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Abstract 

 

Interface by Design: Manipulating Interfacial Energetics and Carrier 

Dynamics of Si(111) via Surface Functionalization  

 

Dylan Gregory Boucher, Ph.D. 

The University of Texas at Austin, 2021 

 

Supervisor:  Michael J. Rose 

 

Semiconductor|liquid junctions are a critical component of photoelectrochemical 

(PEC) devices for the conversion of sunlight to chemical fuels. PEC device efficiency 

depends heavily on the energetics and band-alignment of the junction. Exerting energetic 

control over the junction via chemical functionalization is an extremely attractive strategy 

for tuning device efficiency. Here we explore the molecular and materials 

functionalization of Si(111) (photo)electrodes and the resulting impact on junction 

energetics and device behavior. Utilizing the principles of interfacial dipoles, we 

illustrated how covalently tethered polar organic moieties (e.g. PhNO2) can modulate the 

energetic position of the semiconductor band-edges. We demonstrated how these changes 

to the interfacial energetics impact PEC performance in contact with an outer-sphere 

redox couple. Expanding the suite of surface modifiers to include polyaromatic moieties 

revealed an even wider range of accessible band-edge energies and PEC performances. In 

addition we showed that these surface modifications can be applied to tune the efficiency 

of PEC hydrogen evolution on TiO2 protected photocathodes. Interestingly, 

functionalization of Si(111) with extended aromatics resulted in electronic coupling 



 ix 

between the semiconductor and attached molecule. These interfacial states were 

charterized via density functional theory calculations and their impact on PEC 

performance is discussed. Using the same suite of molecules we explored tuning the rate 

constant of electron transfer at n-Si(111)|liquid junctions via interfacial band-edge 

modulation. Modulation of the energetic position of the band-edges resulted in over an 

order of magnitude variation in the electron transfer rate constant. These results are 

discussed in the context of Marcus theory of electron transfer. Finally, we explored the 

impact of material overlayer (protective metal-oxide and catalyst) on junction energetics. 

With a combination of electrochemistry and XPS and UPS studies, we highlighted 

charging of the metal-oxide overlayer as a major contributor to the junction energetics 

and resulting solar fuels performance. Overall, these studies show how molecularly 

precise semiconductor junctions can be exploited to tune interfacial energetics, charge 

carrier dynamics, and ultimately control PEC device efficiency.  
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Chapter 1. Introduction: “The Interface is the Device” An Overview of 

Semiconductor|Liquid Junctions 

1.1 INTRODUCTION 

At the very heart of modern electronic devices is the interface. An interface, 

where two fundamentally unlike phases come into contact, is a source of chemical, 

physical, and electronic asymmetry that give the interface specific properties otherwise 

unattainable in the bulk. It is these various asymmetries that drive and define device 

function by providing a spatial dependence on chemical, physical, and electronic 

properties. Herbert Kroemer, a Nobel laureate known for his work on semiconductor 

heterostructures, stated this viewpoint most succinctly in the opening lines of his Nobel 

lecture: “Often, it may be said the interface is the device.”1 

Semiconductor interfaces, and the devices enabled by these interfaces, are the 

central component of the most vital technological breakthroughs of the modern era. From 

the current rectification enabled by semiconductor diodes, the switching behavior of field 

effect transistors, and the photovoltage and charge separation of photovoltaic devices our 

world has been indelibly shaped by our knowledge (and exploitation) of semiconductor 

contacts.2 Progress in these fields has largely been dictated by a detailed understanding of 

the microscopic and atomistic properties of the semiconductor, with breakthroughs in 

solid-state physics and interface chemistry enabling the design of modern photovoltaics 

and transistors. This trend persists today as miniaturization of semiconductor junctions to 

the nano and angstrom scales remains dependent on knowledge of the chemistry of the 

interface. 

This same interfacial chemistry has had a profound impact on the field of 

photoelectrochemistry (PEC). Emerging as a promising energy conversion strategy to 
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mitigate the intermittent nature of solar energy generation, PEC devices directly convert 

solar energy to storable chemical fuels such as hydrogen.3 These devices depend on the 

properties of a semiconductor electrode in contact with a liquid electrolyte or catalyst, 

and thus require a fundamental understanding of the chemistry between these phases.4,5 

The development of interfacial electric fields, the presence of electronic defects 

(intentional or otherwise), and charge transfer kinetics are ultimately what determine 

device efficiency, so PEC device design is to a large degree design of the various 

interfaces that comprise the device. This dissertation will focus on various strategies of 

controlling and designing these interfaces via molecular and material means. Specifically, 

this introduction aims to explain the basic features of the semiconductor|liquid junction 

and how they may be manipulated through chemical functionalization. 

1.2 FUNDAMENTALS OF JUNCTION FORMATION AT SEMICONDUCTOR|LIQUID 

INTERFACES 

The essential feature of semiconductor devices is the development of an 

interfacial electric field upon contact with another phase.2 This field of charge, known as 

the space-charge region, forms spontaneously via equilibration with the contacting phase 

and provides the asymmetric energetic landscape for electrons and holes that drives 

rectifying behavior and charge separation in photovoltaics and asymmetric current 

responses in diodes and transistors.2,6 To understand the basic mechanism of formation, 

function, and details of this field of charge, we will explore and define one of the simplest 

examples of semiconductor junctions, the junction formed between a semiconductor and 

a conductive contact, known as the Schottky junction.7 The conductive phase in this 

example can be either a conductive metal or a solution contact with a well-defined 

electrochemical potential. While we will focus on this specific junction, it is important to 
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note that these basic principles also apply in part to semiconductor homojunctions and 

heterojunctions.8 

The mechanism of junction formation begins with two phases out of equilibrium 

as depicted in Figure 1.1a. On the left is a p-type semiconductor with an electrochemical 

potential, or Fermi level denoted as EF. On the right is a conductive solution containing 

concentrations of electron acceptors (A) and electron donors (A–) which determine its 

electrochemical potential denoted as E(A/A– ) (in a solution this is the redox potential of 

a redox couple and is also known as the solution potential;9 in a metal this would be the 

metal work function). By definition, a system at equilibrium must have an 

electrochemical potential that is equal everywhere. As such, the electrochemical 

potentials of these two phases are different meaning they are not yet at equilibrium. To 

reach an equilibrium state, the two phases transfer charge thus moving the 

electrochemical potential in the semiconductor but not in the contacting phase. In the 

system outlined below, the electrochemical potential offset is such that the Fermi-level of 

the semiconductor is lower in energy than the redox energy of the solution, so negative 

charge will move freely from the solution phase to the lower energy electrochemical 

potential of the semiconductor. In doing so, the electrochemical potential of the 

semiconductor shifts up in energy (due to excess negative charge) towards the solution 

potential. In practice, the solution potential does not change during this equilibration 

process because of the high concentration of redox couple which far exceeds density of 

states (DOS) in the semiconductor and the band edges. This charge transfer process is 

conceptually identical to the charging of a capacitor: the semiconductor side of the 

parallel plate now possesses an excess of negative charge offset by an equal and opposite 

positive charge on the solution side of the interface (Figure 1.1b).  
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Figure 1.1: Overview of the equlilibration process between a semiconductor and a 

conductive contacting phase (solution or metal). a) The offset in the 

electrochemical potential (also called the Fermi Level) of each phase leads 

to charge transfer between the phases. b) Charge continues to equilibrate, 

ionizing dopant atoms within the semiconductor and shifting the 

semiconductor electrochemical potential towards the electrochemical 

potential of the contacting phase. The result is a field of fixed charge (called 

the space-charge region) at the semiconductor interface with width W that is 

dependent on the amount of equilibration (difference in electrochemical 

potentials) and the dopant density. c) The field of charge presents a 

significant electric field which alters the energetic landscape of charge 

carriers. The resulting potential energy surface is depicted formally as bent 

conduction and valence bands to represent the contribution of the electric 

potential of the space charge region. 

This process continues until the electrochemical potential difference between the 

two phases is equal and thus there is no longer any thermodynamic driving force for 

charge transfer. Though the electrochemical potential between the two phases is now 

equal, the electric potential between them has been profoundly disrupted by the charge 

transfer process resulting in an electric field of excess charge at the interface. On the 

semiconductor side of the interface, this excess negative charge is stored on the dopant 

atoms within the crystal lattice of semiconductor. Because the dopant atoms that hold this 

charge are immobile (fixed spatially by their position in the lattice) the width of the 

electric field is inversely proportional to the dopant density of the semiconductor. In 
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contrast, the positively charged ions in the solution phase leftover from the equilibration 

phase are free to diffuse and thus arrange themselves immediately at the interface to 

balance the negative charge in the semiconductor. Such a phenomenon is consistent with 

Gauss’s law that a conductive phase cannot support an electric field as mobile charges 

(i.e. conductive charges) will immediately move to extinguish this electric field.  

Thus, spatially, the electric field manifests primarily inside of the semiconductor 

where the ionized dopant atoms cannot move to extinguish the field. The dopants are 

ionized further and further into the semiconductor according to the dopant density thus 

providing a spatially fixed region of charge. The aptly named space-charge region has a 

width W that is dependent both on the dopant density and the amount of charge required 

to bring the phases to equilibrium. Because the dopant density is assumed to be constant, 

the strength of the electric field is linear with distance away from the interface. The 

electric potential that results from this field is thus quadratic in shape and profoundly 

alters how charge carriers within the semiconductor behave at the interface.  

By way of example, consider a negative point charge placed at exactly at the 

interface between the two phases at equilibrium. At this point, the negative point charge 

exists between two sheets of stored negative charge (semiconductor) and positive charge 

(solution) and thus feels no effects of either phase; the influence of the negative charge is 

exactly offset by the positive charge in the solution. Moving this negative point charge 

away from the interface, through the field of stored negative charge in the semiconductor 

it begins to feel less and less of the positive charge at the interface as it is screened by the 

excess negative charge in the semiconductor, and thus is more and more repelled by those 

negative charges and requires more and more energy to push through that field of charge. 

This is the result of the electric potential gradient at the interface due to the stored 

charges and is traditionally depicted by a quadratic bending of the semiconductor 
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conduction (ECB) and valence bands (EVB) as seen in Figure 1.1c. In this depiction, the 

energy of the band-edges ECB and EVB at the interface are the same before and after 

equilibrium. It is the energy of the bands in the bulk that are shifted upwards in response 

to the stored charge, which is accompanied by a shift in the vacuum level EVAC.10 It is this 

electric potential gradient that is the basis for charge separation at the interface; in this 

example of a p-type semiconductor contact electrons would be driven towards the 

solution and holes driven to the bulk of the semiconductor. 

As mentioned previously, the amount of charge required to reach the equilibrium 

junction is dependent on the energetic offset between the electrochemical potential of 

each phase. This difference in electrochemical potential is often referred to as the built-in 

voltage or VBI.
11 As VBI is the difference the semiconductor Fermi level is required to shift 

by to reach equilibrium, it is also the amount the bands bend in response to the stored 

charge (Figure 1.2a-b). Another related and important quantity of this junction is the 

barrier height or Φb which is the energetic difference between the solution potential and 

(for p-type semiconductors) the energy of the valence band. This quantity is essentially 

constant away from equilibrium (whether by applied potential or illumination) and is thus 

an extremely useful quantity for describing the energetics of semiconductor|liquid 

junctions. Conceptually, the barrier height represents the thermal barrier majority carriers 

(in this case holes) must overcome to be injected into the solution. 



 7 

 

Figure 1.2: Depiction of the semiconductor|liquid junction under various junction 

conditions.  a) Prior to the equilibration process takes place between the 

phases for a moderate difference in electrochemical potentials and b) after 

equilibration has taken place, where the amount of band-bending is exactly 

the original offset in electrochemical potential. c) and d) depict the same 

scenario, but the electrochemical potential difference between the two 

phases is increased, thus providing further band-bending. 



 8 

The magnitude of the built-in voltage and the barrier height are obviously 

dependent on the electrochemical potential of the solution. For example, increasing the 

solution potential (in this case depicted as a change of the redox couple from A/A– to 

B/B–; depicted in Figure 1.2c-d) increases the built-in voltage in between the two phases 

(and increases the barrier height) and the semiconductor and solution must transfer a 

greater amount of charge in order to reach equilibrium. This results in an increase in the 

amount of band-bending as well as an increase in the width of the space-charge region 

because dopant atoms further inside of the semiconductor must be ionized to store the 

larger amount of charge transferred.  Because the barrier height is increased, the driving 

force for charge separation within the semiconductor has also increased.  

So far the energetics of the semiconductor|liquid junction have been described in 

the ideal scenario: the only available states on the semiconductor to store the equilibrated 

charge are the dopant atoms in the semiconductor which results in the potential drop 

between the two phases occurring entirely within the semiconductor. In such a system, 

the barrier height is always dependent on the electrochemical potential of the contacting 

phase is known as the Schottky-Mott limit.12,13 However this ideal behavior has only been 

shown to occur in well-defined systems. Often semiconductors possess significant 

amounts of surface defects which result in a surface density of electronic states also able 

to store charge. These surface states (SS) represent an additional capacitive component in 

the equilibration process that results in a phenomenon known as Fermi level pinning.14 

Fermi level pinning is essentially the observed phenomenon that the barrier height  

is independent of the electrochemical potential of the contacting phase. In other words 

changing the VBI does not increase the barrier height in the way we would expect from 

the previous section. This occurs because the semiconductor and the solution phase are 

no longer the only elements of the capacitor. Both the solution and the semiconductor are 
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in equilibrium with the surface states which can also store charge. The resulting interface 

is thus defined by this equilibration of the semiconductor with the surface states. As 

illustrated in Figure 1.3 this determines how much of the potential is dropped across the 

semiconductor and how much of it is dropped across the surface states. In panels a and b 

the solution potential is approximately equal to the energy of the surface states and thus 

the majority of the charge is dropped across the semiconductor while only a small 

fraction charges the surface states. In panels c and d the solution potential is much higher 

than the energy of the surface states. The potential drop across the semiconductor occurs 

as a result of equilibration with the surface states and so is exactly the same band bending 

profile as panel b, however now more charge must be dropped across the surface state 

layer. 

In this configuration it can be said that the barrier height is pinned by the energy 

of the surface states. In a system that is totally Fermi level pinned, no changes to the 

electrochemical potential of the contacting phase will change the band-bending profile 

inside the semiconductor and the observed VBI,Pinned is only a fraction of the actual offset 

of the electrochemical potentials. Systems that are totally Fermi level pinned are said to 

be at the Bardeen limit15 after John Bardeen who first described it in 1947. 
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Figure 1.3: Overview of the effects of Fermi level pinning via a density of surface 

electronic states (SS) on junction formation. a) and b) depict the pre and 

post equilibrium junctions of the semiconductor. Here the solution potential 

is approximately equal to the energy of surface states and thus VBI and Φb 

remain close to their expected values. In c) and d) the capacitance of the 

surface states contributes significantly to the potential drop across the 

interface thus pinning the value VBI and Φb to the energy of the surface 

states. In this example, these values are not affected by the change in 

solution potential. 
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Fermi level pinning is typically viewed as a negative as it diminishes the driving 

force for charge separation inside of the semiconductor, giving a system only a fraction 

of the band-bending achievable in a high barrier height system without Fermi level 

pinning. It is also important to note that Fermi level pinning is not an all or none scenario; 

many systems exhibit partial pinning of the semiconductor Fermi level.  Consider a plot 

of the solution potential versus the observed barrier height. A slope (where slope = 

dΦb/dE(A/A–)) of one would indicate no Fermi level pinning; a slope of zero would 

indicate total Fermi level pinning; and an intermediate slope would be partially Fermi 

level pinned. This behavior was explored for several types of metal contacts on many 

different semiconductors in a classic study from Mead et al. where they characterized S, 

called the index of surface behavior (which was the slope of Φb vs electronegativity of the 

metal; though metal work function can be used as well16) for many major types of 

semiconductor.17 It was found that many ionic semiconductors (SiO2, Al2O3, SrTiO3 etc.) 

had very ideal surface behavior while many covalent semiconductors (Si, Ge, GaAs etc.) 

exhibited near-total Fermi level pinning. This indicates that, on their own, many of the 

most technologically relevant semiconductors like Si have very poor interfacial energetic 

tunability, thus highlighting the need for interfacial chemistries to prevent Fermi level 

pinning and enable tunability. 

1.3 JUNCTION UNDER ILLUMINATION: RECOMBINATION ROUTES, PHOTOSTATIONARY 

STATE, AND THE PHOTOVOLTAGE 

A description of the semiconductor|liquid junction under illumination is necessary 

to understand its use in energy conversion applications. In simple terms light absorption 

perturbs the equilibrium state of the semiconductor by generating photoexcited electron-

hole pairs. These electron-hole pairs then separate (due to the high charge carrier 
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mobilities in crystalline inorganic semiconductors4) and freely diffuse through the 

semiconductor as electrons in the conduction band and holes in the valence band. In 

doped semiconductors there is already a significant concentration of one charge carrier 

type (depending on dopant type) and because light absorption provides an equal number 

of electrons and holes, the concentration profile of the carrier that was in the minority 

exhibits the most significant change in concentration.4,6 For example, a p-type 

semiconductor which has an excess of holes sees a dramatic increase in the minority 

carrier electrons, with only a negligible change in majority carrier hole concentration— 

which was already high.  

It is the photoexcited carrier concentrations that determine the behavior and 

performance of energy conversion devices. This concentration profile is affected by the 

kinetics of carrier generation (proportional to photon flux) and consumption.18 Under 

constant illumination at a specified light intensity and spectrum (simulated sunlight, 1 sun 

AM 1.5 G) the rate of carrier generation is constant.19 What principally impacts the 

carrier concentration is the rate of carrier consumption in recombination processes with 

the opposite charge carrier. The most important of these recombination processes are 

outlined in Figure 1.4 and entail recombination in the bulk of the semiconductor (JBR), 

recombination in the space-charge region (i.e. depletion region) (JDR), recombination via 

surface state capture (JSS), and thermal promotion of majority carriers over the energetic 

barrier of the space-charge region also known as thermionic emission (JTE). Finally there 

is the productive current pathway of reducing species in solution with a photoexcited 

electron (JPh) which represents the desired photocurrent pathway (to maintain charge 

neutrality this process is balanced by hole collection at the back contact, which is not 

shown). 
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Figure 1.4: Summary of several recombination routes at the semiconductor|liquid 

junction under illumination. Key recombination processes are pictured such 

as bulk recombination (JBR), space-charge recombination (JDR), surface state 

recombination (JSS), and thermionic emission of majority carriers (JTE). In 

addition the productive current pathway under illumination (JPh) is depicted. 

Other sources of recombination such as recombination at the back-contact, 

tunneling through the interface barrier are omitted for clarity, but can also 

impact device performance. 

Under constant illumination, all of these processes may be occurring to some 

extent. When total rates of generation and recombination are equal, the junction can reach 

what is known as the photostationary state.4,18 In this state the device is away from 

equilibrium, but the kinetics of recombination and generation have reached a steady state 

such that the concentration profile of the carriers is unchanging with time. Under this 

condition the concentration profiles of each carrier can be defined as quasi-Fermi levels. 
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Quasi-Fermi levels are the electrochemical potential of either the electrons or holes in the 

system.20,21 Since the system is no longer at equilibrium due to illumination, a single 

Fermi level is not definable; and because the minority carriers exhibit a dramatic change 

in its concentration profile, the two quasi-Fermi levels split from one another. The 

splitting of these two levels is one of the key parameters of an energy conversion device, 

as it represents the obtainable free energy out of the system — also known as the 

photovoltage or, at zero current flow under illumination, the open-circuit potential (VOC).  

The exact position of the minority carrier quasi-Fermi level depends on the rate of 

the fastest recombination process. It is this dominant recombination process that 

determines the minority carrier concentration profile and by extension the quasi-Fermi 

level and the overall photovoltage.18 One key recombination regime is the thermionic 

emission limited regime. As stated earlier, thermionic emission is the thermal promotion 

of majority carriers up and over the energetic barrier of the space-charge region.7,12,22 The 

magnitude of the thermionic emission current is determined by the barrier height (for p-

type, the energetic difference between the valence band edge at the solution interface and 

the solution potential). In this regime, the photovoltage is dependent on the solution 

potential.18,23 This scenario is depicted in Figure 1.5, where the extent of separation of 

the electron quasi-Fermi level (EF,n) from the hole quasi-Fermi level (EF,p) is increased by 

moving to a junction with a higher barrier height (red). Increasing the solution potential 

will only increase the photovoltage as long as thermionic emission is the dominant 

recombination pathway. At sufficiently high barrier heights the amount of thermionic 

emission current is decreased to such an extent that other recombination pathways posit a 

larger influence over the photostationary state.18,23 In the absence of other surface 

recombination routes such as surface-state mediate recombination, bulk recombination 

represents the fundamental limit to the photovoltage at semiconductor|liquid junction. 
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Figure 1.5: Depiction of quasi-Fermi Level splitting at the semiconductor|liquid 

junction under illumination to provide the photovoltage (VOC). If all other 

sources of recombination are equal, the photovoltage will be determined by 

the electrochemical potential of the contacting phase (shown here as a 

moderate barrier in black and a high barrier in red) up to the bulk 

recombination limited VOC. Beyond that point further increases to the barrier 

height do not increase the photovoltage. 

 

1.4 INTERFACIAL DIPOLE: JUNCTION ENGINEERING 

Though junction energetics may be optimized by choosing a redox couple that 

provides a high barrier height, in a solar fuels device the redox couple is dictated by the 
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desired chemistry, such as the hydrogen evolution reaction (HER) or oxygen evolution 

reaction (OER). Thus much research activity has been focused on how to continue tuning 

junction energetics against a fixed redox couple. One of the most attractive strategies is 

the installation of an interfacial dipole which can modify the energetic positions of the 

band-edges of the semiconductor.24 Such a strategy represents a method of tuning the 

band-edges to optimize solar fuels performance. 

The interfacial dipole operates as an electric field localized to the interface 

between the semiconductor and its contacting phase.25 The electric field provides an 

energetic offset of the semiconductor band-edges and the solution potential. The offset is 

dependent on the orientation of the interfacial dipole and can be a negative surface dipole 

(partial positive charge on the solution side, Figure 1.6b) which gives a negative shift in 

vacuum energy or a positive surface dipole (partial negative charge on the solution side, 

Figure 1.6c) which yields a positive shift in the vacuum energy.25–28 The desired 

orientation of the interfacial dipole depends on the specifics of the junction. For example, 

a p-type semiconductor benefits from a positive interfacial dipole which increases the 

energetic offset between the semiconductor and solution potential. This results in a higher 

barrier height and increased band-bending (Figure 1.6d). If other sources of 

recombination are minimal, this orientation would provide increased charge separation, 

decreased thermionic emission, and an increased photovoltage (Figure 1.6e) under 

illumination against the same redox couple.23,28,29 The opposite orientation would be 

beneficial for tuning of n-type semiconductors owing to the difference in Fermi level 

position and opposite direction of band-bending.23,26,30  
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Figure 1.6: Illustration of modulation of the band-edges via insertion of an interfacial 

dipole. Evac, is shifted by the potential drop across the dipole layer, ΔVsurf. 

Examples are given for (a) no surface dipole, (b) a negative surface dipole, 

and (c) a positive surface dipole. (d) After equilibration of the 

semiconductor and solution phases the positive surface dipole (red) provides 

a greater degree of band bending than the negative surface dipole (black) 

owing to the modulated band-edge positions. (e) Upon illumination the 

positive surface dipole interface (red) will develop a larger photovoltage 

(Voc) than the negative surface dipole interface (black). 

Modification of the band-edge positions via the installation of an interfacial 

dipole is known as band-edge engineering.24 Band-edge engineering can be accomplished 

via a variety of methods. Surface doping of metal oxide semiconductors such that the 

interface charge density is different from the bulk was demonstrated by Choi and Galli et 

a.l on BiVO4 semiconductors both experimentally and computationally.31 Inclusion of Bi 

a rich interfacial layer provided negative interfacial electrostatic (i.e. dipole) shift (band-

edge shift up in energy relative to solution potential) on the n-type semiconductor which 
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increased the photovoltage of an OER device. Modification of the surface with explicitly 

ionic species such as iodide on MoS2 likewise provides a localization of excess charge on 

the interface of the device and altering its photoelectrochemical behavior.32,33  

Molecular modification of semiconductor interfaces can likewise provide a 

tunable handle on junction energetics. Conceptually this process is similar to the methods 

outlined above: functional groups can be used to localize electron density on different 

parts of the molecule to provide the desired dipole orientation. For example, a para-

nitrophenyl molecule attached to a silicon surface would localize electron density on the 

electron withdrawing nitro group. The electron density profile of the molecule thus 

provides an electric potential profile across its chemical structure (Figure 1.7). Taking a 

negative point charge and considering its energy with positions at different points on the 

molecule, it becomes clear that the highest energy position would be on and near the 

electron rich nitro group. This is of course the definition of a dipole moment, and such a 

case would provide a positive interfacial dipole yielding a positive (beneficial) shift 

energetic shift in the p-type band-edges. A counter example would be a methyl group 

attached to a silicon surface. Methyl groups are much more electron donating than the 

nitro group and thus provide negatively oriented dipole moment (detrimental to p-type). 
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Figure 1.7: Illustration of the interfacial dipole across a molecule attached to a silicon 

surface. The molecule acts as a localized electric potential gradient which is 

affected by the electron density of electron donating or withdrawing groups 

which yield an overall interfacial dipole moment. 

A molecular approach to manipulating interfacial energetics is attractive due to 

the wealth of established synthetic procedures in both the design of molecular species and 

their attachment to semiconductor surfaces. Broadly, attachment procedures can be 

broken down into two key categories: ionic adsorption and covalent functionalization. 

Use of benzoic acid derivatives with a range of functional groups showed that surface 

modification of CdTe yielded an electron affinity that scaled linearly with molecule 

dipole moment; specifically relating this study related the traditional organic Hammett 

parameter to the manipulation of the interface energetics.34,35 A key study on relating 

molecular structural motifs came from Cahen et al. who adsorbed a series of organic 

molecules with differing dipole moments on n-GaAs using dicarboxylic anchor groups. 

Importantly the behavior of Schottky diodes made from these functionalized surfaces saw 

a strict correlation of dipole moment with diode behavior.36 Ionic tethering of molecules 

has also been pursued for explicitly photoelectrochemical applications. For example, on 

p-InGaAs photocathodes phosphonic acid (PA) binding groups with differing 
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electronegative substituents were used to modulate the band-edge positions up 0.8 eV37; 

more recently this approach was also explored for Si|PA|TiO2 junctions.38 

Covalent modification of semiconductor surfaces has also been pursued as a 

method of fine-tuning interfacial energetics and passivating surfaces against deleterious 

surface site formation. Several methods of directly forming a covalent bond between the 

atom of a semiconductor surface and a molecule have arisen. One of the most ubiquitous 

methods of covalent surface functionalization is the nucleophilic attachment of alkyl 

groups via Grignard or organolithium methods to Si(111).39–41 Such a procedure relies on 

a two-step chlorination-alkylation procedure that utilizes the chemically reactive Si—Cl  

bond as an attachment site for the organic nucleophile. Junctions treated in this manner 

exhibit large interfacial dipole shifts; in n-Si(111)|Hg junction Maldonado et al. showed 

that methyl termination of Si(111) exhibited a dramatic increase in the barrier height on 

the order of 400 meV when compared to the unfunctionalized H-terminated surface.26   

Hydrosilylation of Si(111) surfaces42 via radical43, thermal44, and light45 initiated reaction 

of the dangling Si—H surface bond with an unsaturated alkene yields high density 

organic monolayers covalently tethered to the surface. As would be expected, the diode 

behavior of surfaces functionalized in this manner varied substantially with substituent 

identity.45 Application of covalent functionalization strategies to photoelectrochemical 

systems shows the dramatic impact of surface identity on performance. Lewis et al. 

demonstrated the stark photoelectrochemical differences between hydride- and methyl-

terminated Si(111) surfaces, wherein methylation (negative surface dipole) resulted in a 

negative 0.3 V shift in VOC (in contact with the outer-sphere redox couple 1,1′-

dicarbomethoxycobaltocene) compared with the H-terminated Si(111) photocathode.23 A 

similar strategy on p-GaAs using aryl-fluoro moieties yielded substantial improvement 

for hydrogen evolution.46 Finally, mixed monolayers have been employed by 
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ourselves28,29,47,48 and others49 to simultaneously preserve surface fidelity while also 

yielding increased PEC performance.  

Each of these procedures has their drawbacks. Ionic tethering of molecules via 

carboxylic acid groups can mean labile molecule-surface interactions or dissociation 

during operation.24 Covalent tethering of molecules appears to yield a more stable 

molecule-semiconductor interface but is largely limited to covalent semiconductors (like 

Si and Ge50,51) or III-V semicondcutors (GaP52 and GaAs46). Covalent modification via 

radically initiated hydrosilylation has yielded a diversity of unique surface structures; 

however, hydrosilylation leaves many Si—H dangling bonds43,53 which can oxidize and 

introduce surface defects that facilitate surface recombination and Fermi-level pinning. 

Functionalization of semiconductor surfaces via organic nucleophiles has been shown to 

yield exceptionally well-defined interfaces. For example reaction of chlorine terminated 

Si(111) with methyl Griganrd reagent has been shown to yield a pristine Si(111)—Me 

surface with every atop Si site functionalized.54 Other mixed monolayer surfaces via 

organolithium reagents have shown exceptional air stability and low rates of surface 

recombination.55 Such a strategy is not without its limits: organic precursor molecules are 

limited to functional groups that can tolerate conversion to Grignard (alkyls) or organo-

lithium (aryl) reagents and the density of surface attached species is highly dependent on 

the sterics of the functionalizing molecule.41,56,57 Even in the case of sterically slim 

molecules like alkynes, deleteriously high surface recombination can still occur.49 

1.5 CHARGE TRANSFER AT SEMICONDUCTOR|LIQUID JUNCTIONS 

As might be expected provided the impact of interfacial energetics on carrier 

dynamics within the semiconductor, these same energetics have a significant effect on the 

charge transfer properties of semiconductor electrodes. Unlike a metal electrode where 
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the concentration of charge carriers is constant at the surface9,58 (even with applied 

potential) the electric potential of the space-charge region dictates that the carrier 

concentration varies throughout the interface.59,60 Exactly like a Boltzmann distribution 

of chemical species in a potential well, the electric potential of the bent semiconductor 

bands leads to a distribution of charge carriers at the interface that differs from the carrier 

concentration in the bulk. Take for example the equilibrium condition of an n-type 

semiconductor|liquid junction depicted in Figure 1.8a. Here the bulk concentration of 

electrons (nb) differs from the surface concentration of electrons (ns0). These two 

quantities are related (exponentially as dictated by Boltzmann statistics) by the energy 

difference between the bulk and the interface which is VBI. This distribution of carrier 

concentrations is critical as the carriers at the surface participate in charge transfer. In 

fact, the rate of electron transfer out of the semiconductor is bimolecular (with the rate 

constant units cm4 s-1) and is proportional to the concentration of carriers at the surface 

and the concentration of electron acceptors in solution.59,60 
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Figure 1.8: Depiction of the surface carrier concentrations at a) equilibrium and b) 

applied potential. The primary affect of an applied potential is an unbending 

(or further bending) of the bands which affects the concentration of surface 

carriers (ns). 

