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The rapidly increasing global demand for energy, combined with the environmental 

impact of fossil fuels, has spurred the search for alternative sources of clean energy. One 

promising approach is to convert solar energy into hydrogen fuel using 

photoelectrochemical cells. However, the semiconducting photoelectrodes used in these 

cells typically have low efficiencies and/or stabilities. This dissertation will describe 

engineering of metal-oxide-semiconductor (MIS) photoelectrodes for application in solar 

water splitting.  

First, we show that a silicon-based photocathode with an epitaxial oxide capping 

layer can provide efficient and stable hydrogen production from water. In particular, we 

grow a thin epitaxial layer of strontium titanate (SrTiO3) directly on Si (001) by molecular 

beam epitaxy. Photogenerated electrons can be easily transported through this layer 

because of the conduction band alignment and lattice match between single crystalline 

SrTiO3 and silicon. The approach is used to create a metal-insulator-semiconductor 

photocathode that under broad-spectrum illumination at 100 mW/cm2 exhibits a maximum 

photocurrent density of 35 mA cm2 and an open circuit potential of 450 mV; there was no 

observable decrease in performance after 10 hours of operation in 0.5 M H2SO4.  
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Then, we propose and demonstrate a general method to decouple the two roles of 

the insulator by employing localized dielectric breakdown. This approach allows the 

insulator to be thick, which enhances stability, while enabling low-resistance carrier 

transport as required for efficiency. This method can be applied to various-oxides, such as 

SiO2 and Al2O3. In addition, it is suitable for silicon, III-V, and other optical absorbers for 

both photocathodes and photoanodes. Finally, the thick metal-oxide layer can serve as a 

thin-film antireflection coating, which increases light absorption efficiency. 
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Chapter 1 Introduction  

1.1 OVERVIEW OF ENERGY PROBLEMS AND HYDROGEN ECONOMY 

1.1.1 The Energy Challenge 

 

 

Figure 1.1. Energy consumption in the World, United States, Europe, China, Japan and 

India from 1980-2012. The original data is from open source database of 

U.S. Energy Information Administration (EIA)1. Plotted by author of this 

dissertation.  

Over the past several decades, our world has witnessed a huge increase in energy 

consumption, as indicated in Figure 1.1, partially due to the population explosion, 

industrialization and modernization of the developing countries. In 2012, total energy 

consumption was 525 quadrillion btu, equivalent to 5.5×1018 J. The energy demand is 

projected to double by 2050 and more than triple by 2100,2 compared with today’s 

consumption. Currently, the majority of energy comes from fossil fuel, however, clearly 

fossil fuel reserves are finite – it’s only a matter of time.  

 



 2 

 

Figure 1.2. 2014 U.S. energy consumption by source. Only 10% come from renewable 

energy, 8% come from nuclear power and all others come from fossil fuels. 

The original data is from open source database of U.S. Energy Information 

Administration (EIA)1. Plotted by the author of this dissertation. 

With continued fossil fuel consumption and related greenhouse gas emission, 

mainly CO2 and CH4, there is an increasing concern about climate changes. In addition, air 

pollution caused by fossil fuel has been a problem for a long time. So, first of all, it will be 

helpful to understand the composition of our energy sources. Taking the United States as 

an example, Figure 1.2 shows a chart for U.S. energy consumption by fuel in 2014. Except 

nuclear power and renewable energy, more than 80% of the energy we consume comes 

from various types of fossil fuels. Thus, the development of renewable and green energy 

sources is of central importance to our future.  
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Figure 1.3. (a) International Energy Agency (IEA) forecast of global-oil production3. 

(b) A photograph of heavy smog in Shanghai, China, 2015. (c) Three 

priorities a country must balance while addressing the energy problems, 

including economics, environment. 

Up to now, we have discussed two major energy problems associated with fossil 

fuel: source depletion (economic concern) and environmental concern. As illustrated in 

Figure 1.3(a), the International Energy Agency (IEA) forecast of global-oil production 

predicts that crude oil production in the next several decades will drop steadily. Even 

though there is a predicted increase in natural gas production, its small amount of market 

share cannot fulfill the big energy demand. Figure 1.3(b) is a photograph of heavy smog in 

Shanghai, China, taken in 2015. The pollution is a big problem for many developing 

countries, including China and India. Besides the two problems mentioned above, we must 

address U.S. national security concerns, particularly for crude oil, since a large fraction of 

reserves are located in politically unstable regions, such as the Middle East and Russia. So, 

as shown in Figure 1.3(c), there are three priorities we must balance while addressing 

energy needs, namely economics and supply, environment and security.  

