signal after 

modification with species not containing oxygen. Polydorou et al. noted an increase in surface O 1s 

signal on F-passivated ZnO,13 but did not offer an explanation. Li et al. used in situ formation and 

reduction of pentafluorobenzene diazonium to modify microporous carbon surfaces.14 They saw an 

increase in surface O after modification and suggested that the diazotisation reagent, nitrite, may have 

directly reacted with the carbon surface. This explanation is not relevant in the present work as no 

nitrite is present during grafting.  
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Table 6.2. Synchrotron XPS O 1s core-level components of as-received, control, and NP- and TFMP-

modified MBE-ZnO. 

BE (eV) Assignment As-received [Control] (%) NP-modified (%) TFMP-modified (%) 

530.7 − 531.0 Bulk O 57.9 [52.5] 3.5 9.4 

532.5 Surface OH 42.1 [57.5] - - 

531.8 Zn-O-C - 10.3 - 

533.0 NO2 / OH - 81.4 - 

535.6 π−π* (NO2) - 4.7 - 

532.6 Zn-O-C / OH - - 83.7 

534.0 O2 - - 6.9 

 

The proposed binding mode of aryl radicals on hydroxylated surfaces is through metal–O–C bonds to 

the pre-existing OH groups.15 The peaks at 531.8 eV and 532.6 eV in the O 1s spectra of the NP- and 

TFMP- modified samples, respectively, are assigned to O in Zn-O-C bonds. This assignment is 

supported by data for other metal oxide surfaces: O in M-O-C bonds appears in the O 1s spectrum at 

533, 532, ~533, 531.5, and 531.5 eV for M = Cu,16 Zr,17 Mn,18 and In and Sn,19 respectively. In contrast, 

Charlton et al. proposed that for NP-modified ITO, the In-O-C emission appears at the same BE as the 

NO2 signal (~533 eV) while unreacted OH groups appear at 531.8 eV.20 This interpretation requires 

that the peak for unreacted surface OH on modified samples shifts −0.7 eV compared to the as-

received sample; such a BE shift for surface OH groups has not been reported by other workers under 

any conditions and thus is unlikely to be relevant here.  

Supporting the assignment of Zn-O-C species, only a very small BE shift for the Zn 2p peak is observed 

after NP-modification (Figure 6.5b), suggesting that Zn-C binding is unlikely to be significant. Direct Zn-

C bonds would be expected to change the chemical environment of the Zn atoms and thus the XPS Zn 

2p spectrum.  
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In the spectrum of the NP-modified sample, there is a small high-BE O 1s peak which is attributed to 

the π-π* C6H5NO2 shakeup (~535 eV) as seen in Chapter 5, Figure 5.14.21 As expected, this peak is not 

visible on the as-received, control, or TFMP-modified samples. This further confirms the presence of 

NP groups on the surface. 

The O 1s spectrum of the TFMP-modified sample shows an additional small peak with BE = 534 eV. It 

is likely due to molecular oxygen, which has been reported at BE = 534.7 eV.22 Preliminary reports 

have observed that fluorinated metal-organic frameworks have a higher affinity for O2 than non-

fluorinated analogues; this could be a reason for why O2 is retained in the TFMP-modified samples but 

not detected in the NP-modified MBE-ZnO.23,24 

C 1s 

Further evidence for aryl modification lies in the C 1s spectra (Figure 6.5c) which, in addition to 

adventitious carbon at ~286 eV, show a significantly strong peak at ~286.1 eV, associated with C-O 

and C-N bonds, on the modified samples.25 Additionally, a satellite peak at high BE on NP-modified 

ZnO is due to π-π* transitions within aromatic carbon rings. This is absent for TFMP-modified ZnO, 

possibly due to the thinner film of this modifier. An emission peak at ~293 eV in the spectrum of TFMP-

modified ZnO is attributed to the CF3 group and thus confirms the presence of the intact modifier. 

Table 6.1 shows that the amount of C on the NP-modified surface is 5 times greater than that on TFMP-

modified MBE-ZnO, despite the NP film being only 1.25 times thicker than the TFMP film. There are 

two possible reasons for this. Firstly, it was seen in Chapter 3 that surfaces with fluorinated modifiers 

have less adventitious carbon on the surface, presumably due to the hydro- and lipophobicity of F 

groups. The second possibility is that the density of NP groups within the modification layer is greater 

than the TFMP density, giving a disproportionately higher C 1s signal relative to the vertical thickness 

of the film.  
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N 1s 

The N 1s spectrum of NP-modified ZnO (Figure 6.5d) has six components relating to different oxidation 

states of N on the surface; these are the same as those found for NP-modified single crystal ZnO 

(Chapter 5, Figure 5.12) and are quantified in Table 6.3.  

Table 6.3. Synchrotron XPS N 1s core-level components of NP-modified MBE-ZnO before and after X-

ray induced reduction at hν = 548 eV. 

Binding Energy (eV) Assignment Ref. Before (%) After (%) 

407.1 – 407.2 π−π* (NO2) 21 9.9 1.4 

406.1 NO2 21 45.4 11.5 

404.2 – 404.6 nitroso (NO) 21 2.9 3.6 

402.2 – 402.4 NHOH, NH+ 21 6.8 7.1 

400.1 – 400.3 N=N 26 24.3 23.4 

399.5 – 399.7 NH2 27 10.8 53.1 

 

The largest peak, positioned at 406.1 eV, is attributed to the NO2 group of NP, while the smaller 

shakeup peak at 407.2 eV is indicative of π-π* NO2 transitions.21,26 A peak at 400.3 eV is attributed to 

azo linkages (N=N) which are widely accepted to be present in modifying layers formed via 

aryldiazonium salts.6 This assignment is supported by the TFMP-modified sample having a N 1s signal 

at the same BE (Figure 6.5d). A small amount of N contamination is present on the as-received and 

control samples (Table 6.1) and is assigned to trace amounts of ACN.28 As seen in Table 6.3, 

approximately 24% of the total N on the NP-modified sample is azo-related. Assuming that the 

remaining N 1s signal is due to NO2 or reduced NO2, this suggests that there is one azo linkage for 

every 6 NP groups. This is the same as found on NP-modified single crystal ZnO (Chapter 5), and is 

similar to Yu et al., who reported one azo linkage for every 4 NP groups on carbon.29 The presence of 

azo groups in the films is due to the operation of at least 2 grafting pathways as discussed in Chapter 

5 and shown in Figure 1.18. The signals at 399.7, 402.4, and 404.5 eV in the N 1s spectrum of NP-



6      Aryldiazonium Ion Chemistry at MBE-Grown ZnO Thin Films 

207 
 

modified ZnO can be assigned to reduced species: NH2, NHOH, and NO, respectively.21,28,30–32 

Reduction of NP groups during XPS measurements is discussed in section 6.3.2.2. 

F 1s 

Figure 6.5e shows the F 1s spectrum for each sample. As expected, on TFMP-modified ZnO there is a 

large peak at 688.9 eV arising from the CF3 group.33,34 This confirms the presence of TFMP groups on 

the surface. For all samples there is also a peak at a BE consistent with Zn-F species. On the as-received, 

control, and NP-modified samples, this signal is very small and is attributed to a small degree of 

hydrolysis of residual BF4
- (or cross-sample contamination of the as-received sample).13 For the TFMP-

modified sample, the inorganic F signal is significantly larger than on the other samples and is 

attributed to F from CF3 groups liberated by photoelectrons during XPS analysis and interacting with 

the ZnO surface. This is discussed in the following section. 

6.3.2.2 Decomposition of Nitrophenyl and Trifluoromethyl Groups 

X-rays have been shown to reduce the nitro groups of NP films,54,67,35 and decompose fluorinated 

species.34,36 Roodenko et al. determined that on Si(111), reduction is caused by secondary 

photoelectrons interacting with the NP film.21 In this work, care was taken to use a low XPS photon 

flux to minimise unintended reduction of NP films or decomposition of TFMP films. After core level 

and VB spectra were obtained, the photon slit was widened on a ‘fresh’ area of the modified samples 

to purposely provide a high photon flux (hν = 548 eV for NP films and 835 eV for TFMP films). Repeat 

scans of either the N 1s (NP) or F 1s (TFMP) region allowed the resulting degradation to be followed 

over 540 s. Figure 6.6a shows NP-modified ZnO before and after this treatment as well as during 

treatment, and Figure 6.6b shows the spectra from all scans. During the repeat scans, the NO2 signal 

decreases significantly while the ‘reduced N 1s region’ signal increases, with < 5% loss of total N (Figure 

6.6c) suggesting that few aryl groups have desorbed from the surface. In contrast, Roodenko et al.21 

observed that 25% of NO2 groups desorbed from NP-modified Si(111) when exposed to X-ray 

irradiation (hν = 650 eV), while Mendes et al.27 reported an 18% loss of N 1s signal from 3-(4-
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nitrophenoxy)propyltrimethoxysilane on Si/SiO2 during irradiation (hν = 1253.6 eV). Aromatic NO2-

functionalised imine monolayers on Si(100) prepared by La et al.37 exhibited selective cleavage of > 

80% of NO2 groups when exposed to (hν = 550 eV) X-rays. The variability of these studies and 

differences with the present study are attributed to variations in X-ray flux, energy, and irradiation 

time, as well as the chemical nature of the substrate and the modifier. A similar conclusion was drawn 

by La et al.37 

 

 

 

 

 

Figure 6.6. (a) N 1s spectra for NP-modified MBE-ZnO before and after X-ray-induced NO2 reduction. 

Spectrum (i) was taken using a photon slit size of 5.7 × 10 µm2, while spectrum (ii) was taken after 

irradiation for 540 s using a slit of 5.7 × 20 µm2 and scaled by 0.5 to account for the difference in photon 

flux; (b) N 1s spectra for NP-modified MBE-ZnO during 21 scans over 540 s with 5.7 × 20 µm2 photon 

slit size (initial scan is red, final scan is purple); (c) NO2 component (red), reduced N 1s component 

(blue) and total N 1s signal (black) showing intensities during the scans shown in (b). 

As discussed in Chapter 5, in protic conditions the reduction of NP films is well-known to give 

aminophenyl and hydroxyaminophenyl groups (Equations 5.1 and 5.2). As noted by others, the BEs of 

the reduced N species produced during XPS measurement of NP films strongly suggest formation of 

aminophenyl groups, however the mechanism for this is unclear. In Figure 6.6b, the BE peak near 400 

eV appears to broaden and shift to a lower BE; this supports the interpretation that the amino 

component is increasing. The possibility of N being cleaved from the aryl groups and directly 
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interacting with ZnO was ruled out as such interaction gives a significantly lower N 1s BE than that 

found here (~396 eV).38 

 

 

 

 

 

Figure 6.7. (a) F 1s spectra for TFMP-modified MBE-ZnO during continuous single scans at hν = 835 eV 

with a photon slit size of 5.7 × 20 µm2 (the initial scan is red; final scan is purple); (b) C-F (red), Zn-F 

(blue), and their sum (black) showing the intensity of each component during the scans of (a). 

 

Figure 6.7a shows the F 1s region for TFMP-modified MBE-ZnO during 540 s of continuous scans (hν 

= 835 eV). As the number of scans increases, the organic F peak (~689 eV) decreases in intensity and 

broadens in BE. This is attributed to CF3 groups being decomposed to CF2 and CF groups. Concomitant 

with this, the peak at lower BE (686 eV), which is consistent with F interacting with Zn, increases and 

broadens. No loss of F was observed ( 

Figure 6.7b); it appears that F liberated via CF3 decomposition interacts with the ZnO substrate, as also 

noted for PAs (Chapter 3). Surprisingly, despite the high vacuum environment, it appears that the 

expected loose packing of aryl groups in the grafted film allows F to reach the substrate surface. 

6.3.2.3 Effect of Phenyl Films on Surface Band Bending 

VB spectra were collected at hν = 150 eV for as-received, control, TFMP-modified, and NP-modified 

MBE-ZnO samples, and NP-modified samples subjected to 540 s of high X-ray photon flux (‘reduced 

NP-modified’). Spectra are shown in Figure 6.8a alongside values for ζ (EF – EV) and Vbb, which are listed 

in Table 6.4 and illustrated in Figure 6.8e. A schematic of the band bending is shown in Figure 6.9. Due 
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to the differences in substrates, results cannot be compared with those for NP-modified single crystals 

(Chapter 5). 

 

Figure 6.8. (a) Normalised synchrotron XPS VB spectra (hν = 150 eV) with ζ and Vbb values for as-

received, control, TFMP-modified, NP-modified, and ‘reduced NP-modified’ MBE-ZnO samples; (b) VB 

spectra (hν = 150 eV) during irradiation-induced reduction of NP-modified ZnO; (c) VB spectra of as-

received (black) and ‘reduced NP-modified’ (red) ZnO at less-surface-sensitive photon energy (hν = 835 

eV).  