Application of a negative potential (positive in energy) shifts the semiconductor 

Fermi level up and unbends the bands by the magnitude applied (Vapp) with the total 

potential drop equal to the sum (or difference) of VBI and Vapp (depicted in Figure 1.8b). 

The unbending of the bands yields an energetic difference between the interface and bulk 

that is smaller than at equilibrium; thus the concentration of electrons at the surface will 

increase according to Boltzmann statistics, with the new concentration of surface 

electrons given as ns1. Considering the dependence of the electron transfer rate on the 

concentration of charge carriers, an increase in that concentration constitutes an increase 

in rate. Experimentally this increase in rate is observed as an increase in current (as 

current is the electron transfer rate multiplied by the charge of an electron) proportional 

to the increase in the surface concentration. It is also important to note that this 
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exponential dependence of the surface concentration of charge carriers on potential is 

responsible for the rectifying behavior semiconductor junctions.6 In this example 

application of a potential and unbending the bands leads to an exponential increase in 

cathodic current (electron injection into solution) due to the exponential increase in 

surface carriers; with an applied potential in the opposite direction the bands will bend 

more deeply leading to an exponential decrease in the electron surface concentration. The 

decrease in surface carriers in this direction impacts cathodic current but does not alter 

the reverse current (electron injection into the semiconductor) which occurs at the same 

rate it did at equilibrium. Thus experimentally a low anodic saturation current is observed 

as would be predicted by the diode equation. 

Another key difference in the charge transfer kinetics of semiconductor versus 

those of a metal electrode is the energy of the charge carrier involved in the charge 

transfer process. In a metal electrode the electron can come from any occupied electronic 

state at the interface, which could be any state below the Fermi level. Each of these 

states, which may be at different energies relative to the solution potential, thus have their 

own rate constant. As a result of this, and because the occupancy of electronic states 

varies with potential, electron transfer rate constants include a potential dependent term 

that must be integrated over many individual states.61 In contrast, electrons from a 

semiconductor come only from the conduction band-edge. Since ideally no electronic 

states exist in the band gap, the only available charge carriers are those thermalized to the 

conduction band edge. The implication of this is that the electron transfer rate constant 

for semiconductor is not potential dependent as it is fixed by the energetic offset of the 

conduction band-edge which does not shift with applied potential. Even if the bands are 

completely unbent by an applied potential (Figure 1.9), the position of the band-edge is 

still the same. 
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Figure 1.9: a) For a metal electrode the electron transfer rate constant ket is potential 

dependent as the electron can transfer from any filled electronic state below 

the Fermi level. In practice, this rate is expressed as a sum of rate constants 

from different energy levels (E1, E2, etc.) but cannot be separated out 

experimentally. Here E4 is portrayed as having optimal exoergicity. b) In 

contrast at semiconductor electrodes ket is not potential dependent because 

the electron can only transfer from the conduction band edge. The driving 

force for this transfer is the energetic separation between ECB and the 

solution potential and thus ket is dependent on both the ECB and the solution 

potential. 

Because the energy of the conduction band-edge is fixed for a given 

semiconductor|liquid junction, the rate constant for electron transfer is dependent on the 

solution potential of the contacting phase. Detailed in Figure 1.9 for an n-type 

semiconductor, the energetic difference between the conduction band-edge and the 

solution potential is the barrier height, Φb (note: this is different from the barrier height 

definition for a p-type semiconductor outlined earlier). The barrier height can also be 

conceived as the free energy difference between an electron in the conduction band and 

the reduced species in solution. It has been shown definitively that the dependence of the 

electron transfer rate constant on this free energy difference is predicted well by the 
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Marcus theory of electron transfer, wherein the electron transfer rate constant has a 

parabolic dependence on the free energy of reaction.  Lewis et al. achieved this mapping 

of the semiconductor electron transfer rate constant through n-Si(100) electrodes in 

contact with a series of redox couples with different redox potentials.60 In that system the 

conduction band-edge is constant while the solution potential is dependent on the identity 

of the redox couple thus providing a change in the driving force for electron transfer, 

though the driving force was not large enough to fully access the Marcus inverted 

regime58, where the driving force is increased passed optimal exoergicity and thus 

decreases the rate constant. In a related study on n-ZnO, Lewis and coworkers were able 

to access the inverted regime using a series of Ru and Os bi-pyridine redox couples.62  It 

is also possible, as detailed later in this document, to alter the rate of electron transfer by 

manipulation of the conduction band-edge energy via an interfacial dipole while 

electrodes are in contact with the same redox couple. 

1.6 METAL-OXIDE AND CATALYST OVERLAYERS: PREPARING COVALENT 

SEMICONDUCTORS FOR SOLAR FUELS 

The most efficient semiconductors for solar fuels applications are covalent or 

partially covalent semiconductors like Si or GaAs, respectively. Due to their high carrier 

mobilities and near-ideal band-gaps,63 these materials are clear choices for devices with 

high power conversion efficiencies. While great light-absorbers, these materials are 

remarkably unsuitable for actual solar fuels conditions. First, many are unstable under 

operational conditions, either due to corrosion,64,65 the formation of prohibitively thick 

insulating layers,66 or the development of deleterious surface states.67,68 Second, these 

semiconductors by themselves exhibit poor catalytic properties that yield prohibitively 

high overpotentials for many fuel-forming electrode reactions. As such, a staggering 
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amount of research has been dedicated to the protection (and passivation) of these 

semiconductor interfaces, as well as exploring the integration of catalysts into the overall 

device architecture.69  In this realm, the metal-oxide|catalyst overlayer has emerged as a 

ubiquitous design strategy for efficient PEC devices.  

Early attempts at protective coating strategies like those utilizing RuO2,
70 ITO,71 

and MnO2
72 and yielded electrodes that were stable but exhibited poor performance due 

to the excessive thickness required to ensure film conformity. Atomic layer deposition 

(ALD) of metal oxides has come to dominate the field due to the promise of easily 

controllable thicknesses and film conformity.73 Among the many possible ALD metal 

oxides, ALD TiO2 has shown exceptional promise as an efficient and stable coating for 

photoelectrodes74 as might be expected from the long history of TiO2 in water-splitting 

applications.75 In a landmark discovery, Lewis et al. outlined how ALD deposited TiO2 

layers could stabilize efficient silicon Si, GaAs, and GaP photoanodes for up to 100 hours 

at high photocurrent densities.76 The key discovery was such that greater thicknesses of 

TiO2 could be used due to the presence of electronic defects in the TiO2 film that promote 

conductivity. The nature of these electronic defects is a beneficially positioned ‘defect 

band’ that enabled thick enough films to be protective while still enabling charge 

conduction and efficient device performance. 

Catalyst choice for these junctions depends highly on the desired reaction and 

electrolyte conditions. For water oxidation, Ir/IrOx,
77 and NiO,76,78 have both been 

extensively studied and employed in the design of efficient devices. For HER Pt,79 

PtRu,80 Ni,81 and Ni-Mo81 represent well-characterized and efficient catalysts. Recent 

research has also focused on more complicated chemical transformations such as carbon 

dioxide reduction using Au,82 Sn,83 and Cu.84 The use of heterogenized molecular 
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catalysts as a means to fine tuning catalytic properties has also been explored, though 

these systems have yet to reach the efficiencies of materials catalysts.85,86 

Each of these overlayers significantly complicates the energetics of the 

photoelectrode|liquid junction, and such energetics are often a primary determinant of the 

operational device efficiency. For example, an operando study of a TiO2 protected 

photoanode via X-ray photoelectron spectroscopy revealed the effects of Fermi level 

pinning from the TiO2 defect states under applied potential.87 Relatedly, spectroscopic 

studies of GaInP semiconductors coated with TiO2 and Pt revealed the strong dependence 

of the semiconductor interfacial energetics on the presence of the metal-oxide 

overlayer.88 In addition, some highly stable and efficient catalysts like IrOx possess a high 

work function not well aligned with the defect states of leaky TiO2, thus impairing the 

overall device efficiency.89 It is clear that a precise description of the interfacial 

energetics at each individual junction in a semiconductor|metal-oxide|catalyst|liquid 

architecture is a necessity for the design and optimization of these devices. Describing 

these complicated energetics and dynamics will be a key component of this document. 
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Chapter 2. Modulating p-Si(111) Barrier Height and Surface 

Recombination via Molecular and Metal Oxide Surface 

Functionalization** 

2.1 INTRODUCTION 

The 21st century has seen unprecedented increases in energy demands that are 

only predicted to rise, whilst reliance on non-renewable energy sources continues.3  It is 

thus imperative to diversify energy production, with an emphasis on sustainably produced 

renewable power sources.90 One of the most promising technologies for renewable 

energy generation is the solar-powered generation of chemical fuels, such as hydrogen – 

often referred to as solar fuels.91 In selecting materials for such applications, crystalline 

silicon has a nearly ideal band gap (1.12 eV), which absorbs a large portion of the energy 

in the solar spectrum. In addition, the energetic positions of the silicon band edges 

straddle the redox potential for hydrogen evolution, and high charge carrier mobilities 

and long minority carrier lifetimes enable high photocurrents. Finally, silicon is the most 

abundant element in the earth’s crust, ensuring both cost effectiveness and ease of 

access.69 

The most efficient silicon-based photocathodes employ a degeneratively doped 

emitter layer (a p|n+-Si junction).79 Emitter layers function by maximizing the 

photovoltage (VOC) produced at the semiconductor solution junction by  maximizing the 

built-in potential difference between the p and n+ materials .4,18 However, emitter layers 

are produced by high temperature vapor infusion techniques, which are not easily 

 
** Portions of this chapter were adapted with permission from:  

D. G. Boucher, J. R. Speller, R. Han, F. E. Osterloh, and M. J. Rose. ACS Appl. Energy Mater. 2019, 2 (1), 

66-79. 

DGB performed sample preparation and characterization, spectroscopic analysis, and electrochemical 

experiments. JRS assisted with sample preparation and SRV measurements. RH performed SPV 

measurements and analysis (not included in this document). FEO and MJR were principal investigators. 
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applicable to poly-crystalline semiconductors92 or modulation of nano-sized junctions 

and devices.93 To this end, our group48,86,94 and others25,36,37,49,95 have sought solution-

based, low temperature surface functionalization techniques to mimic the functionality of 

emitter layers using molecular structural specificity. Such techniques vary in their 

methods of functionalization at the semiconductor surface, but all rely on utilizing 

molecular electrostatic dipole moments to increase the barrier height (the thermodynamic 

barrier to thermionic emission) at the semiconductor junction,96,97 thereby influencing the 

observed photovoltage under illumination. 

However, several problems with such ‘molecular emitter layers’ have arisen. An 

enlightening study from Lewis and coworkers demonstrated that functionalization of the 

Si(111) crystal facet with trifluorophenyl moieties resulted in a substantially increased 

barrier height (via Hg-contact J-V curves, and impedance experiments).49 However, 

functionalization also led to dramatic increases in parasitic surface recombination, 

thereby limiting the observed photovoltage on functionalized p-type photocathodes, 

despite barrier height increases measured to be 0.99 V. Thus, this study highlights the 

complicated carrier dynamics (Scheme 2.1) that contribute to the photovoltage at 

functionalized surfaces. Such dynamics must be understood, and strategies for avoiding 

the development of defective surfaces with high recombination must be developed in 

order for a molecular emitter-layer design strategy to be competitive with the traditional 

p|n+-Si approach. 
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Scheme 2.1: Summary of the relevant current pathways at the semiconductor|liquid 

interface. The deleterious recombination pathways JTE (thermionic 

emission of majority carriers, which is governed by the size of the 

barrier ϕB) and S (recombination at surface states, governed by the 

density and energetic position of the surface states) and JBR (bulk 

recombination) diminish the overall photovoltage. JPh is the 

photocurrent, the desired current pathway for reducing species in 

solution. Other common recombination pathways (recombination at the 

back contact, etc.) have been omitted for clarity. 

An emerging strategy to combat deleterious surface recombination in solid-state 

solar devices is surface passivation via a materials overlayer. Metal oxides such as 

Al2O3,
98,99

 TiO2
100,101 and others102,103 have been used to decrease the surface 

recombination velocity (S) at semiconductor surfaces via induced electric fields88 and 

decreased density of surface and interface defect states.104 More recently, low 
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temperature, ultra-thin (>10 nm) films achieved using ALD105 and vapor deposition106 

have achieved qualities of surface passivation previously only achievable using high 

temperature annealing methods. In PEC devices, metal-oxide overlayers have mainly 

been utilized as protective coatings against photoelectrode corrosion; however, a report 

utilizing a TiO2 overlayer on an InP photocathode demonstrated that enhanced 

performance for the hydrogen evolution reaction (HER) was due to decreases in surface 

recombination induced by TiO2 deposition,107 suggesting an important dual functionality 

for the metal-oxide layer. Despite these advances, there have been few in-depth studies 

detailing metal-oxide based surface recombination passivation techniques on 

photoelectrodes in contact with the simplest possible kinetic system: a one-electron outer 

sphere redox couple. Most studies to date have been purely spectroscopic in nature88 or 

have utilized buried electrocatalytic junctions for inner-sphere (catalysis) reactions,107,108 

wherein the direct relationship between junction energetics, recombination processes and 

photovoltage can be severely obscured by electrocatalytic overpotentials and other 

complications. Importantly, the simplified kinetics of an outer-sphere redox couple 

allows for clear comparisons between junctions with and without a catalytic metal (e.g. 

not possible with Pt/HER). Such fundamental understanding is critical due to the ubiquity 

of metal-oxide overlayers as protective coatings in solar fuels devices.76,77,109,110 

In this study we seek to decouple the effects of barrier height and surface 

recombination on photoelectrochemical performance. We employ three model surfaces: 

methyl (low surface recombination, low barrier height), para-nitrophenyl (low surface 

recombination, high barrier height) and meta-dinitrophenyl (high surface recombination, 

high barrier height) to clearly establish the relationship between Si(111) functionalization 

(including molecular functionalization, ALD deposition), surface recombination, barrier 

height, and the observed photovoltage (VOC, open circuit potential). We study these 
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systems in contact with a one electron outer-sphere redox couple (methyl viologen, 

MV2+), and develop design principles for mitigating surface recombination at Si(111) 

photoelectrochemical devices. 

2.2 SURFACE FUNCTIONALIZATION AND XPS CHARACTERIZATION 

Functionalization of Si(111) surfaces was carried out via established methods 

which utilized sequential steps of chlorination and exposure to the organic nucleophile of 

interest (Scheme 2.2).39,47,111 In this procedure freshly etched (HF, NH4F) Si(111) 

surfaces are chlorinated via immersion in a saturated solution of PCl5 in chlorobenzene. 

The chlorine terminated Si(111) surfaces are then immersed in a solution of freshly 

prepared organolithium precursor. For this study we utilized two highly polar nitro-

phenyl derivatives, para-nitrophenyl and meta-dinitrophenyl. These molecules were 

chosen for two reasons: first, their highly polar nature is expected to induce a positive 

interfacial dipole [i.e. Si(δ+)–R(δ–)] that would be beneficial for hydrogen production.49,97 

This particular dipole orientation provides an intramolecular electric field across the 

interface that raises the solution potential higher in energy with respect to vacuum. 

Second, the oxygen-containing nitro functional groups were selected (rather than fluorine 

or trifluoromethyl, for example) to assist in the nucleation phase of metal oxide 

deposition, a process which is known to nucleate poorly on purely hydro/fluorocarbon 

surfaces. 
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Scheme 2.2: Surface functionalization of Si(111) substrates with nitro-aryl units, and 

back-filling with methyl groups to provide mixed nitro-aryl/methyl 

mixed monolayers. 

Both the detection and surface coverage of the organic surface modifiers were 

obtained using X-ray photoelectron spectroscopy (XPS) (Figure 2.1). XPS is an effective 

spectroscopic technique for determining molecular coverages of surface groups 

containing heteroatoms, such as fluorine, nitrogen and sulfur,57,111,112 and the N-
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containing nitro groups on the present set of surface modifiers thus allowed for surface 

quantitation. The XP spectra for the para-nitropenyl surface indicated successful 

attachment as evidenced by a clear N 1s feature centered near 400 eV. The XP spectra for 

meta-dinitrophenyl exhibited a N 1s feature centered at slightly higher binding energy 

(398 eV). Such feature(s) are not observed for the purely methylated samples. The 

calculated surface coverage for the para-nitrophenyl surface was 19% and for the meta-

dinitrophenyl was 13%. These surface coverages are lower than those of reported 

systems57 presumably due to deactivation of the carbanion intermediate by the strongly 

electron withdrawing nitro group. While the para-nitrophenyl surface exhibits an ideal 

peak fit best by a single binding energy feature (401 eV), the meta-dinitrophenyl exhibits 

a feature best fit by two binding energy features (398, 401 eV) – likely due to the 

inhomogeneity of the surface containing both Si–CH3 and SiOx (vide infra) providing two 

distinct electrostatic environments and thus leading to a broadening of binding energies. 

In addition to providing quantitative surface coverage of the organic molecules, the Si 2p 

region provides an excellent marker for surface quality vis a vis surface oxidation 

(surface Si0, 100 eV, sharp; SiOx, 102 eV, broad). Inspection of the Si 2p region of the 

para-nitrophenyl surface displayed no observable surface oxidation, even up to 6 h of 

exposure to the organolithium precursor. In contrast, the meta-dinitrophenyl surface 

exhibited increased oxidation of the silicon at longer organolithium immersion times, up 

to 40% at 6 h. 
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Figure 2.1: XP spectra of functionalized Si(111) surfaces. Top left: N 1s spectrum of the 

para-nitrophenyl surface, and (top right) the corresponding Si 2p spectrum. 

Bottom left: N 1s spectrum of the meta-dinitrophenyl surface, and (bottom 

right) the corresponding Si 2p spectrum showing the formation of SiOx (at 

102 eV). 
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2.3 SURFACE RECOMBINATION 

The presence of surface oxidation has pronounced effects on the surface 

recombination rates on Si(111) as others have detailed.95 Deleterious recombination 

processes at surface defect sites diminish the photovoltage generated at the 

semiconductor-liquid junction, thus rendering devices untenable for efficient hydrogen 

production. To elucidate the impact of surface oxidation on surface recombination rates 

of the present set of functionalized surfaces, IR-laser induced microwave conductivity 

decay was used.113,114 Photoconductivity decay measures the conductivity of a silicon 

sample over time following an IR pulse. This technique becomes surface specific in a 

system where recombination in the bulk of the sample is low enough so as to be 

negligible (i.e. in high purity, undoped silicon samples). In this regime, recombination 

occurs almost exclusively at the surface. Thus the rate at which the carriers diffuse to 

surface and recombine, or the surface recombination velocity (SRV), can be probed. 

First the methylation conditions were optimized to give a suitably low surface 

recombination velocity (Table 2.1). The temperature and time of the methylation step 

were varied to provide a nearly ideal surface recombination value of 22 ± 2 cm s-1 at a 

methylation temperature of 50 oC for 24 hours. Higher temperatures (60 oC) and shorter 

times yielded higher rates of surface recombination. It was also found that aging samples 

for 48 hours in the dark allowed for stabilization of S values on well passivated surfaces 

(Table 2.2). For comparison, the unstable, oxidative prone hydride terminated surface did 

not stabilize its S value in the same period of time. While these differences likely make 

little difference on doped semiconductor systems (i.e. those used for electrical 

measurements) due to high rates of bulk recombination from dopant states, they do 

highlight the sensitivity of surface recombination measurements to different surface 

functionalization techniques. 
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Methylation Conditions S (cm s-1) 

60 oC, 24 hours 40 ± 4 

50 oC, 12 hours 37 ± 8 

50 oC, 24 hours 22 ± 2 

Table 2.1: Comparison of different methylation conditions effects on the surface 

recombination velocity, S. All samples aged 48 hours in air and in the dark 

prior to measurement. 

 

Sample Aging Time Si-Me S (cm s-1) Si-H S (cm s-1) 

Fresh 25 ± 6 440 ± 20 

24 hours 23 ± 2 670 ± 100 

48 hours 22 ± 2 760 ± 100 

Table 2.2: The effect of sample aging (in air and in the dark) on the surface 

recombination velocity S for methyl terminated and H terminated Si(111) 

surfaces. 

     The photoconductivity decay measurements for para-nitrophenyl, meta-

nitrophenyl and purely methylated substrates are shown in Figure 2.3. The 

photoconductivity decay traces exhibit biexponential character due to the thickness of 

samples used, 525 μm, which is thicker than the penetration depth of the IR pulse into the 

sample. Thus, in the first several μs, there exists a concentration gradient of carriers due 

nonuniform excitation. After an initial equilibration, recombination is equal at either 

surface of the sample. Traces were only fit in this later time regime, which exhibited 
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single exponential character. The long lifetimes observed for both para-nitrophenyl (S = 

36 ± 9 cm s–1) and the purely methylated sample (22 ± 2 cm s–1) are indicative of high 

fidelity, low defect density Si(111) surfaces, as reported previously.113,115 Indeed, S 

values for intrinsic Si(111) wafers uniformly functionalized with bulky hydrocarbons41,  

thienyl111 and aromatic amines116 have exhibited S values in the range of 20 to 190 cm s–1 

– indicating a minimal number of surface defects. Conversely, the meta-dinitrophenyl 

substrate exhibited a very high S value (4004 ± 51 cm s–1), consistent with the surface 

oxidation (SiOx) observed in the XP spectrum. For comparison, intentionally oxidized 

Si(111) substrates exhibit similarly high S values (3945 ± 52 cm s–1) due to the high 

density of surface defects. 

 

 

Figure 2.2: (Left) Representative photoconductivity decay traces for methyl (black), 

para-nitrophenyl (6 h immersion, orange) and meta-dinitropenyl (6 h 

immersion, blue) functionalized surfaces and (inset) the first 200 μs of the 

decay trace. (Right) The resulting surface recombination velocity (S) for 

different exposure times to each respective organolithium surface modifier. 
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2.4 DARK J-V MEASUREMENTS: HG-CONTACT 

Samples were investigated using Hg-contact J-V experiments to elucidate the 

effects of the Si(111)–R interfacial energetic on the electrical properties of the para-

nitrophenyl and meta-dinitrophenyl substrates (positive dipole); both were compared with 

a purely methylated (negative dipole) surface as a control. Such two-electrode contact 

experiments provide convenient insight into surface energetics and their effect on 

electrical properties of silicon devices, as they probe the dark current that traverses the 

silicon electrode. The magnitude of this current is dependent on the interfacial energetics 

of the semiconductor: a large barrier to thermionic emission will result in a junction that 

exhibits rectifying quality (suppressed current under reverse bias); conversely, a junction 

with no significant barrier to thermionic emission will result in ohmic behavior (equal 

magnitude of current under both positive and reverse bias).26 As such, this experiment 

requires p-type substrates (rather than the intrinsic wafers used for SRV measurements) 

with sufficient conductivity for the J-V measurement. 

     Examination of the J-V character of the surfaces (Figure 2.2) reveals that both 

nitro-containing surfaces exhibit considerable rectifying behavior. In contrast, the 

methylated surface is completely ohmic (consistent with previously reported results),26 

indicating a low barrier height between the Hg contact and methylated p-type Si(111). 

For the rectifying curves of the nitro-containing surfaces, an estimation for the barrier 

height can be extracted from the combined thermionic emission and diode equations (see 

experimental), resulting in 0.52 ± 0.03 V for para-nitrophenyl and 0.57 ± 0.03 V for 

meta-dinitrophenyl. The diode quality factor n for these junctions of 1.4 ± 0.2 and 1.1 ± 

0.1 respectively indicate high quality junctions that is consistent with previous 

reports.26,49 Interestingly, the two nitro-containing surfaces vary in their maximum 

current.  The para-nitrophenyl surfaces achieves a maximum current similar to the 
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methylated surface at an applied voltage of 0.5 V, while the meta-dinitrophenyl surface 

produces ~400 mA cm–2 less current at the same applied potential. This suppression of 

current is consistent with the increased SiOx coverage observed in the XP spectra for 

meta-dinitrophenyl versus para-nitrophenyl (negligible SiOx). Overall, these results are 

consistent with previous findings26,49 that electrostatic dipoles attached via 

functionalization can result in significant rectifying character; this is clearly seen for the 

high-quality para-nitrophenyl surface. However, in the case of the meta-nitrophenyl 

surface, while rectification is observed, the presence of a significant extent of an SiOx 

overlayer convolutes a direct interpretation as related to the molecular dipole. 

 

 

Figure 2.3: Mercury contact J-V plots (in the dark) of methyl (black), para-nitrophenyl 

(orange) and meta-dinitrophenyl (blue) surfaces. 

2.5 (PHOTO)ELECTROCHEMICAL CHARACTERIZATION 

While the above XPS, J-V (dark, Hg contact) and SRV studies each interrogate an 

individual physical parameter, they do not directly interrogate the photoelectrochemical 

device performance. Thus, it is necessary to evaluate the contributions of the competing 
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recombination pathways to the illuminated J-V behavior. To simplify the analysis of the 

semiconductor-liquid junction, a one-electron outer-sphere redox couple was 

employed.23,117,118 Additionally, this tactic avoids complications associated with catalytic 

kinetic overpotentials and allows direct analysis to junction energetics in the absence of a 

complicating semiconductor-metal(catalyst) junction.  

The photoelectrochemical performance of the substrates was evaluated in contact 

with methyl viologen (50 mM MV2+, solution potential of –0.6 V vs SCE), which forms a 

high barrier (ΦB) in contact with p-type silicon. The high barrier height is critical to 

establish the condition wherein VOC is dominated by ΦB, and therefore any modulation of 

the organic dipole will be evident in the observed VOC. First the ΦB of the substrates in 

contact with the MV2+ was determined via Mott-Schottky analysis. Mott-Schottky 

analysis reports the reciprocal capacitance of the semiconductor as a function of applied 

voltage, thereby providing a handle on the size of the space-charge region and the amount 

of applied voltage necessary to “flatten” the band bending within the semiconductor 

when in contact with a redox couple. This flat-band potential (EFB) is related to the 

barrier height by the dopant density. Figure 2.4 depicts the voltage dependence of the 

reciprocal capacitance for each surface, where the x-intercept corresponds to EFB (which 

can be related to ΦB via eq 6) and the slope of the line is related to the dopant density.  

Functionalization afforded positive shifts in EFB, where Me exhibited an EFB of 0.13 ± 

0.01 V vs MV2+, para-nitrophenyl exhibited an EFB of 0.29 ± 0.014 V vs MV2+, and 

meta-ditrophenyl exhibited an EFB of 0.95 ± 0.02.  The corresponding ΦB are Me: 0.31 ± 

0.01 V, para-nitrophenyl: 0.46 ± 0.04 V, and meta-dinitrophenyl: 1.12 ± 0.02 V.  Methyl 

and para-nitrophenyl substrates exhibited similar slopes, while the meta-dinitropheyl 

slope was diminished indicating non-ideal charging of the semiconductor. 
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Figure 2.4: Mott-Schottky analysis of reciprocal capacitance dependence on applied 

voltage. Indicated p-Si(111) electrodes were in contact with 50 mM MV2+ in 

aqueous electrolyte (0.5 M K2SO4, 0.1 M KHP, pH 3) in the dark. 

The positive shifts in ΦB from the methyl substrate are a clear indication of 

modulation of the energetic positions of the band-edges, where the semiconductor 

valence band is shifted negative in energy relative to the solution potential thereby 

requiring a greater degree of equilibration with the solution potential to reach 

equilibrium. The resultant interfaces thus have a larger space-charge region (as dopant 

density is constant) with a greater degree of band-banding (and thus require a larger 

amount applied to potential to reach EFB). The similarity in slope between the methyl and 

para-nitrophenyl surfaces indicates that the change in the band-bending can be attributed 

primarily to molecular functionalization. In contrast, the meta-dinitrophenyl surface 

exhibits a diminished slope suggesting that it is not solely charging of the space-charge 

region that contributes to the capacitance; likely the SiOx defects (as indicated by the XP 

spectra and SRV data) contribute to charging of the semiconductor. As such, the ΦB and 
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EFB of the meta-dinitrophenyl substrate are reported only for comparison purposes, as 

Mott-Schottky analysis can only be rigorously applied in the absence of significant 

surface defects. 

The illuminated (1 sun) J-V curves for the p-type substrates depicted in Figure 

2.5 exhibit nearly ideal behavior including sharp current onset, JSC values that are light-

limited and similar in magnitude, and clearly established photovoltages (positive of the 

solution potential) compared with a control n+ methyl substrate (current onset at solution 

potential; same results observed on n+ across all organic functionalization Figure 2.6). 

Additionally, as expected by the ΦB values obtained for the methyl < para-nitrophenyl < 

meta-dinitrophenyl surfaces in solution contact Mott-Shottky analysis and Hg contact 

measurements, systematic shifts in VOC are observed in the rank-order: methyl, VOC = 

0.23 ± 0.01 V vs MV2+, para-nitrophenyl VOC = 0.31 ± 0.04, and meta-dinitrophenyl VOC 

= 0.40 ± 0.01. 
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Figure 2.5: Illuminated J-V response (20 mV s–1) of the indicated electrodes in contact 

with 50 mM MV2+ in aqueous electrolyte (0.5 M K2SO4, 0.1 M KHP, pH 3) 

under 1 sun. Note: The J-V response of the n+ electrode was unaffected by 

illumination. 

 

 

Figure 2.6: Collected LSV curves of n+Si(111)surfaces in contact with 50 mM MV2+ 

aqueous solution. All surfaces were found to have a VOC within 

experimental error of the solution potential (-0.6 V vs SCE). 
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Curiously, the J-V behavior implied an insignificant kinetic contribution from 

high SRV values (specifically for the meta-dinitrophenyl surface) to the photovoltage or 

the ideality of the J-V curve. The comparable magnitude of the meta-dinitrophenyl’s 

deleterious SRV value (4006 ± 108 cm s–1) with the poorly performing (PEC)119,120 SiOx 

substrate (3945 ± 52 cm s–1)  stands in stark contrast to the rather impressive 

photovoltage obtained by the meta-dinitrophenyl substrate. Therefore, we suspected that 

a judiciously chosen set of experimental conditions should expose the adverse functional 

effects of such high SRV values. Briefly, we reasoned that the relative density of states 

(DOS) in the ‘high’ concentration redox couple experiment (50 mM) could be 

functionally similar (in a limited sense) to that of metallic contacts, which serve as 

excellent (fast) excited carrier collectors. Thus, lowering the redox couple concentration 

would decrease the DOS of the solution contact, thereby exposing the deleterious effects 

of surface recombination due to slow capture of the excited carriers. 