 

 



 4 

1.1.2 Hydrogen Economy  

The concept of the “hydrogen economy” was first proposed by a British scientist, 

J. B. S. Haldane, as early as in 1923.4 Hydrogen is a good energy carrier, it can be produced 

from water, and when combusted with oxygen, hydrogen forms water, generating heat or 

power. No pollutants or greenhouse gases are emitted along with this simple and clean 

process. Then the water can be returned to nature.  

Since the end of last century, the hydrogen economy has become more and more 

popular due to continuing increases in energy demand and global warming. Hydrogen, as 

a primary energy resource, satisfies all three priorities. No carbon and other pollutants 

emission makes it environmentally friendly. The abundance of water, which is the source 

for hydrogen production, helps reduce dependence on fossil fuel imports. On the economic 

side, hydrogen is easy for storage and transportation and it can be used as fuel for fuel cell 

vehicles, which are promising candidate for next generation transportation.  

The use of hydrogen as an energy carrier or major fuel requires development in 

several industry segments, including production, delivery, storage, conversion, application 

in transportation sectors5. Here for this work, we will only focus on developing efficient 

and clean ways for hydrogen production. 

1.1.3 Hydrogen Production Methods 

The current hydrogen industry focus is not on using hydrogen as an energy carrier 

or a fuel. Rather, million tons of hydrogen produced each year are used mainly for 

chemicals, petroleum refining, metals and electronics5. For example, the production of 

ammonia, used to make fertilizers, consumes large amounts of hydrogen.  
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Figure 1.4. Hydrogen production by technologies in 2009, including steam reforming of 

methane, gasification of coal, oxidation of oil and electrolysis6. 

Although hydrogen is the most abundant element in the universe, it does not 

naturally exist on Earth. It must be produced from other compounds such as fossil fuels, 

water or biomass. Hydrogen can be produced thermally and electrolytically. The thermal 

production process, which is most common currently, uses steam to produce hydrogen 

from fossil fuels, typically either natural gas, coal or other light hydrocarbons. We can see 

from Figure 1.4 that 96% of today’s hydrogen is produced by this method, consuming huge 

amounts of fossil fuels, resulting in equally large carbon dioxide emissions. So we have to 

find an alternative way to generating hydrogen efficiently and cleanly.  
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Figure 1.5. Methods for hydrogen production, including electrolysis, photolysis, 

steaming with fossil fuels, nuclear based thermal-chemical processes and 

pyrolysis (biomass).  

From Figure 1.5, we see there are many approaches for hydrogen production, 

including electrolysis, photolysis, nuclear based thermal-chemical processes and pyrolysis 

(biomass). One easy solution is performing electrolysis, utilizing electricity generated in a 

clean way, such as solar, wind or geothermal. However, making hydrogen from water by 

electrolysis is not a good way to produce the fuel. It is a clean process as long as the 

electricity comes from a clean source. But electrolysis is associated with losses. 

Electrolysis is the reversal of the hydrogen oxidation reaction the standard potential of 

which is about 1.23 V. But electrolyzers need higher voltage to separate water into 

hydrogen and oxygen. The over-potential is needed to overcome polarization and ohmic 

losses caused by electric current flow under operational conditions. Considering this, the 

photolysis, or sometimes called photoelectrolysis, in a photoelectrochemical cell, stands 

out.  

A photoelectrochemical cell has three main components: an anode, a cathode, and 

an electrolyte. Water oxidation occurs at the anode through the oxygen evolution reaction 
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(OER), while hydrogen forms reductively at the cathode through hydrogen evolution 

reaction (HER). At least one or both of cathode and anode needs to be a photoactive 

semiconductor that absorbs light. 

We can simply consider it as one kind of solar cell, the only difference is that it 

converts solar energy into a chemical bond formation, instead of directly converting to 

electricity. Additionally, it avoids significant fabrication and systems costs involved with 

the use of separate electrolyzers wired to p-n junction solar cells7. Various semiconductors 

and/or multijunction configurations have been studies. However, there is still a gap 

between the targeted goal in terms of efficiency and stability.  