As-received MBE-ZnO shows Vbb = −0.26 eV, indicating downwards band bending and an electron 

accumulation layer consistent with previous work on intrinsic ZnO.41,26 The control sample has a 

slightly lower value of Vbb = −0.34 eV corresponding to increased downwards band bending. This effect 

may arise from the F interactions with Zn, seen on the F 1s spectrum for the control sample (Figure 

6.5e) and attributed to physisorption of hydrolysed BF4
-. In Chapter 3, it was seen that F interactions 

with Zn can give increased negative band bending on ZnO, thought to arise from F acting as shallow 

donors when incorporated into ZnO oxygen vacancies (Vo). 42,43 (This was shown by Polydorou et al. 

when a F plasma treatment, designed to passivate Vo on ZnO, produced a downwards shift in surface 

bands.17)  
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TFMP-modification of ZnO results in an upwards shift of the band bending, with ΔVbb = +0.26 eV (Table 

6.4) giving flat surface bands of Vbb = 0.00 eV. The upwards shift is attributed to the strong electron 

withdrawing nature of the CF3 substituent on the phenyl ring. However, the F 1s spectrum (Figure 

6.5e) showed that TFMP-modified ZnO has a significant inorganic F peak (30%), assigned to F-Zn 

interactions, alongside the expected organic CF3 peak (70%). If inorganic F acts as substitutional 

shallow donors, there may be competition between the electron-donating nature of this F and the 

electron-withdrawing effect of the CF3 group within the TFMP modification layer. From flat band VB 

evidence, it appears that the TFMP groups have the dominant effect. 

Table 6.4. Synchrotron XPS VB data for TFMP- and NP-modified ZnO. 

MBE-ZnO Surface ζ (eV) Vbb (eV) ΔVbb (eV) 

As-received 3.58 −0.26 - 

Control 3.66 −0.34 −0.08 

TFMP-modified 3.32 +0.00 +0.26 

NP-modified 3.22 +0.10 +0.36 

‘Reduced NP-modified’ 2.57 +0.75 +1.01 
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Figure 6.9. Schematic energy level diagram for as-received, control, TFMP-modified, NP-modified, and 

‘reduced NP-modified’ MBE-ZnO derived from the ζ and Vbb values in Figure 6.8, where the zero of the 

energy scale is the Fermi level, EF. 

Modification of MBE-ZnO with NP groups also produces significant changes in the VB spectrum, in 

particular the appearance of a high-intensity peak around 5.7 eV. This is assigned to lone-pair-like 

orbitals in the NO2 group, as determined by Hunger et al. for NP-modified p-Si(111) (hν = 40.82 eV).9 

Here, the attenuation of the peak during intentional reduction by X-ray exposure supports this 

assignment (Figure 6.8b). After NP modification, Vbb shifts in the positive direction by +0.36 eV 

compared to as-received ZnO, replacing the downwards Vbb with upwards Vbb = +0.10 eV. The effect 

is expected due to the electron-withdrawing nature of NP groups, and is very similar to the ΔVbb of 

+0.38 eV reported by Hunger et al. for NP-modified Si(111) surfaces compared to as-received Si(111).21 

Work in Chapter 5 determined that ΔVbb for NP-modified single crystal O-polar ZnO, determined by 

fixed-energy XPS, is +0.23 eV, which is 0.13 eV less than that observed for NP-modified MBE-ZnO with 

synchrotron XPS. This is consistent with the higher photon energy used for the former, which probes 

further into the bulk relative to the surface where band bending is less pronounced. As opposed to 

the upwards band bending of NP-modified MBE-ZnO, the direction of band bending at NP-modified 



6      Aryldiazonium Ion Chemistry at MBE-Grown ZnO Thin Films 

213 
 

O-polar ZnO was still downwards; this difference is mainly attributed to the lack of calibration to an 

external reference. 

Upon X-ray-induced reduction of NP-modified ZnO, the positive band bending increases significantly 

to give Vbb = +0.75 and a total ΔVbb = +1.01 eV, the largest reported upward band bending produced 

by chemical modification of ZnO. This was an unexpected result, as amine groups are electron-

donating and were expected to reverse the effect of the electron-withdrawing NO2 groups. The 

intensity of the azo peak appeared to remain constant during X-ray irradiation so was ruled out as a 

contributor to the changes in band bending.  

The possibility that the apparent shift in VB edge of NP-modified ZnO is not due to changes in the ZnO 

itself, but rather due to contributions to the VB spectrum from NO2 and π-bonding orbitals of the 

phenyl layer, was considered.21 In order to rule out this possibility, the two spectra were remeasured 

with a less-surface-sensitive photon energy (hν = 835 eV, Figure 6.8c) where the photoelectrons have 

an inelastic mean free path λ = ~17.2 Å compared to ~6.2 Å for X-rays with hν = 150 eV. The shapes of 

the two VB spectra obtained at hν = 835 eV are the same, but a shift to lower BE of the VB edge is still 

seen for the modified sample, meaning the upwards band bending caused by reduced NP-modifiers is 

real and extends partially into the bulk of ZnO (Vbb = +0.30 eV).  

Upward band bending on Schottky contacts and organic-semiconductor junctions is associated with 

an insulating, electron-depleted region as opposed to a SEAL, or 2DEG, which is typical for ZnO 

surfaces.39 The upwards band bending on NP-modified ZnO is consistent with the electron-

withdrawing substituents, and is promising for applications requiring an insulating layer. The result for 

reduced NP-modified ZnO, however, is unexpected and highlights subtleties in the photoelectron-

induced reduction process. As noted earlier, NO2 groups can be reduced during XPS measurements by 

secondary electrons travelling through the organic layers.21 It is possible that near-surface secondary 

electrons from ZnO can participate in this process. The transfer of electrons away from the surface 

would explain the large upwards band bending observed on ‘reduced NP-modified’ ZnO.  
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Reduction of NP groups to aminophenyl groups in wet chemical or electrochemical conditions requires 

not only 6 electrons but also 6 protons (Eq 5.1, 5.2). In UHV conditions, it is unlikely that these protons 

are provided from external sources. Roodenko et al. proposed that H is supplied from the phenyl rings 

during electron-induced polymerisation of NP layers, giving polyaniline-like layers as shown in Figure 

6.10.21  

 

Figure 6.10. Proposed polymerisation product of reduced NP films. X = O or H. From Roodenko et al.21 

Others have suggested that residual water or solvents trapped within the NP layers can provide H, 

although Roodenko et al. did not observe any evidence of this.21,35 ZnO itself also contains significant 

amounts of H in different forms: interstitial H (Hi), substitutional H in O vacancies (HO), and so-called 

‘hidden’ H2 molecules (invisible to infrared spectroscopy) have all been characterised.40–42 van de 

Walle43 showed that Hi and HO are shallow donors in ZnO, and Traeger et al.44 found that there is 

significantly higher H concentration in near-surface regions of ZnO compared to the bulk. Importantly, 

they found that some of this H was less-strongly bound and was more mobile within ZnO, making it 

another potential source of protons required for the nitro-to-amino conversion. Since H occurs 

exclusively as a donor in ZnO,1,43
 transfer of sub-surface H to the NP layer would decrease electron 

density at ZnO and thus decrease downwards Vbb. H is also present in p-type Si, suggesting that this 

same process might have been operative for the reduction of NP films on Si as reported by Roodenko 

et al. The effect of NP reduction during XPS measurements on band bending was not investigated by 

those researchers.46 

The large changes in band bending seen here are fundamentally interesting and deserve to be studied 

in future work to determine if they are stable when removed from the UHV XPS chamber. Reduction 
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of NP layers on ZnO to aminophenyl layers is a desirable outcome for sensor applications, as the amino 

groups can be used to attach recognition agents via amide bonds for use in field effect transistor-

based sensors. However, such applications rely on the stability of the modification layers. This was 

investigated in experiments described in the following sections. 

6.3.3 Preparation and Characterisation of NP-Modified MBE-ZnO for PPC and Stability 

Investigations 

For all electrografting of samples in Sections 6.3.3, 6.3.5, and 6.3.4, the dipping method was used as 

described in Section 6.2.1 and  

Figure 6.1. 

6.3.3.1 Nitrophenyl Modification of MBE-ZnO 

Figure 6.11 shows CVs obtained at four separate MBE-ZnO samples (single Ti/Au strip) in 2 mM NBD 

solution, using the dipping method. Due to the uncertainty of the electrode area exposed to solution, 

the current, not current density, is shown, with a maximum peak current of ~250 µA. The approximate 

surface area of the dipped samples is ~50 mm2, meaning that the estimated average maximum current 

density is similar to that seen on single-crystal O-polar ZnO with the same NBD concentration (~4.5 

µA/mm2). The shape of the response is similar to those seen previously, with an NBD reduction peak 

close to −0.15 V; at more positive potentials, an oxidation process can be observed. No oxidation 

current was recorded at the same potential using either single crystal ZnO or MBE-ZnO with the O-

ring method, a consequence of using an n-type semiconductor as the working electrode. Hence it is 

assumed that the oxidation response seen in Figure 6.11 was due to the presence of the Au strip, 

which might be wetted by wicking of the solution, allowing reduction and oxidation reactions to occur 

at the gold surface. A control sample consisting of non-conducting sapphire with an Au strip in the 

same position as for ZnO samples was immersed in the solution in the same position as for the ZnO 

electrodes. The CV, shown in Figure 6.11, has a similar oxidation current to that recorded at the ZnO 

electrode and has a maximum current of ~100 µA. Hence for the dipping method, ~40% of the 
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reduction peak current and all of the oxidation current can be attributed to electrochemistry at the 

Au strip.  

 

Figure 6.11. Repeat CVs obtained in NBD solution of four MBE-ZnO samples using the dipping method 

and at a sapphire control sample (grey). All samples had a Ti/Au contact strip. [NBD] = 2 mM. 

6.3.3.2 Trifluoromethylphenyl Modification of MBE-ZnO 

CVs obtained during TFMP modification of four separate MBE-ZnO samples are shown in Figure 6.12. 

The main reduction peak for TFMBD lies at a more negative potential than that shown here, as 

discussed in Section 6.3.1.1. However, there is a small reduction peak visible on Sample 4 (blue) close 

to −0.05 V which is similar to that seen by Menanteau et al. – although they also saw a larger reduction 

peak at a position 200 mV more negative.6 Samples 1, 2, and 4 have similar maximum currents, while 

Sample 3 is significantly lower. 
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Figure 6.12. Repeat CVs for TFMP modification of four MBE-ZnO samples via dipping method. Scan 

rate is 200 mV s-1; [TFMBD] = 2 mM.  

As noted with NBD reduction via the dipping method (Figure 6.11), oxidation current can be seen at 

higher potentials in Figure 6.12. This is not seen on CVs of TFMBD obtained using an O-ring (Figure 

6.2) and is attributed to the gold being wetted, confirming that wicking occurred.  

6.3.3.3 AFM Analysis of Nitrophenyl Films on MBE-ZnO 

Figure 6.13a shows the topography of MBE-ZnO modified with a NP film using the dipping method. 

The surface roughness Ra is 1.7 nm, similar to that for the film prepared using the O-ring method (1.6 

nm). The film thickness was measured by AFM depth-profiling, giving a blank-corrected value of 2 ± 1 

nm (Figure 6.13b and c). This is less than half the thickness of the NP films grafted using the O-ring 

method (~5 nm) and suggests that the film consists of ~3 layers of NP groups. The difference in film 

thickness is attributed to different NBD concentrations used in each method (2 mM for the dipping 

method and 10 mM for the O-ring method).  
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Figure 6.13. (a) AFM image of dipping method NP-modified MBE-ZnO; (b) depth profile AFM image 

and line profile for dipping method NP-modified MBE-ZnO, (c) depth profile AFM image and line profile 

for as-received MBE-ZnO. Scale bar is 800 nm. 

6.3.4 Stability of Nitrophenyl- and Trifluoromethylphenyl-Modified MBE-ZnO 

As described in Section 6.3.2.2, synchrotron XPS irradiation was shown to change the chemical nature 

of NP- and TFMP- films. The ability of these films to withstand heat, UV light, acid, and storage 

conditions was investigated in the current Section: four NP films and four TFMP films were grafted 

under identical conditions using the dipping method to ensure a complete coverage of the organic 

layers on the MBE-ZnO substrate. Each sample was analysed with AFM and XPS before and after 

treatment with heat, UV light, acid, or prolonged storage.  

6.3.4.1 Surface Morphology Changes of Nitrophenyl and Trifluoromethylphenyl Films with Heat, 

UV Light, Acid, and Storage Treatments 

Tapping-mode AFM images in Figure 6.14 show the topographical differences seen on as-received and 

modified ZnO after treatment with heat, UV light, acid, or storage. The as-received surfaces (Figure 

6.14a – d) are very similar to the modified samples, where globular formations appear to reflect the 

morphology of the bare surfaces. The effects of each treatment on the film morphology is discussed 

alongside XPS data below. 
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Figure 6.14. Tapping-mode AFM images of (a – d) as-received, (e – h) NP-modified, and (i – l) TFMP-

modified MBE-ZnO subjected to chemical or physical treatments: heated to 160 °C, irradiated with 365 

nm UV light, immersed in 5 mM NH4Cl(aq), or stored in the dark for ≥ 60 days. All samples were rinsed 

with solvent after treatment. The horizontal scale bar is 1 µm. 