The resulting J-V curves obtained under low concentration redox couple 

conditions are shown in Figure 2.7 (where [MV2+] = 1.5 mM). Under these conditions, 

the effects of surface recombination become readily apparent: While the VOC does 

increase with increasing barrier height (Me < para-nitrophenyl < meta-dinitrophenyl) the 

meta-dinitrophenyl surface exhibits a non-ideal rise-to-maximum current. The trend in 

VOC holds because all three surfaces remain within a thermionic emission-limited regime. 

That is, thermal promotion of majority carriers across the interface is the dominant (non-

productive) recombination pathway versus surface recombination because the barrier 

height is not yet maximized.  Regarding the ‘lineshape’ of the J-V curves, the minimal 

surface recombination rates for Me and para-nitrophenyl result in ideal (sharp) rises-to-

maximum, even despite slower rates of carrier collection by the lower concentration 
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redox couple. In contrast, the high surface recombination rates for meta-nitrophenyl 

result in the unusual rise-to-maximum current observed. 

 

 

 

Figure 2.7: Photoelectrochemical performance of modified surfaces in contact with 1.5 

mM MV2+ in aqueous media under 1 sun illumination. VOC shifts are in 

accordance with Hg-contact barrier height measurements, with surface 

recombination effects visible in the meta-dinitrophenyl surface. 

The bimodal J-V response is indicative of competitive kinetic processes in the 

semiconductor and at the interface, whose balance is affected by the applied potential.  

Other sources of such a ‘lineshape’ could include mass-transfer effects made more 

prominent by the lower concentration of redox couple or inhomogeneity in surface 

composition resulting in two different barrier heights whose J-V response overlaps.  With 

respect to mass-transfer effects, the reverse scan of the meta-dinitrophenyl surface 

exhibits the same S-shape (Figure 2.8a), indicating that the source of the shape is not due 

mass-transfer complications and that the behavior is reversible (the more standard 
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voltammetric curve of the para-nitrophenyl surface is also reversible).  Inhomogeneity in 

the surface yielding additive J-V curves is also an unlikely source of this behavior as 

chemically oxidized p-type Si(111) (pSiOx) samples exhibit the same lineshape (Figure 

2.8b) and a similar onset potential to the para-nitrophenyl surface.  SiOx surfaces were 

prepared via immersion of a freshly etched Si(111) in piranha solution. These surfaces 

should be chemically homogeneous and have exhibit high rates of surface recombination. 

 

 

Figure 2.8: Aqueous J-V  experiments with a) reverse scans of functionalized surfaces 

in contact with 1.5 mM MV2+ with rapid stirring b) LSV of a chemically 

oxidized surface under the same conditions. 

2.6 DISCUSSION OF META-DINITROPHENYL SURFACE  

Clearly, the meta-dinitrophenyl surface is both a chemically and kinetically 

complex junction that exhibits seemingly contradictory results. Here, we attempt to 

rationalize its behavior in the context of these various measurements. First, the SRV data 

suggests that surface recombination is greatly increased at the meta-dinitrophenyl 

surface, which would seem to contradict the J-V results in which it exhibits the most 

positive VOC. However, the SRV measurements contain no information with respect to 

band-bending in the semiconductor.  In contrast, Surface Photovoltage spectroscopy 
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(SPV, performed by the Osterloh lab and thus not included in this document, for details 

see main publication) measurements which explicitly probe charge separation due to 

band-bending show that, despite the high rate of surface recombination, the band bending 

within the meta-dinitrophenyl surface is significant enough that charge separation is 

competitive with recombination and, under constant illumination, a significant 

photovoltage still develops.  Further support for this argument can be found in the 

transient photovoltage measurements (see publication) where meta-dinitrophenyl exhibits 

not only the fastest time constant for photovoltage formation, but the fastest photovoltage 

decay as well. 

With respect to the anomalous S-shape J-V behavior of the meta-dinitrophenyl 

surface in contact with a low concentration of redox couple, the simplest (and vaguest) 

assertion is that the J-V response details a balance of kinetically competitive processes in 

which the resultant photovoltage and photocurrent response are beyond explanation via a 

simple illuminated diode.  More specifically, there are three clear regimes in the current 

response (labeled A, B, and C in Scheme 3).  Beginning with A, the applied potential 

where current first becomes negative is VOC, i.e. the photovoltage at this junction, and is  

determined by the kinetic balance of recombination processes and charge separation 

possible in the system. For the interfaces described in this manuscript with relatively low 

barrier heights, thermal emission of majority carriers over the surface barrier is almost 

certainly the dominant kinetic process18 even on the meta-dinitrophenyl surface which 

has significant surface recombination, as evidenced by the SPV measurements. The 

similarity of the VOC of the S-shape meta-dinitrophenyl substrate to that of the chemically 

oxidized substrate seems to imply that ΦB and the resultant VOC are pinned via surface 

states. 
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Scheme 2.3: Semiconductor photocathode under various conditions of applied bias 

and the resultant J-V behavior in contact with a low concentration of 

redox couple: A, the flat-band condition (at or around VOC), B where 

surface defect effects stagnate current increases, C depicts simple mass-

transfer limited conditions (with stirring). 

Regime B depicts an intermediate applied potential where further increases in 

observed current have stagnated. For this regime we offer two possible explanations: 1) 
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Under conditions in which the photoexcited carrier collection is slow (low redox couple 

concentration, mass-transfer limited) the increased surface concentration (due to 

increased band-bending) of photoexcited electrons undergo increased rates of surface 

recombination stagnating further increases in photocurrent. How an applied potential 

affects surface recombination (especially under illumination) is not always 

straightforward. While Schockley-Read-Hall (trap-state–mediated) recombination has no 

explicit dependence on applied bias19 it is dependent on carrier concentration profiles 

which will respond to an applied bias. Indeed, the rates of surface recombination have 

been shown to be affected by junction energetics, which change relative minority and 

majority carrier populations near the surface.121 This would explain why this behavior is 

only observed at junctions which exhibit high rates of surface recombination.  

Alternatively, 2) The presence of surface states pin the photovoltage to a certain ΦB and 

thus a certain space-charge width. Increases in applied potential only serve to drop that 

potential across the semiconductor|surface state interface rather than the 

semiconductor|solution interface, stagnating the J-V response. After the applied potential 

is moved beyond the energetic position of the surface states (i.e. the states are 

charged/depleted) ideal behavior is resumed and the applied potential is dropped across 

the semiconductor|solution interface as seen regime C. An explanation for why this is 

only observed at low concentrations of redox couple could be that the density of states at 

higher concentrations outcompetes the density of defect sites with respect to where the 

potential is dropped across the interface. In either case, it is clear the presence of a 

defective surface significantly complicates junction energetics and the resultant carrier 

dynamics. 
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2.7 SURFACE RECOMBINATION OF METAL OXIDE COATED SURFACES 

To study the effects of a metal-oxide overlayer on surface recombination, SRV 

measurements were performed on substrates functionalized with ALD-deposited metal 

oxides. Two common metal oxide materials used in photoelectrochemical applications 

are TiO2 (a semiconductor) and Al2O3 (an insulator), both of which have been explored 

extensively as materials produced by atomic layer deposition.73,122,123 

The SRV values for all surfaces at increasing ALD cycles for both TiO2 and 

Al2O3 are shown in Figure 2.8. For both the methyl and para-nitrophenyl surfaces — 

which have initially low values of S, TiO2 — deposition results in interfaces that maintain 

the low rate of surface recombination. Al2O3 deposition begins with low S values but 

drastically increases at 25 cycles. In all cases Pt deposition results in surfaces with 

diminished values of S. For the meta-dinitrophenyl surfaces, which begin with high rates 

of surface recombination both Al2O3 and TiO2 dramatically decreased surface 

recombination at low cycle numbers (5-10 cycles). The recombination rate decreases 

from a value commensurate with completely oxidized, highly defective substrates (~4000 

cm s–1) at zero cycles, to rates comparable to that of a purely methylated surface (~100 

cm s–1) at less than 25 cycles (TiO2, 25 cycles; Al2O3, 5 cycles). However, the passivating 

effects of TiO2 and Al2O3 diverged beyond ~25 cycles: additional deposition of TiO2 

enhanced or maintained the low S value, culminating with a value of 85 ± 12 cm s–1 at 

100 cycles. In contrast, greater than 15 cycles of Al2O3 deposition significantly increased 

both the average SRV values (S = 950→3000 cm s–1; 25→75 cycles) and the 

corresponding variance (s.d. = ±350→800 cm s–1; 25→75 cycles).  
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Figure 2.9: Surface recombination velocities for different numbers of ALD cycles for 

ultrathin films of TiO2 and Al2O3 on the a) Methyl terminated b) para-

nitrophenyl and c) meta-dinitrophenyl functionalized surfaces. Data to the 

right of the dotted line represent samples following Pt deposition. 

The mechanism of the metal oxide induced passivation appears to be poorly 

understood. Literature has mostly focused on high temperature, hydrogen based 

annealing methods to achieve low S values at crystalline Si-metal oxide interfaces98,99,124 

on the (100) crystal facet. Low temperature passivation of a similar variety has been 

explored by Lewis et al.95 who likewise observed low S values at small cycle numbers of 

Al2O3, which is consistent with the present data. It was hypothesized that S recovery at 

low Al2O3 cycles is due to the establishment of an interfacial electric field, rather than the 
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‘repair’ of defect sites – although this latter mechanism cannot yet be excluded. The loss 

of long carrier lifetimes at higher cycles of Al2O3 (versus TiO2) is an intriguing 

phenomenon. Presumably, this passivation is dependent on the semiconducting (n-type) 

character of the TiO2 overlayer, in that deposition facilitates the formation of p-n–like 

junction which not only effects an electric field within the silicon substrate, but also can 

act as an electron selective contact.125 This further facilitates charge separation via hole 

depletion at the surface, which cannot occur with an insulating Al2O3 layer. Nonetheless, 

this SRV data in conjunction with previous reports (and the data presented below) 

provides substantial evidence that the low temperature (150 °C) deposition contributes to 

enhanced photoelectrochemical performance of TiO2-coated silicon devices via 

diminished recombination. 

Furthermore, deposition of Pt nanoparticles (also deposited via relatively low 

temperature ALD, 240 °C) maintained the low S values found with 100 cycles of TiO2 . 

More importantly, Pt rescued the high SRV values found with 100 cycles of Al2O3, 

decreasing the value of S from 2200 ± 77 cm s–1 to 550 ± 58 cm s–1
 – thus approaching 

(but not attaining) that of the highly passivated, purely methylated substrate (100 cm s–1). 

The field passivation effect of Pt is well-documented in our own work.126,127 In this 

regime, the strongly enhanced electric field imposed by the work function and high 

density of states of Pt dominates the recombination process, essentially overwhelming 

any field effect generated by the metal oxide. For this reason, meta-dinitrophenyl 

substrates functionalized with 100 cycles of {TiO2 or Al2O3} plus Pt become functionally 

indistinguishable – from the standpoint of SRV measurements. 
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2.8 PHOTOELECTROCHEMISTRY OF TIO2 AND PT FUNCTIONALIZED SURFACES 

Provided our ability to clearly distinguish surface recombination effects versus 

thermionic emission effects under judiciously chosen conditions, this provided the 

opportunity to precisely investigate the often ambiguous passivation effects of metal 

oxide-based junctions on device performance. As discussed above in the SRV section, 

ALD deposition of TiO2 significantly lowers the rate of recombination on the highly 

defective meta-dinitrophenyl surface. The present electrochemical approach (outer sphere 

redox couple) avoids the complications of catalytic overpotentials in the experimental 

readout, thus providing a more direct probe of junction energetics and their influence on 

carrier dynamics. 

Surfaces were functionalized with ~2.5 nm of TiO2 (50 ALD cycles see Figure 

2.10 for determination of film thickness). Briefly, X-Ray Photoelectron Spectroscopy 

was used to determine the thickness of grown TiO2 films. ALD TiO2 was grown in 

intervals of 10 cycles (0-50 cycles) and subject to analysis via XPS. The RSF corrected 

ratios of Ti 2p to Si 2p were used to calculate the thickness according to a simple 

substrate-overlayer model (see experimental). The calculated thickness was plotted as a 

function of ALD cycle to determine the length of the nucleation phase (the x-intercept) as 

3.9 cycles and the growth rate (the slope) as 0.052 nm/cycle. Importantly, the nucleation 

phase of TiO2 deposition of the para-nitrophenyl surface was faster nucleation than 

previously reported Si(111) surfaces containing methoxy structural motifs.30  
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Figure 2.10: Representative TiO2 film growth profiling via XPS of the a) Si 2p region 

and the b) Ti 2p region. A simple substrate overlayer analysis of the area 

ratio results in c) the thickness dependence on ALD cycle number.  

In PEC experiments with a high concentration of redox couple (Figure 2.11a), 

deposition of TiO2 did not affect the prevailing trend on VOC; however, it it did result in 

differential shifts in VOC for all three surfaces. For example, the TiO2 deposition 

minimally (yet significantly) decreases the low VOC methyl surface value by 0.04 ± 0.02 

V, whereas the high VOC meta-dinitrophenyl exhibits a greater decrease upon TiO2 

deposition (0.14 ± 0.03 V). The fact that all three VOC values roughly converge to the 

same range of values upon TiO2 deposition (from a range of 160 mV, to within a range of 

70 mV) indicates partial pinning of the surfaces to the Fermi level of the n-type TiO2 
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film. It is notable that counter to the expected positive shift due to the formation of a p-n 

junction (resulting from the increased driving force for carrier separation), a negative 

shift in VOC value is observed in each case. By definition, the negative shifts in VOC are 

the result of a diminished photovoltage at the Si–R|TiO2|MV2+ junction (which is further 

supported by no evidence of current onset shifts due to TiO2 deposition on n+ Si–R 

devices Figure 2.11b), which could be due several reasons: (i) carrier recombination 

within the TiO2, (ii) complex kinetics at the TiO2|MV2+ junction (i.e., the trough-shaped 

barrier to reduction in the TiO2 film), or (iii) electrostatic shielding of the molecular 

interface which diminishes the barrier height within the silicon. Regarding the first point, 

we and others recently reported that the amorphous ALD-TiO2 layer deposited by the 

present technique contains a significant density (1×1017-20 cm–3) of mid-gap defect states 

due to ~1% Ti3+ (and thus oxygen vacancy) doping.110,127 Such defect states could act as 

recombination sites for electrons injected into the TiO2 (which generally acts as an 

electron-selective contact). However, at present we are unable to experimentally 

distinguish these effects in explicit fashion. 
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Figure 2.11: a) Illuminated (1 sun) J-V responses of surfaces modified with TiO2 in 

contact with an aqueous 50 mM MV2+ solution. b) Analagous surfaces 

constructed from n+Si(111) and analyzed in the dark. 

To test the effects of metal deposition in a non-catalytic system, we opted to 

deposit Pt nanoparticles. In HER systems platinized interfaces cannot be compared to 

non-platinized interfaces due to the catalytic inactivity of TiO2. Thus, our system 

represents an ideal case to highlight carrier dynamics in the absence of catalysis. The 

effects of platinum are surprisingly analogous – yet opposite – to that of TiO2 deposition, 

to which we ascribed partial Fermi level pinning (Figure 2.12). In brief, just as TiO2 

narrowed and decreased the range of VOC values of the bare surfaces, Pt deposition 

increased but narrowed the range of VOC values compared to the bare surfaces. For 

example, the Si–Me|TiO2|Pt surface exhibits an appreciably larger VOC (0.30 ± 0.03 V vs 

MV2+) versus its non-platinized congener (0.23 ± 0.01 V vs MV2+), whereas the Si–meta-

dinitrophenyl|TiO2|Pt surface exhibits only a negligibly larger VOC (0.42 ± 0.02 V vs 

MV2+) versus its non-platinized congener (0.40 ± 0.01 V vs MV2+; see Table 2.3 for full 

details). 
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Figure 2.12: Illuminated (1 sun) J-V responses of surfaces modified with TiO2 and Pt in 

contact with an aqueous 50 mM MV2+ solution. 

 

Surface ϕB, bare 

(V) 

S, bare 

(cm s–1) 

VOC, bare 

(V vs MV2+) 

S, TiO2 

(cm s–1) 

VOC, TiO2 

(V vs MV2+) 

S, TiO2|Pt 

(cm s–1) 

VOC, TiO2|Pt 

(V vs MV2+) 

Si-Me 0.31 ± 0.01 22 ± 2 0.23 ± 0.01 41 ± 2 0.19 ± 0.01 54 ± 3 0.31 ± 0.03 

Si-PhNO2 0.46 ± 0.04 36 ± 9 0.31 ± 0.04 48 ± 5 0.24 ± 0.02 57 ± 9 0.34 ± 0.02 

Si-Ph(NO2)2 1.12 ± 0.02 4004 ± 51 0.41 ± 0.01 105 ± 13 0.26 ± 0.02 103 ± 13 0.42 ± 0.02 

Table 2.3: Summary of results for chemically derivatized Si(111) surfaces. 

These shifts in VOC highlight a number of interesting conclusions. As observed in 

the narrowing of VOC values upon TiO2 deposition, a similarly narrow range is observed 

upon Pt deposition. The grouping of VOC values suggests that the devices become 

partially pinned to the Fermi level of the Pt nanoparticles. In turn, deposition of a metallic 

contact (thereby forming a buried junction device) is necessary to observe pn-junction 

behavior (increased VOC) from TiO2 modified devices. It is notable however, that even at 
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the platinized surface, the shifts in VOC due to surface functionalization are significant, 

highlighting the effectiveness of a molecular approach to surface engineering, even at 

buried junctions. 

2.9 CONCLUSIONS 

The findings of this work are summarized as follows: 

(1) Installation of para- and meta-substituted electronegative aryl units on p-Si(111) 

installs a positive dipole {Si(δ+)–Ar(δ–)} results in rectifying J-V behavior, 

compared with the known Ohmic behavior exhibited by the methylated p-type 

surface {Si(δ–)–CH3(δ
+)}. 

(2) Although the meta-dinitrophenyl surface contains a high surface oxide content 

that results in deleterious electronic surface defects (S ≈ 1 × 103 cm s–1), even a 

small amount of Al2O3 or TiO2 deposition (< 25 cycles) rescues the electronic 

quality of the surface (S = 1 × 101 cm s–1). 

(3) Under photoelectrochemical operating conditions, surface recombination effects, 

even at the bare Si–Ar surfaces, are only prominent at low concentrations of redox 

couple. This highlights the importance of carrier collection efficiency in 

determining device performance. 

(4) The initial electronic ‘rescue’ effect of Al2O3 is lost at >25 cycles (low SRV 

values are obtained), while further cycles (up to 100) of TiO2 continue to maintain 

or increase electronic surface quality. This suggests exclusively ‘structural’ 

passivation for Al2O3, while TiO2 provides both structural and electronic 

passivation. 

(5) Deposition of TiO2 results in negative shifts in VOC, counter to what would be 

expected with the formation of a pn-like junction. This is likely due to defect 
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states/band in the ALD-deposited TiO2, which provides efficient (deleterious) 

recombination sites and/or diminishes the average reducing power of the photo-

excited electrons. 

(6) Deposition of Pt nanoparticles results in a positive shift in VOC, suggesting that 

while the TiO2 junction may facilitate charge carrier separation, the formation of a 

buried junction via metallic overlayer is necessary to provide the expected 

increase in photoelectrochemical performance. 

(7) The range of VOC shifts in the case of Si–R|TiO2|Pt devices is greatly diminished 

(compared to bare surfaces), indicating at least partial pinning to the work 

function of the Pt nanoparticles.  However, the shifts remain significant and 

concretely correlate with the dipole-induced barrier height imposed by the 

molecular functionalization. This highlights the need for molecular design 

strategies for maximizing the photovoltage at such device junctions.  

 

Most importantly, we believe these results (that is, the efficacy of TiO2|Pt 

functionalization) considerably relax the importance of the electronic surface quality of 

the organic-only functionalized substrates, as necessary to produce efficient 

photoelectrochemical devices. 

2.10 EXPERIMENTAL METHODS 

2.10.1 Materials 

Surface recombination measurements were conducted on FZ grown, undoped, 

double side polished Si(111) wafers (University Wafers) with a bulk lifetime >1.2 ms, a 

resistivity >20,000 Ω·cm, and a thickness of 525 ± 25 μm. Electrochemical experiments 

were carried out on CZ grown, boron-doped, p-type Si(111) (Virginia Semiconductor 
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Inc.) with a resistivity range of 1.4-9 Ω·cm and a thickness of 450 ± 25 μm. All chemicals 

were used as received. THF was purchased as high-performance liquid chromatography 

(HPLC)-grade solvents from EMD, Fisher, Macron, or J.T. Baker and dried through an 

alumina column system (Pure Process Technology). 

2.10.2 Surface Functionalization 

2.10.2.1 Etching and Chlorination 

Functionalization of Si(111) was carried out using previously well-established 

organolithium (aryl-lithium reagents) or Grignard chemistry (alkyl-Grignard reagents).
39 

The silicon wafer was cut to an appropriate size (~1 cm2 square wafer) and then 

sequentially sonicated for 10 min each with acetone, ethanol 18 MΩ water. The wafers 

were dried with N2 and then immersed for 20 min in a 90 °C piranha solution (2:3 of 

H2O2 (30% Fischer Scientific) and H2SO4 (96.6% Fischer Scientific)) to remove organics 

from the silicon surface. Next, the samples were rinsed with ultra-high purity water, dried 

with a stream of N2, and immersed in a solution of HF(aq) (semiconductor grade, Transene 

Company, Inc.). The samples were immersed for 20 s for CZ p-type or 1 min for FZ 

intrinsic wafers (a longer immersion time was employed for the FZ wafers as they were 

used for surface sensitive SRV measurements) before immersion into a degassed solution 

(by bubbling with N2 for 20 minutes) of aqueous NH4F (semiconductor grade, Transene 

Company, Inc.) for 20 min. The samples were briefly rinsed 18 MΩ water and dried with 

N2 before immediate transfer to a N2 atmosphere flushbox. The etching produces 

atomically flat Si–H surfaces that are unstable long-term (more than a few minutes) in 

air.55  In the N2 flushbox, the samples were then immersed in a 90 °C solution of 

saturated PCl5 (metal basis 99.998%, Alfa Aesar) in dry chlorobenzene (99.8%, Sigma-

Aldrich) with a catalytic amount (~1 mg) of benzoyl peroxide for 45 min. The resulting 



 63 

samples were removed from solution and rinsed sequentially with chlorobenzene and 

THF on both sides yielding a chlorinated silicon surface that was used for surface 

functionalization. 

2.10.2.2 Attachment of Organic Molecules 

To produce the mixed organic/methyl surfaces the Si–Cl surfaces were immersed 

in a solution of 0.024 M organolithium reagent in THF at –78 °C. The organolithium 

solutions were prepared by dissolving 0.36 mmol of the corresponding organic species 

0.075 g (0.37 mmol) of 4-nitrobromobenzene (99% Sigma Aldrich or 0.095 g (0.38 

mmol) of 3,5-dinitrobromobenzene (98% Arc Pharma Inc.)) with 15 mL of dry THF in a 

20 mL Schlenk tube under N2. The stirred solution was cooled using a dry-ice/acetone 

bath to –78 °C and a 0.20 mL aliquot of 1.6 M n-butyllithium (0.32 mmol, in hexanes, 

Sigma Aldrich) was added dropwise. After stirring for 20 min, the wafers were immersed 

in the solution, which was allowed to warm to room temperature. The Si wafers were 

immersed in this solution for 1, 3 or 6 hours according to the experimental design. After 

lithiation, the wafers were transferred to a N2 atmosphere flushbox and rinsed with THF 

on both sides before immersion in a solution of 1.5 M CH3MgCl in THF (diluted from 

3.0 M CH3MgCl, Sigma Aldrich) at 50 °C for 24 h. (Note: The methyl Grignard solution 

was utilized after the lithiation to back-fill any unreacted Si–Cl sites to produce a 

passivated mixed aryl/methyl monolayer). To produce the solely methylated surfaces the 

Si–Cl surfaces were transferred directly to the 1.5 M CH3MgCl in THF solution kept at 

50 °C for ~24 h. The resulting wafers were removed from the Grignard solution, rinsed 

thoroughly with THF and then sequentially sonicated in THF, ethanol and 18 MΩ purity 

water. 
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2.10.3 Atomic Layer Deposition 

Atomic layer deposition was performed using a Savannah S100 ALD instrument 

under high purity N2 (99.999%) at a flow of 20 sccm. The precursors used were 

tetrakis(dimethylamido)titanium (TDMAT , Sigma Aldrich) for TiO2, trimethylaluminum 

(TMA, Sigma Aldrich) for Al2O3, and trimethyl(methylcyclopentadienyl)platinum 

(Strem) for platinum with a counter-reactant of water (chromatography grade) for TiO2 

and Al2O3, and oxygen (99.999%) for Pt. Amorphous TiO2 and amorphous Al2O3 were 

deposited using a reaction chamber temperature of 150 °C with gas lines at 150 °C, while 

the Ti precursor was heated to 75 °C with gas lines also at 150 oC . Each metal oxide 

cycle consisted of a Ti/Al pulse length of 0.1 s followed by a delay of 5 seconds, and then 

a 0.015 s pulse with another delay of 5 s. Platinum nanoparticles were deposited using a 

reaction chamber temperature of 240 °C, gas lines at 150 °C, and the Pt precursor at 70 

°C.  Each platinum cycle consisted of a Pt pulse of 1 s followed by a 5 s delay, and an O2 

pulse of 0.015 s with another 5 s delay. For samples used in SRV measurements, and the 

number of ALD cycles for TiO2/Al2O3 varied from 2-100 cycles with 25 cycles of Pt 

deposited atop of the metal oxide. For electrochemical measurements, 50 cycles of TiO2 

(~2 nm) were deposited before depositing 25 cycles of Pt (10 ± 2 nm nanoparticles). The 

metal oxides were deposited on both sides of the double-side polish, non-doped Si wafers 

(SRV measurements) but were only deposited on the single-side polish of the p-type Si 

wafers (electrochemical measurements). 

2.10.4 Surface Characterization 

2.10.4.1 Surface Recombination 

Surface recombination velocity measurements were performed using a contactless 

IR-microwave conductivity instrument (custom built by Growth Equipment, Inc.) to 
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probe the photoconductivity decay of the samples. The measurements were performed on 

intrinsically doped, functionalized silicon surfaces. IR pulses from an OSRAM laser 

diode and ETX-10A-93 driver (20 ns at 905 nm) generated excited charge carriers that 

were probed with microwave irradiation. The lifetime of charge carriers was determined 

by measuring the change in microwave reflectance over time with the reflected 

microwaves being absorbed by a PIN diode connected to an oscilloscope. The change in 

oscilloscope voltage was interpreted as a change in charge carrier density. The resulting 

photoconductivity decay curves were averaged 200 times prior to fitting to an exponential 

decay model (eq 2.1): 

 

𝐴 = 𝑦 + 𝑎  𝑒
−𝑡 (

1

𝜏𝑏
+

2𝑆

𝑑
)
     (2.1) 

 

where τB is the lifetime of carriers in the bulk, d is the thickness of the wafer, and S is the 

surface recombination velocity.  In this experiment, which utilized high purity float-zone 

wafers with high carrier lifetimes, the bulk recombination is assumed to be negligible. 

The SRV was measured as a function of lithiation time and number of ALD cycles. All of 

the wafer samples were measured immediately following 10 min sonication in THF, 

ethanol, and ultra-high purity water (sequentially) once removed from the methylation 

reaction. The SRV measurements as a function of ALD cycle number were measured on 

samples immersed for 6 h in the organolithium precursor, as this was shown to result in a 

highly defective meta-dinitrophenyl surface, but retained low recombination rates at para-

nitrophenyl surfaces. 
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2.10.4.2 X-Ray Photoelectron Spectroscopy 

Surfaces were characterized by X-ray photoelectron spectroscopy using a Kratos 

Axis Ultra Spectrometer with a monochromated Al Kα X-Ray source (hν = 1486.5 eV). 

The samples were oriented 45° with respect to the X-ray source, such that the 

photoelectron take off angle was normal to the surface of the sample.  The pressure of the 

analysis chamber was sustained at ~2 × 10–9
 Torr during measurements. The samples 

were probed in both the N 1s and Si 2p regions and analyzed using the Casa XPS 

software. The peaks were fit using a 70:30 Gaussian to Lorentzian character. Molecular 

surface coverages were calculated on the basis of percent of a top Si sites occupied as 

derived from a substrate overlayer model published previously.57  

2.10.5 Electrochemical and Photoelectrochemical Methods 

All electrochemical and photoelectrochemical measurements were performed 

using a Gamry 1000E Interface Potentiostat. 

2.10.5.1 Hg-Contact Voltammetry 

The J-V characteristics were probed using a two-electrode configuration 

consisting of an electrochemical cell consisting of a steel base, copper tape (single sided, 

3M), the prepared Si wafer, and an O-ring which contained electronic grade liquid 

mercury (99.999%, Alfa Aesar). The functionalized p-silicon wafers were prepared by 

scratching the unpolished side with a diamond-tipped scribe and applying a gallium-

indium eutectic (99.99%, Alfa Aesar) to mount the wafer on copper tape and form an 

ohmic back contact. A Kalrez O-ring was placed on top of the silicon wafer to contain the 

liquid mercury (electrode area of 0.07 cm2). The two-electrode setup consisted of a Pt 

wire (99.95%, Strem) contacted with the liquid mercury (counter and reference 

electrodes) and the copper tape in contact with the wafer (working electrode). 
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Electrochemical measurements were conducted in the dark to prevent induced 

photovoltages. Linear sweep voltammetry was performed by sweeping the voltage from –

0.5 V to 0.5 V with a scan rate of 20 mV s-1 . J-V responses were fit according to the 

combined thermionic emission and diode equations (eq 2.2)2: 

 

𝐽 =  𝐴∗∗𝑇2𝑒
(−

𝑞ϕ𝐵
𝑘𝑇

)
 (𝑒𝑞𝑉/𝑛𝑘𝑇 − 1)    (2.2) 

 

where J is the current density in response to an applied potential, Js is the leakage 

current, and V is the applied potential, A** is Richardson’s constant, T is temperature and 

ΦB is the barrier height at the interface and n is the diode quality factor.  The linear 

portion of the current under forward bias were fit, and ΦB and n calculated using the 

following form (eq 2.3-4): 

 

ϕ𝐵 = (𝑘𝑇/𝑞)ln( 𝐴∗∗𝑇2/𝐽𝑜)    (2.3) 

 

𝑛 = 𝑞(𝑘𝑇)−1(𝑠𝑙𝑜𝑝𝑒)−1     (2.4) 

 

where Jo was the y-intercept. 