 

1.1.4 Summary 

As global energy demand is increasing, the depletion of fossil fuel and its related 

environmental concerns drive people to find alternative resources. Hydrogen, as a primary 

energy source, can fulfill the economic, environmental and social prerequisites. The 

transition toward a so-called “hydrogen economy” has already begun. Currently, however, 

the hydrogen is mainly produced by steaming fossil fuels, which has the equal fossil fuels 

demand and greenhouse gas emission. So we have to find a new way to produce hydrogen 

cleanly. Among all the methods, photolysis of water is the most prominent one for 

providing hydrogen.  

This dissertation is organized as follows. Chapter 1 reviews the overall background 

of energy crisis, the concept of the hydrogen economy and the mechanism and design 

principles of MIS-junction photoelectrodes. The oxide, which serves both as the protection 

layer and conducting layer, is very critical.  

Chapter 2 summarized the engineering of metal catalysts. Both oxygen evolution 

reaction (OER) catalysts and hydrogen evolution (HER) reaction catalysts are discussed. 
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For HER, work function engineering of Ti/Pt bilayer metal catalysts is performed to 

increase the obtained photovoltage. The optimized combination is 30 nm Ti followed by 

20 nm Pt. For OER, we use Permalloy (Py) as the OER catalyst, since it is compatible to 

the fabrication process, compared with more popular NiFe layered double hydroxides. Py 

proves to be an efficient OER catalysts and it keeps the conductivity to reduce the ohmic 

loss in MIS junction.  

Chapter 3 discusses two novel methods we studied for engineering of oxide. First, 

for p-Si photocathode, we use epitaxial SrTiO3 as the protection layer. It has very small 

conduction band offset to silicon and can be grown epitaxial onto (100) Si surface in single 

crystal. This devices give the highest photocurrent density to data (~35 mA/cm2) and 

highest ABPE efficiency (4.9%). In addition, in chapter 3, we introduce dielectric 

breakdown for application in MIS junction photoelectrodes to decouple the two roles of 

the insulator by employing localized dielectric breakdown. This approach allows the 

insulator to be thick, which enhances stability, while enabling low-resistance carrier 

transport as required for efficiency. This method can be applied to various-oxides, such as 

SiO2 and Al2O3. In addition, it is suitable for silicon, III-V, and other optical absorbers for 

both photocathodes and photoanodes. Finally, the thick metal-oxide layer can serve as a 

thin-film antireflection coating, which increases light absorption efficiency.  
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1.2 SOLAR WATER SPLITTING WITH SEMICONDUCTORS 

1.2.1 Working Principles 

 

 

Figure. 1.6. Oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) 

for overall water splitting at pH=1 with ideal semiconductor materials under 

illumination. Ecb, Evb and Eg are conduction band, valence band and band 

gap of semiconductor. (H+/H2) and (O2/H2O) are redox couples of water. 

Since Honda and Fujishima’s pioneering work on electrochemical photolysis of 

water using TiO2 in 19722, much effort has been put into this area as it provides a way to 

convert solar energy into a storable clean fuel. The working principle is simple, as shown 

in Figure 1.6. The free energy change for the conversion of one molecule of water to 

hydrogen and oxygen under standard conditions is ΔG = 237.2 kJ/mol, which, according 

to the Nernst equation, corresponds to ΔEo = 1.23 V per electron transferred1. This process 

can be written as two half reactions (pH = 0): 

Water oxidation: 2H2O + 2h+ → O2 + 4 H+    (1) 

Water reduction: 4H+ + 4e- → 2H2     (2) 
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A semiconductor photocatalyst absorbs UV and/or visible light irradiation from 

sunlight or another light source. The electrons in the valence band of the photocatalyst are 

excited to the conduction band, while the holes are left in the valence band, creating 

electron-hole pairs. This stage is referred as the semiconductor’s “photo-excited” state, and 

the energy difference between the valence band maximum and the conduction band 

minimum is known as the band gap3. In an ideal case, a semiconductor with a band gap 

larger than 1.23 V, and its conduction band-edge and valence band-edge straddling the 

electrochemical potentials of water, can drive the hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER) simultaneously under illumination. However, for real 

world application, the energy required for photoelectrolysis is usually larger, 

approximately 1.6 ~ 1.8 eV, considering the kinetic overpotential.  