6.3.4.2 XPS Characterisation of Nitrophenyl Films with Heat, UV, Acid, or Storage Treatments 

Fixed-energy XPS survey spectra were analysed to determine the elemental composition of modified 

ZnO; peak quantifications are listed in Table 6.5. As expected, fresh NP-modified MBE-ZnO samples 

show attenuation of signals from the ZnO substrate (Zn, O) and an increase in N and C signals. The 

percentages of C, N, O, and Zn show that the 4 freshly-modified samples are very similar and have 

excellent reproducibility. The average modification layer thickness with the dipping method is 1.3 nm, 

which is thinner than the ~5 nm for O-ring NP-modified MBE-ZnO (Section 6.3.1.2) due to the lower 

NBD concentration used for grafting.  
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Table 6.5. Elemental percentages and film thicknesses from XPS survey spectra, and core level N 1s 

ratios for NP-modified MBE-ZnO grafted via dipping method, before and after various treatments.  

NP-modified ZnO % C % N % O % Zn NP Thickness (nm) 

1 Before heat 44 4 35 17 1.4 ± 0.3 

After heat 51 5 33 11 2.0 ± 0.4 

2 Before UV 43 4 35 18 1.2 ± 0.2 

After UV 31 2 41 26 0.7 ± 0.1 

3 Before acid 42 4 36 17 1.0 ± 0.2 

After acid 43 4 36 16 1.3 ± 0.3 

4 Before storage 46 5 34 14 1.6 ± 0.3 

After storage 50 4 33 12 2.3 ± 0.5 

As-received 18 0 46 36 - 

 

Core level XPS spectra for N 1s, C 1s, and O 1s are shown in Figure 6.15, Figure 6.16, and Figure 6.17, 

respectively. Analysis of the spectra of freshly-prepared NP films is discussed below; the effects of 

each stability treatment on the elemental percentages are discussed alongside the core level XPS 

results in the following sections.  

 

Figure 6.15. Fixed-energy N 1s spectra for dipping-method NP-modified MBE-ZnO, treated with (a) 

heat, (b) UV light, (c) acidic solution, and (d) storage for 80 days in the dark. Spectra have been offset 

for clarity and enlarged where noted. 
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Peaks in the N 1s spectra (Figure 6.15) were assigned as discussed in Section 6.3.2.1, and tabulated in 

Table 6.6 for ease of comparison. On average, the N=N signal accounts for 23% of the N 1s signal for 

freshly-prepared NP-modified MBE-ZnO, representative of one azo linkage for every ~6 grafted NP 

groups. This is the same as seen for other N in this work (Chapter 5 and Section 6.3.2.1) and by 

Menanteau et al. on carbon surfaces.6 Although the survey spectra (Table 6.5) show that all freshly-

prepared samples have 4 – 5% surface N, the relative amounts of N=N and NH2 varies between 

samples (Table 6.6). The N 1s intensities are weaker than those seen on single-crystal ZnO, which 

decreases the signal:noise ratio. As such, the reliability of fitting the very close azo and amine peaks is 

poor. However, ‘total reduced N’ (that is, all N signal except NO2 and its satellite) can be reliably 

quantified and accounts for 51 – 53% of N on freshly-prepared NP-modified samples. 

Table 6.6. Fixed-energy XPS N 1s peak assignments and percentages for NP-modified MBE-ZnO, before 

and after treatment with heat, UV light, acid, and storage. 

Sample NO2 π - π* (%) NO2 (%) NO, NHOH (%) N=N (%) NH2 (%) 

1 Before heat 15 34 11 27 13 

After heat 4 30 4 46 16 

2 Before UV light 15 34 8 26 18 

After UV light 4 31 4 23 38 

3 Before acid 5 43 5 22 26 

After acid 9 35 8 20 27 

4 Before storage 4 36 6 17 30 

After storage 12 25 7 17 38 

 

O 1s spectra for NP-modified MBE-ZnO are shown in Figure 6.16. When freshly prepared, all four NP-

modified MBE-ZnO samples have similar features. As seen previously, the bulk oxygen peak is assigned 

at 530.2 – 530.4 eV, while the NO2 peak, shown in pink around 532.3 eV, and the OH + Zn-O-C peak 

(531.3 – 531.7 eV) were assigned as discussed earlier and in Chapter 5. The spectra of the freshly-

prepared NP-modified samples bear resemblance to the O 1s spectra of ‘thin’ NP films on single crystal 

samples analysed with fixed-energy XPS (Figure 5.12) and are unlike the ‘thick’ NP films in the same 
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Figure, which showed a very intense high-BE peak for NO2 and its corresponding satellite peak. This 

difference is consistent with the thinness of the NP films shown in Table 6.5, and the relatively small 

NO2 signal compared to that for reduced N (Table 6.6). Synchrotron-analysed NP-modified samples 

showed a large decrease in the low-energy bulk O signal, which is not seen here due the decreased 

surface sensitivity of fixed-energy XPS (hν = 1486 eV) compared to tuneable soft X-rays (hν = 680 eV 

for O 1s).  

 

Figure 6.16. Fixed-energy XPS O 1s spectra for NP-modified MBE-ZnO, treated with (a) heat, (b) UV 

light, (c) acidic solution, and (d) storage for 80 d in the dark. Spectra have been normalised to bulk 

oxygen (530.2 – 530.4 eV). 

Figure 6.17 shows the C 1s spectra for NP-modified MBE-ZnO before and after each treatment. Three 

C 1s peaks typical of adventitious carbon are present on each of the freshly-prepared samples, 

masking the signal expected from the aromatic carbon rings on the surface (284 eV), and C-N bonds 

(286 eV). There is a small π–π* satellite peak visible on 3 of the NP-modified samples (~292 eV), 

indicating that phenyl groups are present on the surface. 
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Figure 6.17. Fixed-energy XPS C 1s spectra for NP-modified MBE-ZnO, treated with (a) heat, (b) UV 

light, (c) acidic solution, and (d) storage for 80 d in the dark. Spectra have been normalised to Zn 2p 

and offset for clarity. 

6.3.4.2.1 Heat Treatment of Nitrophenyl Films on MBE-ZnO 

Figure 6.15a shows the N 1s spectra for NP-modified MBE-ZnO before and after heat treatment. No 

loss of C, N, or O is observed upon heating (Table 6.5), but the NO2 signal decreases from 49% to 34%. 

Correspondingly, there is a distinct change in the shape of the reduced N signal consistent with an 

increase in the azo component (Table 6.1). The reason for this is not known – it could be the product 

of coupling of nitrosophenyl and aminophenyl groups – but due to the uncertainty in fitting the 

‘reduced’ components in the N 1s spectrum, it was not investigated further. However, it appears that 

heating of the NP film may have induced NO2 reduction. This is consistent with the O 1s spectra in 

Figure 6.16a, which show a small decrease in the NO2 signal, but no significant change to the bulk or 

surface O after heating at 160 °C. No significant change was seen in the C 1s spectra for NP-modified 

MBE-ZnO after heating (Figure 6.17a): the freshly-modified sample does not have a significant π-π* 

satellite peak (~292 eV) so it cannot be compared to the heat-treated sample. However, the surface 

showed an increase in C-N signal (286 eV), which may stem from adventitious carbon or heat-induced 

polymerisation of the NP groups via N-H linkages.21 It appears that heat treatment was able to induce 
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some reduction of NP groups without affecting the overall elemental composition, or surface 

morphology or roughness as determined by AFM (Figure 6.14a and e).  

Gross and Downard reported that heating NP-modified pyrolysed photoresist films (PPF) in an inert 

atmosphere at ~545 °C for 25 min removed almost all N signal.47 Similarly, NO2 groups were removed 

from NP-modified carbon black during heating in air to 300 °C, with the nitro signal disappearing 

completely after heating to 500 °C, leaving only a small azo nitrogen peak around 400 eV.48 It is thus 

not surprising that heat-treated NP films on MBE-ZnO show only minor evidence of degradation at  

160 °C. 

6.3.4.2.2 UV Light Treatment of Nitrophenyl Films on MBE-ZnO 

The total amounts of N and C on the surface halved after UV light treatment of NP-modified MBE-ZnO 

(Table 6.5), giving a calculated decrease in thickness from 1.2 nm to 0.7 nm. This is consistent with a 

loss of aryl groups from the modification layer. As seen in Table 6.6, as a percentage of total N, NO2 

decreased from 49% to 35% upon UV irradiation, while the percentage of NH2 increased from 18% to 

38%. Hence, UV light converted NO2 groups to amino groups and in addition, NP and/or aminophenyl 

groups were lost from the surface. Figure 6.16b shows a corresponding decrease in O 1s NO2 signal 

with no other significant changes, while Figure 6.17b further shows the dramatic decrease in C 1s 

signal. After UV treatment, the satellite at 293 eV disappears, further suggesting a loss of aromatic 

rings.  

While AFM images of the UV-treated control sample shows clumps on the surface (Figure 6.14b), this 

is attributed to contamination. The NP-modified sample shown in Figure 6.14f has no significant 

morphology or surface roughness changes after UV irradiation, despite XPS evidence of loss of film. 

UV light appears to heavily damage NP-modified samples, which is consistent with the instability of 

many polymers under UV irradiation.49–51 Photolysis products of nitrobenzene include nitrosobenzene 

and phenol.52 Additionally, ZnO has photocatalytic properties: electron-hole pairs are created when 

ZnO is exposed to above-band-gap energy photons (3.3 eV or ~365 nm). Adsorbed atmospheric 



6      Aryldiazonium Ion Chemistry at MBE-Grown ZnO Thin Films 

225 
 

species such as O2 can trap the photoelectrons to form superoxide anion radicals ·O2
-, while OH- can 

trap the photogenerated holes to form hydroxy radicals (·OH). These are known to be highly reactive 

and capable of oxidising organic compounds.53  

The amount of solar radiation at 365 nm at sea level equates to about 1 × 10 -4 J s-1 or 0.03 J cm-2 in 5 

min.54 The energy used in this experiment was 2970 mJ cm-2, which is the equivalent of 8.25 h of 365 

nm solar radiation at sea level. This is only for one wavelength and hence care would need to be taken 

if modified ZnO is used in applications involving UV light exposure. 

6.3.4.2.3 Acid Treatment of Nitrophenyl Films on MBE-ZnO 

The total surface N, C, and O remained constant after NP-modified MBE-ZnO was immersed in acidic 

solution (Table 6.5). Similarly, the percentages of reduced and unreduced N do not change 

significantly, suggesting that the NP film was not chemically modified (Figure 6.15, Table 6.6).  

As expected, as-received MBE-ZnO immersed in weak acidic solution has a noticeably changed 

topography (Figure 6.14c), with the addition of small pits and a significant decrease in surface 

roughness to 0.9 nm. In contrast, the roughness of NP-modified ZnO decreases by only 0.2 nm (1.4 nm 

from 1.6 nm) after acid treatment (Figure 6.13a, Figure 6.14g). From this evidence, it appears that NP 

films are stable in weakly acidic conditions and able to protect the MBE-ZnO substrate from etching. 

6.3.4.2.4 Storage of Nitrophenyl Films on MBE-ZnO 

Very little change in N, C, or O percentages are seen for NP-modified MBE-ZnO upon storage in the 

dark for 80 days (Table 6.5). A small increase in NH2 groups from 30% to 38% may suggest that some 

NO2 groups were reduced during this time (Figure 6.15, Table 6.6), but further experiments would be 

required to establish the significance of this observation. 

After storage, little topographical difference is seen for the as-received MBE-ZnO (Figure 6.14d). 

Similarly, the stored NP-modified surface (Figure 6.14h) appears very similar to a freshly-prepared film 

(Figure 6.13a), suggesting that the NP film does not undergo significant morphology changes when 
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stored in the dark, although a small decrease in surface roughness, from 1.7 nm to 1.5 nm, is observed, 

likely due to surface contamination. Overall, it appears that NP-modified MBE-ZnO is stable when 

stored for > 2 months in the dark. 

6.3.4.3 XPS Characterisation of Trifluoromethylphenyl Films with Heat, UV Light, Acid, or Storage 

Treatments 

The stability of TFMP modification layers on MBE-ZnO was tested against heat, UV light, acid, or 

storage, as above; Table 6.7 shows the fixed-energy XPS core level spectra results. Core level XPS 

spectra collected for TFMP-modified MBE-ZnO can be seen in Appendix 8.4. Like NP-modified MBE-

ZnO, the TFMP film thicknesses (~2.5 nm) are less than those seen in Section 6.3.1.2 (~4 nm) due to 

the difference in aryldiazonium salt concentration during grafting. In general, thicknesses obtained 

through TFMP grafting are slightly greater than NP films obtained via the same method. From the 

reduction peak currents in the CVs shown in Figure 6.12, Sample 3 might be expected to have the 

lowest surface coverage and Sample 4 the highest. However, modification layer thicknesses show that 

Sample 1 was thinnest, with Samples 3 and 4 having similar thicker layers. This indicates that dipping 

mode CVs are not a reliable predictor of film thickness on ZnO. 
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Table 6.7. Atomic percentages and film thicknesses from fixed-energy XPS survey spectra, and core 

level N 1s ratios for TFMP-modified MBE-ZnO grafted via dipping method, before and after various 

treatments. The thickness of the stored sample is unknown due to problems with its as-received 

reference sample. TFMP/azo values were calculated to account for 3 F in TFM groups and 2 N in azo 

linkages. 