2.10.5.2 Photoelectrochemical Measurements 

Photoelectrochemical (PEC) experiments were conducted using an 

electrochemical cell which consisted of a Teflon reservoir for the electrolyte with a 0.07 

cm2
 aperture at the base defining the electrode surface area. The Teflon cell contained a 

layered configuration comprised of an O-ring, the silicon sample (with GaIn eutectic 

applied), single-sided copper tape, and a steel base. Illumination (1 sun) was provided by 



 68 

a 150 W Xe lamp (Newport Co., USA) and a AM-1.5 air mass filter (Newport Co., 

USA).  Experiments were performed in a three-electrode configuration, with the Si 

sample as the working electrode, a Pt wire counter electrode (99.95%, Strem) and a  

saturated calomel electrode (SCE, CH1150, CH Instruments) for aqueous experiments. 

Aqueous J-V experiments were performed in 18 MΩ water with 0.5 M K2SO4 

(99%, Acros) as supporting electrolyte. A buffer system of 0.1 M KHP (99% Acros) and 

sulfuric acid (conc. Fischer) was used at pH 3.117 Either 1.5 or 50 mM  methyl viologen 

dichloride (98% Acros) was dissolved via sonication depending on the concentration 

required for the experiment. Prior to any electrochemical measurements, the solution was 

sparged with N2 for at least 15 minutes. The reduced form of the redox couple was 

generated in situ via bulk electrolysis prior to experiment, and after sparging with N2. 

With vigorous stirring a glassy carbon button electrode was poised at -0.7 V vs SCE to 

generate an appreciable amount of MV+ (~1 mM MV+ for 50 mM MV2+ experiments,117 

and ~0.05 mM MV+ for 1.5 mM MV2+ experiments49). The solution potential was 

determined to be –0.6 V vs SCE based on voltammetric measurements using a glassy 

carbon button working electrode . The scan rate was 20 mV s–1 for all experiments, and 

rapid stirring was utilized to diminish mass transfer effects. 

Reciprocal capacitance measurements were conducted in the cell described above 

with freshly prepared samples that had not been used for J-V measurements. 

Additionally, all measurements were performed in the dark to prevent development of a 

photovoltage.  The solution contact was the above described 50 mM MV2+ aqueous 

solution; the reduced form of the redox couple was generated prior to analysis via bulk 

electrolysis.  Capacitance was measured via electrochemical impedance spectroscopy 

(EIS) at a range of applied potentials, 0-0.5 V vs MV2+, at 0.05 V intervals.  EIS scans at 

each potential were collected with a 10 mV sinusoidal voltage at frequencies from 10-1 to 
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106 Hz.  Data were fit at frequencies where the phase angle exceeded -80o, typically at 

frequencies of 105 Hz.  Capacitance values were then extracted and fit with a Randle’s 

equivalent circuit using a custom LabView program supplied by Dr. Ron Grimm.23  The 

resulting values were plotted as the reciprocal capacitance squared according the Mott-

Schottky equation for a p-type semiconductor (eq 2.5): 

 

𝐶−2 =
−2

𝑞𝜀𝜀𝑜𝑁𝐴
(𝐸 − 𝐸𝐹𝐵 +

𝑘𝑇

𝑞
)    (2.5) 

 

where C is the measured capacitance per area, q is the elementary charge (1.602 × 

10–19 C), ε is the dielectric constant for Si (11.9), εo is the permittivity of vacuum (8.85 × 

10–12 F m–1), NA is the dopant density, E is the applied potential, EFB is the flat band 

potential, k is Boltzmann’s constant (1.38 × 10–23 m2 k g s–1 K–1) and T is the temperature 

(298 K).  EFB can be related to the barrier height, ΦB (which is the potential difference 

between the solution potential and the semiconductor valence band) by the following 

equation (eq 2.6): 

 

𝜙𝐵 = 𝐸𝐹𝐵 −
𝑘𝑇

𝑞
ln (

𝑁𝐴

𝑁𝑉
)     (2.6) 

 

where NV is the effective density of states for the valence band (1.04 × 1019 cm–3 

for Si). 
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Chapter 3. Tuning p-Si(111) Photovoltage via Molecule|Semiconductor 

Electronic Coupling** 

3.1 INTRODUCTION 

The energetic offset between a light-absorbing semiconductor and its contacting 

phase is the primary determinant of the maximum photovoltage (VOC).4 As such, 

designing efficient photoelectrochemical (PEC) devices demands precise control over the 

interfacial energetics of semiconductor materials.24 The energetics of these junctions are 

determined by the electrochemical potential (Fermi level) of each phase, liquid or solid.  

Equilibration of these phases leads to band-bending and an asymmetric energetic 

landscape for electrons and holes that is the basis of charge separation in operational 

devices. Modifying and controlling the relative electrochemical potential (and thus the 

band-bending and charge separation) in each phase is possible via material junctions such 

as degenerately doped p-n+ junctions.79,128,129 However, as the aspect ratio of devices 

increases, recent research has focused on the use of chemically modified surfaces to 

achieve the same effect at molecular length scales, which is adaptable to nano-textured or 

polycrystalline semiconductor surfaces. 

Such “molecular emitter layers” operate via chemical modification of the 

semiconductor surface to install an interfacial dipole.25 The interfacial dipole serves as an 

electric field localized to the dipolar molecule between the semiconductor and its 

contacting phase. The result of this interfacial electric field is an energetic offset of the 

semiconductor band-edges relative to the electrochemical potential of the contacting 

phase leading to more (or less) band bending when the two phases equilibrate. The 

 
** Portions of this chapter were adapted with permission from:  

D. G. Boucher, K. Kearney, E. Ertekin, and M. J. Rose. J. Am. Chem. Soc. 2021, 143, 2567-2580. 

DGB performed sample preparation and characterization, spectroscopic analysis, electrochemical 

experiments, and analysis of computational data. KK performed DFT calculations. EE and MJR were 

principal investigators. 
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magnitude and direction of this shift largely depends the molecular structure of the 

interface,36 making this an area ripe for synthetic manipulation. A positive interfacial 

dipole (a positive shift in the vacuum energy) would necessitate a molecular species that 

localizes electron density at the solution side of the interface. As a result, a positive 

dipole moment (on a p-type semiconductor) leads to an increased barrier height, Φb (the 

energetic difference between the semiconductor valence band edge and the 

electrochemical potential of the contacting phase) and, when illuminated, charge 

separation. 

A synthetically tunable interfacial dipole on semiconductor devices that is 

accessible via low-temperature, solution-based processing methods is extremely 

attractive for designing solution or solid-state  semiconductor junctions. Deliberate tuning 

of the interfacial dipole (and the resulting electrical properties) by synthetic means has 

been explored for solid-state Schottky (semiconductor|metal) junctions.25,26,36,130 as well 

as semiconductor|liquid junctions.37,47,49 For example, Lewis et al. demonstrated the stark 

photoelectrochemical differences between hydride- and methyl-terminated Si(111) 

surfaces, wherein methylation (negative surface dipole) resulted in a negative 0.3 V shift 

in VOC (in contact with the outer-sphere redox couple 1,1′-dicarbomethoxycobaltocene) 

compared with the H-terminated Si(111) photocathode.23 An analogous approach has 

been pursued for p-InGaAs photocathodes, wherein phosphonic acid (PA) binding groups 

with differing electronegative substituents were used to modulate the band-edge positions 

up 0.8 eV37; more recently this approach was also explored for Si|PA|TiO2 junctions.38 In 

more subtle fashion, the utility of mixed monolayers has been demonstrated for achieving 

tunable barrier heights (R-group = 3,4,5-trifluoro(phenyl)acetylene; varying surface 

coverages = 0-0.2 fractional monolayer coverage) but the deleterious effects of increased 

surface recombination precluded the realization of a quantitative relationship between 
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modulated barrier height and photovoltage. We recently demonstrated that mixed-

monolayers of 4-nitrophenyl moieties — which exhibited low rates of surface 

recombination — shifted the VOC 100 mV positive of the purely methylated surface.29 A 

related computational study screened a wide variety of aryl-R surface functionalities for 

their simulated photoelectrochemical performance and found that aryl-nitro structural 

motifs provided the largest interfacial dipole and photovoltage.97 Thus, it is clear that 

such strategies represent a robust method of controlling the barrier height and the 

photovoltage (VOC) by tuning the energetic position of the semiconductor band-edges. 

While the chemical structural components of molecular interfacial dipoles has 

been explored for gold SAMs131–135 and well-defined solid-state Schottky junctions (non-

illuminated),25,136–141 very few PEC studies have sought to systematically understand the 

molecular and orbital-based parameters that contribute to the interfacial dipole and the 

resulting photovoltage. Largely, this void in fundamental understanding stems from two 

sources. First, most semiconductor|liquid junctions are notoriously complex chemical and 

electronic environments where molecular contributions to the interface can be convoluted 

if care is not taken.  Many semiconductors are unstable in solution64,65 and prone to the 

formation of defect sites which significantly obscure the effects of junction formation via 

Fermi level pinning,14,142 deleterious surface recombination,67,68 or both. Secondly, most 

studies have focused largely on applied conditions for fuel formation.37,46,47 While these 

are important studies, a fundamental understanding of the surface energetics is obscured 

by kinetic and energetic complications due to catalyst integration,143,144 the use of 

complicated multi-step inner-sphere reactions,145 and surface corrosion146 in harsh 

electrolyte conditions. In addition, many modified semiconductor surfaces utilize 

protective metal oxide coatings48 to prevent corrosion which can further impact 

interfacial energetics88,107 and obfuscate molecular contributions. Taken together, these 
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conditions preclude a straightforward interpretation of the current-voltage properties. As 

a result of these complications, the molecular structural components that provide a well 

passivated (i.e. chemically stable with low electronic defects) surface, with a high barrier 

height and corresponding VOC are poorly understood. Thus, molecular features, such as 

polarizability or molecular electronic structure, and their impact on photoelectrochemical 

devices have also been largely ignored. This is despite key studies on solid-state Schottky 

junctions detailing that these parameters are absolutely critical in determining the 

interfacial potential drop and charge rearrangement across the interface,7,147 as well as, 

more generally, understanding interfacial charge transfer processes.148,149 

Herein, we seek to systematically understand the molecular design requirements 

— e.g. aryl R-groups, extended aromaticity, and orbital overlap — for fine-tuning 

junction energetics and to leverage that understanding into more applied device 

architectures. We synthetically expand the repertoire of molecular functional groups used 

in mixed monolayer Si(111) surfaces to include electronegative nitrophenyl groups 

(based on prior computational screening)97 and polyaromatic hydrocarbons (vide infra, 

Scheme 3.1). The resulting surfaces have negligible defect densities, exhibit low surface 

recombination rates and represent a high-fidelity surface on which to precisely probe the 

molecular design principles for establishing high quality, high performance 

photoelectrochemical junctions. We demonstrate systematic tuning of the Si(111) band-

edges and the resulting photovoltage in contact with two separate contacts – a simple 

one-electron outer-sphere redox couple and a TiO2|Pt overlayer for HER.  The high 

fidelity of the surface allows us to assess and quantify the relationship between Φb and 

VOC. Importantly, this quantification is supported by DFT investigations and leads to new 

molecular-level insights into the local surface electronic structure and how 

semiconductor|molecular orbital hybridization critically impacts performance and 
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interfacial charge rearrangement. These results represent a strict structure-function 

relationship in both fundamental and applied conditions and represent a significant step 

towards a predictive model for the molecular design of functional surfaces.  

 

 

Scheme 3.1: Functionalization of the Si(111) surface with mixed monolayers and 

methyl. 

3.2 SURFACE CHARACTERIZATION 

The Si–Me surfaces were prepared from known procedures39 utilizing the 

chlorination of freshly etched (HF, NH4F) Si(111) surfaces from PCl5 and subsequent 

immersion in methyl Grignard reagent. Mixed monolayers were prepared by immersing 

the chlorinated surface in a solution of the aryl-lithium reagent of interest for 1 hour. 

Longer immersion times have been shown to increase the density of functionalized 

silicon sites but also result in an increase in the rate of recombination of photoexcited 

charge carriers due to surface trap states.49,111,150 In our work, 1 hour immersion times 

were found to provide a suitable balance of functionalized Si sites and minimal surface 
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recombination rates. The aryl-modified surfaces were then methylated to back-fill any 

unreacted Si–Cl sites to afford mixed aryl-methyl surfaces, denoted for the remainder of 

the text as Si–R (R: -Ph, -PhNO2, -Anth, and -AnthNO2). Substrates were analyzed by 

XPS to confirm attachment of the organic group and extent of surface oxidation. The 

high resolution Si 2p XPS spectrum showed bulk Si and no detectable SiOx formation 

(102-104 eV) after functionalization. High resolution N 1s of surfaces functionalized with 

nitrogen containing molecules (PhNO2 and AnthNO2) showed a characteristic peak at a 

binding energy of 401 eV, indicating successful attachment (Figure 3.1). C 1s signals 

were used to estimate the percent of a top Si sites occupied (Figure 3.2). Si-Ph and Si-

PhNO2 gave similar coverages (7 and 10% respectively) and both Si-Anth and Si-

AnthNO2 gave approximately 4%. The lower coverages for Anth-based modifiers are 

consistent with steric considerations of surface packing.  Importantly these C 1s based 

coverages are consistent with coverages estimated from N 1s signals (Si-PhNO2 = 19% 

and Si-AnthNO2 = 9%) but are likely lower due to difficulties in accurately fitting the 

aliphatic and aromatic C 1s region. 

 

 

Figure 3.1: Representative XPS characterization of the Si 2p region (top) and N 1s 

region for the Si(111)-AnthNO2 functionalized surface. 
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Figure 3.2: XP spectra of the C 1s  region for all surfaces. Carbon signals were fit with 

components constrained to known carbon chemical shifts: C=O (288.9 eV), 

C-O (286.7 eV), sp3 C (285.7 eV), sp2 C (284.9 eV), and Si-C (283.9 eV). 

Importantly, functionalization of the surface was achieved with only minor effects 

on the interfacial carrier dynamics. Photoexcited carrier decay due to surface 

recombination was probed via contactless microwave photoconductivity experiments on 

high-purity intrinsic silicon wafers with long bulk carrier lifetimes (Figure 3.3). Briefly, 

photoconductivity decay experiments measure the conductivity of the silicon substrate 

over time after a pulse of NIR light (905 nm). The charge carriers excited by the initial 

pulse of light diffuse to the surface and recombine leading to a decrease in conductivity 

over time, providing an average carrier lifetime, τ, and surface recombination velocity 
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(S). Surface defects (trap-states) dramatically increase the rate of surface recombination 

by providing electronic states into which photoexcited charge carriers relax.  

 

 

Figure 3.3: Representative photoconductivity decay traces after initial IR pulse for all 

surfaces. 

The lifetimes and surface recombination velocities are summarized in Table 3.1. 

The lifetimes were all appreciably long, on the order of 0.5 to 1 ms, and exhibited low 

values of S (19-39 cm s–1); such lifetimes approach the bulk lifetime reported by the 

manufacturer. In contrast, an extremely short (6.6 μs) carrier lifetime and large S (almost 

4000 cm s–1) was observed for an intentionally oxidized SiOx surface. Thus, the values of 

S for Si–R indicate low surface trap-state densities for each functionalized surface, as the 

mixed-monolayer functionalization does little to increase parasitic surface recombination. 

The constant rate of carrier decay due to recombination at the surface of the Si sample 
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was preceded by an initial fast decay on the order of 40 μs. The resulting biexponential 

character of the decay is easily visualized in the semi-log plot of the decay traces. Such 

an initial carrier decay is associated with a photoexcited carrier gradient within the 

sample due to the discrepancy between the penetration depth of the excitation pulse 

(~100 μm) and the thickness of the sample (500 μm). After the initial excitation, the 

carriers disperse throughout the width of the sample to achieve a uniform carrier 

concentration profile, which in turn leads to the constant decay profile after 40 μs. 

Overall, these results indicate that: (i) despite inhomogeneity in composition (mixed 

monolayer), the surfaces of the functionalized substrates are well-passivated, and (ii) the 

photovoltage is not limited by surface recombination. 

 

Surface Lifetime τ (ms) S (cm s–1) 

Si–Me 1.2 ± 0.08 22 ± 2 

Si–Ph 1.2 ± 0.3 22 ± 6 

Si–PhNO2 1.0 ± 0.2 27 ± 6 

Si–Anth 0.6 ± 0.1 39 ± 7 

Si–AnthNO2 1.3 ± 0.09 19 ± 0.9 

SiOx 0.006 ± 0.0001 3945 ± 52 

Table 3.1: Summary of photoconductivity decay characterized lifetimes (τ) and surface 

recombination velocities (S). 

3.3 (PHOTO)ELECTROCHEMICAL CHARACTERIZATION 

One of the simplest and best characterized classes of semiconductor|liquid 

junctions is contact with a solution of an outer-sphere redox couple. The energetics of 

these junctions are defined by the redox potential of the couple and the current-voltage 
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character is simplified by the outer-sphere nature of the electron transfer mechanism. 

Thus, functionalized p-type Si(111) surfaces were prepared and analyzed via differential 

capacitance and Mott-Schottky analysis in contact with a 50 mM solution of methyl 

viologen (MV2+, 0.5 M K2SO4, 0.1 M KHP buffered at pH 3) in the dark to elucidate the 

effects of functionalization on the interfacial energetics of the Si|liquid junction (Figure 

3.4a). Relative to the pSi–Me surface (Φb = 0.71 ± 0.06 V), aryl functionalization 

increased the barrier height for pSi–PhNO2, pSi–Anth, and pSi–AnthNO2 to 0.774 ± 

0.008, 0.79 ± 0.02 and 0.99 ± 0.01 V, respectively, while functionalization with pSi–Ph 

remained about the same at 0.69 ± 0.03 V. 
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Figure 3.4: Characterization of surfaces in contact with an aqueous solution of 50 mM 

MV2+ (with 0.5 M K2SO4, and 0.1 M KHP buffered at pH 3). a) Mott-

Schottky analysis of the reciprocal capacitance of each surface in the dark. 

b) J-V behavior of the same junctions under 1 sun illumination. c) 

Correlation of the barrier height, Φb, calculated from the Mott-Schottky 

analysis versus the photovoltage, VOC, measured from the J-V behavior. 

Data points consist of six samples for each measurement. 

Given the systematic shifts in Φb observed by impedance measurements, we 

tested whether the dipole-induced shifts would be functionally realized as increased 

photovoltages under illumination. PEC-LSV (linear scan voltammetry) was carried out 

under 1 sun illumination (Figure 3.4b), in contact with the same aqueous 50 mM MV2+ 

solution, and with rapid stirring to minimize mass-transfer effects on the observed 
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photovoltage. Critically, the resulting VOC shifts are generally consistent with the trend in 

Φb. These VOC values are as follows: pSi–Me 0.30 ± 0.01, pSi–Ph 0.26 ± 0.02 , pSi–

PhNO2 0.37 ± 0.02 , pSi–Anth 0.306 ± 0.008, pSi–AnthNO2 0.43 ± 0.02 V vs MV2+
. 

The relationship between the Φb and VOC is fit well by a linear regression with a slope of 

0.49 and an R2 of 0.80 (Figure 3.4c). Light intensity measurements indicate that this 

slope is not likely to change significantly at moderate light intensities (Figure 3.5). 

 

 

Figure 3.5: Light intensity dependence of select surfaces in contact with MV2+ on VOC. 

In this system, the shifts in Φb and VOC arise from changes to the interfacial dipole 

via surface functionalization. For example the electronegative aryl-nitro group localizes 

the electron density towards the solution side of the interface (distal to the atop Si sites): 

this establishes a ‘positive’ dipole (see Chapter 1, Scheme 1.6 and Scheme 1.7). This 

orientation is reversed with respect to the ‘negative’ dipole of the methyl group, Si–C(δ–

)–H(δ+), based simply on the relative electronegativities of carbon and hydrogen. The 

change from pSi–Me to pSi–PhNO2 decreases the energy of the silicon band-edge 
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position at the interface (more positive V vs MV2+), which results in a larger barrier 

height and more band-bending. This effect is maximized in the case of pSi–AnthNO2 

most likely due to the extra electron density provided by the polarizable anthracene 

group. The aryl-only cases (pSi–Ph and pSi–Anth) are more complicated interfaces as 

indicated by the diminished Φb for pSi–Ph, yet an increased value for pSi–Anth. In these 

cases, without a clear permanent dipole direction, the resulting interfacial energetics are 

likely dependent on polarizability of the interface, the potential drop across the 

Helmholtz layer, the direction of electrode polarization, or possibly differences in the 

electronic structure at the interface (vide infra). 

The systematic band-edge shifts of surfaces in contact with an outer-sphere redox 

couple indicated that these surface modifications could be used in PEC-HER devices with 

more positive operating potentials.  Previously, we reported Si devices for HER that 

utilized ALD-deposited TiO2 layers (~2 nm, using TDMAT) and ALD-deposited Pt 

nanoparticles (NPs).47,48,126  These additions to the surface provide several functions: (i) 

the Pt minimizes efficiency losses due to catalyst overpotential; and (ii) the TiO2 

overlayer maintains a near-constant Pt loading despite the chemical changes at the Si–R 

portion of the device. Our previous work demonstrated that the identity of the surface 

modifier is a primary determinant of PEC-HER efficiency on Si(111).47  However, no 

systematic correlation was observed between the flat-band potential (EFB) and the VOC — 

possibly due to high rates of surface recombination or polarization (or depolarization) of 

the dipole layer via TiO2|Pt deposition. As such, comparison of the PEC-HER data with 

the outer-sphere contact were pursued to elucidate the effects of TiO2|Pt on junction 

energetics. 

First, functionalized surfaces in contact with 0.5 M H2SO4 with no TiO2 or Pt 

deposition were analyzed via Mott-Schottky analysis of electrochemical impedance 
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spectroscopy (Figure 3.6a). The ‘bare’ surfaces were utilized here because EIS/MS 

analysis of the capacitance is often convoluted by multi-layered junctions.108,151,152 As 

with the outer-sphere MV2+ contact, functionalization resulted in shifts in the band-edge 

positions relative to the pSi–Me surface ( Φb = 0.28 ± 0.02 V) with pSi–Ph ( Φb = 0.33 ± 

0.04 V), pSi–PhNO2 ( Φb = 0.35 ± 0.02 V), pSi–Anth ( Φb = 0.35 ± 0.01 V), and pSi–

AnthNO2( Φb =  0.40 ± 0.02 V).  Ordering of these shifts in Φb are similar to those 

observed in the outer-sphere contacted surfaces with the exception of the pSi–Me and 

pSi–Ph samples, which remain within experimental error. 

 

 

Figure 3.6: Characterization of surfaces in contact with an aqueous solution of 0.5 M 

H2SO4 . a) Mott-Schottky analysis of the reciprocal capacitance squared for 

each surface in the dark. b) J-V behavior of pSi–R|TiO2|Pt devices under 1 

sun illumination. 

    These pSi–R functionalized surfaces were then incorporated into TiO2|Pt 

device assemblies and their J-V behavior probed by PEC-LSV in contact with 0.5 M 

H2SO4(aq) under 1 sun illumination (Figure 3.6b). Devices with pSi–R|TiO2|Pt 

architecture have been characterized extensively in other publications47,48,152 and consist 

of approximately 2 nm of TiO2 with ~10 nm size Pt NPs. While the device based on the 
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pSi–Me substrate exhibits an unexceptional VOC at 0.036 ± 0.003 V vs RHE, aryl-

functionalized surfaces afford positively shifted VOC values: pSi–Ph 0.078 ± 0.001 V , 

pSi–PhNO2 0.11 ± 0.01 V, pSi–Anth 0.157 ± 0.004 V, and pSi–AnthNO2 0.127 ± 0.002 

V vs RHE. 

As with the outer-sphere MV2+ contact, functionalized surfaces demonstrated 

systematic shifts in Φb and VOC  with surface functionalization. These shifts indicated 

modifications in the band-edge energies of the semiconductor via the introduction of an 

interfacial dipole. The similarity in the trends between the two systems highlights the 

generality of these band-edge shifts in different aqueous environments and even different 

overlayers. There is a notable outlier in the correlation, however: pSi–Anth|TiO2|Pt 

provides a more positive value for VOC  than expected (in fact the most positive of the Si–

R|TiO2|Pt type surfaces reported herein) based on its intermediate ‘bare surface’ Φb. 

Clearly, direct correlation of the bare surfaces with those functionalized with ALD 

overlayers is complicated and the exact energetics of the interface — in the absence of a 

clearly defined dipolar direction— are influenced by ALD deposition. 

Nonetheless, a summative plot of the correlation of Φb with VOC for both the HER 

and MV2+ contacts (Figure 3.7) illustrates that both contacts fit the same overall linear 

trend with a slope of 0.52 (R2 = 0.95). Correlation of the Φb values with the resulting VOC 

measurements indicates that the band-edge shifts from the installation of the interfacial 

dipoles do result in systematically higher photovoltages. This trend illustrates the wide 

range of Φb and VOC available using these surface functionalizations. Between these two 

contacts (H2SO4 and MV2+) there is a total range of approximately 0.75 V for Φb and 

about 0.4 V for VOC. Remarkably, the highest of these barrier heights (pSi–AnthNO2 in 

contact with MV2+) at 0.99 ± 0.01 V approaches the band-gap of silicon at 1.1 V. The 

best performing surface, also pSi–AnthNO2 , exhibited a VOC of  0.43 ± 0.02 V vs MV2+ 
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which is only 100 mV negative of the bulk recombination limited VOC value for Si(111) 

liquid junction (0.5-0.55 V depending on the contact117,128).  A VOC of this magnitude is 

typically only achieved via the unstable Si(111)–H surface in contact with methyl 

viologen. However, the mixed-monolayer approach affords more stable surfaces due to 

the oxidatively resistant Si–C bond. To our knowledge, this is the largest VOC value 

reported for a organic mixed monolayer Si(111) photocathode in contact with methyl 

viologen. 

 

Figure 3.7: Collected Φb and VOC correlation for both the inner and outer-sphere 

solution contacts with VOC normalized to the solution potential. MV2+ data 

points consist of six samples per measurement and HER data points consist 

of three samples per measurement. 

Regarding the relationship between barrier height and photovoltage, an increased 

barrier height decreases thermionic emission (i.e., thermally promoted recombination 

across the interface) and provides a more rectifying Si|liquid junction. The increased 

barrier height allows for a more positive VOC in operational photoelectrochemical devices 

in the instance that VOC is limited by thermionic emission (i.e. not bulk recombination 
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limited, see Chapter 1. Figure 1.6).18,96 Yet here, the slope of the correlation between Φb 

and VOC is only 0.52. In a thermionic emission limited regime, one would expect this 

value to be close to unity, such that all of the voltage dropped across the interface is 

translated into further increases in the photovoltage. Non-ideality is usually the result of 

the presence of surface states which can affect Φb and VOC via Fermi-level pinning (or 

more generally, surface state capacitance) and/or increases surface recombination. 

However, as outlined in the previous section, the surface recombination velocity is low 

for all surfaces and there is no detectable oxide on the surfaces, indicating low surface 

defect densities. We conclude that the source of this non-ideality is molecular in nature 

and not from material defects. It is possible that the Φb values calculated via capacitance 

measurements are impacted by the capacitance of the molecular layer, itself: that is, 

polarizable molecular moieties can undergo significant charge rearrangement in the 

presence of a contacting phase, such that some of the potential is dropped across the 

molecule when the two phases reach equilibrium.25,153 This molecular capacitance would 

impact the x-intercept of a Mott-Schottky analysis (i.e. increasing Φb) while not providing 

additional shifts in VOC, as the additional molecular capacitance does not stem from 

increases in the size of the space-charge region. 

A direct comparison of the barrier height shifts afforded by the different solution 

contacts provides further evidence of this non-ideality (Figure 3.8a). As the barrier 

height is normalized to the solution potential, each surface should exhibit barrier height 

shifts in a 1:1 accordance with the solution potential (MV2+ is –0.65 V vs SCE and 0.5 M 

H2SO4 is –0.2578 vs SCE). The expected behavior is mostly observed for pSi–Me (slope 

= –1.0), the pSi–Ph (slope = –0.89), and pSi–PhNO2 (slope = –1.1) surfaces, but begins 

to approach non-ideality with the anthracene based surfaces, pSi–Anth (slope = –1.2) and 

pSi–AnthNO2 (slope = –1.4). Though these shifts are constructed from only two data 
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points (and thus the resulting slopes should not be taken as quantitative) they are 

nonetheless illustrative of the fact that barrier heights of these molecular surfaces are not 

the simple results of shifts in the solution potential, and appear to be systematically 

higher than expected for the anthracene-based modifiers in contact with MV2+.  

 

 

Figure 3.8: Comparison of the effects of the solution potential of the MV2+ solution and 

H2SO4 solution on a) the barrier height and b) the photovoltage. 

Similarly, a direct comparison of the VOC shifts between the two contacts can 

highlight how this non-ideality manifests in the photovoltage (Figure 3.8b). Specifically, 

this comparison is interesting because it entails a comparison of the same surfaces with 

and without a TiO2 overlayer. As stated previously, in a thermionic emission limited 

regime the relationship between VOC and the barrier height is unity, and thus the 

relationship between VOC and the solution potential should also be unity (as has been 

explored extensively for H– and methyl–terminated Si23).  Here, that relationship is 

convoluted by the presence of the TiO2 overlayer which can further polarize or de-

polarize the surface molecule resulting in a different induced interfacial dipole. This 

behavior is observed here, most tellingly, for the surfaces without a strong permanent 

molecular dipole. Briefly, the methyl and nitrated surfaces exhibit similar slopes in 
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response to the change in solution potential, pSi–Me slope = –0.67, pSi–PhNO2 slope = –

0.66, pSi–AnthNO2 slope = –0.76. In contrast, the un-nitrated, polarizable aromatic 

surfaces exhibited a lower dependence on the change in solution potential (i.e. a 

diminished slope), pSi–Ph slope = –0.47, pSi–Anth slope = –0.38.  This observation 

implies that the TiO2 overlayer does play some role in determining the interfacial dipole, 

in this case polarizing the aromatic modifiers to give an additional induced dipole which 

provides a higher than expected photovoltage for the TiO2 coated electrodes. 