 

1.2.2 Design Principles  

In order to compete with the current industrial hydrogen production technology, the 

common target efficiency required for a photoelectrochemical (PEC) cell is 10% with a 

lifetime at least 10 years4. For efficient solar hydrogen production, the PEC cells have to 

satisfy all the following requirements: 

I. Low cost 

a. materials cost and abundance in earth  

b. device fabrication cost 

c. system cost 

II. High efficiency  

a. light absorption efficiency  

b. conversion efficiency 
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c. low overpotential for reduction/oxidation of water (catalysts) 

III. Stability  

a. chemical stability in aqueous environment  

b. electrical stability 

 

1.2.3 Enabling Silicon as the Active Material 

Over the past several decades, many materials were studied as an active material 

for PEC cells, including various metal oxides5-28, III-V semiconductors29-35 and silicon36-

72. Titanium oxide (TiO2) is the most intensively studied material, due to its chemical 

stability, easy synthesis and good photoresponse. The large bandgap of TiO2 (~3 eV) 

permits photo oxidation of water in the absence of an applied bias. Similarly, tungsten 

oxide (WO3, bandgap 2.7 eV) and iron oxide (Fe2O3, hematite phase, 2.3 eV) have also 

attracted lots of attention. 
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Figure 1.7. Theoretical maximal photocurrent Jmax (left vertical axis) and solar-to-

hydrogen conversion efficiency (STH) (right vertical axis) as a function of 

materials band gap. The calculation assumes faradaic efficiency of 1. As an 

example, the theoretical STH of TiO2, WO3 and Fe2O3 is calculated to be 

15%, 6% and 1%, respectively73.  

However, these materials have absorption limited to a small fraction of the solar 

spectrum due to their large bandgaps. As shown in Figure 1.7, the theoretical maximum 

photocurrent Jmax and solar-to-hydrogen conversion efficiency (STH) as a function of 

materials band gap can be calculated using the following equation: 

Jmax = q ∫ Фλ [1 – exp(-αλd)] dλ     (3) 

where λ is the photon wavelength, q is the charge of an electron, d is the sample thickness, 

αλ is the empirically determined absorption coefficient and is the photon flux of the AM 

1.5G solar spectrum. The resulting STH efficiencies for TiO2, WO3 and Fe2O3 assuming 

infinite thickness calculated to be 15%, 6% and 1%, respectively73. Considering the 

conversion loss, reflection loss and other losses, these efficiencies make it very challenging 

to reach the 10% target.  
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For III-V semiconductors, appreciable conversion efficiencies have been 

demonstrated74, but the high cost and economical scale-up of epitaxially grown III-V 

semiconductors limit its wide application36.  

Silicon, with a narrow band gap (1.12 eV), is capable of absorbing a much larger 

portion of the solar spectrum, giving it a high theoretical STH efficiency. It is one of the 

most abundant elements in the Earth’s crust and has already been widely used in the 

photovoltaic industry. In addition, the doping type and doping level can be easily tuned, so 

it can serve as either photoanode (n-type doping) or photocathode (p-type doping).  

However, the major drawback of silicon is its fast degradation in aqueous 

environment. Silicon as a photoelectrode is very unstable in water. Especially for an n-type 

silicon photoanode, oxide will form quickly on surface and thus kill the performance. 

Various protection coating strategies have therefore been proposed to stabilize 

semiconductor surfaces in aqueous solution. Early attempts to extend photoelectrode 

lifetime include depositing a thin film of noble metal, such as iridium or platinum, onto 

silicon75. However, a direct metal/semiconductor contact often induces Fermi-level 

pinning, which reduces band bending in the semiconductor and decreases the photovoltage. 

Recently, lots of works have used metal oxides as a protection layer to reduce corrosion 

and improve their chemical or photochemical stability when in an electrolyte. In addition, 

a surface passivation layer can prevent the formation of mid-gap states, which are typically 

electron-hole recombination centers, thus further improving the efficiency. Despite this, 

many early works still show very low efficiencies72,76-80, resulting from the difficulty in 

achieving a high-quality Si/metal oxide junction without a disordered silion-suboxide or 

silicide layer. 

Recently, a significant improvement in the performance of Si-based 

photoelectrodes was demonstrated successfully with the growth of high quality TiO2 by 



 15 

atomic layer deposition (ALD)37, and a high-quality thermal SiO2
36. However, the 

efficiencies are still low, compared with Si photovoltaic cells, partially due to the large 

band offset between silicon and metal oxides and the resulting suppression of carrier 

transport between the silicon absorbing layer and the solution interface at which the water 

reduction and oxidation reactions occur. 