Sample C (%) O (%) N (%) F (%) Zn (%) TFMP/Azo Thickness (nm) 

1 Before heat 30 36 1 7 25 2.0 0.5 ± 0.1 

After heat 30 38 1 4 28 2.2 < 0.5 

2 Before UV 51 31 1 6 11 1.9 2.0 ± 0.4 

After UV 49 30 1 5 15 1.5 1.5 ± 0.3 

3 Before acid 59 27 1 6 7 1.9 2.7 ± 0.5 

After acid 40 35 1 3 21 1.3 0.7 ± 0.1 

4 Before storage 61 26 1 6 6 1.7 2.7 ± 0.5 

After storage 64 25 1 5 6 1.6 - 

As-received 21 46 0 1 32 0 - 

 

On average, samples freshly modified with TFMP have ~6 F per N, corresponding to ~1 azo linkage for 

every 4 TFMP groups. This is compared with NP-modified samples, which had an average of one azo 

linkage for every 6 NP groups on both MBE-ZnO (Section 6.3.2.1 and 6.3.4.2) and single-crystal O-polar 

ZnO (Chapter 5). Azo bonds form when unreduced diazonium species participate in electrophilic 

aromatic substitution with already-grafted phenyl groups. Electron-withdrawing groups such as NO2 

and CF3 should be deactivating to this grafting mechanism and multilayer formation is expected to 

occur mainly via radicals, without azo formation. However, TFM groups are less electron-withdrawing 

than nitro groups and hence less deactivating to azo bond formation, possibly explaining why TFMP-

modified samples have more azo linkages per aryl group compared to NP-modified samples. 

Surprisingly, Menanteau et al. observed one azo linkage for every 35 TFMP electrografted groups on 

carbon, and one azo linkage for every 6 NP groups.6 They confirmed that azo bonds were present 
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between the modification layer and the substrate, and thus the possibility of direct bonding to ZnO 

through azo groups cannot be discounted here. 

For convenience, Figure 6.18 summarises the core level N 1s and F 1s results listed in Table 6.7. 

 

Figure 6.18. (a) N 1s : Zn 2p and (b) F 1s : Zn 2p ratios for TFMP-modified MBE-ZnO before and after 

treatment with heat, UV light, acid, and storage. From core level spectra. 

6.3.4.3.1 Heat Treatment of Trifluoromethylphenyl Films on MBE-ZnO 

As seen in Figure 6.18, the N signal on TFMP-modified MBE-ZnO decreases only slightly after heat 

treatment while the amount of carbon on the surface remains constant (Table 6.7). These data 

indicate that the TFMP film has reasonable stability at 160 °C. AFM images (Figure 6.2e) show large 

raised circular areas with height ~5 nm on heated TFMP films. These may be due to aromatic groups 

clumping together as water is removed from the surface. The O 1s spectrum (Appendix 8.6) showed 

the disappearance of water (533 eV) upon heating, which supports this hypothesis. 

6.3.4.3.2 UV Light Treatment of Trifluoromethylphenyl Films on MBE-ZnO 

Significant decreases in the N 1s:Zn and F 1s:Zn ratios are seen after UV treatment of TFMP-modified 

MBE-ZnO (Figure 6.18), suggesting that the film is not stable to these conditions. However, the 

percentages of N, C, and F on the surface remain reasonably constant (Table 6.7), indicating that whole 

TFMP groups are cleaved from the film. The AFM image of UV-treated TFMP-modified MBE-ZnO shows 

clumping or patterning on the surface and a large decrease in roughness to 1.2 nm from 1.9 nm (Figure 
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6.3). This could indicate photo-induced polymerisation occurring on the surface, although no evidence 

of this was seen in either the C 1s or N 1s spectra (Appendix 8.6). 

The loss of F from TFMP films upon UV irradiation is not unexpected since F was lost from PFBPA-

modified ZnO after UV irradiation as shown in Chapter 3, and C-F bonds in pentafluorobenzoic acid 

have been shown to cleave via ZnO nanoparticle photocatalysis.55 However, Ravichandran et al. noted 

that a wavelength of 254 nm was more effective at C-F bond cleavage than 365 nm; this highlights the 

need for a more systematic study of the UV wavelengths at which TFMP-modified ZnO is degraded.  

6.3.4.3.3 Acid Treatment of Trifluoromethylphenyl Films on MBE-ZnO 

On TFMP-modified MBE-ZnO, F 1s signal decreases dramatically after acid treatment, as does N 1s 

signal and the percentage of C on the surface (Figure 6.18 and Table 6.7). The calculated TFMP film 

thickness decreases from 2.7 nm (Table 6.7) to 0.7 nm. This shows that a significant amount of the 

modification layer was removed from the surface. This is consistent with AFM results (Figure 6.14k): 

the acid-treated TFMP-modified sample has numerous large pits ~10 nm deep and up to 250 nm wide. 

The pits are much larger than on the as-received surface, and the calculated roughness is larger. This 

suggests that while the as-received sample was etched uniformly by the NH4Cl solution, the TFMP-

modified sample was etched preferentially in places where the TFMP modification layer was more 

porous or thinner.  

The instability of the TFMP-modified samples contrasts with NP-modified MBE-ZnO, which appeared 

to be stable in the same acidic conditions. As CF3 groups are not likely to be affected by weak acid, it 

is proposed that the TFMP modification layer is more porous than NP layers and allows acid to diffuse 

through it and etch the ZnO substrate. As the ZnO dissolves, TFMP groups are lost from the surface. 

This explains the pits seen by AFM, and the decrease in average film thickness observed from XPS 

results. 

While it is difficult to quantify the density of TFMP and NP films, an estimation can be made by 

comparing NO2:C=C and CF3:C=C ratios on freshly-modified samples. On NP-modified samples in 
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Section 6.3.3.1, the average NO2:C=C ratio is 0.038. The average CF3:C=C ratio for the TFMP-modified 

samples in this section is 20% smaller (0.032), which suggests that TFMP films are less dense than NP 

films. Furthermore, TFMP films in this section are ~50% (~1 nm) thicker than NP films in Section 

6.3.3.1, which adds weight to this argument. However, due to the uncertainties of these values, and 

the unknown amounts of adventitious carbon, further investigation into the quantification of aryl 

groups in grafted films is required to confirm this hypothesis. 

6.3.4.3.4 Storage of Trifluoromethylphenyl Films on MBE-ZnO 

The N 1s and F 1s signals on TFMP-modified MBE-ZnO do not significantly change after 60 days of 

storage (Figure 6.18), nor does the TFMP:azo ratio (Table 6.7). While the percentage of C on the 

surface increases, this is attributed to contamination on top of the TFMP layer. The thickness of the 

TFMP film could not be calculated due to a lack of a reliable reference sample, but from the other 

evidence listed here, it is likely that TFMP films are stable when stored in dark conditions. No 

morphology change was seen using AFM (Figure 6.14l). 

6.3.4.4 Band Bending Changes with Heat, UV Light, Acid, or Storage Treatments 

Band bending was measured via fixed-energy XPS on NP- and TFMP-modified MBE-ZnO before and 

after treatment or storage. Unlike synchrotron XPS VB spectra in Section 6.3.2.3, VB spectra in this 

section were not calibrated to Au, so the magnitudes of band bending should not be directly 

compared. However, ΔVbb values are directly comparable for ZnO samples of the same type, measured 

using the same XPS photon energy. 

6.3.4.4.1 Nitrophenyl-Modified MBE-ZnO 

Upon modification with NP groups, the 4 samples of MBE-ZnO showed a decrease in downwards band 

bending by 0.12 eV – 0.24 eV, with a mean ΔVbb value of +0.16 eV (Figure 6.19 and Table 6.8). This is 

smaller than ΔVbb observed via fixed-energy XPS for single-crystal O-polar ZnO modified with a thin NP 

film (+0.21 eV, Table 5.5). This is expected because of the high Sb-doping of MBE-ZnO, which increases 

the charge carrier concentration by more than 5 orders of magnitude relative to bulk CrysTec O-polar 
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ZnO (Table 2.1). This has two effects. Firstly, there are now more electrons present at the surface, 

meaning that the overall effect of electron-withdrawing substituents will not be as large as for the 

same substituents on a less-electron-dense surface. Secondly, as reported by Vasheghani et al. for 

SnO2, increasing the Sb dopant concentration increases the energy of the Fermi level, resulting in a 

decrease in the width of the SEAL.56 The band bending of Sb-doped MBE-ZnO, then, is more ‘steep’ 

than for unintentionally-doped single crystal ZnO, and the difference between surface Vbb and near-

surface Vbb will be large. For unintentionally-doped ZnO, which has ‘shallower’ band bending that 

extends further into the bulk, the difference between surface Vbb and near-surface Vbb will be smaller. 

This also means that the difference in band bending of undoped and Sb-doped ZnO is larger when 

observed with high-energy XPS than when observed with low-energy XPS. NP-modified films grafted 

with the O-ring method showed upwards band bending (ζ < 3.315 eV) when analysed with synchrotron 

XPS, but the ζ values in Table 6.8 reflect downwards band bending. This difference is attributed to the 

lack of external calibration of the fixed-energy XPS ζ values; ΔVbb values are more reliable. 

 

Figure 6.19. XPS valence band spectra for as-received MBE-ZnO and NP-modified MBE-ZnO before 

(blue) and after (red) treatment in (a) heat, (b) UV light, (c) acid, (d) ambient storage for 80 days. 
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Table 6.8. Band bending data from XPS valence band spectra for NP-modified MBE-ZnO before and 

after treatment with heat, UV light, acid, or long-term exposure to dark ambient conditions. ΔVbb = 

change in band bending relative to as-received MBE-ZnO. Δ(ΔVbb) = change in band bending after 

treatment relative to the freshly-prepared sample. 

 

ζ, before 
(eV) 

ζ, after 
(eV) 

ΔVbb, 
before (eV) 

ΔVbb, after 
(eV) 

Δ(ΔVbb) 
(eV) 

Initial NP 
Thickness 

(nm) 

Final NP 
Thickness 

(nm) 

As-received 3.76 3.76 - - - - - 

1 Heat 3.64 3.52 +0.12 +0.24 +0.12 1.4 ± 0.3 2.0 ± 0.4 

2 UV 3.61 3.67 +0.15 +0.09 -0.06 1.2 ± 0.2 0.5 ± 0.1 

3 Acid 3.62 3.59 +0.14 +0.17 +0.03 1.0 ± 0.2 1.4 ± 0.3 

4 Storage 3.52 3.55 +0.24 +0.21 -0.03 1.6 ± 0.3 2.4 ± 0.5 

 

Figure 6.19 shows the VB spectra for as-received MBE-ZnO and NP-modified samples before and after 

treatment. Table 6.8 lists all relevant data. After heat treatment, NP-modified MBE-ZnO had smaller 

downwards band bending than when freshly-modified. It is possible that the increased number of azo 

bonds observed in the N 1s spectrum of the heat-treated NP-modified MBE-ZnO, compared to the 

freshly-modified MBE-ZnO, contribute an increased electron-withdrawing nature to the film, but this 

requires further investigation. 

After UV light treatment of NP-modified MBE-ZnO, there was an increase in downwards Vbb, that is, a 

shift of 0.06 eV towards the original Vbb of as-received MBE-ZnO. This shift is attributed to the removal 

of a significant percentage of the electron-withdrawing NP modifying groups, as seen in the core level 

spectra (Section 6.3.4.2). However, Vbb did not return to that of as-received MBE-ZnO; this is thought 

to be because approximately a monolayer of electron-withdrawing NP groups was still present on the 

surface. 

No significant change in band bending occurred after acid treatment or prolonged storage of NP-

modified MBE-ZnO. This is consistent with both samples retaining their original makeup after 
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treatment, as determined by core level spectra (Section 6.3.4.2). Overall, all band bending data are 

consistent with the effects of each treatment on the NP-modified samples. 

6.3.4.4.2 Trifluoromethylphenyl-Modified MBE-ZnO 

Figure 6.20 shows the change in band bending upon TFMP modification of MBE-grown ZnO, and the 

changes when modified samples are exposed to heat, UV light, or acid. These are quantified in Table 

6.9. The VB spectrum for the stored sample was not collected.  

 

Figure 6.20. XPS VB spectra for as-received MBE-ZnO and 4 separate TFMP-modified MBE-ZnO samples 

before (blue) and after (red) treatment in (a) heat, (b) UV light, (c) acid, and (d) storage. The VB 

spectrum was not collected for the sample stored for 60 days. 