3.4 DFT INVESTIGATION OF INTERFACIAL ELECTRONIC STRUCTURE 

Understanding the nature of such non-ideality at semiconductor junctions requires 

detailed understanding of the electronic structure of the junction itself. While the surfaces 

described herein have low defect densities (i.e. low surface recombination, no surface 

oxide), they are modified with aromatic molecules with electronic states that straddle the 

band-edges of silicon. Electronic states not within the band-gap are unlikely to contribute 

significantly to recombination rates as recombination is maximized at energies near the 

middle of the band-gap according to Shockley-Reed-Hall statistics. However,  interfacial 

states near semiconductor band-edges have been shown to have significant effects on 

how the two phases equilibrate, as states localized to the interface can store charge and 

undergo charge rearrangement upon contact.136,154,155  

To further understand how surface modification of semiconductors might alter the 

electronic structure of the interface, the density of states of the functionalized surfaces 

were computed using density functional theory calculations. DFT calculations were 

carried out in collaboration with Dr. Kara Kearney. Structural information, data 

extraction, and analysis were performed by DGB; KK performed the calculations. The 

surfaces were modeled using symmetrically terminated slabs with 25% coverage of the 
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functionalizing molecule.97,156 The total DOS for each surface (Figure 3.9a) show clear 

band-like state dispersion and are similar in overall shape and distribution as would be 

expected since each slab is mostly silicon. Close to the band-edges (between -5 and 5 eV, 

Figure 3.9b) the DOS of the Si–H, Si–Ph, and Si–PhNO2 nearly coincide and are 

systematically lower in DOS than Si–Anth or Si–AnthNO2 (which, themselves, 

coincide). 

 

 

Figure 3.9: a) DFT calculated total density of states for functionalized surfaces and b) a 

zoomed in view of the total DOS around silicon band gap. 

Interestingly, the local density of states (LDOS) of only the surface-bound 

molecule (attached to the silicon slab) show dispersed, band-like states that straddle the 

silicon band-edges (Figure 3.10) that correspond, roughly, to the energies of the 

molecular HOMO-LUMO states. Curiously, both Si–Anth and Si–AnthNO2 exhibit 

states immediately at the silicon valence (~0 eV) and conduction (~ 0.7 eV) bands. In 

contrast, Si–Ph and Si–PhNO2 exhibit HOMO- and LUMO-like states very far away 

from the band edges (≥1 eV energetically distant). 



 90 

 

Figure 3.10: DFT calculated density of states for the functionalized surfaces, specifically 

the local density of states of atoms composing the surface-bound molecule 

with no Si states included. 

In addition to the surfaces, the density of states of the isolated molecules, 

unattached to Si, were also calculated and compared to their surface-attached species 

(Figure 3.11a-d, left side). The energies of the two systems were aligned by reference to 

the lowest energy states of the isolated and surface bound molecules. Each isolated 

molecule gave clear, un-dispersed DOS, which is the expectation for a molecular system 

(i.e. isolated electronic states, not continuous bands). The LDOS of the surface-bound 

molecules correspond well with their isolated molecular counterparts regarding the 

positions of electronic states (albeit surface-bound molecule LDOS are dispersed in 

energy). 
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Figure 3.11: Comparison of the DFT calculated local density of states of the surface-

bound molecule with the density of states for the isolated molecule for a) 

Si–Ph b) Si–PhNO2 c) Si–Anth and d) Si–AnthNO2. The total DOS for Si–

H is given for reference in each case. Visualization of the charge density of 

the states from -1 to 0 eV (HOMO-like) and 0.9 to 1.9 eV (LUMO-like) for 

each surface is also provided. Red dotted boxes denote the near-gap energy 

range visualized. 
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This analysis yields two main conclusions: i) molecular functionalization can 

influence the DOS near the band-edges and ii) surface functionalization changes the 

energetic dispersion of electronic states of the molecule. To the first point, the LDOS of 

the surface bound molecules clearly show that polyaromatic molecules contribute to the 

DOS near the Si valence and conduction bands. As might be expected, the extension of 

the aromatic moiety from one phenyl unit to the tricyclic anthracene system decreases the 

molecular band-gap and shifts the molecular LDOS closer to the silicon band-edges. In 

these cases, there is a noticeable increase in the total DOS at the band-edges — even 

compared with the background contributions of bulk silicon states.  Ring nitration (both 

Si–PhNO2 and Si–AnthNO2) almost exclusively affects the position of the molecular 

LUMO-like states, shifting them down in energy. 

To the second point, the surface attached molecules appear quite different from 

their isolated molecules — not in the energetic position of electronic states but in the 

extended energetic dispersion of those states. In fact, the energetic position of the peaks 

of the states is consistent from isolated molecule to surface-bound molecule, but they 

become dispersed towards the valence and conduction band edge of silicon. This 

behavior implies hybridization of the discrete molecular states with the band states in the 

silicon.  Electronic coupling between the Si and attached molecule imparts more band-

like character to the surface molecular states. In the literature, the introduction of 

hybridized interfacial states via electronic coupling is referred to as an induced density of 

interfacial states (IDIS).137,138,155,157 The overall analysis also indicates that this 

hybridization occurs primarily near the silicon valence and conduction bands. The 

energetic dispersion is most prominent within 5 eV of the band-edges, in either direction. 

The surface-bound LDOS at energies far below the silicon valence band retains its 

molecular character; there is little energetic dispersion seen at lower energies. The lack of 
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hybridization at lower energies is expected as there are no silicon states nearby in energy 

with which the molecular states can hybridize. It is noted that the use of pseudopotentials 

to calculate the DOS is a caveat to this analysis, as the core 2s or 2p silicon states were 

not calculated. However, it is clear for each molecule that dispersion only occurs when 

there are also silicon states nearby in energy, further supporting that this dispersion stems 

from semiconductor|molecule hybridization. 

Visualization of the orbital configurations at energies close to the silicon band-

edges (Figure 3.11a-d, right side) further confirms the molecular and interfacial nature 

of these states. For example, the Si–Ph surface, which possesses no LDOS near the 

silicon valence or conduction bands, shows clearly that the states within 1 eV of the 

valence and conduction band are located within the silicon slab. In contrast the Si–Anth 

surface, which does possess LDOS near the band-edges, exhibits orbital configurations 

that are smoothly delocalized across both the molecule and the silicon lattice. This trend 

persists for the nitrated counterparts. Furthermore, the symmetry of the orbital 

configurations of the surface attached species corresponds well to their isolated molecular 

counterparts (Figure 3.12a-d) — e.g. both molecular Anth and Si–Anth exhibit HOMO 

and LUMO states belonging to Ag and B1u, respectively.158 This indicates that while these 

states become energetically dispersed upon surface attachment, the IDIS correspond 

nearly identically to the molecule-like  HOMO and LUMO states. 
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Figure 3.12: Visualization of the calculated HOMO and LUMO states of the isolated 

molecules. 
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3.5 IMPLICATIONS OF IDIS 

The introduction of IDIS via dispersed, hybridized molecular states has been 

shown to have a significant impact on interfacial charge rearrangement during 

equilibration of a semiconductor and the contacting phase. For example, an excellent 

study by Vilan et al. detailed the effects of internal heteroatom substitution on 

functionalized Si(111) surfaces at (non-illuminated) solid-state n-Si|Molecule|Hg 

junctions (R = PhX(vinyl); X = CH2, O, S).139  Specifically, they found that replacement 

of the internal heteroatom (usually carbon) with a larger, softer atom (sulfur) resulted in 

surfaces that exhibited increased hybridization between molecular and semiconductor 

electronic states. These softer, more delocalized interfacial bonds are more polarizable, 

and thus underwent more charge rearrangement in the presence of a conductive top 

contact than their electrostatically ‘harder’ analogues, as there are more interface states to 

store charge. In the presence of a top contact (or any charge equilibration between 

phases), the ‘softer’ surfaces more readily generate an induced interfacial dipole that is 

different than the interfacial dipole of the free surface (e.g. in vacuum) as some of the 

potential is dropped across the molecular layer.25,159–161  It then follows that similar 

behavior is observed in our system: functionalization with polyaromatic groups results in 

symmetry-adapted, direct orbital overlap with the semiconductor states which leads to a 

more polarizable interface, where the presence of IDIS implies electrostatic changes local 

to the interface. An alternate, but compatible viewpoint of this phenomenon is that 

electronic states adjacent to the silicon band-edges and situated at the interface can more 

easily store charges that would otherwise be stored in the space-charge region of the 

semiconductor. The result is an increased potential-drop across the organic layer to the 

detriment of the extent of the potential drop across the semiconductor. In either view, the 

result is the same: some amount of charge drops across the molecular layer instead of the 
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semiconductor space-charge region. In simple terms, the hybridized, polarizable surface 

modifiers are prone to providing artificially high values of Φb values in M-S analysis that 

are not translated to VOC increases. 

It is also interesting to note that these concepts are consistent with reports on 

electronic coupling between semiconductor quantum dots (QDs) and their surface-bound 

ligands.162–165 In these systems, orbital interactions between the ligand and QD 

wavefunctions results in “exciton delocalization” whereby the optical properties of the 

QD are substantially modified by the surface-bound ligand. The resulting optical shifts 

can be directly correlated with relaxation to the QD electron confinement, as the 

electronic structure formally associated with the QD extends well into the ligand shell. 

Importantly, these effects have been observed for Si QDs modified with organic 

molecules,166,167 making them analogous to our bulk system.  However, the nanoscale 

nature of these ensembles makes characterization of delocalization effects on the 

semiconductor potential drops infeasible as the size of the space-charge region is much 

larger (~500 nm) than the radii of a typical QD (> 10 nm). Nonetheless, Si QDs do 

provide a model for optical characterization of hybrid molecule|semiconductor electronic 

interactions. This optical characterization is made possible by the large overall surface 

area of QDs and quantum confined nature which is not attainable in bulk semiconductor 

systems. Emerging interface specific spectroscopies168,169 could provide insight into the 

precise electronic structure of bulk semiconductor systems and the effects of electronic 

coupling with surface bound molecules. Another caveat to the QD comparison is the IDIS 

sensitivity to solvent environment. Computational studies detailing difference in the DOS 

of gas-phase QDs versus QDs in contact with acetonitrile showed how the energetic 

position and dispersion of hybrid ligand|QD states can be altered by solvent interaction. 

170 Only aqueous conditions were used in this study, but future efforts (experimental and 
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computational) should explore how the polarity of the solvent affects the IDIS, molecular 

potential-drop, and the photovoltage.  

However, presently, it is not clear whether interface-localized states coupled to 

the underlying semiconductor represent a significant departure from the Bardeen model 

of mid-gap electronic states. In the Bardeen model, states within the band-gap of the 

semiconductor effectively determine the contact potential (i.e. Fermi level pinning).15 

Certainly the interfaces outlined in this study are not fully pinned (or even substantially 

pinned) as the barrier height (and VOC) shift in accordance with the solution potential 

(Figure 3.7 and Figure 3.8a). The presence of near-surface orbital interactions (see the 

LUMO charge density images Figure 3.11c-d) suggest that these IDIS states could 

behave differently (i.e. more like the QD systems described above) as they are intimately 

linked to the band-structure of silicon, while Bardeen-like mid-gap states are not. Studies 

are underway in our group to characterize these states electrochemically, but are 

complicated by the fact that electronic states strongly coupled to the electrode electronic 

structure are not voltammetrically active.148  

Attempts to probe the IDIS of our system via voltammetry have likewise 

exhibited no voltametric response (Figure 3.13). A 2 mM solution of anthracene in dry 

acetonitrile (0.1 M TBAPF supporting electrolyte) exhibited a clear voltametric response 

consistent with the reversible reduction of anthracene at E1/2 = -2.34 V vs Fc+. However a 

degenerately doped (conductive in the dark) n+Si(111) surface functionalized with 

anthracene in contact with the same electrolyte (without 2 mM anthracene) showed no 

reduction of the surface-bound anthracene at similar potentials. These results are 

consistent with recent interrogations of molecular species strongly coupled to carbon-

based electrodes. Essentially, intimate electronic contact with the electrode band-

structure renders the surface-bound redox probes as part of the electrode band-structure 
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and thus decoupling the surface-bound voltametric response from the potential applied at 

the working electrode. Interrogation of the IDIS via ion-coupled redox reactions148,149 as 

well as barrier-height shifts in contact with a series of different redox species will be 

critical in understanding the electrochemical and capacitive behavior of these states. 

 

 

Figure 3.13: Comparison of the voltametric response of an n+Si(111)-Anth functionalized 

electrode with a Pt working electrode in contact with a 2mM solution of 

anthracene. Both measurements were conducted under air and moisture free 

conditions in acetonitrile with 0.1 M TBAPF as supporting electrolyte. 

All of the above data and interpretations lead to a qualitative electronic and 

bonding description of the induced density of interfacial states (IDIS) that can be 

thematically represented as an MO diagram of, for example, the Si–Anth interface 

(Figure 3.14a). The diagram details the symmetry-adapted bonding regimes found at the 

Si VB and CB, whose DOS at the interface can only be accurately described by including 

the hybridized molecular orbitals of the Anth HOMO and LUMO states. Future work 

will be necessary to disentangle the effect of the relevant (molecular) orbital energies 
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versus symmetries regarding their contributions to the extent of electronic coupling. The 

presence of an induced density of interface states (IDIS) near the silicon band-edges (EVB 

and ECB), which can be easily filled as the interface comes to equilibrium, implies the 

existence of a potential drop across the organic layer (ΔVORG) where these IDIS states are 

localized (Figure 3.14b). Experimentally however, the additional potential drop of the 

organic layer is difficult to isolate via capacitance-based measurements. This leads to a 

discrepancy between the ideally defined barrier height here, which describes only the 

potential drop across the space-charge region (ΔVSC) and the experimentally determined 

barrier height which would contain both ΔVSC and ΔVORG. 

 

 

Figure 3.14: a) Interfacial MO diagram for orbital overlap and bonding present at the Si–

Anth interface b) and the resulting potential drop across the Si|R|solution 

interface where ΔVSC represents the potential drop across the space-charge 

region within the semiconductor and ΔVORG represents the potential drop 

across the organic layer at the interface. These quantities must sum to 

provide the total potential drop ΔVBI, which is the total difference in 

electrochemical potential between the bulk semiconductor and the solution. 

The width of the organic layer here is exaggerated for clarity. 
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3.6 CONCLUSIONS 

In closing, we have systematically illustrated that the chemical and electrostatic 

properties of the interface lead to tunable p-type Si(111) band-edges through molecular 

design. Surface functionalization of pSi–R with increasingly polar and extended aromatic 

systems shifts the Si band-edges to provide a higher p-type barrier height due to the 

installation of a molecular interfacial dipole. The resulting photovoltages (VOC) in 

response to the band-edge shifts were found to correlate positively for both MV2+
 

reduction and HER (even with a TiO2|Pt overlayer deposited on the HER devices). An 

ideal semiconductor|solution junction (in a thermionic emission limited regime) would 

possess a correlation slope of close to unity, however here we find the overall correlation 

to be only 0.52 under 1 sun illumination. This non-ideality in the face of low surface 

recombination and well-defined surface composition suggests the non-ideality arises due 

to the surface molecules themselves. DFT studies investigating the electronic structure 

revealed excellent, symmetry-adapted electronic coupling between the molecular orbitals 

and the silicon band structure, resulting in new interfacial states. The induced interfacial 

states are likely responsible for additional capacitances at the interface, leading to the 

decreased observed correlation. Such insights underscore the delicate yet designable 

interplay between molecular properties and interfacial function, which is essential in 

developing predictive models for band-edge engineering and solar-fuels devices. 

3.7 EXPERIMENTAL METHODS 

3.7.1 Synthesis 

9-Bromo-10-nitroanthracene. A 250 mL round bottom was charged with 9-

bromoanthracene (1.00 g, 3.89 mmol) and dissolved in 120 mL of hexanes with stirring.  

Once dissolved, 4.0 g of bentonite clay (Sigma Aldrich) was added to the solution. Next, 
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while stirring, a solution of 40% nitric acid in water (0.608 mL, 3.89 mmol) was added 

dropwise with a syringe.  The reaction mixture was heated to 70 °C and refluxed for 6 h.  

After cooling, the reaction mixture was filtered via water aspiration and washed with 

chloroform.  The eluent was subsequently concentrated in vacuo.  This crude mixture was 

purified via column chromatography using a silica gel and a 2:5 mixture of 

chloroform:hexanes as the mobile phase. The first visible yellow band was collected as 

pure 9-bromo-10-nitroanthracene in 35% yield (0.410 g).  1H NMR (400 MHz, CDCl3): δ  

7.69 (m 4H), 7.90 (m 2H), 8.64 (m 2H). 

3.7.2 Surface Functionalization 

Unless otherwise noted, all functionalization and measurements were carried out 

on CZ grown, boron doped, p-type Si(111) (Virginia Semiconductor Inc.) singled side 

polished substrates with a resistivity range of 1.4-9 Ω·cm and a thickness of 450 ± 25 μm. 

Surface recombination velocity (SRV) measurements utilized double-sided polished, 

intrinsically doped Si(111) substrates (Virginia Semiconductor, Inc.). The substrates were 

float-zone (FZ) grown for high purity and long bulk lifetimes ( > 1.2 ms) with a 

resistivity > 20 kΩ·cm and a thickness of 525 ± 25 μm. 

3.7.2.1 Chlorination of Si(111) 

Chlorination and alkylation of the Si(111) samples followed known established 

procedures.39,47  Prior to functionalization, silicon wafers were sonicated in subsequent 

steps in acetone, ethanol, and 18 MΩ water for 10 min each.  After sonication, samples 

were dried under a stream of N2 gas and immersed for 20 min in a piranha solution (3:1 

by volume of H2SO4 (96.6% Fisher Scientific) to H2O2 (30% Fisher Scientific)) heated at 

90 oC.  Next, samples were rinsed with 18 MΩ water and dried with a stream of N2 and 
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immersed in HF(aq) solution (semiconductor grade, Transene Company, Inc.) for 20 s.  

After removal from HF and rinsing with 18 MΩ water, samples were immersed in a 

degassed solution (for 30 min by N2 bubbling) of NH4F(aq) for 20 min. Samples were then 

rinsed and dried again and immediately transferred to a glovebox with inert (N2) 

atmosphere. The samples were immersed for 45 min in a saturated solution of PCl5 

(metal basis 99.998%, Alfa Aesar) in dry chlorobenzene (99.8% Sigma-Aldrich) at 90 

°C; one grain (~1 mg) of benzoyl peroxide was added to the heated solution as an 

initiating reagent.  The resulting Si–Cl surface was removed from the solution and rinsed 

with dry chlorobenzene and dry THF to be used for further functionalization. 

3.7.2.2 Attachment of Organic Groups  

After chlorination, the Si–Cl surfaces were functionalized with a) methyl b) 

phenyl c) para-nitrophenyl d) 9-anthracene e) para-nitro-9-anthracene.  a) Methyl (Si–

Me): After chlorination, Si–Cl samples were immediately immersed in 1.5 M solution of 

CH3MgCl (diluted with dry THF from 3.0 M CH3MgCl in THF, Sigma Aldrich) at 55 °C 

for 24 h.  Finally, Si–CH3 surfaces were rinsed with THF and sonicated for 10 min with 

THF, ethanol, and 18 MΩ water each. b) Phenyl (Si–Ph): During chlorination of the Si 

wafer, a 20 mL Schlenk tube, dried under vacuum, was charged with 0.04 mL (0.36 

mmol) of 1-iodobenzene (99% Sigma Aldrich) and dissolved in 10 mL of dry THF. The 

solution was cooled to –78 °C under nitrogen. While stirring, the solution was reacted 

with 0.2 mL of 1.6 M n-BuLi (0.32 mmol, in hexanes, Sigma Aldrich) for 20 min.  Next, 

freshly chlorinated Si–Cl samples were immersed in the solution allowed to reach room 

temperature over 1 h. After rinsing with THF, samples were immersed in 1.5 M solution 

of CH3MgCl (diluted with dry THF from 3.0 M CH3MgCl in THF, Sigma Aldrich) at 55 

°C for 16-24 h to fill in any unreacted Si–Cl sites.  After methylation, substrates were 
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rinsed thoroughly with THF and sonicated for 10 min with THF, ethanol, and 18 MΩ 

water. c) para-Nitrophenyl (Si–PhNO2): During chlorination of the Si wafer, a 20 mL 

Schlenk tube, dried under vacuum, was charged with 75 mg (0.36 mmol) of 1-bromo-4-

nitrobenzene (99% Sigma Aldrich) and dissolved in 10 mL of dry THF. The solution was 

cooled to –78 °C under nitrogen. While stirring, the solution was reacted with 0.2 mL of 

1.6 M n-BuLi (0.32 mmol, in hexanes, Sigma Aldrich) for 20 min.  Next, freshly 

chlorinated Si–Cl samples were immersed in the solution allowed to reach room 

temperature over 1 h. After rinsing with THF, samples were immersed in 1.5 M solution 

of CH3MgCl (diluted with dry THF from 3.0 M CH3MgCl in THF, Sigma Aldrich) at 55 

°C for 16-24 h to fill in any unreacted Si–Cl sites.  After methylation, substrates were 

rinsed thoroughly with THF and sonicated for 10 min with THF, ethanol, and 18 MΩ 

water.  d) Anthracene (Si–Anth): During chlorination of the Si wafer, a 20 mL Schlenk 

tube, dried under vacuum, was charged with 92 mg (0.36 mmol) of 9-bromoanthracene 

(97% Combi-Blocks) and dissolved in 10 mL of dry THF.  The solution was cooled to –

78 °C under nitrogen. While stirring, the solution was reacted with 0.2 mL of 1.6 M n-

BuLi (0.32 mmol, in hexanes, Sigma Aldrich) for 20 min.  Next, freshly chlorinated Si–

Cl samples were immersed in the solution allowed to reach room temperature over 1 h. 

After rinsing with THF, samples were immersed in 1.5 M solution of CH3MgCl (diluted 

with dry THF from 3.0 M CH3MgCl in THF, Sigma Aldrich) at 55 °C for 16-24 h to fill 

in any unreacted Si–Cl sites.  After methylation, substrates were rinsed thoroughly with 

THF and sonicated for 10 min with THF, ethanol, and 18 MΩ water. e) 10-

Nitroanthracene (Si–AnthNO2): During chlorination of the Si wafer, a 20 mL Schlenk 

tube, dried under vacuum, was charged with 108 mg (0.36 mmol) of 9-bromo-10-

nitroanthracene (synthesis described above) and dissolved in 10 mL of dry THF. The 

solution was cooled to –78 °C under nitrogen. While stirring, the solution was reacted 
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with 0.2 mL of 1.6 M n-BuLi (0.32 mmol, in hexanes, Sigma Aldrich) for 20 min.  Next, 

freshly chlorinated Si–Cl samples were immersed in the solution allowed to reach room 

temperature over 1 h. After rinsing with THF, samples were immersed in 1.5 M solution 

of CH3MgCl (diluted with dry THF from 3.0 M CH3MgCl in THF, Sigma Aldrich) at 55 

°C for 16-24 h to fill in any unreacted Si–Cl sites.  After methylation, substrates were 

rinsed thoroughly with THF and sonicated for 10 min with THF, ethanol, and 18 MΩ 

water. 

3.7.2.3 Atomic Layer Deposition of TiO2 and Pt 

TiO2 and Pt were deposited onto functionalized Si(111) surfaces using a 

Cambridge Nanotech Savannah S100 ALD system.  Deposition was performed under 

high purity N2 (99.999%) at 20 sccm (atm cm3/min).  ALD of TiO2 utilized Ti precursor 

tetrakis(dimethylamido)titanium (Sigma Aldrich) and water (chromatography grade).  

The substrate chamber was heated at 240 °C, gas lines heated to 150 °C, and Ti precursor 

to 75 °C.  The Ti pulse length was 0.1 s followed by 0.015 s H2O pulse with 5 s intervals 

between cycles. Each functionalized Si(111) substrate was subjected to 50 cycles as 

described above resulting in ~2 nm films of TiO2.  Pt was deposited using the precursor 

trimethyl(methylcyclopentadienyl)platinum ([(MeCp)Pt(Me)3], 99.99%,Strem) and high 

purity O2 (99.999%).  The substrate chamber was maintained at 240 °C, gas lines were 

held at 150 °C, and the Pt precursor was heated to 70 °C. Each cycle consisted of a Pt 

precursor pulse of 1 s, followed by an O2 pulse of 0.015 s, followed by 5 s delay between 

cycles.  Each substrate was subjected to 25 cycles of Pt deposition. This process affords 

an average Pt nanoparticle size of 10 ± 2 nm.47 



 105 

3.7.3 X-Ray Photoelectron Spectroscopy 

X-Ray photoelectron spectroscopy measurements were performed on a Kratos 

Axis Ultra Spectrometer with a monochromated Al Kα X-ray source (hν = 1486.5 eV).  

Samples were oriented 45° with respect to the X-ray source, such that the photoelectron 

take off angle was normal to the surface of the sample.  The pressure of the analysis 

chamber was sustained around 2 × 10–9 Torr  during measurements. Spectra were 

analyzed by the Casa XPS software with peak fits using 70% Gaussian and 30% 

Lorentzian character. Adventitious carbon signals were fit with components constrained 

to known carbon chemical shifts: C=O (288.9 eV), C-O (286.7 eV), sp3 C (285.7 eV), sp2 

C (284.9 eV), and Si-C (283.9 eV). FWHM of each component was constrained to be the 

same to avoid over-fitting. All aryl signals were fit well by the two aliphatic (sp3 and sp2) 

carbon components. Molecular loading was estimated by taking the RSF corrected area 

of the sp2 C component and its ratio with the Si 2p area. This ratio was subsequently 

corrected for the ratio of bulk to surface Si atoms, and the number of atoms in the 

molecule of interest as has been reported previously.30,47,57 

3.7.4 Surface Recombination Velocity Measurements 

Surface recombination measurements were obtained using a custom-built 

contactless microwave photoconductivity decay instrument (Growth Equipment, Inc.).  

The instrument consists of a 20 ns laser pulses at 905 nm from an OSRAM laser diode 

and ETX-10A-93 drive.  The conductivity of the substrate was measured by determining 

the amount of microwaves reflected by the sample over time after an excitation pulse. 

Reflected microwaves are absorbed by a PIN diode connected to an oscilloscope. The 

change in the oscilloscope voltage is interpreted as a change in charge density in the 

substrate.  The signal decays over time due the diffusion of photoexcited charge carriers 
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to the surface where they recombine at localized electronic states. Thus, an observed 

lifetime can be extracted by fitting the decay to the single exponential: 

 

𝐴 = 𝑦 + 𝑎𝑒
−𝑡

𝜏      (3.1) 

 

where τ is the observed carrier lifetime.  The inverse of the observed lifetime (and 

thus the rate of recombination in the sample) can be used to yield the surface 

recombination velocity, S, by the following equation: 

 
1

𝜏
=  

1

𝜏𝐵
+

2𝑆

𝑑
      (3.2) 

 

where τB is the carrier lifetime in the bulk, and d is the thickness of the wafer. In 

this equation, S is a multiple of two as there are two identical surfaces at which 

recombination can occur and depends on d because this is the length of the sample which 

is ‘bulk’ and therefore must be traversed by a charge carrier to recombine at the surface.  

In the high-purity samples used for this measurement the bulk lifetime is very long, and 

thus the total rate of recombination is dominated by recombination at the surfaces. In this 

instance, the equation for surface combination velocity simplifies to 

 

𝑆 =  
𝑑

2𝜏
       (3.3) 

 

3.7.5 Electrochemical Measurements 

The electrochemical cell used consisted of a steel base with detachable Teflon 

reservoir for the electrolyte, which sandwiches the sample with an O-ring and copper tape 
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(single sided, 3M) connecting to the working electrode clip of the potentiostat. Ga/In 

eutectic (99.99%, Alfa Aesar) was used to establish a suitably ohmic contact between the 

p-Si working electrode at the copper tape. The Ga/In contact was used in place of the 

traditional aluminum back contact used on p-Si to avoid the annealing step prior to 

etching and functionalization, which would destroy the attached organic layer.  The 

unpolished side of the p-type Si was scratched with a diamond tip scribe before 

application of the Ga/In to increase the surface area of the contact. The light active area 

(after cell assembly, the area of the Si substrate left exposed to both solution and light) 

was measured as 0.07 cm2. 

     All electrochemical measurements were performed on a Gamry 1000E 

Interface potentiostat using a three-electrode configuration. The working electrode was 

the Si substrate, the counter electrode was a Pt-wire (99.95%, Strem) and a saturated 

calomel electrode (SCE, CH Instruments) was used as a reference electrode. The 

electrolyte used for experiments for HER conditions was a solution of 0.5 M H2SO4(aq) 

(pH = 0.3) prepared from 18 MΩ water and concentrated H2SO4 (Fischer Scientific), 

bubbled with N2 for 20 minutes prior to the experiment. Outer-sphere redox couple 

experiments utilized a 50 mM solution of methyl viologen dichloride (98% Acros) in an 

electrolyte of 0.5 M K2SO4 in 18 MΩ water with a 0.1 M potassium hydrogen phthalate 

(KHP) buffer with H2SO4 to maintain a pH of 3. Prior to any electrochemical 

experiments the solution was degassed for 20 min with N2 and the reduced from for the 

methyl viologen redox couple was generated via bulk electrolysis. For generation of the 

reduced form of MV2+ a glassy-carbon working electrode (CH Instruments) was held at -

0.7 V vs SCE with rapid stirring and tracked via chronocoulometry to produce ~ 1 mM 

MV+. The solution potential was determined to be -0.65 V vs SCE via cyclic 

voltammetry after bulk electrolysis.  All electrochemical data is reported as an average of 
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six samples from separate surface attachment procedures for MV2+ experiments (to 

combat noise in the J-V response induced by rapid stirring) and three samples for the 

H2SO4 experiments. Only one sample was used for a particular measurement type (i.e. no 

sample was subjected to both J-V and differential capacitance measurements). 

Non-aqueous electrochemical experiments were performed in a glovebox under 

nitrogen atmosphere with an electrolyte of 0.1 M Tertbutylammonium 

hexafluorophosphate (TBAPF) in acetronitrile (HPLC grade) with a Pt mesh counter, and 

Pt wire reference electrode. In the case of voltammetry of anthracene, the working 

electrode was a Pt button electrode (CH Instruments) and the solution was the electrolyte 

was the same as described above with 2mM anthracene. 

3.7.5.1 Differential Capacitance Measurements (Mott-Schottky analysis) 

measurements 

Using the electrochemical cell described above, differential capacitance 

measurements were performed in the dark at applied DC potentials –0.7 to –1.2 V vs 

SCE (or -0.5 to -1.2 V vs SCE for outer-sphere conditions) in 10 mV intervals. At each 

applied DC potential a 10 mV sinusoidal signal (oscillating about the applied DC 

potential) was applied with a frequency of 105 Hz. At this frequency, the phase angle of 

the signal was greater than 80o, indicating that parallel capacitance was dominant. 