 

1.2.4 Metal-Oxide-Semiconductor (MIS) Junction Photoelectrode 

 

 

Figure 1.8. Conventional view of MIS-based photoelectrode mechanism. (a) Schematic 

view of the MIS-based photoelectrode with metallic collector on p-type 

photocathode. Le is the effective minority-carrier length. W is the depletion 

width. (b) Energy band diagram for a standard MIS photoelectrode81.  

Since a metal catalyst is usually required to reduce the kinetic overpotential for 

water splitting, together with an insulator-passivated silicon photoelectrode, they actually 

form a metal-oxide-semiconductor (MIS) junction, as shown in Figure 1.8(a). When the 

MIS photoelectrode is illuminated, minority carrier electrons are photogenerated and 
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subsequently travel through the insulator to the metal collector to initiate the hydrogen 

evolution reaction. We can see here that the key advantage of the MIS junction 

photoelectrode is that the semiconductor stability and light-harvesting efficiency are 

decoupled, enabling narrower bandgap semiconductors to be usable in aqueous 

environment without corrosion problem. Figure 1.8(b) shows the band diagram of MIS 

junction photoelectrodes. 

 

 

Figure. 1.9. Comparison of an n-type semiconductor photoanode and the effect of 

surface states with/without a metal catalyst and a passivation layer. (a) 

Surface defect states in the band structure, which lead to high charge 

recombination and inefficient water oxidation by the photogenerated holes. 

(b) Application of an OER catalyst layer, which promotes the reaction rate 

for improving water oxidation. (c) application of a thin passivating layer and 

catalyst, strongly suppressing surface recombination for improving water 

oxidation82. 

As shown in Figure 1.9(a), the surface states at a semiconductor surface can serve 

as recombination centers for photogenerated electrons and holes, thus reducing the water 

oxidation efficiency. By introducing a catalyst, as shown in Figure 1.9(b), it can increase 

the reaction rate. So for a MIS junction photoelectrode shown in Figure 1.9(c), the 

passivating layer can be used to prevent the formation of mid-gap states that promote 
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electron-hole recombination, while the metallic catalyst can reduce the kinetic 

overpotential. The overall performance is greatly improved.  

 

1.2.5 Photoelectrochemical Measurement Setups 

Despite the many advances in computational materials in the last decade, 

photoelectrochemical water splitting is still very much an experimental field. A common 

metric to determine the optimal photoresponse is the photocurrent density under 1 sun 

illumination (~1000 W/m2)83. In order to compare the photocurrent for different samples, 

two criteria should be fulfilled. First, the measurements should reflect the properties of the 

sample, as opposed to artifacts or limitations caused by the measurement setup. For 

example, mass transport limitations should be avoided. Second, for a meaningful 

comparison of performance, the Ohmic losses and pH fluctuations of electrolyte should be 

avoided when designing the measurements setup. Here, we will describe the 

photoelectrochemical (PEC) measurement setups in details. 

 

I. The Photoelectrochemical Cell Design 

A common PEC cell consists of a container to hold the electrolyte, the sample to 

be investigated (the working electrode), a counter electrode, a reference electrode and an 

optically transparent window that allows the sample to be illuminated.  
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Figure 1.10. Example of a photoelectrochemical (PEC) cell used in this work, with a 

working electrode, a Pt counter electrode, an Ag/AgCl/KCl (1 M) reference 

electrode.  

An example of a common PEC cell used in this work is shown in Figure 1.10. This 

design is based on that of conventional electrochemical cells. The whole cell is made with 

quartz, to allow the maximum optical transmission through which the sample can be 

illuminated since the normal glass shows a transmission cut-off below 350nm83. In 

addition, quartz shows great chemical stability in both acidic and alkaline solutions.  

The sample, or the working electrode, is held on one side of the cell and contacted 

directly to the electrolyte. The edge of sample is protected by an O-ring to prevent leakage. 

The reference electrode and counter electrode are put into the arms of the cell, as shown in 

the picture.  
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II The Counter Electrode and Reference Electrode 

To avoid performance limitations, the reaction at the counter electrode should be 

fast and the electrode itself should have a high catalytic activity. So Pt is chosen as the 

counter electrode for all PEC measurements. Ideally, the surface area should be at least two 

times larger than the working electrode area83, thus a coiled Pt wire is used.  

 

Figure 1.11. Schematic of three electrodes configuration. The voltage applied between 

working electrode and reference electrode control the potential of the 

working electrode. The voltage between working electrode and counter 

electrode is set so the counter electrode can pass the same current as the 

working electrode.  