Freshly TFMP-modified MBE-ZnO samples 2, 3, and 4 show a reproducible decrease in band bending 

by ~0.12 eV compared to as-received MBE-ZnO, which is similar to the changes seen after NP 

modification of MBE-ZnO. While synchrotron XPS determined that NP films decrease the band bending 

more than TFMP modification (Section 6.3.2.3), fixed-energy XPS is not as surface-sensitive and as 

such this difference between modifiers is not seen here. Sample 1, with sub-monolayer TFMP 

modification, had no significant change in Vbb compared to the as-received surface. Given that this 

TFMP film thickness is significantly thinner than the other samples, this is evidence that ΔVbb is related 

to the amount of TFMP groups on the surface (see Section 6.3.4.4.3). After heat treatment, Vbb 
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remained the same, further indicating that the thin TFMP modification had had minimal influence on 

the band bending. 

Table 6.9. Band bending information from XPS valence band spectra for TFMP-modified MBE-ZnO 

before and after treatment in heat, UV light, and acid. ΔVbb = change in band bending relative to as-

received MBE-ZnO. Δ(ΔVbb) = change in band bending after treatment relative to the freshly-prepared 

sample. 

 

ζ, before 
(eV) 

ζ, after 
(eV) 

ΔVbb, 
before 

(eV) 

ΔVbb, after 
(eV) 

Δ(ΔVbb) 
(eV) 

Initial TFMP 
Thickness 

(nm) 

Final TFMP 
Thickness 

(nm) 

As-received 3.70 3.70 - - - - - 

1 Heat 3.72 3.73 -0.02 -0.03 -0.01 0.5 ± 0.1 < 0.5 

2 UV 3.58 3.60 +0.12 +0.10 -0.02 2.0 ± 0.4 1.5 ± 0.3 

3 Acid 3.58 3.64 +0.12 +0.06 -0.06 2.7 ± 0.5 0.7 ± 0.1 

4 (Storage) 3.57 - +0.13 - - 2.7 ± 0.5 - 

 

UV-treated TFMP-modified MBE-ZnO had only a −0.02 eV change in ζ relative to the freshly-prepared 

sample, indicating that the loss of F and N, the decrease in film thickness to 1.5 nm, or morphology 

changes seen via AFM did not significantly affect the band banding. This contrasts with the acid-

treated TFMP-modified sample, where Vbb was shifted 0.06 eV closer to the original downwards Vbb 

alongside a decrease in film thickness to 0.7 nm. This reversion to as-received Vbb is consistent with 

the core level XPS results, which showed a significant loss of F and C from the surface after treatment 

in acid. While the N:Zn and F:Zn ratios for acid-treated and UV-treated TFMP films are very similar 

(Figure 6.18), the samples have a −0.04 eV difference in ζ and a > 0.4 nm difference in average film 

thickness. This suggests that the pitted morphology of the acid-treated TFMP-modified sample has 

affected Vbb more than the non-pitted UV-treated TFMP film. 

VB spectra were not collected for the stored TFMP-modified MBE-ZnO sample. 
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6.3.4.4.3 Effect of NP and TFMP Modification Layer Thickness on Band Bending 

Data collected regarding Vbb, film thicknesses, and NO2:Zn 2p or CF3:Zn 2p ratio for NP- and TFMP-

modified MBE-ZnO, respectively, in the previous sections are shown in Figure 6.21. Figure 6.21a shows 

the change in band bending compared to the thickness of NP and TFMP films on MBE-ZnO. However, 

Section 6.3.4 showed that the nature of these films, in particular NO2 and CF3 groups, can change 

independently of film thickness after stability treatments. As such, Figure 6.21b shows the changes in 

Vbb observed for different concentrations of NO2 and CF3 on NP- and TFMP-modified MBE-ZnO, 

respectively.  

 

Figure 6.21. Changes in band bending (ΔVbb) relative to as-received MBE-ZnO for (a) different 

thicknesses and (b) different NO2:Zn or CF3:Zn ratios of NP and TFMP modification layers on MBE-ZnO, 

collated from Sections 6.3.4.4.1 and 6.3.4.4.2. Band bending information was collected using fixed-

energy XPS (hν = 1486 eV). 

From Figure 6.21a, it appears that the effect of a TFMP modification layer on ΔVbb reaches a maximum 

when the TFMP film has a thickness of ~1.5 ± 0.3 nm and/or a CF3:Zn ratio of 0.17 (Figure 6.21b). This 

decreases downwards Vbb relative to as-received MBE-ZnO by +0.13 eV, while thicker films have no 

further effect on Vbb. Similarly, the maximum ΔVbb for NP-modified MBE-ZnO is seen when the NP layer 

is ~1.6 ± 0.3 eV thick or has a NO2:Zn ratio of ~0.18; NP layers of this thickness and thicker give ΔVbb = 

+0.24 eV. These ΔVbb values are smaller than observed using synchrotron XPS (Section 6.3.2.3), as 

expected due to the differences in photon energy and therefore probing depth.  



6      Aryldiazonium Ion Chemistry at MBE-Grown ZnO Thin Films 

236 
 

Two conclusions can be drawn from Figure 6.21. Firstly, NP groups have a greater effect on the band 

bending of MBE-ZnO than TFMP, as expected from their larger electron withdrawing ability. Secondly, 

to have maximum effect on ΔVbb of MBE-ZnO using NP or TFMP groups, the modification layer should 

be at least 3 phenyl layers thick, based on the heights of NP and TFMP.7 Monolayer and sub-monolayer 

coverage gives smaller ΔVbb, most likely due to the small number of electron-withdrawing groups 

present. Meanwhile, multilayers thicker than ~1.5 nm have no further effect on the band bending 

despite increased numbers of functional groups. It does not appear that having ‘extra’ groups on the 

surface is detrimental to the band bending effect. This suggests that grafting thicker films for increased 

protection of the ZnO substrate can be performed while still having the largest effect on MBE-ZnO 

band bending. 

A direct comparison cannot be made between thin NP and TFMP films on MBE-ZnO analysed with 

fixed-energy XPS (hν = 1486 eV) and thick NP and TFMP films on MBE-ZnO analysed with synchrotron 

XPS (hν = 150 eV, Section 6.3.2.3) due to calibration and photon energy differences. However, it is 

worth noting that Vbb changes observed via synchrotron XPS for 4 – 5 nm thick TFMP and NP films 

(+0.26 eV, +0.36 eV) are larger than those observed for thinner films via fixed-energy XPS (+0.15 eV, 

+0.25 eV). This is consistent with band bending being greater at the surface of MBE-ZnO than in the 

bulk, and the lower photon energy of synchrotron XPS being more surface sensitive compared to fixed-

energy XPS. While the direction of the band bending on NP-modified MBE-ZnO differs for samples 

analysed with synchrotron XPS and fixed-energy XPS, this is attributed a lack of calibration to an 

external reference sample for the latter. This means that the values for ζ determined from fixed-

energy XPS are not absolute values. However, in both cases NP films have a larger effect on Vbb than 

TFMP films, by ~0.1 eV, which confirms that both types of XPS instrument give reliable ΔVbb data.  

6.3.5 Persistent Photoconductivity of NP-Modified ZnO 

PPC measurements were carried out by Dr Rodrigo Martinez Gazoni on as-received and NP-modified 

MBE-ZnO. Samples were consecutively exposed to UV light (hν = 365 nm) in air and stored in dark 
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ambient conditions while their photocurrent was monitored, as seen in Figure 6.22. Upon the initial 

UV irradiation, the NP-modified sample shows an increase in current due to the desorption of 

atmospheric species and the release of electrons back to the SEAL (Section 1.1.3). This suggests that 

the NP film is porous and allows the adsorbates to leave the ZnO surface. The rate of decay to the 

conductivity baseline decreased on each subsequent UV exposure. Considering that adsorbates 

desorb from the ZnO surface upon UV illumination and re-adsorb after irradiation (Section 1.3),57 a 

longer photocurrent decay time might indicate that a change has happened within the modifying film 

that makes it more difficult for this re-adsorption to occur. However, because the same effect was 

seen on as-received ZnO (not shown), it is not inherent to the modified surface; this phenomenon was 

not investigated further.  

 

Figure 6.22. (a) Current measured for NP-modified MBE-ZnO upon 3 illuminations with 365 nm UV light 

(1.5 mW cm-2). Between these times, the sample was in darkness in air. (b) Change in current measured 

on as-received and NP-modified MBE-ZnO after 2 UV illuminations, shown with * in (a) for NP-modified 

MBE-ZnO. After illumination, samples were in darkness in air. 

Figure 6.22b shows the time taken for the current of NP-modified MBE-ZnO to return to a baseline 

(~60% of the maximum PPC value) compared to as-received MBE-ZnO, after 2 successive UV 

illuminations on each surface to ensure steady-state conditions. PPC data was not collected in a way 

that allowed the direct comparison of current on as-received MBE ZnO to NP-modified MBE-ZnO. 

However, Figure 6.22b shows that the time taken for the current on as-received MBE-ZnO to reach 
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60% of the original current is ~0.17 h. On NP-modified MBE-ZnO, the time taken for the photocurrent 

to return to two-thirds of the original value is ~0.42 h, which is approximately 2.5 times longer than 

for as-received MBE-ZnO. 

It appears that NP-modified ZnO can prolong the effects of PPC but not indefinitely. The NP-

modification serves to decrease the rate at which the conductivity returns to the original value, as also 

seen in Chapter 3 with ODPA on ZnO (Figure 3.18). However, the NP film appears to be less effective 

at increasing PPC than ODPA, which increased the recovery time of ZnO by 8 times relative to as-

received ZnO. This is likely due to the well-ordered structure of ODPA monolayers (~2.2 nm thick)7 as 

compared to ~1.3 nm of loosely-packed NP groups (Table 6.6). Furthermore, as seen in Section 

6.3.4.2.2, NP films do not appear to be stable to intense UV light, while ODPA-modified surfaces are 

more robust. 

6.4 Conclusions 

Sb-doped MBE-ZnO samples were electrochemically grafted with NP and TFMP films. The straight-

forward modification method was more reproducible on these samples than single-crystal ZnO sample 

with lower charge carrier concentrations. Surface-sensitive synchrotron XPS was used to fully assign 

the O 1s spectrum and determine the presence of Zn-O-C bonds on the surface. While no Zn-C 

evidence was seen in the C 1s or Zn 2p spectra, direct Zn-C binding cannot be ruled out. However, it is 

most likely that binding occurs via surface O groups as seen for other metal oxides. 

Synchrotron XPS also showed that NP and TFMP modification layers of 4 and 5 nm thick, respectively, 

decreased downwards band bending on ZnO, with TFMP removing it completely and NP producing 

upwards band bending and an insulating surface. Upon deliberate synchrotron XPS reduction of NP 

groups to amine-like groups, upwards band bending increased to ~+1 eV. This is a very large but 

unexpected change and is promising for FET-based devices which require the surface to be non-

conducting. The change is proposed to be due to photoelectrons from ZnO participating in the 

reduction of NP groups. Further analysis of the reduced films is warranted to fully characterise the 
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reduced NO2 groups. If NO2 groups are involved in XPS-induced polymerisation via N-H bonds, this 

could make the layers more stable. On the other hand, NH2-type functional groups offer the potential 

of coupling with sensing molecules via amide bond formation. 

The dipping method provided a more flexible method of modification compared to the O-ring method 

but resulted in thinner films as determined by XPS due to the use of lower concentrations of NBD and 

TFMBD. To graft thicker films, a higher aryldiazonium salt concentration should be used, or multiple 

CV scans could be performed to graft more aryl radicals to the surface. Furthermore, protecting the 

metallic contact from the aryldiazonium ion solution would mean that more precise current densities 

could be determined, aiding the correlation of CVs to the characteristics of the produced film. 

Thin NP layers on ZnO proved to be stable to long-term storage and treatment in weakly acidic 

aqueous conditions, but chemically changed to a small extent when heated, and were significantly 

degraded on exposure to intense UV light. TFMP films were stable to heat and storage in the dark, but 

the surfaces degraded under UV and acidic conditions. The apparent chemical and electronic stability 

of NP-modified MBE-ZnO to acidic conditions (pH 5) suggests that NP-modified ZnO could be used in 

aqueous conditions with pH values of biological interest. This means that NP films could be a promising 

protective layer for ZnO-based biological sensors, especially as they are also stable to long-term 

storage. Furthermore, controllable reduction of NP groups to amino groups is expected to provide a 

pathway to functionalisation of ZnO with biosensing groups. TFMP films appear more porous than NP 

films and would be more suited to use in dry devices. Neither NP- nor TFMP-modified ZnO appear to 

be suitable for UV-based devices. 