Capacitance values were extracted by fitting the impedance to a Randles-type circuit 

(parallel resistor/capacitor in series with another resistor).    A semiconductor operating 

under depletion conditions consists of a space charge region (region of band-bending) 

from equilibration with the conducting phase; the width of this space charge region 

determines the capacitance. The width of the space charge region, and thus the 

capacitance, can be modulated by an applied potential. The relationship between the 
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applied potential and the capacitance is given by the Mott-Schottky relationship (for a p-

type semiconductor): 

 

𝐶−2 =
−2

𝑞𝜀𝜀𝑜𝑁𝐴
(𝐸 − 𝐸FB +

𝑘𝑇

𝑞
)     (3.4) 

 

where C is the measured capacitance per area, q is the elementary charge (1.602 × 

10–19 C), ε is the dielectric constant for Si (11.9), εo is the permittivity of vacuum (8.85 × 

10–12 F m–1), NA is the dopant density, E is the applied potential, EFB is the flat band 

potential, k is Boltzmann’s constant (1.38 × 10–23 m2 kg s–1 K–1) and T is the temperature 

(298 K).  The flat band potential corresponds to the potential at which the bands of the 

semiconductor are flat, therefor the thickness of the space-charge region is 0 and the 

capacitance is infinite, thus the reciprocal capacitance squared is zero.  The flat band 

potential, EFB, was used to calculate the size of the space charge region via the equation: 

 

𝑊 = √
2𝜀𝜀𝑜

𝑞𝑁𝐴
(𝐸FB − 𝐸)     (3.5) 

 

where W is the width of the space charge region.  In addition, the barrier height, 

ϕB, (the difference in energy between the redox potential of the solution and the Si 

valence band-edge) was calculated from EFB using the following equation (specific to p-

type semiconductors): 

 

𝜙𝐵 = 𝐸FB −
𝑘𝑇

𝑞
ln (

𝑁𝐴

𝑁𝑉
)      (3.6) 
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where NV is the effective density of states for the valence band (1.04 × 1019 cm–3 

for Si). 

3.7.5.2 Photoelectrochemical (PEC) Measurements 

PEC J-V measurements were performed using the electrochemical cell described 

above. Measurements were performed with illumination provided by a 150 W Xe lamp 

(Newport Co., USA) and a AM-1.5 air mass filter (Newport Co., USA) at a measured 

intensity of 100 mW cm–2 (1 sun). For HER experiments, linear sweep voltammetry 

(LSV) was performed at a scan rate of 100 mV s–1 and scanned from 0.25 to –0.75 V vs 

SCE. Potentials were converted to RHE for reporting. For MV2+ experiments, LSV was 

performed also at a scan rate of 100 mV s-1 and scanned from 0 to -1 V vs SCE. During 

this scan, the solution was stirred rapidly to mitigate mass transfer effects on the J-V 

curve. For convenience, VOC was defined as 0.5 mA cm-2 to limit interference from the 

rapid stirring. Neither HER or MV2+ experiments showed a dependence on the scan rate 

indicating PEC experiments were conducted under light-limited conditions.  J-V 

responses were not digitally corrected for solution resistance or concentration 

overpotentials in this study. 

3.7.6 Density Functional Theory Calculations 

Density functional theory calculations were used to visualize the density of states 

and molecular orbitals of the functionalized Si surfaces as well as the isolated molecules. 

Silicon surfaces with attached molecules were modeled using symmetrically terminated 

1×4 periodic supercells with 16 layers of Si atoms and a 12 Å thick vacuum layer (Figure 

S4a). The generalized gradient approximation of Perdew-Burke-Ernzerhof (PBE)171 was 

used to approximate the exchange-correlation functional and PAW pseudopotentials172 
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were used to eliminate the core electrons from the simulation.  A plane-wave cutoff of 

680 eV, an 8 × 2 × 1 mesh for sampling k-space, and a Gaussian smearing of 0.02 eV 

were used.  Structures were relaxed until the forces on each atom were less than 0.01 

eV/Å and the energy difference between subsequent steps was less than 10-7 eV.  The aryl 

groups were positioned such that the bonding carbon atom was directly above a surface 

silicon atom with the plane of the phenyl or anthracene ring perpendicular to the Si 

surface. Surface coverages were simulated at 25% (1 out of 4 atop Si sites) based on 

experimental estimates with the remaining atop sites functionalized with Si-H 

termination.  In addition to surfaces, the electronic structures of the isolated molecules 

were computed by modeling the molecule in a box of 20 Å on all sides and using the 

same convergence criteria as for the surfaces. The molecular orbitals of the surfaces were 

visualized using the band decomposed charge densities in a range of 1 eV below and 

above the valence and conduction bands, respectively, while the molecular orbitals for 

the isolated molecular counterparts were visualized using the discrete HOMO/LUMO 

energies. 
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Chapter 4. Modulation of the Electron-Transfer Rate Constant at 

Si(111) Liquid Junctions via Surface Functionalization 

4.1 INTRODUCTION 

Modern electrochemistry has been largely defined by an understanding of the 

components that determine charge transfer rates at electrode interfaces.9 From Tafel’s 

pivotal experiments relating current to applied potential,173 to the Butler-Volmer 

expression’s explicit inclusion of reversible charge transfer,174–176 the ability to measure 

and accurately assess charge-transfer kinetics at the electrode solution interface has 

enabled the design of catalysts,177 sensors,178 and energy conversion devices.179 A key 

development in microscopic descriptions of charge transfer at electrode interfaces was 

the adaptation of Marcus theory to metal electrode kinetics by Chidsey;61 using gold 

electrodes modified with ferrocene SAMs, Chidsey showed saturation of the charge-

transfer rate constant with increased driving force, consistent with Marcus theory of 

electron transfer. Likewise, Lewis et al. were able to accurately measure electron transfer 

rate constants at semiconductor electrodes and eventually observed the Marcus inverted 

regime, wherein increased driving force results in lower electron transfer rates.59,60,62 

Such a precise description of the features of charge transfer are of immense interest to the 

field of solar fuels where devices operate via charge transfer of delocalized charge carrier 

to a molecule in the solution phase.  

One of the key differences between a kinetic description of metal electrodes and 

semiconductor electrodes is the treatment of the rate constant of electron transfer, ket. In 

metal electrodes, this rate constant is understood to be potential dependent as it is a 

summation of the many energy dependent rate constants from any electronic state below 

the Fermi level, each with their own activation energy and surface concentration of 

electrons (Scheme 4.1).61,180 Distinguishing between electron transfer from this density of 
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states in the metal is not experimentally feasible, and thus a singular potential dependent 

rate constant is used to describe the kinetics. In addition, this precludes an observation of 

the Marcus inverted regime (where increased driving force leads to decreased rate laws) 

because at sufficiently high driving forces all states below the Fermi level contribute to 

the observed current and thus the state with optimal exoergicity still dominates.  Instead, 

this behavior manifests as a saturation of the rate constant (as observed by Chidsey) at 

increased driving forces, rather than a decrease. 

 

 

Scheme 4.1: For a metal electrode the electron transfer rate constant ket is potential 

dependent as the electron can transfer from any filled electronic state 

below the Fermi level. In practice, this rate is expressed as a sum of rate 

constants from different energy levels (E1, E2, etc.) but cannot be 

separated out experimentally. Here E4 is portrayed as having optimal 

exoergicity. 
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In contrast, ket at semiconductor electrodes is not potential dependent and does not 

implicitly include surface carrier concentrations.59 As there are no available states in the 

band-gap of an ideal semiconductor, electrons can only come from the conduction band 

edge. In a stable semiconductor system, the band-edge energy is fixed, meaning there is 

only a single energy level at which an electron can come from. Instead changes in 

potential result in the band-bending in the semiconductor, and thus the Boltzman 

distribution of surface electrons (surface electron concentration, ns) in response to the 

magnitude of that band-bending. It is appropriate to describe the kinetic behavior by a 

bimolecular rate law: 

 

𝐽(𝐸) = −𝑞𝑘𝑒𝑡𝑛𝑠[A]     (4.1) 

 

where J(E) is the potential dependent current density, q is the charge on an electron, ket is 

the rate constant of electron transfer, ns is the surface concentration of electrons (potential 

dependent), and [A] is the electron acceptor concentration. Units of this rate constant are 

thus taken to be cm4s–1, owing to both the flux of acceptor molecules to the electrode 

surface (cm2) and the flux (s–1) of electrons within the semiconductor to the surface 

(cm2).  

A key feature of this kinetic description is the fixed energy of the conduction 

band, which provides a relatively narrow energy from which electrons can transfer out of 

the semiconductor (Scheme 4.2a). As such there is only a single rate constant for any 

given junction, and this rate constant, in the Marcus formalism, is determined by the 

driving force of that electron transfer reaction (in addition to the reorganization energy 

and electronic coupling). In this case, that driving force is determined by the energetic 

separation between the conduction band and the solution potential of the contacting 
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phase. Owing to that description, it is possible to experimentally observe the Marcus 

inverted regime at semiconductor electrodes. Lewis et al. showed this behavior by 

varying the solution potential through the use of different redox couples for Si60 and 

ZnO.62 In these systems, the driving force is changed by increasing or decreasing the 

redox potential of the electron acceptor molecule while the band-edge remains constant. 

 

 

Scheme 4.2: Schematic depiction of how interfacial energetics can impact ket. In a) 

the driving force is varied by altering the solution potential resulting in a 

different value of ket. b) The driving force is varied by altering the band-

edge positions of the semiconductor via insertion of an interfacial dipole. 

This also results in different value of ket. 

An alternate strategy to varying the driving force at a semiconductor liquid 

junction would be to modulate the energetic position of the band-edge (illustrated in 

Scheme 4.2b). As described extensively in this dissertation (see Ch 1, 2, and 3) band-

edge modulation can be achieved via insertion of an interfacial dipole. The static electric 

field of a dipolar molecule provides an energetic offset between the semiconductor and 

the solution to shift the band-edges according to the direction of the dipole moment. 
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While this strategy has been explored extensively for photoelectrochemical systems to 

modulate the photovoltage23,24,28,29 and for non-illuminated solid-state contacts to alter 

rectifying behavior,26,36,45 to our knowledge it has not been explored for fundamental 

studies on the kinetics of charge-transfer at semiconductor liquid junctions. Here we 

adapt our suite of dipolar molecules described in Ch. 3, Si–R (R: -Ph, -PhNO2, -Anth, 

and -AnthNO2), to n-type Si(111) electrodes in contact with MV2+. We describe the 

interfacial energetics of this junctions in careful detail via electrochemical impedance 

spectroscopy and we compute electron transfer rate constants from cyclic voltammetry 

data. We attempt to correlate the driving force of these junctions with the observed 

electron transfer rates in the context of Marcus theory of electron transfer. 

4.2 DETERMINING CHARGE-TRANSFER DRIVING FORCE VIA EIS 

As outlined above, the driving force for charge transfer at semiconductor|liquid 

junctions is the energetic difference between the conduction band-edge energy and the 

solution potential (for n-type semiconductors, this is the barrier height). While the 

solution potential can be determined directly via voltammetry, estimation of the energetic 

position of the band-edges must be calculated via a Mott-Schottky analysis of the 

electrochemical impedance spectroscopy (EIS) derived differential capacitance. In such 

an experiment, a sinusoidal applied potential of varying frequency results in a sinusoidal 

current response; the magnitude and phase angle (time delay) of the current response (and 

its variation with frequency) can then be used with an appropriate model circuit to 

calculate the capacitance of the system. As such, EIS measurements and derived values 

are highly model dependent, and care must be taken to ensure that the signal response is 

both consistent with the chosen equivalent circuit and not ‘over-fit’ by a needlessly 

complex equivalent circuit.  
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The simplest possible equivalent circuit that can describe a semiconductor|liquid 

junction is a Randles circuit which details a resistor in series with a parallel resistor and 

capacitor. In this circuit, the capacitor represents the capacitance of the space-charge 

region and, if the model and system are compatible, should be described well by the 

Mott-Schottky equation under applied potential. The MS equation is the primary means 

of estimating the band-edge positions (via the amount of stored charge in the 

semiconductor and extrapolation to EFB, the flat-band potential). Determining whether the 

experimental response and the model are consistent is thus crucial to determining the 

band-edge positions. Figure 4.1 details the frequency response of the impedance 

magnitude (also known as Bode plots) for a) Me b) Ph c) PhNO2 d) Anth and e) 

AnthNO2 functionalized n-Si(111) in contact with an aqueous solution of 50 mM MV2+. 

Each of the spectra are shown at potential positive of the solution potential (0.25 V vs 

MV2+) meaning that the n-type Si(111) semiconductor under depletion conditions. 

Critically, all surfaces exhibited a linear response in impedance magnitude over a large 

range of frequencies, typically 102 to 105 Hz (which corresponded with a phase angle of 

90o). This linearity indicated that the total impedance of the system is dominated by a 

simple capacitor in these frequency regimes and that the simple Randles circuit is an 

appropriate equivalent circuit to describe the frequency response. In regions where the 

frequency response was not linear, the electrode behavior is understood to be non-ideal. 

For example, above 105
 Hz corresponded with the frequency limits of our potentiostat. 

Also of note is that the NO2 functionalized surfaces had a slightly smaller window of 

linear frequency response, most notably in the PhNO2 functionalized surface, indicating 

that there was current leakage, or less current rectification at these junctions. Overall, 

these Bode plots are consistent with similar measurements at semiconuductor|liquid 

junctions.  
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Figure 4.1: Representative Bode plots of the magnitude of impedance (Z) variation with 

frequency of the sinusoidal current for a) Me b) Ph c) PhNO2 d) Anth and e) 

AnthNO2 functionalized n-Si(111) in contact with 50 mM MV2+. All spectra 

provided are at an applied potential of -0.4 V vs SCE (0.25 V vs MV2+).  
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Because of the linearity in the frequency response over a wide frequency range, it 

is assumed that the space-charge capacitance can be accurately estimated from fitting the 

frequency response to a Randles circuit and CSC
-2

 should be linear with respect to the 

applied potential (as dictated by the MS equation). Thus the spectra at applied potentials 

positive of the solution potential were fit in the linear frequency regime to yield the 

differential capacitance. Figure 4.2 details the linear region (with respect to potential, 

typically 0-0.5 V vs MV2+) well-described by the MS equation for all surfaces in contact 

with both 10 and 50 mM solutions of MV2+. The resulting x-intercept corresponds to EFB, 

and the slope corresponds to the dopant density. From these, the barrier height Φb was 

calculated to yield the driving force for electron transfer for each surface for the 50 mM 

MV2+ contacts. The Φb values were as follows: nSi–Me 0.45 ± 0.02, nSi–Ph 0.47 ± 0.01 , 

nSi–PhNO2 0.40 ± 0.01 , nSi–Anth 0.43 ± 0.03, and nSi–AnthNO2 0.36 ± 0.02 V. The 

relative trend in Φb was consistent with previous studies on these surface terminations and 

their introduction of an interfacial dipole. Methyl termination introduces a negative 

interfacial dipole (see section 1.5) which shifts the band-edges up in energy, which is 

consistent with the high barrier for nSi–Me observed here. Likewise the nSi–AnthNO2 

exhibited the smallest barrier height, which is consistent with the introduction of a 

positive interfacial dipole. Finally, the slope and the x-intercept of the MS analysis 

yielded only minor variation for the same surfaces in contact with a more dilute solution 

of MV2+ (10 mM) further supporting that the observed capacitance is primarily within the 

semiconductor and not the solution or double layer. 
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Figure 4.2: Representative Mott-Schottky analysis of EIS derived capacitance for a) Me 

b) Ph c) PhNO2 d) Anth and e) AnthNO2 functionalized n-Si(111) in contact 

with 10 or 50 mM MV2+
 in water (0.5 M K2SO4, 0.1 M KHP). 
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Surface Dopant Density, 

x1016 (cm-3) 

EFB (V vs MV2+) Φb (V) 

nSi–Me 4.1 ± 0.3 -0.29 ± 0.01 0.45 ± 0.02 

nSi–Ph 4.9 ± 0.1 -0.30 ± 0.01 0.47 ± 0.01 

nSi–PhNO2 3.20 ± 0.05 -0.23 ± 0.01 0.40 ± 0.01 

nSi–Anth 4.2 ± 0.3 -0.27 ± 0.02 0.43 ± 0.03 

nSi–AnthNO2 3.47 ± 0.5 -0.19 ± 0.02 0.36 ± 0.02 

Table 4.1: Summary of Mott-Schottky analysis of the EIS-derived reciprocal 

differential capacitance. 

The results of the MS analysis of these surfaces are summarized in Table 4.1. One 

variation between the surfaces was the calculated dopant density from the slope. The 

surfaces with lower barrier heights exhibited lower calculated dopant densities (nSi–

PhNO2 and nSi–AnthNO2). While the magnitude of this variance in MS-derived dopant 

density is completely consistent with other studies (including ones where the surface 

termination is not changed) we find it is important to highlight as an example of the 

difficulties in accurately determining the barrier height and junctions with low barriers. 

Overall these surfaces yielded just over 100 mV variation in Φb for different surface 

terminations. It is worth noting that this variation is less than the variation provided by 

these same surfaces on p-type Si(111) in contact with the same solution (see chapter 3) 

indicating that the direction and magnitude of the interfacial dipole most likely depends 

on the direction of equilibration. Further studies should seek to explore this variation 

against multiple redox couples. The driving force for electron transfer in 

semiconductor|liquid junctions is defined as ΔG = ECB – E(A/A–) which is precisely the 
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opposite definition of Φb. Thus the driving force these interfaces can be taken as the 

negative of the barrier height. 

4.3 MEASURING THE CHARGE TRANSFER RATE CONSTANT FROM J-V BEHAVIOR 

The J-V behavior of all surfaces exhibited rectifying behavior consistent with the 

charge transfer at semiconductor|liquid junctions in the dark (Figure 4.3). Each surface 

exhibited preferential charge transfer in the cathodic direction under negative applied 

potentials with a limited anodic current in the positive direction. Tellingly, this anodic 

current was highest for the low barrier height surfaces (nSi–PhNO2 and nSi–AnthNO2) 

indicating a not insignificant amount of leakage current due to thermionic emission. In 

the negative direction cathodic current increased exponentially with applied potential, 

again consistent with the rectifying behavior expected of these junctions. Critically, the 

current response was dependent on the concentration of electron acceptors. The J-V of 

surfaces in contact with 10 mM MV2+ showed significantly smaller current densities than 

the 50 mM junction; these current densities were consistent with the bimolecular rate law 

outlined above which explicitly includes the electron acceptor concentration. Dependence 

of the current density on electron acceptor concentration might seem like an obvious 

expectation, but early studies on the J-V behavior of semiconductor electrodes showed 

that the current response was not dependent on the concentration of redox active 

molecules.181,182 This behavior has been interpreted as an effect of electron transfer via 

surface states, where electron transfer to these states was the kinetically limiting process 

(and thus dependent on the density of those surface states and not the concentration of 

acceptor molecules). Thus, because the rectifying behavior, the exponential dependence 

of cathodic current on potential, and the current density dependence on electron acceptor 
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concentration, it is clear the rate limiting process is charge transfer from the conduction 

band-edge to the redox species in solution. 
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Figure 4.3: Representative voltamagrams of for a) Me b) Ph c) PhNO2 d) Anth and e) 

AnthNO2 functionalized n-Si(111) in contact with 10 or 50 mM MV2+ in 

water (0.5 M K2SO4, 0.1 M KHP). 
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Having established that the J-V response was kinetically limited by charge 

transfer, the rate constant for electron transfer ket was calculated from the 

voltammagrams. Again considering the bimolecular rate law, the current depends on the 

concentration of electron acceptors and the surface concentration of electrons, ns. The 

concentration of electron acceptors was taken to be 50 mM. The value of ns was 

calculated based on the value of  Φb obtained from the MS analysis for a given surface. 

Briefly, because Φb is indicative of the extent of band-bending, it can be used to estimate 

the surface concentration of electrons according to a Boltzman distribution at a specified 

applied potential. With the electron acceptor concentration, ns at a specified potential and 

J at that same potential, calculation of ket is accomplished by substituting these values 

into the rate law and solving numerically. In this study, cathodic current densities of 

sufficient magnitude were chosen to diminish the impact of back-electron transfer via 

thermionic emission. The results of these calculations are outlined in Table 4.2. 

Importantly, all calculated rate constants were a similar magnitude to reported values 

(approximately 10-17-10-16 cm4s-1) of rate constants at semiconductor|liquid junctions. In 

addition, there was at least 1 order of magnitude variance in the rate constants observed 

herein between the fastest (nSi–Ph at (1.4 ± 0.3) ×10-16 cm4s-1) and the slowest (nSi–

AnthNO2 at (0.10 ± 0.03) ×10-16 cm4s-1) indicating the surface termination does alter the 

kinetics of electron transfer. 
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Surface ket (cm4 s-1) 

nSi–Me (1.1 ± 0.3) ×10-16 

nSi–Ph (1.4 ± 0.3) ×10-16 

nSi–PhNO2 (1.2 ± 0.2) ×10-16 

nSi–Anth (0.48 ± 0.1) ×10-16 

nSi–AnthNO2 (0.10 ± 0.03) ×10-16 

Table 4.2: Summary of computed rate constants ket from the J-V behavior for all 

surfaces. 

4.4 INTERPRETING KINETIC BEHAVIOR IN THE CONTEXT OF MARCUS THEORY 

Considering our ability to accurately determine the driving force and the rate 

constant for electron transfer at semiconductor|liquid junctions and their variation with 

surface functionalization, we then sought to correlate the two in the context of Marcus 

theory of electron transfer. Figure 4.4 plots the ket as a function of ΔG in semi-

logarithmic form. Indeed as would be predicted by Marcus theory, increases in the 

driving force led to increased ket. In our system, the surface that yielded the highest 

driving force (nSi–Ph, -0.47 eV) also resulted in the highest ket (at (1.4 ± 0.3) ×10-16 

cm4s-1). Likewise, the surface that provided the lowest driving force (nSi–AnthNO2, -

0.36 eV) also provided the lowest ket (at (0.10 ± 0.03) ×10-16 cm4s-1). Overall, variation in 

ket was fit moderately well by theoretical predictions. With a reorganization energy of 

0.67 eV and a ket,max of 2.2 ×10-16 cm4s-1, the theoretical expectation of quadratic Marcus 

behavior matched well at higher driving forces, but did not align well with points at lower 

driving forces like nSi–AnthNO2. Still, the overall shape and trend are consistent with 

reports on similar systems. In an analogous system where variance in ket was achieved by 
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changing the redox couple (and not the surface termination) similar magnitudes of ket 

were observed in regions of similar driving force detailed here. 

 

 

Figure 4.4: Correlation of the charge transfer rate constant as a function of driving 

force.   

There are important caveats to consider in this analysis. First, and perhaps most 

importantly, there is a relatively small variance in driving force in our system; differences 

in surface functionalization yield only around 100 meV variation. In contrast systems that 

utilize multiple redox couples can achieve a variance in driving force of up to 400 meV. 

Accessing a wider range of driving forces would significantly increase the confidence in 

determining if the data does or does not fit the Marcus theory predictions. Secondly, the 

primary deviation from the theoretical trend is from surfaces with the lowest barrier 

heights. Such surfaces can exhibit more anodic current leakage, compromising the 

confidence in a precise barrier height measurement. Though care was taken to consider 

the finer details of the EIS experiments in these studies, it is possible that these barrier 
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heights are too low to be appropriately fit by impedance analysis. In addition, as detailed 

in Chapter 3, there is significant electronic-coupling between the extended acene moieties 

(Anth and AnthNO2) with the Si band-edges leading to an increased potential drop 

across the organic layer. It is possible the same is happening here, wherein the positive 

interfacial dipole supplied by the AnthNO2 moiety leads to an overestimation of the 

barrier height due to that potential drop across the organic layer. Finally, though organic 

functionalized Si(111) is more stable than its hydride terminated counterpart, these 

surfaces are still only in a meta-stable state in contact with water. Given the MS analysis 

required a positively biased electrode, oxidation of the Si surface could be occurring 

during the EIS process, which would significantly alter the surface energetics. 

4.5 ACCESSING THE INVERTED REGIME: PRELIMINARY RESULTS 

In order to access a wider range of driving forces, we decided to pursue other 

redox couples in addition methyl viologen. One such redox couple was 1,1′-

bis(diethoxycarbonylmethyl)-4,4′-bipyridinium dichloride, a malonate derivative of the 

viologen (bipyridinium) class of molecules (shortened to MaloV2+ for the remainder of 

this chapter). This molecule is attractive because it possesses a reduction potential 

approximately 200 to 400 mV positive (depending on electrolyte) of methyl viologen 

while still maintaining methyl viologen’s status as an outer-sphere redox couple that 

centers the reduction on the central bipyridinium. This feature means the kinetics of 

electron transfer to these species can be directly compared in the context of their different 

driving forces. Scheme 4.3 outlines the procedure utilized to synthesize MaloV2+ 
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Scheme 4.3: Synthesis of 1,1′-bis(diethoxycarbonylmethyl)-4,4′-bipyridinium 

dichloride 

Attempts to characterize MaloV2+ electrochemically in the same electrolyte 

conditions used for MV2+ (water, 0.5 M K2SO4, 0.1 M KHP) revealed that it was unstable 

in water upon reduction (Figure 4.5). Using a glassy carbon (GC) working electrode and 

sweeping negatively revealed a small reduction peak with a kinked decay that indicated 

the reduced form of the molecule did not freely diffuse away from the electrode. The 

reverse scan further confirmed this with a narrow, symmetric oxidation peak indicative of 

stripping adsorbed redox molecules from the surface. This behavior was consistent over a 

large range of scan rates, with no scan rate providing reversible electrochemical behavior. 

The same behavior was also observed on Pt working electrodes, indicating that it is the 

electrolyte conditions and not the working electrode identity that facilitates adsorption. 

Unfortunately, adsorption of a redox molecule to an electrode drastically alters the kinetic 

behavior so such a molecule would not be appropriate for the kinetic studies carried out 

here. 
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Figure 4.5: Cyclic voltammetry of MaloV2+ in water (0.5 M K2SO4, 0.1 M KHP) where 

it exhibited irreversible electrochemical behavior. 

Despite the instability in aqueous electrolyte, we were encouraged by the suitably 

positive onset of reduction for the MaloV2+ molecule, which occurred approximately 350 

mV more positive than MV2+, indicating that, in a stable system, this molecule would 

provide addition driving force for electron transfer. As such, we decided to pursue 

electrochemical studies in non-aqueous media. Benefits for changing to non-aqueous 

electrolyte are twofold: i) stability of the redox couple and ii) increased stability of the 

silicon surface. MeOH has been shown to be a suitable electrolyte as it can solubilize 

high concentration of redox molecules (concentrations above 5 mM are required for 

stable electrochemical responses at semiconductor|liquid junctions) while still remaining 

mostly air and moisture free. Moving to MeOH electrolyte (with 1.0 M LiCl supporting 

electrolyte) and continuous bubbling of N2 gas through the cell did result in reversible, 

stable electrochemical responses for MaloV2+ (Figure 4.6). The CV exhibited clear and 

reversible reduction and oxidation peaks, that did not decay over time. The reversible CV 
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of MaloV2+ yielded an E1/2 value of -0.19 V vs SCE. The change in electrolyte conditions 

means a direct comparison to previous studies with MV2+ in water cannot be drawn, 

however MV2+ can be adapted to the new MeOH conditions. The resulting (reversible) 

CV gave a MV2+ E1/2 of -0.45 V vs SCE, which is 250 mV negative of the MaloV2+ redox 

potential, indicating that, in these conditions, there will be a significant change in the 

driving force between these two systems. 

 

 

Figure 4.6: Cyclic voltammetry of MaloV2+ in MeOH (1.0 M LiCl) where it exhibited 

stable and reversible behavior (left) and a more positive redox potential than 

MV2+ in the same electrolyte (right). 

Studies are now underway to measure the interfacial energetics and charge 

transfer kinetics of the nSi(111) surfaces outlined in this chapter with the new redox 

molecule and new electrolyte conditions. Because of the change in electrolyte, MV2+ 

measurements will need to be redone in the new electrolyte conditions. However, these 

conditions should provide more unambiguous results than the aqueous studies, owing to 

the increased stability of the Si surface in MeOH and the wider range of driving force 

made possible by the new redox molecule. Important future steps will be ensuring the 

increased solution resistance of the nonaqueous electrolyte is appropriately accounted for 
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(via iR corrections) and increased scrutiny of the EIS measurements under applied 

potential. Barring major complications with stability, we contend that the combination of 

a suitably negative modified band-edge position (like on nSi–Ph) and a suitably positive 

redox molecule will provide enough driving force to experimentally observe the Marcus 

inverted regime. 

4.6 CONCLUSIONS 

In closing, we illustrated tuning of the electron transfer rate constant via chemical 

functionalization of nSi(111) to a limited extent. Functionalization of nSi(111) yielded 

shifts in the electron transfer driving force (measured via EIS) in accordance with the 

insertion of interfacial dipoles for Si–R (R: -Ph, -PhNO2, -Anth, and -AnthNO2). 

Although the magnitude of these shifts in driving force were less than expected, the trend 

matched with previous studies with these surfaces on p-type Si(111). The rate constant 

for electron transfer was measured for each surface via cyclic voltammetry in contact 

with a solution of MV2+ and it was found that ket varied up to an order of magnitude 

between the fastest and slowest surfaces. These electron transfer rates were rationalized 

in the context of Marcus theory which predicts a quadratic dependence of ket with respect 

to driving force. While surfaces that yielded higher driving forces fit this prediction, 

surfaces with low barrier heights did not fit the established trend, either due to increased 

semiconductor|molecular coupling or current leakage due to thermionic emission. Finally 

we explored an alternative redox couple and electrolyte system to expand the range of 

achievable driving forces at our functionalized semiconductor|liquid junction. These 

studies represent the first studies, to our knowledge  ̧ of systematically altering the rate 

constant of electron transfer at semiconductor|liquid junctions via chemical 

functionalization. 
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4.7 EXPERIMENTAL 

4.7.1 Surface Functionalization 

All functionalization and measurements were carried out on CZ grown, 

phosphorus doped, n-type Si(111) (Virginia Semiconductor Inc.) singled side polished 

substrates with a resistivity range of 0.5-2 Ω·cm and a thickness of 450 ± 25 μm. All 

surface functionalizations were carried out exactly as described in Ch. 3. 

4.7.2 Electrochemical Experiments 

All electrochemical measurements were performed on a Gamry 1000E Interface 

potentiostat using a three-electrode configuration. The working electrode was the Si 

substrate, the counter electrode was a Pt-mesh (99.95%, Strem) and a saturated calomel 

electrode (SCE, CH Instruments) was used as a reference electrode. Outer-sphere redox 

couple experiments utilized a 50 or 10 mM solution of methyl viologen dichloride (98% 

Acros) in an electrolyte of 0.5 M K2SO4 in 18 MΩ water with a 0.1 M potassium 

hydrogen phthalate (KHP) buffer with H2SO4 to maintain a pH of 3. Prior to any 

electrochemical experiments the solution was degassed for 20 min with N2 and the 

reduced from for the methyl viologen redox couple was generated via bulk electrolysis. 