There are two popular types of electrochemical cell configurations in PEC, 

including two-electrode mode and three-electrode mode. The difference between them is 

whether a reference electrode is included or not. When studying the properties of the 

working electrode, the potential applied to it is a key parameter and should be measured 

with respect to a fixed reference potential. The counter electrode cannot be used as a 

reference since the overpotential at its surface varies with the amount of current flowing 
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through it. To avoid this, a reference electrode is required. Figure 1.11 is the schematic of 

a standard three-electrode configuration, including working electrode, reference electrode 

and counter electrode. In this work, standard Ag/AgCl/KCl (1 M) reference electrodes are 

used. A potential measured with respect to Ag/AgCl/KCl (1 M) reference electrodes is then 

converted to the reversible-hydrogen-electrode (RHE) using the following expression: 

ERHE = Emeasure + EAg/AgCl + 0.059 × pH    (4) 

where EAg/AgCl is the potential of the Ag/AgCl reference electrode with respect to the 

standard hydrogen potential. As for Ag/AgCl/KCl (1 M), Emeasure is 0.237 V. As shown in 

Eq. (4), ERHE is also pH dependent.  

 

III The Electrolyte  

For PEC water splitting, the solvent and the active reaction species are the same, 

which is water. However, since the conductivity of pure water is very poor, supporting 

ionic species must be added to ensure that the current can flow through the whole cell. In 

addition, the Ohmic voltage losses across the electrolyte should be as small as possible, so 

a high concentration electrolyte is required.  

Practically, aqueous 0.5 M H2SO4 solutions are often used as an acidic electrolyte 

for water reduction and 0.5 M KOH solutions are used as alkaline solutions for water 

oxidation. To avoid pH fluctuations, sometimes KH2PO4/K2HPO4 is used as a pH buffer.  

Another important factor is the hydrogen and/or oxygen concentration in the 

electrolyte. Before the experiments, an inert gas, such as nitrogen or argon, should be 

continuously purged into the electrolyte to remove the dissolved hydrogen or oxygen, 

which could produce a back-reaction to convert the hydrogen or oxygen back to water, thus 

resulting in a high dark current.  
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IV Light Source 

The main figure-of-merit for a solar water splitting cell is its performance under 

sunlight. For laboratory, a regular solar simulator (Xenon lamp) is usually used as the light 

source, since xenon lamps are widely accepted to give the best match to the solar spectrum. 

A solar simulator contains optical filters to remove the sharp lines in the emission spectrum, 

and usually a water filter to remove excess intensity in the IR region. A calibrated solar 

cell is used to verify that the intensity of the solar simulator at the sample position 

corresponds to 100 mW/cm2, which corresponds to 1 sun at AM1.5.  

For wavelength-dependent measurements, a monochromator is placed between the 

solar simulator and PEC cell to enable illumination by only a narrow part of the spectrum 

centered around the wavelength of interest. 

 

1.2.6 Photoelectrochemical Characterizations 

I Photocurrent-Voltage Measurements 

Current-voltage measurements are the most common and important method to 

study a PEC cell for either water reduction or water oxidation, and can provide a wealth of 

information. For example, the photocurrent (or dark current) density and conversion 

efficiency as a function of applied potential can be obtained. The sign of the photocurrent 

can be known, either anodic or cathodic. The photocurrent onset potential can be estimated. 

In addition, transient effects can indicate the occurrence of recombination.  

Linear sweep voltammetry (LSV) is performed by measuring the current while 

sweeping the potential at a constant rate, usually in a range from 1 mV/s to 100 mV/s. This 

can be done in the dark, under illumination, or by switching the illumination on and off.  
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II Efficiencies 

For a PEC cell, there are four primary measures of efficiency, including solar-to-

hydrogen (STH) conversion efficiency, applied bias photon-to-current efficiency (ABPE), 

external quantum efficiency or incident photon-to-current efficiency (IPCE) and internal 

quantum efficiency or absorbed photon-to-current efficiency (APCE).  

STH efficiency is the most important measurement to characterize a PEC device. It 

is given by the following equation: 

STH = [(H2 production rate)×(Gibbs free energy per H2)]/[Incident energy]   (5) 

However, silicon is used as the light absorber for this work, and its band gap is 

smaller than the required energy for water splitting, which means the overall water splitting 

reaction cannot occur spontaneously and corresponding STH cannot be obtained directly. 