Fixed-energy XPS analysis, also as expected, showed that NP and TFMP layers on MBE-ZnO decrease 

downwards band bending on MBE-ZnO. The band bending effect is controllable by the film thickness: 

NP and TFMP films thinner than 1.5 ± 0.3 nm and 1.6 ± 0.3 nm, respectively, have less effect on the 

band bending than thicker films. This shows that thicker films can be deliberately grafted for stability 

purposes while maintaining the maximum effect on the band bending. 
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PPC measurements showed that atmospheric species can diffuse through thin NP modifying films, 

which are unable to prevent photoinduced conductivity changes on MBE-ZnO. However, PPC was 

lengthened on the modified sample, showing that aryldiazonium-derived films, although porous to 

gaseous species, influence the rates of adsorption and desorption on ZnO. Thicker aryl films may be 

able to further prolong PPC, and again could be grafted via repeated CVs. However, long-term effects 

of UV light are expected to degrade NP films on MBE-ZnO.  
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7 Conclusions and Future Work 

ZnO is a transparent metal oxide semiconductor with a range of electronic device applications 

including solar cell electrodes, biosensors, and UV detectors. Unusually, it has significant downwards 

band bending and a 2-dimensional electron gas at the surface due to OH termination, which gives 

surface metallicity. The aim of this thesis work was to determine surface modifiers and methods 

suitable for tuning this band bending, with the overall aim of permanently removing it. Robust and 

straight-forward attachment of organic modifiers is useful for the development of efficient and stable 

electronic devices, such as sensors, on metal oxides. In this work, phosphonic acids (PA), thiols, and 

aryldiazonium ions were investigated as precursors to covalently-bonded organic modification layers 

on ZnO. Furthermore, the effects of these modification methods on each of the three main crystal 

faces of ZnO was explored.  

7.1 Conclusions 

Figure 7.1 shows the change in band bending achieved on different ZnO surfaces with covalently-

bound modifiers (a table of these values, obtained from XPS valence band measurements, can be seen 

in Appendix 8.5).  Because different photon energies were used for analysis, the magnitudes are not 

directly comparable as they are probed at different sample depths: smaller photon energies probe 

closer to the surface, where band bending is greatest. Thus, for a particular sample, the band bending 

will be bigger when measured by surface-sensitive synchrotron XPS than fixed-energy XPS. It is difficult 

to extract a trend with confidence given the small number of samples, different crystal types, and 

different photon energies used. Unfortunately, single crystal ZnO samples and XPS analysis are both 

expensive, which limited modification and analysis of duplicate samples. However, Figure 7.1 shows 

that downwards band bending on ZnO can be either increased or decreased, depending on the 

modifier choice. 
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Figure 7.1. Changes in surface band bending relative to as-received ZnO as determined from XPS and 

UPS valence band spectra for surface-modified Zn-polar, O-polar, m-plane, and Sb-doped MBE-grown 

ZnO. Photon energies used were 150 eV (ODPA-, F13OPA-, and PFBPA-modified single crystals; NP- and 

TFMP-modified MBE-ZnO), 21.2 eV (ODT-modified single crystals), and 1486 eV (F13OT-, ITC-, and NP-

modified single crystals). For duplicate samples, the largest change in band bending is reported. 

*Successfully electrochemically reduced in ethanolic KOH (as determined by core level XPS N 1s 

spectra). ǂReduced using synchrotron XPS.  

Surface modification with PA was investigated because of the wealth of previous work on PA 

modification of metal oxides. Through water contact angle and XPS measurements, the surface 

coverage could be estimated. Of the three ZnO faces examined, O-polar and m-plane ZnO typically 

gave the largest molecular surface concentrations. The m-plane has the highest surface OH 

concentration of the three ZnO faces (2.2 × 10-9 mol cm -2 compared to 1.8 × 10-9 mol cm-2) and the 

spatial arrangement of OH groups is different to that of Zn-polar and O-polar faces. However, the 

uncertainties of the calculated surface modifier concentrations do not allow the effect (if any) of 

surface OH concentration or spatial arrangement to be discerned. PA binding modes on ZnO were 

determined by examining XPS data. While there were differences in binding modes between 

modifiers, there was little difference between different ZnO faces modified with the same PA, 
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suggesting that the modifiers themselves have a larger effect on binding than do the differences in 

the ZnO face reactivities. F13OPA molecules on Zn-polar, O-polar, and m-plane ZnO were 

unambiguously determined to bind in a tridentate mode. PFBPA on all ZnO faces was also observed 

to have significant tridentate character, although bidentate PAs were most likely also present. ODPA 

was found to bind with a mixture of bi- and tridentate modes. Additionally, it appeared that both 

PFBPA- and ODPA-modified ZnO were likely to have physisorbed multilayers which were stable to 

sonication.  

Synchrotron XPS showed that modifications with ODPA and F13OPA resulted in increased downwards 

band bending on all three ZnO faces. While this was expected for ODPA, the F13OPA result was 

surprising because of the strong electron-withdrawing properties of F. However, analysis of the effects 

of modification was complicated by decomposition of the molecules during XPS analysis, which 

liberated a significant amount of F from the organic modifier. The F appeared to interact with Zn atoms 

to give donor-like effects. PFBPA was also analysed with synchrotron XPS using a lower photon flux to 

decrease decomposition. The modifier decreased the downwards band bending on all three faces, 

suggesting that the modifier was effective at removing electron density from the ZnO surface despite 

having a non-conjugated CH2 group between the PA headgroup and the fluorinated functional group. 

When XPS irradiation was used to deliberately decompose PFBPA molecules leading to some loss of 

F, an insignificant difference in band bending was seen. This indicates that the electronic effects of the 

PFBPA modification are stable to small changes in the fluorination of the modification layer. 

Importantly, this result may suggest that changes can be made to an initial modifying layer through 

further coupling reactions with functional molecules, without significantly changing the electronic 

properties.  

XPS experiments showed that PFBPA modifiers on ZnO were stable to storage in the dark for 2 months 

but degraded when irradiated with intense UV light. The effect of UV light on F13OPA-modified ZnO 

(all faces) was analysed by water contact angle measurements and showed a loss of surface 
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hydrophobicity after relatively short term (2 h) exposure to UV light. Similar results were seen for 

ODPA-modified Zn-polar ZnO. In contrast, ODPA-modified O-polar and m-plane ZnO appeared stable 

to UV light; this difference was attributed to increased surface coverage on the O-polar and m-plane 

faces, as well as Zn-polar ZnO having the highest catalytic activity of the three faces. Furthermore, 

ODPA modification on O-polar ZnO was able to extend the duration of persistent photoconductivity 

from 2 days to 2 weeks.  

Thiol attachment to ZnO was investigated because of seemingly inconsistent reports of the binding 

mode and stability; however, reproducible modification proved challenging. O-polar ZnO was 

modified with ODT to give significant ‘thiolate’ XPS signals. However, when rinsed with a solvent in 

which the thiol is soluble, a significant proportion of these molecules were removed, leading to the 

conclusion that they were unreacted, non-oxidised, physisorbed thiols, not bound to ZnO. When 

exposed to short periods of air (< 1 day), thiols were further removed or were oxidised to sulfonate-

like head groups, resulting in approximately a monolayer of sulfonate-type modifiers on Zn-polar and 

m-plane ZnO. Non-oxidised thiols remained on O-polar ZnO and this difference was attributed to the 

relative catalytic activities of O-polar, Zn-polar, and m-plane ZnO: at the more active Zn-polar and m-

plane faces, all thiols are oxidised to sulfonates. F13OT was shown to desorb from ZnO within several 

days, while after 40 days, ODT-modified ZnO surface concentrations halved for Zn-polar and m-plane 

ZnO and remained constant for O-polar ZnO. None of the layers formed by modification of ZnO with 

thiols gave significant band bending. The nature of the modifying layer formed when ITC was reacted 

with ZnO is unclear, but it significantly increased the downwards band bending, measured with a high 

photon energy (hν = 1486 eV), relative to as-received ZnO. This effect is interesting, but it was reversed 

within 5 days along with desorption of the modifier. This suggests the modifier would have no practical 

application.  

This work showed that it is difficult to obtain well-defined modifying layers on ZnO using thiol 

derivatives. The catalytic activity of the substrate appears to have a significant effect on the layer and 
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this factor, plus the sensitivity to oxidation and variable conditions used for reacting and rinsing ZnO, 

leads to variability in literature reports. For practical applications, however, it is recommended that 

thiols are not further pursued as a modifier for ZnO, as PAs and films grafted from aryldiazonium ions 

are better-understood and are more robust to atmospheric conditions than thiols. If thiol modification 

was pursued, the O-polar face would be recommended over the more catalytic Zn-polar and m-plane 

faces.  

Very little previous work has been reported concerning the use of aryldiazonium ions to modify ZnO 

and there were no reports of systematic studies of the different ZnO faces or the effect of modification 

on electronic properties. Electrochemical grafting on single-crystal ZnO from nitrobenzenediazonium 

ions gave nitrophenyl (NP) multilayers of 1 – 7 nm, although spontaneous grafting was not successful. 

The solubility of ZnO in acid precluded use of that grafting medium, so all modification experiments 

with aryldiazonium ions used ACN as the solvent. The NP layer thicknesses appeared to be influenced 

by the relative charge carrier concentrations of the ZnO faces, with the low carrier concentration of 

the m-plane face giving the thinnest NP layers under similar electrochemical conditions to O-polar ZnO 

modification. As found for other substrates, the layer thicknesses depended strongly on the negative 

potential limit of the grafting cyclic voltammogram. The proposed grafting mechanism is the same as 

that suggested for other metal oxides, resulting in an estimated ~30% of surface OH groups reacting 

to give direct Zn-O-C bonds, and approximately 1 azo linkage for every ~6 phenyl groups. To further 

explore the electrochemistry of aryldiazonium ions, Sb-doped O-polar ZnO thin films, prepared by 

MBE, were also grafted with NP and trifluoromethylphenyl (TFMP) multilayers, and similar XPS results 

to those obtained on single crystal ZnO were observed. Additionally, electrochemical grafting of both 

NP and TFMP layers on this surface appeared to be very reproducible, a result attributed to the higher 

charge carrier concentration of MBE-ZnO.  

When measured with fixed-energy XPS (hν = 1486 eV), NP films showed a decrease in downwards 

band bending on Zn-polar, O-polar, and m-plane faces by a maximum of +0.26 eV, +0.23 eV, and +0.25 
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eV, respectively. These were similar to values observed on PFBPA-modified ZnO analysed with the 

more surface-sensitive photon energy of hν = 150 eV, which indicates that the absolute change in 

band bending was greater on NP-modified ZnO than PFBPA-modified ZnO. These values were obtained 

when the NP film thickness was > 1 nm; thinner films did not have a large effect on the band bending. 

Synchrotron XPS showed that 5 nm thick NP films and 4 nm thick TFMP films on MBE-ZnO changed 

the downwards band bending by +0.36 eV and +0.26 eV, respectively. This resulted in upwards band 

bending on NP-modified MBE-ZnO (+0.10 eV) and flat bands on TFMP-modified MBE-ZnO (+0.00 eV). 

Thinner films on MBE-ZnO (~1.5 nm for NP, ~1.6 nm for TFMP) were investigated with fixed-energy 

XPS (hν = 1486 eV) and found to decrease downwards band bending by +0.16 eV and +0.13 eV, 

respectively. The band bending changes were attributed to the electron-withdrawing nature of NP 

and TFMP groups, but surprisingly, electrochemical reduction of grafted NP groups on single crystal 

ZnO in basic medium slightly increased the downwards band bending relative to that of the NP-

modified surface. This is a surprising find because XPS analysis supported the formation of 

aminophenyl groups (as expected), and amino substituents are known to be electron donating. 

However, when synchrotron XPS was used to induce reduction of NP groups on MBE-ZnO to 

aminophenyl groups, upwards band bending increased to +0.75 eV, a total change in band bending of 

+1.0 eV. Again, this result was unexpected as it appeared from core level N 1s spectra that NP group 

had been reduced to amine groups. It is proposed that ZnO valence band photoelectrons generated 

during XPS measurements participate in NP reduction, leaving behind an electron depletion region at 

the substrate surface. It may be that a similar mechanism occurs to a lesser degree during 

electrochemical reduction of NP groups. The magnitude of the upwards band bending is greater than 

has been reported with any other covalently-bound chemical modifier and provides promise for FET-

based devices which require an electron-depleted surface. It also offers a starting point for further 

functionalisation of ZnO.  

An attempt to chemically reduce NP films with ethanolic Na2S removed the modifying films, but S- and 

Na-containing species remained on the surface, with S 2p binding energies indicative of Zn-S 
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interactions. The VB spectra showed a very reproducible shift in band bending for Na2S-treated single 

crystal O-polar ZnO. The resulting change in band bending, measured with fixed-energy XPS (hν = 1486 

eV), was +1.95 eV relative to as-received O-polar ZnO. This very significant shift was also observed on 

MBE-ZnO and suggests that the ZnO surfaces were insulating well into the bulk of the material. Such 

a modification could be excellent in FET applications where a dielectric termination layer is required 

on the metal oxide. However, similar reports concerning Na2S treatment of GaAs suggest that the 

band bending effect may be short-lived (~3 days) so the importance of this result is unclear.  

Through XPS and AFM measurements, NP films grafted to MBE-ZnO were shown to be unaffected by 

storage in the dark for ~3 months or immersion in acidic conditions (pH ~5). Conversely, the chemical 

composition of the film was affected by heat, and UV irradiation was shown to degrade the film and 

decrease its thickness by 50%. On the other hand, TFMP-modified MBE-ZnO was stable to both heating 

and storage in the dark for 2 months but was affected by UV irradiation and acidic solution. The 

degradation under UV was expected, and the differences between the modifiers in acidic conditions 

were likely due to the relative density of aryl groups on the surface.  