For generation of the reduced form of MV2+ a glassy-carbon working electrode (CH 

Instruments) was held at -0.7 V vs SCE with rapid stirring and tracked via 

chronocoulometry to produce ~ 1 mM MV+ for the 50 mM solution and 0.2 mM for the 

10 mM solution. The solution potential was determined to be -0.65 V vs SCE via cyclic 

voltammetry after bulk electrolysis.  All electrochemical data is reported as an average of 

three samples from separate surface attachment procedures for MV2+ experiments (to 

combat noise in the J-V response induced by rapid stirring). 
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4.7.2.1 Electrochemical Impedance Spectroscopy 

Using the electrochemical cell described above, differential capacitance 

measurements were performed in the dark at applied DC potentials –0.65 to 0 V vs SCE 

in 50 mV intervals. At each applied DC potential a 10 mV sinusoidal signal (oscillating 

about the applied DC potential) was applied with a frequency range of 101 to 106 Hz. 

Data were fit at frequencies where the phase angle exceeded -80o, typically at frequencies 

of 105 Hz.  Capacitance values were then extracted and fit with a Randle’s equivalent 

circuit using a custom LabView program supplied by Dr. Ron Grimm.23  The resulting 

values were plotted as the reciprocal capacitance squared according the Mott-Schottky 

equation for n n-type semiconductor (eq 4.2): 

 

𝐶−2 =
2

𝑞𝜀𝜀𝑜𝑁𝐷
(𝐸 + 𝐸𝐹𝐵 −

𝑘𝑇

𝑞
)    (4.2) 

 

where C is the measured capacitance per area, q is the elementary charge (1.602 × 10–19 

C), ε is the dielectric constant for Si (11.9), εo is the permittivity of vacuum (8.85 × 10–12 

F m–1), ND is the dopant density, E is the applied potential, EFB is the flat band potential, 

k is Boltzmann’s constant (1.38 × 10–23 m2 k g s–1 K–1) and T is the temperature (298 K).  

EFB can be related to the barrier height, ΦB (which is the potential difference between the 

solution potential and the semiconductor conduction band) by the following equation (eq 

4.3): 

 

𝜙𝐵 = 𝐸𝐹𝐵 +
𝑘𝑇

𝑞
ln (

𝑁𝐷

𝑁𝐶
)     (4.3) 

 

where NC is the effective density of states for the conduction band (2.8 × 1019 cm–

3 for Si). 
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4.7.2.2 J-V Experiments and Rate Constant Calculation 

All cyclic voltammetry experiments at semiconductor|liquid junctions were 

carried out at 50 mVs-1. All surfaces exhibited stable electrochemical behavior over the 

course of the experiment and multiple scans. Potential ranges varied for each surface but 

were typically -0.2 to -0.85 V vs SCE to produce stable exponential current responses not 

limited by mass transfer.  

Rate constants were calculated using equation 4.1 by selecting a current density 

(typically around 7-8 mAcm2) and solving for the rate constant using the acceptor 

concentration (0.05 M) and ns. ns was calculated using the applied potential that provided 

the above current density and the flat-band potential obtained from the EIS data via the 

following equation: 

 

𝑛𝑠 =  𝑛𝑏exp (
𝑞(𝐸𝐹𝐵−𝐸)

𝑘𝑇
)    (4.4) 

 

where nb is the bulk electron density (taken to be equal to the dopant density at room 

temperature), EFB is the calculated flatband potential, E is the applied potential at which 

the current is being evaluated. Calculated rate constants were compared to the classical 

form of the Marcus expression: 

 

𝑘𝑒𝑡 = 𝑘𝑒𝑡,𝑚𝑎𝑥exp (
−(∆𝐺+𝜆)2

4𝜆𝑘𝑇
)     (4.5) 

 

Where ket is the theoretical expectation of the electron transfer rate constant, ket,max is the 

rate constant at optimal exoergicity, ΔG is the driving force, and λ is the reorganization 

energy. In this study, the reorganization energy was taken to be identical to previous 

studies (0.67 eV) and ket,max was floated to fit our data. The resulting ket,max was 2.2 ×10-16 
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which varied from previous studies, but not substantially (previous studies estimated 

ket,max as 6.4 to 6.6 ×10-17). 

4.7.3 Synthesis of 1,1′-bis(diethoxycarbonylmethyl)-4,4′-bipyridinium dichloride 

 0.5 g (3.2 mmol) of 4,4-bipyrdyl was dissolved in 3 mL of absolute 

ethanol. 1.24 mL (7.3 mmol, 2.28 eq) of diethyl-bromomalonate was added while 

stirring. Solution was allowed to stir for 72 hours at room temperature. A gradual color 

change from clear yellow to dark red occurred during this period. The solution was ten 

brought to reflux for 4 hours and then allowed to return to room temperature. 

Approximately 3 mL of sat. solution Na2CO3 was added to force precipitation. The 

precipitate was collected via filtration and washed with water. After drying the precipitate 

was dissolve in boiling DMF and filtered again while scalding to remove an insoluble 

material. Allowing this solution to reach room temperature resulted in precipitation of a 

dark red solid. This solid was collected via filtration and washed with diethyl ether. 

Afterwards, this solid was suspended in methanol. Upon addition of 0.4 mL of conc. 

hydrochloric acid, the solid became immediately soluble resulting in clear brown 

solution. Diethyl ether was added to this solution slowly to force precipitation of a white 

solid. The white solid was collected vial filtration and washed with diethyl ether as the 

product 1,1′-bis(diethoxycarbonylmethyl)-4,4′-bipyridinium dichloride for a 22% yield. 

1H NMR (400 MHz, D2O): δ  1.18 (t 12H), 4.27 (m 8H), 8.56 (d 4H), 9.15 (d 4H). 
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Chapter 5. Elucidating the Impact of TiO2 and Pt Deposition on the 

PEC Performance of Si(111) Photocathodes** 

5.1 INTRODUCTION 

Photoelectrochemical (PEC) fuel generation is a promising route to converting 

light energy directly into easily stored forms (i.e. H2 from H2O or CxHy from CO2 

reduction). In these devices, the semiconductor|liquid junction where these reactions 

occur is critical in determining performance. Decades of work has shown that instability 

in aqueous electrolyte is a major barrier that PEC devices must overcome before 

becoming a viable technology.14,18,23,59,87,110,183–190 Semiconductors that have been utilized 

effectively in photovoltaic applications— such as silicon, GaAs, or GaP— are of primary 

interest for PEC applications because of their long photocarrier lifetimes and ideal band-

gaps. However, these crystalline materials are generally not stable in electrolyte 

solutions.146  For example, Deutsch et al. engineered III–V semiconductors (GaAs, 

GaInP2, etc.) and achieved a ~16% efficient solar-to-hydrogen (STH) device, however 

this device operated for only 20 minutes before severely degrading.80  

A key strategy to stabilize these crystalline, high efficiency semiconductors is the 

use of metal-oxides grown on non-oxide semiconductors to protect against corrosion and 

maintain performance.47,76,191,192 In this configuration, one semiconductor is buried by 

another and thus the oxide overlayer must allow for charge transport of the photoexcited 

carriers from the semiconductor to the solution. TiO2 has been widely studied for this 

purpose due to its ideal conduction band alignment with many semiconductors studied in 

 
** Portions of this chapter were adapted with permission from:  

R. T. Pekarek*, D. G. Boucher*, N. R. Neale and M. J. Rose. ChemElectroChem. 2020, 7, 1048-1056. 

(* Denotes equal authorship) 

DGB performed sample preparation and characterization, spectroscopic analysis, and electrochemical 

impedance experiments. RTP collected voltammograms and IMHFR data (not included in this document). 

DGB and RTP both contributed to data analysis. NRN and MJR were principal investigators. 
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PEC (i.e. Si, GaAs, GaInP2).
76,85 Photoexcited electrons are driven into the TiO2 

conduction band (just below the conduction band of the underlying semiconductor) 

before migrating to the solution.110 This concept has provided a 19% PEC STH efficiency 

device by protecting the underlying III–V multijunction semiconductor stack under TiO2 

with a Rh metal hydrogen evolution reaction (HER) catalyst.192 A similar interfacial 

architecture based on a bimetallic CuAg CO2 reduction catalyst on TiO2 provided the 

catalytic/protective layer for a p-type Si photocathode.193  

The interfacial energetics and charge carrier dynamics of metal-oxide 

functionalized photoelectrodes are notably complex. Spatial separation of the 

photoexcited electrons (transferred to the TiO2) and holes (remaining in the underlying 

semiconductor) can help limit recombination.88 One major component of this separation 

is the electric field induced by metal-oxide deposition. As the underlying semiconductor 

and protecting oxide are p- and n-type respectively, a p-n junction between the layers 

enhances the field within the semiconductor. Yet this directional charge separation is 

complicated by defects in TiO2 overlayers. This defective film — a ‘leaky dielectric’ — 

allows hole transport when the protective oxide strategy is applied to photoanodes where 

the minority carrier holes must be transported to the surface. In such a system, TiO2 

conducts holes through a defect band rather than through the energetically inaccessible 

TiO2 valence band.30,77,127,194–197 

Electron and hole conduction through the TiO2 conduction and defect bands, 

respectively, allows TiO2 to be a versatile overlayer, used for both photocathodes47,107,192 

and photoanodes.76,77,195,198 However, these modes of conduction also represent possible 

losses due to the permeability of the overlayer to both majority and minority carriers.107  

Specifically, a photocathode with such an architecture that exhibits significant hole 

conduction through the TiO2 would “leak” majority carriers (holes) under forward bias, 
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thereby decreasing the photovoltage. Several reports detail the defects in ALD-grown 

TiO2 when TDMAT (tetrakis-dimethylamino TiIV) is used as a precursor due to nitrogen-

containing ligand which promotes formation of Ti3+ defects in the film.195 A report from 

Lewis et al. extensively detailed hole-transport through “leaky” TiO2, in which they 

establish that Ti precursor choice and ALD growth conditions are the major determinants 

of defect density and thus the extent of current leakage.196 Recently, our group showed 

that use of ‘leaky’ TiO2 overlayers on a photocathode in contact with the one-electron 

outer-sphere redox couple methyl viologen showed substantial decreases in 

photovoltage.29 Additionally, Ager and Javey et al. explored similar principles on InP 

photocathodes and demonstrated that the use of defect-free TiO2 improves the 

photocurrent onset potential relative to its defective counterpart when used for proton 

reduction.199 These two results suggest that the use of defective TiO2 does not provide 

benefits of p-n junction formation. Efforts to characterize these energetics and transport 

mechanisms during operation via methods like intensity modulated high frequency 

resistivity (IMHFR) measurements88,108,151 have been fruitful, but clearly more work on 

simplified systems is necessary to fully understand these complex junctions. 

In addition to protective oxides, nanostructured metallic catalysts are often 

deposited onto semiconductor electrodes furthering the interfacial energetic and kinetic 

complications of the device. While voltammetry reveals the enhancements from these 

electrocatalytic materials, it cannot be used to discern the differences between improved 

catalysis and shifts in the interfacial energetics. Furthermore, the effects of nanoscale 

metallic structures on semiconductor surfaces deviate from traditional Schottky junctions 

with planar substrates.7,22 Recent work from Boettcher et al. has mapped the 

inhomogeneous barrier height that results from metal nanoparticles on silicon 
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photoanodes,200 and changes to the identity of the metal (and therefore the work function) 

in a similar system have also been shown to shift the measured flatband potential.201  

In this work, we attempt to describe the energetics and charge transport 

mechanisms at these chemically complex junctions using a simplified model redox 

system, the outer-sphere redox couple MV2+. Such a system allows for interrogation of 

the voltametric behavior due to junction energetics isolated from catalytic overpotentials 

(thus allowing investigation of non-catalytic surfaces and non-catalytic enhancements. 

We seek to understand the role of ultrathin (< 2 nm) leaky TiO2 as well as probe 

mechanisms of photovoltage loss at the Si|molecular|TiO2 heterojunction. We previously 

reported that even small amounts of TiO2 deposited on the surface can have considerable 

effects on the interfacial energetics.30,47,127 We deposited TiO2 onto molecularly 

functionalized p-type Si(111) to limit complications via silicon oxide at the interface. The 

absence of native oxide (SiOx) surface states prevents Fermi level pinning, which allows 

for the isolation of the effects from the overlayers as the functionalized surfaces are well 

passivated.23,113 TiO2 protected Si samples were electrochemically characterized by 

voltammetry with an outer-sphere redox couple to isolate the kinetic effects from 

catalytic overpotentials.29 In addition Pt nanoparticles, a metallic proton reduction 

catalyst, was deposited on the TiO2 surface, and both the silicon flatband and 

photocurrent onset potentials were determined. Spectroscopic investigation of these 

interfaces support charging of the TiO2 film upon Pt deposition as the underlying 

mechanism of enhancement via the presence of a TiO2 localized electric field. Overall, 

this work demonstrates that the intricacies of semiconductor surface modifications are 

critical in determining the interplay between the kinetic and thermodynamic contributions 

of device components. 
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5.2 SURFACE FUNCTIONALIZATION AND PHOTOELECTROCHEMICAL PERFORMANCE 

Chemical functionalization of Si(111) surfaces was performed according to an 

established chlorination-nucleophilic substitution reaction (Scheme 5.1). In this 

procedure, freshly etched, atomically flat H-terminated Si(111) surfaces were chlorinated 

and subsequently reacted with nucleophilic organic moieties such as methyl Grignard or 

aryl-lithium species. Here, we utilize a 3,5-dimethoxybromobenzene (diOMePh) species 

that was lithiated at the bromo position and thus able to undergo a salt metathesis reaction 

with the Cl-terminated surface. To ensure complete passivation of unreacted chlorine 

sites, samples were immersed in methyl Grignard solution for 24 h at 55 oC to afford an 

oxide-free, stable mixed-monolayer Si(111) surface.30,41,49,202,203 These surfaces were 

analyzed as-prepared or used as substrates for amorphous TiO2 deposition by ALD. As Pt 

is a well-known proton reduction catalyst, Pt nanoparticles were also deposited to study 

catalyst effects on interfacial energetics. The Si-diOMePh mixed-monolayer surface with 

and without TiO2 ALD layers has been characterized in detail in other 

publications30,47,95,111 including Pt nanoparticles deposited via ALD under similar 

conditions.47,204 

 

 

Scheme 5.1: Synthetic scheme depicting the molecular and materials surface 

functionalization strategy p-Si(111)|R|TiO2|Pt photoelectrodes (R = 

CH3, diOMePh). 
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We probed the effect of TiO2 thickness by preparing samples with increasingly 

thick oxide layers and collecting voltammograms (data collection performed by Dr. Ryan 

T. Pekarek at NREL) where the wafer is in contact with a nonaqueous electrolyte solution 

with an outer-sphere redox couple (2 mM methyl viologen and 0.2 M LiClO4 in 

acetonitrile, MeCN). Use of an outer-sphere redox couple allowed for isolation of the 

effects of the TiO2 and platinum on the kinetics of the semiconductor-liquid junction 

without the complications of inner-sphere, bond-forming reactions. The photocurrent 

onset potential (defined here as the potential where the current reaches –0.1 mA/cm2) is 

plotted as a function of the number TiO2 deposition cycles in Figure 5.1. The 

photovoltage shifted negatively with increasing TiO2 thickness. Interestingly, the 

photovoltage was recovered after the addition of Pt onto the 50 cycle-TiO2 sample. The 

50 cycle TiO2/Pt samples exhibited onset potentials >200 mV more positive than their 

congeners without Pt and ~60 mV more positive than the TiO2-free samples. Importantly, 

this result suggested that some portion of the Pt-induced enhancement observed in 

aqueous photoelectrochemical systems with a leaky oxide interfacial layer is due to 

interfacial energetics and not simply improved catalytic kinetics. These results agreed 

with similar experiments on para-nitrophenyl functionalized surfaces outlined in section 

2.8 of this thesis. 
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Figure 5.1: Photocurrent onset potential (where current density is –0.1 mA/cm2) plotted 

as a function of TiO2 ALD cycles. Electrolyte: 0.2 M LiClO4, 2 mM methyl 

viologen in degassed (N2) MeCN. 

5.3 SURFACE RECOMBINATION VELOCITY 

Contactless photoconductivity decay measurements were performed to probe the 

surface recombination velocity (SRV) S as a function of ALD cycle. Contactless 

photoconductivity decay measurements provide quantification of recombination rates at 

interfaces by measuring the photoexcited carrier lifetime at zero bias. For samples with 

long bulk carrier lifetimes such as silicon (hundreds of microseconds), the majority of 

recombination occurs at the interface.113,114 Accordingly, the quality of the interface is 

measured whereby fast recombination rates indicated a large number of defect states. As 

shown in Figure 5.2, the S of Si(111)-diOMePh surfaces without ALD functionalization 

was 44 ± 12 cm s–1, characteristically low for well-passivated semiconductor 

surfaces.29,95,113,116 This suggested that the chlorination and salt metathesis chemistries 

result in a surface that is relatively free from defects. As TiO2 is deposited, S decreased 
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with cycle number, reaching a minimum of 35 ± 16 cm s–1 at 5 cycles. S began to 

increase slightly with additional cycles, ending with 39 ± 11 cm s–1 at 50 cycles, 

statistically similar to the bare surface. We therefore concluded that TiO2 deposition does 

not significantly damage the interface (i.e. little silicon oxidation or monolayer 

degradation). In fact, the opposite is true, S decreased slightly (but remains within 

experimental error) as more TiO2 was deposited. This decrease was the subject of a 

recent report from our group where the addition of ALD-TiO2 dramatically improves S 

values of defective monolayers and surfaces partially terminated with amorphous oxide 

(both serve as recombination centers).29 The decrease is likely due to field-effect 

passivation of these imperfections on the surface despite the organic 

monolayer.29,95,101,105,205  As evidenced by the low S value, the diOMePh monolayer 

formed in this work produced a well-passivated surface with only a small decrease in 

recombination velocity as there were few defects to passivate. Importantly, the TiO2 

deposition did not introduce silicon defects that would cause photovoltage loss (see 

section 2.8). 
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Figure 5.2: a) Representative photoconductivity decay measurements of Si(111)- 

diOMePh surfaces at varying numbers of TiO2 ALD cycles and b) the 

resultant surface recombination velocity (S) values. 

5.4 ULTRAVIOLET AND X-RAY PHOTOELECTRON SPECTROSCOPY 

Metal deposition onto semiconductor surfaces is well known to shift the 

semiconductor energetics.7 However, the work function of bulk, polycrystalline Pt is 

5.64,206 and while the effective work function is likely to vary with the substrate,207 this 

value still indicates the energy of the Pt states lie below the silicon valence band edge — 

not above as would be expected to produce positive shifts to VOC. Furthermore, the size 

of the Pt NPs are too large to experience quantum confinement effects changing the bulk 

Pt work function.208 To verify these values, we collected ultraviolet photoelectron spectra 

(UPS, Figure 5.3). Shifts in the secondary electron cutoff (Figure 5.3, inset) indicated 

changes in the material work function, where a linear relationship exists between the two 

values.156 Silicon without TiO2 exhibited a secondary electron cutoff of 17.03 eV. 

Deposition of TiO2 shifted this value to 17.26 eV. Meanwhile, Pt deposition shifted the 

secondary electron cutoff energy higher to 16.69 eV. Consistent with the shallow escape 

depth of photoexcited electrons in UPS, the rank order of these shifts in secondary 

electron cutoff are in agreement with the literature regarding the relative work functions 
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of pSi-DMO (5.07 eV),47 TiO2 (4.8-5.0 eV),89, and Pt (5.64 eV).206 Therefore, simple 

equilibration between the semiconductor and metal does not explain the changes 

observed electrochemically. 

 

 

Figure 5.3: Ultraviolet Photoelectron Spectrscopy (UPS) of functionalized Si samples 

(red), after 50 cycles of TiO2 deposition (purple), and after 50 cycles of TiO2 

and Pt are deposited (gray). 

To further probe the source of these interfacial changes, we collected X-ray 

photoelectron spectra (XPS, Figure 5.4). Inspection of Si 2p core level spectra of 

functionalized Si wafers with no TiO2, 50 cycles of TiO2, and 50 cycles of TiO2 and Pt 

shows the expected binding energy for Si 2p peaks with only minimal shifts between 

samples. The Si sample with no TiO2 exhibited an Si 2p peak at 99.16 eV. Deposition of 

TiO2 shifted this peak about 0.2 eV to 98.98 eV, indicating some amount of stored 

negative charge in the Si layer of the sample. Finally Pt deposition shifted this peak back 

to a higher binding energy of 99.10 eV. The Ti 2p levels exhibited more significant shifts. 

Deposition of TiO2 gave a Ti 2p peak with a binding energy of 459.03 eV. Interestingly, 
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Pt deposition shifted the Ti 2p almost 0.7 eV to 458.34 eV. The O 1s spectra also 

exhibited similar shifts. After deposition, the peak associated with the oxygen in TiO2 

appeared at 530.49 eV, it shifted 0.68 eV to 529.81 eV upon Pt deposition. The small 

variance in the Si binding energy between samples compared to the larger changes in the 

Ti and O regions suggested that Pt deposition is responsible for an energetic shift in the 

TiO2 film, possibly due to population of empty TiO2 defect states — thus negatively 

charging the ultrathin TiO2 film.  

 

 

 

Figure 5.4: X-ray photoelectron spectra of functionalized Si samples as is (red), after 50 

cycles of TiO2 deposition (purple), and after 50 cycles of TiO2 and Pt are 

deposited (gray). 
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High resolution XP spectrum of the Pt 4f region (Figure 5.5) of the Pt 

functionalized sample exhibited a doublet characteristic of the spin-orbit peak splitting 

(approximately 3.3 eV). Tellingly, these peaks featured prominent shoulders fit best by 

multiple components indicating Pt oxidation. The Pt metal peaks were centered at 71.0 

eV (Pt 4f7/2) and 74.3 eV (Pt 4f5/2) which is consistent with published values.209 The PtO 

peaks were centered at 71.7 eV (Pt 4f7/2) and 74.9 eV (Pt 4f5/2) consistent with partial 

oxidation of the Pt NPs.209 The Pt 4f region also exhibited a broad satellite peak 

consistent with literature spectra. Partial oxidation or skewing of Pt XP peaks to higher 

binding energies is consistent with the hypothesis of charging in the TiO2 film as the 

negative charge stored in the TiO2 layer is charge balanced by positive charge (i.e. 

oxidation) of the Pt layer. 

 

Figure 5.5: High resolution XP spectrum of the Pt 4f region on the pSi-R|TiO2|Pt 

functionalized surface. 
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5.5 MOTT-SCHOTTKY ANALYSIS 

Conventional capacitance/voltage data (collected by electrochemical impedance 

spectroscopy and Mott-Schottky analysis) of these samples (Figure 5.6) further supports 

charging localized to the TiO2 film upon Pt deposition. TiO2 deposition resulted in a 

negligible shift in EFB (0.30 ± 0.08 to 0.28 ± 0.03 V vs MV2+) within error of the non-

TiO2 coated surface. In contrast Pt deposition resulted in positively shifted EFB (0.57 ± 

0.04 V vs MV2+) indicating a significant increase in driving force for charge separation. 

These results are summarized in Table 5.1.  

Interpretation of EIS data requires a model using the proper equivalent circuit, 

which becomes increasingly complex with each additional component of an electrode; 

thus MS analysis of these surfaces should only be interpreted as a qualitative comparison. 

However, the magnitude of these shifts (but not the exact numerical value of EFB) is 

consistent with Intensity Modulated High Frequency Resistivity (IMHFR) measurements 

(see publication152), a technique more suited for multi-layered photoelectrodes. Devising 

an accurate model for a multi-layered photoelectrode such as those studied here is 

challenging and could be a source of discrepancy between the two measurements’ 

approximations of EFB. The difference may also be due to the Mott-Schottky method 

requiring extrapolation to the flatband condition whilst IMHFR is measured under 

positive applied bias (where the flat band condition is actually realized). For example, the 

Helmholtz capacitance is affected by the applied potential and may therefore cause the 

offset between the two measurements.  

Regardless, the qualitative agreement between the two measurements yields 

insight into the interfacial energetics as a result of overlayer deposition. TiO2 deposition 

does not dramatically alter the band-edge positions of the underlying semiconductor as 

supported by only miniscule shifts in EFB meaning that losses in the photovoltage (Figure 
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5.1) are likely kinetic in nature and not due to shifting band-edges (see following section 

for more in depth discussion). Meanwhile, Pt deposition does appear to drastically alter 

the interfacial energetics, however the XPS data suggests this driving force does not 

come from increased band-bending in the silicon but charging of the TiO2 film.  

Furthermore, the calculated dopant density (Nd, the MS analysis slope) increases upon 

TiO2 deposition and is maintained even after Pt deposition — likely the result of charged 

states within the TiO2 correlating with defects (i.e. oxygen vacancies). This observation is 

consistent with Hu et al. who measured a small increase in Nd with TiO2 on Si.110 

 

 

Figure 5.6: Mott-Schottky analysis of EIS derived reciprocal capacitance for of 

functionalized Si samples as is (red), after 50 cycles of TiO2 deposition 

(purple), and after 50 cycles of TiO2 and Pt are deposited (gray) in contact 

with 0.2 M LiClO4, 2 mM methyl viologen in degassed (N2) MeCN. 
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Surface EFB (V vs MV2+) 

pSi-DMO 0.30 ± 0.08  

pSi-DMO|TiO2 0.28 ± 0.03 

pSi-DMO|TiO2|Pt 0.57 ± 0.04 

Table 5. 1: Summary of results for Mott-Schottky analysis of EIS-derived reciprocal 

capacitance. 

5.6 DISCUSSION OF OVERLAYER EFFECTS 

5.6.1 Kinetic Effects of TiO2: Carrier Leakage Under Forward Bias 

 

 

Scheme 5.2: Band diagrams of interfaces studied in this work: a) Si|solution, b) 

Si|TiO2|solution, c) Si|TiO2|Pt|solution. 

Scheme 2 illustrates silicon interfaces contacted by solution without TiO2 or Pt a), 

after TiO2 deposition b), and after both TiO2 and Pt deposition c). Since the thickness of 

the TiO2 (~2 nm) did not significantly shift the silicon flatband potentials (as determined 

by IMHFR and EIS, read above) nor appreciably alter the n+Si onset potential (see 
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section 2.8), we propose the mechanism for photovoltage loss is related to hole leakage 

from the silicon into the TiO2.  As mentioned previously, the defective TiO2 is conductive 

to holes due to the energetically accessible defect band.  We posit that the accessibility of 

this defect band allows for recombination via majority carrier ‘leakage’. Essentially, this 

process is analogous to thermionic emission at a Schottky junction, however here 

majority carriers (holes) are injected into the defect band, rather than a metal contact or 

solution. This leakage decreases the measured photocurrent as the holes can recombine 

with photoexcited electrons within the TiO2 or in solution. Under forward bias (for 

example at or around the flatband potential), this recombination pathway should be 

pronounced due to the poor charge separation and weakly bent bands, allowing increased 

hole injection into the defect band.  

The above mechanistic interpretation also explains why increased recombination 

is not observed via contactless photoconductivity decay measurements, despite 

photovoltage losses observed in voltammetry. Contactless photoconductivity decay 

measurements probe carrier lifetimes throughout a sample (not just at the interface) and 

thus if the carrier recombination responsible for the photovoltage losses was intrinsic to 

defective TiO2 (i.e. chemically induced recombination via defect sites) it would be 

observed. The fact that this interfacial recombination was not observed in the 

photoconductivity decay measurements indicates that the actual recombination pathways 

observed in a PEC configuration are dependent on the applied bias and/or contacting 

electrolyte solution.  Importantly, in previously studied n-Si|TiO2 heterojunctions, dark J-

V measurements exhibited a temperature dependence characteristic of thermionic 

emission.110 Though not directly analogous due to of the different majority-carrier type 

(electron transport versus hole transport), this strengthens the validity of invoking a 

thermionic emission model in our own system.  
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5.6.2 Energetic Effects of Pt: Metal-Oxide|Catalyst Cooperativity 

Upon Pt deposition on the TiO2, the interfacial energetics were drastically 

changed. The direction of the shift in EFB was unexpected considering the high work 

function of metallic Pt.206 It is clear that the pronounced shifts in electrochemical 

behavior after Pt deposition were not the result of a simple semiconductor/metal Schottky 

junction, and the EIS results (along with the IMHFR results) suggested that the effect is 

related to shifting energetics at the interface. UPS data confirmed that the work functions 

of the functionalized Si, TiO2, and Pt trend with published literature values, however the 

shifts in the Ti 2p and O 1s XPS regions revealed negative charging of the TiO2 film. As 

shown in Scheme 2c, we speculate that this charging produces a strong interfacial electric 

field within the TiO2. We propose this interfacial field offsets the Si and metal work 

functions and increases the Si flatband potential in a phenomenon similar to the effects of 

interfacial dipoles on semiconductor surfaces.27,29,37,46,47,150,156,210–212 It is also important to 

note that TiO2 was necessary for these shifts to be observed; Pt deposited directly on the 

semiconductor yielded no voltametric increase. Hu et al. reported that TiO2 grown by 

TDMAT (similar to this work) has defect energies between 5.2 and 6.08 eV, overlapping 

the metallic Pt states.110 Charging observed in the TiO2 film may be the result of this 

overlap, where the TiO2 film has a density of states in which to store charge originating 

in the Pt states. 

5.7 UTILIZING DEFECT-FREE TIO2 

To further probe the role of the defect-band carrier leakage and photovoltage loss 

we turned to the use of ‘defect-free’ TiO2. Without an energetically accessible band of 

defect states, leakage currents under forward bias should be substantially decreased 

thereby increasing the observed photovoltage (Scheme 5.3). To this end, TiCl4 has 
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emerged as a ALD precursor capable of forming TiO2 layers with low defect densities. 

Primarily, this is due to the absence of a nitrogen-based precursor ligand (unlike 

TDMAT) which can promote formation of Ti3+ defects in the TiO2 film. Lewis and 

coworkers have illustrated the extent to which ALD precursor identity and conditions 

dramatically impact the defect density in the TiO2 film.196 In another example, a p+-Si 

device constructed with a TiCl4 based TiO2 interlayer illustrated rectifying behavior 

under dark conditions; in contrast the same device constructed from the TDMAT 

precursor was highly ohmic due to significant leakage currents.213 

 

 

Scheme 5.3: Schematic depiction of defect-mediated leakage current in a a) TDMAT-

based thin film and b) the prevention of that leakage current in a ‘defect 

free’ TiCl4 based thin film. In the case of the preventing defect mediated 

current leakage the photovoltage (VOC) should be increased. 

To probe how the defect density of the TiO2 film affected the photovoltage in 

photocathodes we constructed devices with utilizing the TiCl4 ALD precursor. diOMePh 

functionalized p-Si(111) surfaces were subjected to the same number of cycles as the 
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TDMAT-based devices. These devices were subject to the same voltammetric conditions 

as outlined above. The TiCl4 based devices exhibited systematically higher onset 

potentials than the TDMAT devices (Figure 5.7) indicating the precursor identity has a 

substantial impact on the photovoltage. Importantly, Pt functionalized TiCl4 based 

devices exhibited the highest overall onset potential. Deposition conditions have also 

been shown to impact defect density, with higher temperatures affording a higher defect 

density. Consistent with this observation, a TiCl4 based device deposited at 240 oC (as 

opposed to 150 oC ) exhibited a lower onset potential. 