NP layers were shown to prolong the effect of PPC on MBE-ZnO surfaces but were less effective than 

ODPA; this was attributed to the film being thinner and more disordered than the ODPA layer. 

Additionally, the hydrophobicity of ODPA compared to NP may influence the rate of re-adsorption of 

atmospheric species. Moreover, NP layers were shown to desorb under UV light while ODPA appeared 

stable. It was seen that consecutive UV irradiation periods increased the PPC recovery time, as also 

seen for as-received ZnO. This is an interesting phenomenon that could affect the ability of ZnO to 

perform reliably in UV conditions and thus should be investigated to determine the cause of this 

change and whether ODPA or other organic layers are able to prevent it occurring.  

In summary, this thesis work showed that the native downwards band bending on ZnO surfaces can 

be tuned up to ~1.0 eV in the positive direction and at least ~0.8 eV in the negative direction (hν = 150 

eV) using covalently-bound organic modifiers which have varying stabilities on the surface in different 
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conditions. This establishes the potential for surface-modified ZnO to be used in a variety of 

transparent devices which require a non-conducting semiconductor surface for efficient performance. 

It was shown that aryldiazonium ions can be electrografted to single crystal ZnO and MBE-ZnO and for 

the first time, the binding mode was characterised. This work showed that modifications via 

phosphonic acids and aryldiazonium ions are promising for removing downwards band bending from 

ZnO, using either fluorinated modifiers or molecules functionalised with NO2 groups. This gives some 

flexibility in modifier choice for future ZnO-based devices. Because there is little difference between 

the modification of different crystallographic faces, the approaches outlined here would be suitable 

for chemically modifying the surfaces of nanostructures comprising mostly of m-plane ZnO, such as 

nanowires. 

7.2 Future Work  

In this work, there were several intriguing observations regarding the fundamental behaviour of ZnO 

during and after surface modification which were not followed up. Additionally, this work showed that 

changes in band bending upon the addition of covalently-attached modifiers can be observed using 

XPS in UHV conditions, but it now needs to be determined how these changes affect the behaviour of 

ZnO in practical applications in ambient conditions. 

Firstly, thiol modification is not recommended for practical applications, but because oxidised 

sulfonate-type ODT on ZnO appeared to be relatively stable during storage in air and darkness, it may 

be worth investigating the ability of an already-oxidised sulfonate group, for example a long-chain 

sulfonic acid, to bind to ZnO, and to compare its stability to that formed by an analogous phosphonic 

acid. However, its effect on band bending is expected to be similar to those of phosphonic acids due 

to the oxidised headgroup. 

Na2S treatment of O-polar ZnO (both single crystal and MBE thin films) resulted in a very large 

decrease in downwards band bending. Based on previous reports on different semiconductor 

materials, the long-term stability of this effect should be investigated. The effect of Na2S on the other 
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main faces of ZnO should also be determined, in case it is specific to the O-polar face. Angle-resolved 

XPS may be useful for determining whether S and Na are on the surface of ZnO, or whether they have 

become incorporated into the lattice. In the case of the latter, further surface modification could be 

attempted to potentially provide a protective layer for the Na2S-treated ZnO and retain the electron-

depleted surface for longer than a few days: even a modification layer which increases downwards 

band bending would be unlikely to completely reverse the very large upwards band bending caused 

by the Na2S treatment.  

Both PFBPA and NP modifications decreased the downwards band bending at single crystal ZnO, but 

their chemical differences mean that the modified surfaces would be suited to different applications. 

The fluorinated nature of PFBPA is most suited for simply passivating the SEAL of ZnO and protecting 

the surface from atmospheric species, without any further functionalisation. Meanwhile, NP groups 

on ZnO can be reduced to aminophenyl groups that can be coupled with recognition species for 

chemical and biosensing transistors with a reactive surface, while retaining an insulating surface. 

However, the exact nature of the ‘amino’ groups at the surface needs to be determined to fully 

understand their effect on band bending. Furthermore, XPS is not an efficient method for chemically 

modifying NP films for application purposes due to the micron-sized analysis area, large cost, and time 

constraints. It would be interesting to observe the effect on band bending if NP groups were reduced 

by direct electron beams from a flood gun or scanning electron microscope. This experiment could 

help determine the cause of the upwards band bending as well as potentially provide a larger area of 

NP reduction. There are reports of NP reduction via electron beams, but no investigation into the 

resulting band bending has yet been performed. Further investigation into electrochemical reduction 

of NP films at ZnO and other semiconductors should be carried out, as it should be a straightforward 

process. In this work, only one electrolyte was used, but other non-acidic electrolytes could be 

pursued, such as ethanol and water. These may allow successful reduction of NP groups on Zn-polar 

ZnO, and more complete reduction of NP groups on O-polar and m-plane ZnO. 
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It appears from this work that an electron-donating aryldiazonium ion substituent, such as an amino 

group, cannot be assumed to increase downwards band bending on ZnO. Similarly, the band bending 

of PFBPA-modified ZnO showed little change when F was liberated from the modifying molecules. 

Electron-donating aryl substituents such as methoxy or methyl groups should be investigated to clarify 

the role of aryl substituents in the ZnO band bending. Other modifier substituents such as azides and 

ethynyls may decrease the downwards band bending of ZnO while being able to react with sensing 

molecules. A broad range of aryldiazonium ion precursors are available for relatively low cost 

compared to phosphonic acid derivatives and would thus be a practical route to obtaining a wide 

range of ZnO modifiers. Computational models of these modifiers on ZnO surfaces could also help 

with understanding the electron transfer processes within a film, as it appears that comparing dipole 

moments of substituted benzene rings is not sufficient to predict the direction of ZnO band bending. 

The multilayer nature of the aryl films is a complicated system to investigate computationally, 

especially due to the presence of azo linkages. However, this work showed that aryl rings attach to 

ZnO via Zn-O-C bonds, which gives a valuable starting point for the structure of the multilayer and thus 

the electron density calculations. This work also gives an indication of the number of azo groups in the 

film per aryl substituent. From computational and practical experiments, a database of modifiers that 

tune band bending on ZnO and other metal oxides with native downwards band bending (SnO2, CdO, 

In2O3, InN) could be collated to allow rational choice of modifier to achieve the desired surface band 

bending. Also, there exist transparent metal oxides such as Ga2O3 that have native upwards band 

bending and a surface electron depletion layer. Preliminary work on tuning the band bending of this 

material has already begun. The effect of electron withdrawing and donating aryl substituents on 

these surfaces may also help in determining the role of surface electrons in the band bending of 

covalently-modified materials. 

Preliminary stability tests suggest that NP modification layers are best suited to aqueous biosensing 

applications, while TFMP layers may be more suited to dry conditions. Neither film is stable when 

exposed to 365 nm UV light, but further investigation into the relationship between film stability, 
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wavelength, and intensity of UV light is necessary. Likewise, further tests should be carried out to 

determine the full pH range in which NP- and TFMP-modified ZnO is stable. This was not done here 

due to the limited availability of MBE-ZnO samples but will be necessary for aqueous solution-based 

applications involving aryl layers on ZnO. Furthermore, aryl groups with different substituents may 

prove to give denser, more protective layers on ZnO, or be inherently less susceptible to UV light and 

acidic conditions, while still decreasing downwards band bending. 

Similarly, the disordered multilayer nature of NP films appears to allow the adsorption and desorption 

of atmospheric species, the process of which causes PPC. By applying more negative potentials during 

grafting, it should be possible to graft thicker, more blocking films. Hydrophobic films may be more 

successful in prolonging PPC, so hydrophobic aryl substituents, including trifluoromethyl groups, 

should be investigated in relation to PPC. There are also methods for controlling the grafting of aryl 

layers at carbon and metal surfaces which could be applied to ZnO to form a more ordered, denser 

modification layer with more bonds to the surface. In this work, it appeared that many OH groups on 

MBE-ZnO did not react with aryl radicals to give Zn-O-C bonds. If a greater fraction of OH groups 

undergo reaction with aryl radicals, the multilayer is expected to be denser and more protecting, and 

the effect on band bending might also increase, as the aryl layers would have more direct bonds with 

the surface. The density of the molecules may be difficult to analyse by electrochemistry if there is no 

redox-active substituent, but relative densities could be determined by comparing the effects of 

differently-modified samples on PPC. Pre-modification treatment of the bare ZnO could also be 

investigated: UV irradiation prior to electrochemical grafting would remove adsorbates and may 

prevent PPC from occurring on the modified surface. The surface would also become more 

hydrophilic, which may hinder or help the electrochemical grafting process. 

Clearly, electrochemistry at single crystal ZnO surfaces is far from straightforward and it should be 

further investigated to achieve fundamental understanding of the grafting process at the different 

faces. While thicker aryl films can be grafted by using a more negative potential than for thinner films, 
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and larger reduction currents generally result in thicker films, questions about the mechanisms 

remain. In general, it appeared that there were no obvious trends in reactivity of different ZnO faces 

towards aryldiazonium ion grafting, and the role of surface topography, defects, and catalytical 

properties is unclear. Factors such as scan rate, aryldiazonium salt concentration, and potential range 

also control the rate of growth and can be further optimised for ZnO faces. Furthermore, the 

modification methods outlined in this work could be extended to other metal oxide substrates. While 

electrochemical grafting on ITO and SnO2 has been performed previously, the effects of band bending 

have not been reported, and removal of downwards band bending could increase the efficiency and 

reproducibility of devices based on these materials.  
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8 Appendices 

8.1 Phosphonic Acid Modifiers on Single Crystal ZnO 

8.1.1 AFM Images of Phosphonic Acid-Modified ZnO 

Figure 8.1 shows topographical AFM images obtained on ODPA-, F13OPA- and PFBPA-modified Zn-

polar, O-polar, and m-plane ZnO after synchrotron XPS analysis. Table 8.1 shows the corresponding 

root mean square roughnesses. 

 

Figure 8.1: AFM images for (a, d, g, j) Zn-polar, (b, e, h, k) O-polar, and (c, f, i, l) m-plane ZnO, modified 

with (a, b, c) ODPA, (d, e, f) F13OPA, and (g, h, i) PFBPA. (j, k, l) are as-received samples. The horizontal 

scale bar is 1 µm. 

10 nm

0 nm

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)
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Table 8.1. AFM root mean square roughness values for ODPA-, F13OPA-, and PFBPA-modified Zn-polar, 

O-polar, and m-plane ZnO. 

Sample Ra (nm) 

 Zn-polar O-polar m-plane 

ODPA 0.3 0.5 0.9 

F13OPA 0.4 1.3 1.5 

PFBPA 1.1 0.5 0.6 

As-received (after Synchrotron) 0.5 0.5 0.4 

 

AFM depth profile experiments, as outlined in Chapter 2, were attempted on PA-modified samples to 

determine the thickness of the film. However, these proved to be inconclusive. Bare ZnO is a relatively 

soft material, and as such is easily scratched during contact mode AFM, even at very low setpoint 

voltages (Figure 8.2). Typically, the bare ZnO is scratched a known amount x at a specific voltage 

setpoint (Figure 8.2), and a modified sample scratched under the same conditions would be expected 

to have a scratch height of x + y, where y is the height of the modification layer. However, PA layers 

proved to be mechanically strong, requiring a high setpoint voltage (> 0.6 V) for the tip to break 

through: for very long or fluorinated molecules, the tip was still unable to scratch through the 

modifier. At this high voltage, the scratch height on bare ZnO is ≥ 1 nm. This is a similar scale to the 

height of the aromatic PA modifiers used, making the error in calculation too large to be meaningful. 

As such, the scratching method for PAs and thiols was ignored, and only the native topography of 

modified images could be analysed by AFM. 
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Figure 8.2: Tapping-mode AFM images of as-received (a) Zn-polar and (b) O-polar ZnO samples after a 

1 µm x 1 µm square was scratched into the surface using contact-mode AFM with a setpoint voltage 

of 0.2 V. Line profiles indicate the depth of each scratch. 

8.1.2 Comparison of Fixed-Energy XPS Results for Phosphonic Acid Modifiers on ZnO 

XPS was carried out to quantitatively determine differences between PA modifiers on Zn-polar, O-

polar, and m-plane ZnO. Figure 8.3 shows a survey XPS spectrum for unmodified ZnO and the typical 

elements present.  

 

Figure 8.3. Fixed-energy XPS survey spectrum and peak assignments for as-received Zn-polar ZnO.  

(a) (b) 10 nm

0 nm
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A selection of fluorinated and non-fluorinated alkyl chains and aromatic groups were chosen as the 

tail groups of the phosphonic acids. The atomic percentages of each modified sample are shown in 

Table 3.3, and the fixed-energy XPS spectra are shown in Figure 8.4. Further elemental ratios are 

shown in Table 8.3. 

Table 8.2. Fixed-energy XPS atomic percentages for as-received and PA-modified ZnO faces (ASF-

corrected). VBPA = (4-vinylbenzyl)phosphonic acid. 

Face Modifier Zn % O %  C % P % F % 

Zn-polar As-received 23 45 32 0 0 
 

F13OPA 17 37 17 2 26 
 

ODPA 8 30 59 3 0 
 

PFBPA 33 43 15 2 8 
 

VBPA 9 40 48 3 0 

O-polar As-received 21 43 36 0 0 
 

F13OPA 17 36 18 2 27 
 

ODPA 14 35 49 2 0 
 

PFBPA 29 47 16 3 6 
 

VBPA 13 37 46 4 0 

m-plane As-received 27 41 33 0 0 
 

F13OPA 16 29 20 2 33 
 

ODPA 9 28 60 3 0 
 

PFBPA 23 36 23 3 14 
 

VBPA 12 39 46 3 0 
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Figure 8.4: P 2p, F 1s, C 1s, O 1s, and Zn 2p fixed-energy XPS spectra for (A) Zn-polar, (B) O-polar, and 

(C) m-plane ZnO, modified with (ii) F13OPA, (iii) ODPA, (iv) PFBPA, (v) VBPA. Spectra (i) are of the 

solvent-cleaned reference samples. All spectra have been offset for clarity, and area-normalised to the 

Zn 3s peak area (binding energy = 140 eV) except where rescaled and noted. 

Table 8.3: ASF-corrected elemental ratios obtained from the UW XPS spectra for Zn-polar, O-polar, and 

m-plane ZnO modified with an assortment of phosphonic acids and their as-received (as-rec.) samples. 

Face Modifier P 2p:Zn 
3s*  

P 2p:Zn 
2p  

F-C:F-
Zn 

C:Zn CFx:P F:P O:Zn % Osurf. 

Zn-polar As-rec. 0 0 
 

1.4 
  

1.9 51 
 

F13OPA 0.12 0.15 27 1.0 3.4 7.6 2.2 43 
 

ODPA 0.17 0.32 
 

7.2 
  

3.6 77 
 

PFBPA 0.08 0.06 
 

0.4 0.19 0.38 1.3 41 
 

VBPA 0.21 0.36 
 

5.2 
  

4.3 67 

O-polar As-rec. 0 0 
 

1.7 
  

2.1 49 
 

F13OPA 0.12 0.14 26 1.0 3.8 8.4 2.1 47 
 

ODPA 0.11 0.17 
 

3.6 
  

2.5 50 
 

PFBPA 0.10 0.09 17 0.53 0.11 0.22 1.6 47 
 

VBPA 0.21 0.32 
 

3.6 
  

3.0 60 

m-plane As-rec. 0 0 
 

1.2 
  

1.5 51 
 

F13OPA 0.12 0.14 23 1.2 4.9 11 1.9 73 
 

ODPA 0.17 0.35 
 

6.9 
  

3.2 74 
 

PFBPA 0.13 0.12 86 1.0 0.24 0.48 1.6 62 
 

VBPA 0.17 0.23 
 

3.7 
  

3.1 82 

* denotes ratios that are not ASF-corrected 
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Figure 8.5 displays the differences in PA concentrations on ZnO faces by way of comparing the P 2p 

and Zn 2p peak areas for each modified sample. 

 

Figure 8.5: Fixed-energy XPS peak area ratios for P 2p and Zn 2p signals arising from F13OPA-, ODPA-, 

PFBPA-, and VBPA-modified Zn-polar, O-polar, and m-plane ZnO. 
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8.1.3 Water Contact Angles for ODPA-, F13OPA-, and PFBPA-modified ZnO 

Table 8.4 shows the water CA and surface concentrations for as-received and ODPA-, F13OPA-, and 

PFBPA-modified Zn-polar, O-polar, and m-plane ZnO. 

Table 8.4. Water contact angles and molecular surface concentration, estimated from synchrotron XPS, 

for single-crystal Zn-polar, O-polar, and m-plane ZnO samples modified with F13OPA, ODPA, and PFBPA. 

Face Modifier Water CA (°) Image Molecules nm-2 
(Synchrotron XPS) 

Zn-polar As-received 64 ± 4 

 

- 

 
F13OPA 89 ± 18 

 

1.7 

 
ODPA 77 ± 5 

 

4.3 

 
PFBPA 76 ± 11 

 

3.9 

O-polar As-received 56 ± 2 

 

- 

 
F13OPA 86 ± 2 

 

1.3 

 
ODPA 106 ± 4 

 

5.6 

 
PFBPA 85 ± 3 

 

4.3 

m-plane As-received 48 ± 2 

 

- 

 
F13OPA 93 ± 8 

 

2.0 

 
ODPA 97 ± 4 

 

7.0 

 
PFBPA 83 ± 6 

 

3.8 
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8.1.4 Comparison of Synchrotron XPS Results for Phosphonic Acid Modifiers on ZnO 

Table 8.5 compares synchrotron XPS results for ODPA, F13OPA, and PFBPA modifiers on ZnO.  

Table 8.5: Synchrotron XPS data for ODPA-, F13OPA-, and PFBPA-modified single crystal ZnO. Those 

marked with * are CrysTec, while all others were Tokyo Denpa samples.  

Face Modifier Zn 3s : P 2p F-Zn:F-C Zn:C P:F Δsurf (eV) % Surface O 

Zn-polar As-received 1:0.05 - 1:3.2 - 1.17 57 

  OPDA 1:4.0 - 1:7.9 - 1.12 82 

  F13OPA 1:1.6 1:1 1:1.6 1:0.8 1.00 64 

  PFBPA* 1:3.7 1:101 1:15.7 1:2.2 1.17 80 

  As-received* 1:0.3 - 1:11.5 - 1.50 64 

O-polar As-received 1:0.2 - 1:4.4 - 1.66 61 

  OPDA 1:5.3 - 1:14.0 - 1.07 95 

  F13OPA 1:2.1 1:2 1:2.0 1:1.2 0.96 71 

  PFBPA* 1:4.0 1:52 1:17.1 1:2.4 1.10 83 

  As-received* 1:0.3 - 1:13.1 - 1.26 67 

m-plane As-received 1:0.3 - 1:3.0 - 1.39 61 

  OPDA 1:6.6 - 1:19.9 - 1.17 97 

  F13OPA 1:2.0 1:1 1:2.4 1:0.9 1.01 79 

  PFBPA* 1:3.6 1:30 1:14.2 1:2.0 1.12 78 
 

As-received* 1:0.2 - 1:21.0 - 1.49 57 
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8.2 Thiol and Sulfur-Containing Modifiers on Single Crystal ZnO 

8.2.1 NMR Spectrum of Octadecanethiol 

Figure 8.6 shows a calculated and experimental 13C NMR spectrum for the octadecanethiol used in 

this work. 

 

Figure 8.6: 13C NMR spectrum for ODT; (a) calculated and (b) obtained from ODT used in this work. 

Spectrum collected by Sarah Guillot, UW-Madison. 
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8.2.2 Fixed-Energy XPS Comparison of Thiol-Like Modifiers on Single Crystal ZnO 

Table 8.6 shows the atomic percentages obtained from fixed-energy XPS for ODT-, F13OT-, 4TFMBM-, 

and ITC-modified Zn-polar, O-polar, and m-plane ZnO. 

Table 8.6. Atomic percentages from fixed-energy XPS analysis of ODT-, F13OT-, 4TFMBM-, and ITC-

modified Zn-polar, O-polar, and m-plane ZnO. 

 
Zn % O % F % S % C % N % 

Zn-polar       

ODT 29 43 0 0.2 27 - 

F13OT 31 47 2 0.4 19 - 

4TFMBM 29 45 0 0.4 26 - 

ITC 28 41 5 0.3 25 0.4 

O-polar       

ODT 18 36 0 1.2 45 - 

F13OT 30 46 4 0.4 20 - 

4TFMBM 29 43 1 0.5 26 - 

ITC 27 47 4 0.4 22 0.4 

m-plane       

ODT 15 48 0 0.1 36 - 

F13OT 26 41 15 1.2 16 - 

4TFMBM 32 47 0 0.5 20 - 

ITC 29 44 6 0.4 20 0.9 

 

 



8.2.3 ITC Modification of Zn-polar ZnO 

Figure 8.7 shows fixed-energy XPS spectra for ITC-modified Zn-polar ZnO when analysed 1, 3, and 5 

days after modification. A decrease in S and F is seen. Figure 8.7c shows the valence band spectrum 

for 5-day-old ITC-modified Zn-polar ZnO alongside an as-received sample. 

 

Figure 8.7. Fixed-energy XPS spectra (a) F 1s and (b) S 2p for Zn-polar ZnO modified with ITC, analysed 

(i) 1 day, (ii) 2 days, and (iii) 5 days after modification. Samples labelled with (i) were analysed with a 

pass energy of 93.3 eV, while all others were analysed with a pass energy of 29.93 eV. (c) Shows the 

valence band spectra for as-received (black) and ITC-modified ZnO (blue) 5 days after modification. 

Spectra have been offset and normalised to the Zn 2p peak area for clarity. 
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8.3 Nitrobenzenediazonium-Treated Single Crystal ZnO 

Figure 8.8 shows the fixed-energy XPS spectra obtained on m-plane ZnO treated with NBD under 

different ‘spontaneous’ conditions. Figure 8.9 shows synchrotron XPS spectra Zn-polar, O-polar, and 

m-plane ZnO treated with 1 mM NBD in ACN for 6 h. 

 

Figure 8.8: XPS spectra for (a) N 1s, (b) O 1s, and (c) C 1s regions of m-plane ZnO immersed in a range 

of NBD solutions: ACN, ACN and NBD, or water and NBD. All samples were solvent-cleaned prior to 

treatment, and where noted, were also pre-treated with either UV light or NaOH. Spectra have been 

normalised to the same Zn 2p peak area and vertically offset for clarity. 
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Figure 8.9: (A) N 1s and (B) C 1s synchrotron XPS spectra for NP-modified Zn-polar, O-polar, and m-

plane faces. Spectra have been normalised to the same Zn 2p peak area and vertically offset for clarity. 

8.4 Trifluoromethyl-Modified MBE-ZnO 

Figured 8.10 to 8.13 show core level, fixed-energy XPS spectra for TFMP-modified MBE-ZnO used in 

Section 6.3.4.3 to monitor the effects of various stability treatments. 

 

Figure 8.10. Fixed-energy XPS N 1s spectra for TFMP-modified MBE-grown MBE-ZnO before and after 

treatment with heat. (a) N 1s, (b) O 1s, (c) C 1s, (d) F 1s. Spectra have been normalised to the same Zn 

2p peak area and vertically offset for clarity. 
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Figure 8.11. Fixed-energy XPS F 1s spectra for TFMP-modified MBE-grown MBE-ZnO before and after 

treatment with UV light. (a) N 1s, (b) O 1s, (c) C 1s, (d) F 1s. Spectra have been normalised to the same 

Zn 2p peak area and vertically offset for clarity. 

 

Figure 8.12. Fixed-energy XPS O 1s spectra for TFMP-modified MBE-grown MBE-ZnO before and after 

treatment with acid. (a) N 1s, (b) O 1s, (c) C 1s, (d) F 1s. have been normalised to the same Zn 2p peak 

area and vertically offset for clarity. 
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Figure 8.13. XPS C 1s spectra for TFMP-modified MBE-grown MBE-ZnO before and after stored in dark 

conditions for 60 days. (a) N 1s, (b) O 1s, (c) C 1s, (d) F 1s. Spectra have been normalised to the same 

Zn 2p peak area and vertically offset for clarity. 
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8.5 Summary of Band Bending Changes Achieved on ZnO Surfaces 

Table 8.7 shows a summary of the band bending changes achieved in this work using a variety of 

covalently-bound organic modifiers. 

Table 8.7. Summary of band bending changes relative to as-received ZnO for Zn-polar, O-polar, and m-

plane ZnO modified with phosphonic acids (ODPA, F13OPA, PFBPA; hν = 150 eV), thiols and S-containing 

molecules (ODT, hν = 21.2 eV; F13OT, ITC; hν = 1486 eV), and electrochemically-grafted aryl layers (NP, 

TFMP; hν = 150 eV). For duplicate samples, the largest change in band bending is reported. 

Modifier Substrate hν (eV) Zn-polar ZnO 

ΔVbb (eV) 

O-polar ZnO  

ΔVbb (eV) 

m-plane ZnO 

ΔVbb (eV) 

ODPA Tokyo Denpa 150 ─0.14 ─0.62 ─0.39 

F13OPA  Tokyo Denpa 150 ─0.09 ─0.42 ─0.07 

PFBPA Tokyo Denpa 150 +0.22 +0.28 +0.37 

ODT CrysTec 21.2 ─0.34 +0.13 ─0.26 

F13OT  CrysTec 1486 ─0.3 ─0.2 ─0.0 

ITC CrysTec 1486 ─0.8 ─0.6 ─0.5 

NP CrysTec 1486 +0.26 +0.23 +0.25 

NP MBE-ZnO 1486 - ─0.24 - 

NP MBE-ZnO 150 - +0.36 - 

NP, reduced MBE-ZnO 150 - +1.01 - 

TFMP MBE-ZnO 1486 - ─0.13 - 

TFMP MBE-ZnO 150 - +0.26 - 

 

 

 

 

 

 