 

 

Figure 5.7: Comparison of the onset potential between TiO2 films grown from TDMAT 

(red) and TiCl4 (blue) at 150 oC, as well as TMAT with Pt (orange) and 

TiCl4 with Pt (cyan). TiCl4 grown at 240 oC (50 cycles, not Pt) is also 

included (green). 

This analysis comes with a major caveat in that 50 cycles of the TiCl4 provides a 

substantially thinner film than 50 cycles of TDMAT. XPS analysis (Figure 5.8a) of the 

TiCl4 based film revealed a thickness of 0.1 nm at 50 cycles. In contrast, the TDMAT 
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film was calculated to be approximately 2 nm thick. To further probe this unexpectedly 

thin film, we pursued film growth rate studies via XPS profiling (Figure 5.8b and 5.8c). 

The growth rate (Figure 5.8d, 0.0035 nm/cycle) of the TiCl4 film was calculated to be 

less than the TDMAT precursor (0.034 nm/cycle) on the same surface (diOMePh 

functionalized Si(111)) by an order of magnitude. A comparison of these growth rates to 

unfunctionalized silicon (i.e. etched and passivated with silicon oxide) shows only a 

minor difference in rate between TiCl4 (~0.076 nm/cycle)213 and TDMAT (~0.05 

nm/cycle)76 with the trend between the two precursors reversed. The reversal of the trend 

on the silicon oxide surfaces and dramatic decrease of the TiCl4 growth rate on the 

organic functionalized surface indicates that the more ionic chloride ligand of TiCl4 is the 

primary hinderance of the film growth and most likely has trouble nucleating on the 

organic surface. In contrast the TDMAT precursor (which features an organic ligand) still 

exhibits a decrease in growth rate on the organic functionalized silicon surface in 

comparison to the silicon oxide surface, but this decrease is not by an order of magnitude.  
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Figure 5.8: a) High Resolution XP spectrum of the the Ti 2p region after 50 cycles of 

TiCl4. b) Si 2p region and c) Ti 2p region during the deposition process. d) 

Resulting thickness dependence on the number of TiCl4 cycles. 

Despite this difference in thickness, a qualitative comparison between the two 

overlayers can still be made. The TiCl4 based device still exhibits a higher onset potential 

than the completely TiO2 free surface and higher than the most analogously thick 

TDMAT layer (10 cycles, 0.3 nm). Most importantly, the Pt functionalized TiCl4 exhibits 

a higher onset potential than all other surfaces, including the Pt functionalized, TiO2 free 

surface. These results indicate that the TiCl4 based film likely does substantially impact 

excited charge carrier dynamics even at these diminished thicknesses. Further study will 

be required to fully assess the extent of the benefits of ‘defect free’ TiO2 layers on 
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photocathodes. Specifically normalizing their voltammetric behavior to a thickness 

dependence (rather than cycle number) will be critical. Unfortunately, these studies could 

not be pursued further; the corrosive nature of the TiCl4 precursor caused substantial 

damage to the ALD system leading to the eventual failure of the pump assembly. Milder 

precursors like Ti(iPrO)4 which are still nitrogen free could make a suitable and safer 

alternative to the TiCl4 precursor. While the films prepared with Ti(iPrO)4 do not achieve 

defect densities as low as those prepared from TiCl4 they are still lower than those 

prepared from TDMAT.213 

5.8 CONCLUSIONS 

In summary, we have employed a model one-electron outer sphere redox system 

(MV2+) to probe the mechanism of photovoltage loss and enhancement at p-

Si(111)|Molecule|TiO2 and p-Si(111)|Molecule|TiO2|Pt photoelectrode. Such a system 

allows investigation of the voltametric behavior without the need for a catalytic surface, 

thus delineating junction energetics and catalytic enhancements. We have illustrated a 

systematic dependence of the photovoltage on TDMAT prepared TiO2 films, where the 

photovoltage decreases with film thickness. Photovoltages were recovered (and 

enhanced) upon Pt deposition. MS analysis provided evidence that the photovoltage loss 

was not due to changes in interfacial energetics. However, Pt deposition did alter the 

interfacial energetics to yield higher photovoltages (and these enhancements were 

dependent on the presence of TiO2). These results were in excellent agreement with 

IMHFR studies of the interfacial energetics. Spectroscopic investigation of these 

electrodes ruled out simple work function and junction equilibration as the source of 

these enhancements and instead revealed charging to the TiO2 films upon Pt deposition as 

the underlying mechanism of enhancement, possibly due to the band-alignment of the 
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TiO2 defect band and Pt electron states. These results highlight the general non-catalytic 

benefits of metal catalysts at semiconductor junctions, where increases in photovoltage 

may be due to changes in the interfacial energetics and not just increases in 

electrocatalysis. Preliminary investigations into ‘defect-free’ TiO2 films prepared from 

TiCl4 precursors suggested enhancements due to the absence of defect mediated current-

leakage, however the slow deposition rate and corrosive nature of the TiCl4 precursor 

made further study unfeasible. Future investigations could employ milder, ‘defect-free’ 

precursors like Ti(iPrO)4. In general, this study highlights the importance of interfacial 

energetics at each junction of a photoelectrochemical device in determining device 

performance as well as the importance of utilizing simple model redox systems to 

appropriately assess junction energetics. 

5.9 EXPERIMENTAL METHODS 

5.9.1 Materials 

Electrochemical measurements were carried out on B-doped (p-type), CZ grown 

Si(111) wafers (University Wafer) with a resistivity range of 1-5 Ω·cm, a thickness of 

380 ± 25, and  single-side polish.  SRV measurements were performed on intrinsic, 

undoped, FZ grown Si(111) wafers (FZWafers.com) with a resistivity given as > 20,000 

Ω·cm, a thickness of 380 ± 25 μm, a reported MCC lifetime of 1,460 μs and double-sided 

polish.  Chemicals used for surface preparation and analysis were used as received. THF 

was purchased as HPLC grade solvent from Fisher and dried through an alumina column 

system (Pure Process Technology).   

 



 160 

5.9.2 Surface Functionalization 

Si(111) surfaces were functionalized according to previously reported 

halogenation and aryl-lithium processes.  Wafers were first sonicated for 10 minutes 

sequentially in acetone, ethanol, and 18 MΩ water. Wafers were dried with a stream of 

N2 and then further cleaned of organics by immersion a pirhanna solution (2:3 H2O2 

(30%, Fisher Scientific) to H2SO4 (96.6%, Fisher Scientific) for 20 min at 90 oC. After 

rinsing with 18 MΩ water and drying with N2, wafers were then etched in HF (Transene) 

for 20 s, rinsed with high purity water once more and moved directly a degassed solution 

of NH4F (Transene) for 20 min with N2 bubbling for the duration. During this step, the 

solution was frequently agitated to remove any bubbles that formed on the wafer’s 

surface.  Wafers were once again rinsed with high purity water and dried with N2 to yield 

an atomically flat H terminated Si(111) surface. These surfaces oxidize easily in ambient 

atmosphere and thus were moved immediately to N2 atmosphere. In the inert atmosphere, 

wafers were chlorinated via immersion in a saturated solution of PCl5 (99.998% metal 

basis, Alfa Aesar) in chlorobenzene (99.8% Acros Organics) for 45 minutes at 90 oC with 

a single grain (~1 mg) of benzoyl peroxide added.  After rinsing sequentially with 

chlorobenzene and THF, the chlorine terminated Si(111) surface was used for organic 

functionalization.  During the chlorination step, an aryl-lithium solution in THF was 

prepared. In a Schlenk tube, 0.078 g (0.36 mmol) of 3,5-dimethoxybromobenzene was 

dissolved in 10 mL of dry THF under inert atmosphere.  This solution was cooled to –78 

oC and 0.2 mL of 1.6 M n-butyllithium (0.32 mmol, in hexanes, Sigma Aldrich) was 

added dropwise with vigorous stirring. The solution was kept at –78 ºC with stirring for 

at least 10 minutes. Stirring was then turned off, and the freshly prepared chlorine 

terminated Si(111) wafer was immersed in the aryl-lithium solution. The solution was 

allowed to warm to room temperature and the wafer remained immersed for 3 h.  During 
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this time, care was taken to limit the wafer’s exposure to light. After 3 h the wafer was 

removed from solution and rinsed with THF under inert atmosphere. To passivate any 

unreacted chlorine sites wafers were then immersed in a solution of 1.5 M MeMgCl in 

THF (diluted from 3.0 M in THF Sigma-Aldrich) at 50 ºC for 24 h. After methylation, 

wafers were rinsed thoroughly with THF and sonicated sequentially in THF, ethanol, and 

high purity water. Wafers were dried under a stream of N2 then used for analysis or 

deposition. 

5.9.3 Atomic Layer Deposition 

After chemical functionalization, atomic layer deposition (ALD) was performed 

using Savannah S100 deposition system. During deposition, samples were kept under 

vacuum and a 20 cm3
 stream of high purity N2 (99.999%).  For amorphous TiO2 

deposition, the Ti precursor used was the N-containing tetrakis(dimethylamido)titanium 

(TDMAT, Sigma-Aldrich). The precursor was heated to 75 oC, the gas lines and the 

deposition chamber were kept at 150 oC.  The deposition cycle entailed a 0.1 s pulse of 

the Ti precursor, a 5 s delay followed by a 0.015 s water (chromatography grade) pulse 

and another 5 s delay. Pt nanoparticles were deposited on the same system using 

trimethyl(methylcyclopentadienyl)platinum (Strem) as a precursor. The precursor was 

heated to 70 ºC and the deposition chamber was heated to 240 oC. The gas lines remained 

at 150 ºC.  Each Pt cycle consisted of a 1 s pulse of of the Pt precursor, a 5 s delay, a 

0.015 s high purity O2 (99.999%) pulse, followed by another 5 s delay.  In all cases of Pt 

deposition, 25 cycles were performed. TiCl4 ALD was performed in the same system 

with 0.75 s pulese of TiCl4 (also heated 75 oC) followed by a 5 s delay, a 0.05 s pulse of 

water, and another 5 s delay.  For the FZ double-sided polish samples used for SRV 
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measurements, deposition was performed on both sides.  For CZ grown, single-sided 

polish samples, deposition was performed only on the polished side. 

5.9.4 Surface Recombination Velocity 

Photoconductivity decay measurements were performed on a custom built 

(Growth Equipment Inc.) contactless IR-microwave conductivity apparatus.  Decay times 

were measured via a pulsed OSRAM laser diode and ETX-10A-93 driver (20 ns at 905 

nm) that generates photoexcited charge carriers to be probed by microwave radiation.  

Microwaves reflected by the sample were absorbed by a PIN diode connected to an 

oscilloscope, with changes in the oscilloscope voltage being interpreted as changes in 

carrier density and sample conductivity.  Sample conductivity is inversely proportional to 

the amount of reflected microwave radiation thus providing a measure of 

photoconductivity over time, after an initial IR pulse. Decay plots were averaged over 

200 individual decays. The photoconductivity decay was fit according to an exponential 

decay model. Surface recombination velocity, S was calculated from the resulting time 

constant according to the following equation (eq. 5.1): 

 
1

𝜏𝑒𝑓𝑓
=  

1

𝜏𝐵
+  

2𝑆

𝐷
      (5.1) 

 

where τeff is the effective carrier lifetime, τB is the bulk carrier lifetime, S is the 

surface recombination velocity, and D is the thickness of the sample.  In the instance 

where the bulk lifetime is long (as is the case for the high purity samples used here) the 

effective lifetime can be attributed entirely to surface recombination. 
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5.9.5 X-Ray and Ultraviolet Photoelectron Spectroscopy 

Surfaces were analysed via X-ray photoelectron spectroscopy with  a Kratos Axis 

Ultra spectrometer with a monochromated Al Kα X-ray source (hν = 1486.5 eV). The 

samples were oriented 45° with respect to the X-ray source, such that the photoelectron 

take off angle was normal to the surface of the sample. The pressure of the analysis 

chamber was sustained at ∼2 × 10−9 Torr during measurements. Ultraviolet photoelectron 

measurements were performed on the same instrument, using He I (hν = 21.2 eV) 

radiation. Samples were both front and back contacted and biased to 9 V during 

measurement. Photoemission was referenced to freshly sputtered gold. 

5.9.6 Electrochemical Methods 

Samples were subject to electrochemical analysis using an electrochemical cell 

which consisted of a Teflon reservoir for the electrolyte with a 0.07 cm2
 aperture at the 

base defining the electrode surface area. The Teflon cell contained a layered 

configuration comprised of an O-ring, the silicon sample (with GaIn eutectic applied), 

single-sided copper tape, and a steel base. All electrochemical measurements were 

performed in contact with an electrolyte of 2 mM methyl viologen and 0.2 M LiClO4  dry 

acetonitrile (MeCN) sparged with N2 at least 10 min prior to analysis. Experiments were 

performed in a three electrode setup with a Pt mesh counter electrode and Ag wire 

pseudoreference electrode which was referenced to the first reduction of methyl viologen. 

Electrochemical impedence spectrscopy was performed at a range of applied 

potentials, 0-0.5 V vs MV2+, at 0.05 V intervals.  EIS scans at each potential were 

collected with a 10 mV sinusoidal voltage at frequencies from 10-1 to 106 Hz.  Data were 

fit at frequencies where the phase angle exceeded -80 o, typically at frequencies of 105 

Hz.  Capacitance values were then extracted and fit with a Randle’s equivalent circuit 



 164 

using a custom LabView program supplied by Dr. Ron Grimm.23  The resulting values 

were plotted as the reciprocal capacitance squared according the Mott-Schottky equation 

for a p-type semiconductor (eq 5.2): 

 

𝐶−2 =
−2

𝑞𝜀𝜀𝑜𝑁𝐴
(𝐸 − 𝐸𝐹𝐵 +

𝑘𝑇

𝑞
)     (5.2) 

 

where C is the measured capacitance per area, q is the elementary charge (1.602 × 

10–19 C), ε is the dielectric constant for Si (11.9), εo is the permittivity of vacuum (8.85 × 

10–12 F m–1), NA is the dopant density, E is the applied potential, EFB is the flat band 

potential, k is Boltzmann’s constant (1.38 × 10–23 m2 k g s–1 K–1) and T is the temperature 

(298 K). 
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APPENDICES 

Appendix A: Synthesis of a Bi-Aryl Surface Modifier for p-

Si|Molecule|TiO2|Pt HER 

A.1 MOTIVATION, SYNTHESIS, AND ELECTROCHEMICAL RESULTS 

This appendix describes the synthesis and photoelectrochemical HER-activity of a 

bi-anthracene surface modifier similar to the devices described in chapter 3 of this 

dissertation. These results were ultimately unpublished due to the middling device 

efficiency, but in hopes that the synthetic procedure and electrochemical results may be 

useful to future graduate students and readers they are included here. 

Owing to the enhanced performance of the pSi–Anth surface for PEC-HER upon 

TiO2|Pt deposition (Figure 3.6a), we reasoned that a surface modifier that combined both 

the polarizable anthracene moiety proximal to the surface with the increased interfacial 

dipole of the pSi–AnthNO2 surface could yield enhanced PEC-HER efficiency. Thus we 

synthesized a precursor molecule to achieve a pSi–BiAnthNO2 surface. The synthetic 

route to this precursor, 10-bromo-10’-nitro-9,9’-bianthracene, is depicted in Scheme A.1. 

First, 9-anthraceneboronic acid was synthesized via the borylation of 9-bromoanthracene 

(not pictured in scheme) via n-BuLi and B(OMe)3. Next 9-anthraceneboronic acid was 

reacted with 9-bromoanthracene in classic Suzuki coupling conditions, utilizing Pd2(dba)3 

and SPhos as the catalyst system, to yield the bi-aryl 9,9’-bianthracene. This was 

subsequently brominated at the 10 position (distal to the Anth-Anth bond) via reaction 

with Br2. Finally this product was nitrated at the 10’ position via HNO3 to yield 10-

bromo-10’-nitro-9,9’-bianthracene. 
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Scheme A.1: Synthetic route to 10-bromo-10’-nitro-9,9’-bianthracene. 

This molecule was attached to Si(111) via the two step halogenation-nucleophilic 

substitution procedure utilized previously. 10-bromo-10’-nitro-9,9’-bianthracene was 

reacted n-BuLi to yield a nucleophilic organolithium solution in which was immersed a 

freshly chlorinated Si(111) wafer. Surfaces were then functionalized with ~ 2 nm TiO2 

and Pt NPs as in chapter 3. The subsequent interfacial energetics (M-S analysis, no 

TiO2|Pt) and PEC-HER onset potential in contact with 0.5 M H2SO4 are listed in the 

Table A.1, with the Ch. 3 surfaces for comparison. Attachment of this molecule to 

Si(111) did not yield substantial increases in the barrier height Φb, in fact the measured 

barrier height was smaller than was observed for methyl terminated Si. Likewise the VOC 

was not more positive than the single Anth modifiers (pSi–Anth and pSi–AnthNO2) 

though it did exhibit a more positive onset potential than pSi–Me and pSi–Ph. Due to the 
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time intensive, multi-step synthesis and resulting middling efficiencies, investigation of 

these surfaces, and their underperformance, was not pursued further. 

 

Surface EFB (V vs RHE) Φb (V) Eonset (V vs RHE) 

pSi–Me 0.06 ± 0.03 0.28 ± 0.03 0.016 ± 0.003 

pSi–Ph 0.11 ± 0.05 0.33 ± 0.05 0.060 ± 0.001 

pSi–PhNO2 0.13 ± 0.03 0.35 ± 0.03 0.088 ± 0.006 

pSi–Anth 0.13 ± 0.02 0.35 ± 0.01 0.133 ± 0.009 

pSi–AnthNO2 0.18 ± 0.04 0.39 ± 0.04 0.115 ± 0.002 

pSi–BiAnthNO2 0.01 ± 0.03  0.24 ± 0.03 0.078 ± 0.01 

Table A.1: Summary of results for surfaces in contact with 0.5 M H2SO4. EFB and Φb 

results were ‘bare’ surfaces, while Eonset was measured for surfaces 

functionalized with TiO2|Pt. 

 

A.2 EXPERIMENTAL 

A.2.1 Synthesis 

Synthesis of 9-Anthraceneboronic acid. 

A 250 mL Schlenk flask was charged with 5.0 g (19.44 mmol) of 9-

bromoanthracene and evacuated. Under nitrogen the solid was dissolved in 125 mL of 

dry THF and cooled to –78 OC via an acetone/dry ice bath. While stirring 15 mL (24 

mmol, 1.2 eq) of 1.6 M n-butyl lithium was added dropwise via syringe. The solution was 

left stirring in the cold bath for 1 hour (solution was allowed to warm closer to room 

temperature but not fully). 15.l mL of trimethyl borate (7 eq)) was added and left to react 
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overnight at room temperature. The reaction was then quenched with 1 M HCl dropwise 

until pH 3. The solution was extracted twice in diethyl ether and dried with brine and 

sodium sulfate. Solvent was removed via rotary evaporation and ~500 mL of water was 

added to the flask and was refluxed for 2 hours. The resulting solution was filtered while 

scalding. The filtrate was cooled to 0 OC resulting in a white precipitate which was 

collected via filtration and washed with pentane as the pure product in an average yield of 

35-40%. 1H NMR (400 MHz, CDCl3):δ 5.06 (s, 2H), 7.49 (m, 4H), 8.02 (d, 2H), 8.12 (d, 

2H), 8.47 (s, 1H).  

Synthesis of 9,9’-Bianthracene. 

Under nitrogen a 200 mL Schlenk flask was charged with 1 g (3.89 mmol) 9-

bromoanthracene, 1.04 g (4.67 mmol, 1.2 eq) 9-anthraceneboronic acid, 128 mg SPhos 

and 70 mg Pd2(dba)3. Solids were dissolved in 100 mL of dry dioxane. Still under 

nitrogen, 15 mL of an aqueous solution of degassed DI water and 2.47 g of K3PO4 was 

added via syringe. Solution was refluxed at 110 OC for 20 hours. The resulting solution 

was washed once with brine and extracted twice with ethyl acetate and dried with sodium 

sulfate. Solvent was removed via rotary evaporation. This crude mixture was purified via 

column chromatography using silica gel and a 1:9 mixture of DCM:hexanes as the 

mobile phase. Aromatics were tracked during separation via long wave UV. The major 

side product, anthracene, was first to elute, followed by the product, a white solid in a 

typical yield of 30-35% 1H NMR (400 MHz, CDCl3):δ 7.10 (m, 8H), 7.43 (m, 4H), 8.13 

(d, 4H), 8.67 (s, 1H).  
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Synthesis of 10-bromo-9,9’-bianthracene 

A 250 mL round bottom flask was charged with 1.4 g (4.1 mmol) of 9,9’-

bianthracene and dissolved in 180 mL DCM. The solution was cooled to -78 OC via dry 

ice and acetone bath. With stirring, 0.2 mL (4.1 mmol, 1 eq) of Br2 was added dropwise 

slowly. The reaction was left stirring overnight and allowed to reach room temperature. 

The reaction was subsequently quenched with approximately 100 mL of 0.6 M NaOH. 

The mixture was extracted twice with DCM and dried with brine and sodium sulfate. The 

crude mixture was purified via column chromatography using silica gel and a 1:10 

DCM:hexanes mobile phase to afford the yellow solid in 44% yield. . 1H NMR (400 

MHz, CDCl3):δ 7.12 (m, 8H), 7.45 (m, 2H), 7.57 (m, 2H), 8.16 (d, 2H), 8.71 (m 

(overlapping d ands), 3H). 

Synthesis of 10-bromo-10’-nitro-9,9’-bianthracene 

A 250 mL round bottom was charged with 0.484 g (1.11mmol) of 10-bromo-9,9’-

bianthracene and dissolved in 80 mL of hexanes. 2.0 g bentonite clay was added while 

stirring. 0.175 mL (1.11 mL, 1 eq) of a 40% solution of HNO3 was added dropwise via 

syringe. The reaction was refluxed for 6 hours at 70 OC and then filtered while scalding. 

The resulting solution was allowed to reach room temp and then extracted twice with 

DCM. Solven was removed via rotary evaporation and the crude mixture purified via 

column chromatography using a silica gel stationary phase and a 2:5 DCM:hexanes 

mobule phase. The first eluent was found to be unreacted starting material which was 

recycled back into subsequent reactions. The product eluted second (a dark yellow band 

on the column) to afford the product as an orange-yellow solid in 48.5% yield. 1H NMR 

(400 MHz, CDCl3):δ 7.03 (d, 2H), 7.14 (d, 2H), 7.23 (m, 4H), 7.61 (m, 4H), 8.06 (d, 2H), 

8.72 (d, 2H). 
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A.2.2 Surface Attachment and Electrochemistry 

pSi–BiAnthNO2 surfaces were prepared according to the procedure outlined in 

chapter 3, utilizing 0.36 mmL of 10-bromo-10’-nitro-9,9’-bianthracene (approximately 

0.171 g) per attachment. All other conditions (HF etch, chlorination time, methylation 

time) were kept the same. ALD functionalization was also carried out according to Ch. 3 

conditions, with 50 cycles of TiO2 and 25 cycles of Pt. 

Electrochemical analysis was the same as aqueous HER experiments in Ch. 3, 

which utilized 0.5 M H2SO4. Impedence experiments were performed in the dark and 

non-ALD functionalized surfaces. J-V experiments were performed under 1 sun 

illumination with ALD functionalized surfaces.  
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Appendix B: Attachment of Sterically Slim Trifluoro Moieties to Si(111) 

B.1 MOTIVATION, APPROACH, AND PRELIMINARY XPS RESULTS 

This appendix describes the synthetic approach and preliminary surface studies of 

a perfluoro-alkyne molecule attached to Si(111). These preliminary results represent a 

promising approach to achieve high-density molecular monolayers on Si(111). However 

inconsistency in the surface composition within these preliminary results have prevented 

more serious interrogation. Discussions with colleagues in the field suggested that this 

inconsistency may be a general feature of alkyne-based modifiers on Si(111). 

Nonetheless, the aim of this appendix is to summarize our the synthetic approach to 

achieving perfluoro-alkyne Si(111) surfaces, to summarize the results thus far, and to 

outline possible pitfalls and points of improvement for the next graduate student.  

Achieving a high density and dipolar molecular monolayer on Si(111) remains a 

challenge in the realm of surface modification strategies for solar fuels. Such an approach 

would allow a significant alteration to band-edge energetics as well as preventing defect 

formation and offering surface stability. In particular, modification of p-type devices with 

sterically slim fluoro-based derivatives to provide a positive interfacial dipole and 

maximized barrier height remains attractive as no existing molecular monololayer on 

Si(111) provides a bulk recombination limited photovoltage for PEC-HER. CF3 Griganrd 

reagents are not stable, so alkyne-based modifiers have attracted some attention. 

However, these approaches have still utilized fluorinated aryl units at the end of the 

alkyne moiety resulting in surfaces with high packing densities but were not well 

passivated.49  Here we explore an alternative route (Scheme B.1) to achieve CF3-alkyne 

surfaces utilizing a 2-bromo-3,3,3-trifluoroprop-1-ene precursor. This precursor can be 

reacted with two equivalents of lithium diisopropylamide (LDA) to afford the 
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nucleophilic perfluoro alkynyl-lithium reagent for surface attachment experiments by 

simply immersing chlorinated Si(111). 

 

 

Scheme B.1: Synthetic approach to the surface attachment of a perfluoro-alkyne 

species to Si(111). 

Initial conditions were adapted directly from previous experiments for attaching 

aryl species to Si(111). LDA was always prepared at -78 OC at approximately 1.0 M 

concentration. The precursor molecule 2-brom-3,3,3-trifluoroprop-1-ene was added to 

this solution dropwise (at -78 OC). This bulk solution would then be transferred to 

Schlenk tubes for wafer immersion and to vary time and temperature of attachment 

conditions. Starting with THF conditions, immersion for 1-3 hours and allowing the 

solution to reach room temperature yielded surfaces with approximately 8% a top Si site 

coverage as calculated from F 1s XPS. Immersion time did not seem to significantly 

impact this surface coverage. Longer immersion times 15-20 hours also did not improve 

on this coverage. Keeping the attachment conditions cooled for the duration of the 

immersion yielded slight improvements (~10% coverage). However, cooling did provide 

a attachment solution that was much clearer and homogeneous during the attachment 

procedure, suggesting instability of the alkynyl-lithium species at room temp in THF. As 
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such we moved to adapt the surface attachment conditions to diethyl ether which can 

stabilize organo-lithium species (though also making them less reactive).   

Diethyl ether clearly stabilized the Li-R species the attachment solution stayed 

clear and homogeneous for much longer, even at room temperature. Immersion for 7 

hours at room temp yielded a similar coverage to previous attempts, however 20 hours at 

room temperature in diethyl yielded a staggering near 100% coverage (Figure B.1). Mild 

heating (33 OC) of the attachment solution for 20 hours likewise yielded vast 

improvements over previous attempts, but was still less than attachment at room 

temperature, indicating that stability of the Li-R precursor is the major contributor to 

observed surface coverages. 

 

Figure B.1: F 1s XPS spectra of Si(111) surfaces immersed in a diethyl ether solution of 

perfluoro-alkynyl-lithium. Variation of the attachment conditions yielded 

substantial changes in the observed surface coverage. 

While encouraging, these results have two major issues. First, none of the 

surfaces under the diethyl ether conditions were SiOx free, a prerequisite to well-defined 

interfacial energetics on Si(111). In fact the amount of SiOx observed seemed to be 
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proportional to the fluorine surface coverage, with the highest surface coverage also 

providing the highest SiOx content. This result suggests that perhaps the passivating 

ability of these molecular monolayers is not as predicted. In addition the highest surface 

coverage providing a substantially oxidized surface also leads us to question the validity 

of the simple chemical picture drawn above: perhaps the significant oxide content and the 

surface bound fluorine content are structurally related. The second major issue has been 

the reproducibility of these results; attempts with the same or similar conditions have not 

yielded high surface coverages and instead have provided the usual 8-10% coverages 

from initial experiments. One reason for this inconsistency is perhaps the stability or 

quality of the precursor molecule 2-brom-3,3,3-trifluoroprop-1-ene. This molecule is 

volatile, low boiling point material thus precluding it from being kept in stringently air-

free, moisture free conditions. The attachment conditions involving n-BuLi and LDA are 

moisture sensitive and highly stoichiometrically dependent. Thus any water in the 

precursor solution would severely disrupt the stoichiometry of these conditions, leading 

to a variety of unfavorable outcomes. When the results described here were first obtained, 

the precursor molecule was freshly opened (less than 2 weeks). Later experiments 

attempting to replicate these results were done after the precursor had been opened to 

atmosphere for over a year. These studies were not pursued further in favor of other 

surfaces with more consistent results, but future attempts to access these surface 

structures should consider the storage, purity, and stability of the precursor molecule. 

Simple freeze-pump-thaw cycles in a Schlenk tube should be enough to degas the 

precursor solution and allow for storage under inert atmosphere. 
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B.2 EXPERIMENTAL 

Before use, diisopropylamine (DIPA) was purified via reflux and distillation over 

calcium hydride under nitrogen. 0.56 mL (4 mmol) of DIPA was dissolved in 1.5 mL of 

either THF or diethyl ether in a Schlenk flask under nitrogen. The solution was cooled to 

-78 OC via dry ice/acetone bath. 2.5 mL of 1.6 M n-Buli (4 mmol) in hexanes was added 

dropwise to the DIPA solution while stirring resulting in a milky white solution of 1.0 M 

LDA. 2-brom-3,3,3-trifluoroprop-1-ene was then dissolved in a separate flask in 4 mL of 

THF or diethyl ether, then added dropwise into the LDA solution (still at -78 OC) 

resulting in a clear red solution and allowed to react for approximately 15 minutes. This 

solution was then diluted with 20 mL of THF or diethyl ether and transferred in 9 mL 

portions to separate Schlenk tubes, all under nitrogen and all cooled to -78 OC. To these 

Schlenk tubes were added freshly chlorinated Si(111) wafers (prepared as described in 

Ch.2 and 3). The wafers were left immersed in this red-brown solution for the desired 

amount of time (typically 1-20 hours and allowed to reach the desired temperature 

(typically -78 OC, room temp, or 33 OC) for the attachment experiment. Following 

immersion wafers were rinsed with THF in inert atmosphere and were then immersed in 

1.5 M solution of CH3MgCl (diluted with dry THF from 3.0 M CH3MgCl in THF, Sigma 

Aldrich) at 55 °C for 16-24 h to fill in any unreacted Si–Cl sites.  After methylation, 

substrates were rinsed thoroughly with THF and sonicated for 10 min with THF, ethanol, 

and 18 MΩ water. 
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