External bias must applied to either a photoanode or a photocathode. Considering this, 

ABPE is a more useful benchmark for evaluating a silicon-based photoelectrode, even 

though it does not give a true solar-to-hydrogen efficiency. The ABPE can be expressed 

as: 

ABPE = [Jph × (1.23 - Vb)] / Ptotal      (6) 

where is Jph the photocurrent density obtained under an applied bias Vb. Ptotal is the total 

incident light power. 

Another important diagnostic figure of merit for a PEC cell is IPCE, which 

describes the photocurrent collected per incident photon flux as a function of illumination 

wavelength. For two-electrode configuration, the STH can also be obtained by integrating 

the IPCE data over the entire solar spectrum. IPCE under an applied bias in three-electrode 

configuration is not a valid estimate for STH, but it is still a useful diagnostic tool that 

gives insight into the PEC materials properties73. The IPCE can be expressed as: 

IPCE = [Jph × hc] / [Pmono × λ]      (7) 
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where Jph is the photocurrent density, h is Plank’s constant, c is the speed of light, Pmono is 

the calibrated and monochromated illumination power intensity, λ is the wavelength of 

monochromatic light. 

 

1.2.7 Summary 

Solar water splitting with semiconductors has been extensively studied over the 

past several decades, and continues to draw intense research interest. When designing a 

PEC cell for solar water splitting application, there are three design principles: low cost, 

high efficiency and good stability. Many wide bandgap materials, such as TiO2, WO2 and 

F2O3, are stable and cheap, but suffer from the low efficiency. Silicon, as the most widely 

used materials in photovoltaic industry, is capable of absorbing a large portion of the solar 

spectrum, thus giving a high efficiency. The main problem is its fast degradation in an 

aqueous environment. This can be solved by applying a passivation layer over the silicon 

surface.  
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Chapter 2 Engineering of Metal Catalysts 

Contents of this Chapter were published in Nat Nanotechnol, 10 (2015) p84I. 

2.1 CATALYSTS FOR PHOTOCATHODES 

2.1.1 Introduction  

Typically, water electrolysis requires application of greater than 1.23 V because of 

the kinetic barriers that are commonly encountered in performing multistep, multielectron 

reactions. For example, hydrogen evolution from acidic water requires combining two 

protons and two electrons to make one dihydrogen molecule. On most semiconductor 

surfaces, the reductive desorption of intermediate hydride species presents a large energy 

barrier to hydrogen production1.  

A typical way to improve the performance of a photocathode is to add an 

electrocatalyst to the surface of the semiconductor2-14. The added electrocatalyst can 

improve the photoelectrode kinetics, effectively changing the energetics of the electron 

transfer process at the semiconductor surface. Typically these catalysts are ultra-thin films 

or nanoparticles in order to minimize light reflection or absorption losses.  

Catalyst play a key role in determining PEC cell efficiency. When choosing a 

catalyst used in water splitting, a good hydrogen evolution reaction (HER) or oxygen 

evolution reaction (OER) catalyst must satisfy two requirements1. First, the catalyst should 

have a large electron transfer rate with the electrolyte, thus producing large quantities of 

                                                 
I L. Ji, M. D. McDaniel, S. Wang, A. B. Posadas, X. Li, H. Huang, J. C. Lee, A. A. Demkov, A. J. Bard, J. 

G. Ekerdt and Edward T. Yu, “A silicon-based photocathode for water reduction with an epitaxial SrTiO3 

protection layer and a nanostructured catalyst”, Nature nanotechnology 10, 84 (2015).  LJ and ETY 

designed the basic concept. LJ and MDM performed experiments. All authors contributed to the concept 

and analysis of data.  
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hydrogen as quickly as the absorber can supply electrons or holes to the catalyst. Second, 

an effective catalyst must be stable over a long time of period to maintain its efficiency.  

 

 

For characterizing a catalyst, a Tafel relationship is used to describe the half-

reaction performance: 

η = b log(I/I0)         (8) 

where η is the overpotential, I is the observed current, and I0 is the exchange current. The 

Tafel slope, b, is a measure of the potential increase required to increase the resulting 

current 1 order of magnitude, usually reported in mV/decade.15 The exchange current 

corresponds to the intercept at which the overpotential equals to zero, extrapolated from a 

linear portion of a plot of η versus log(I). The Tafel slope is one of the most important 

measures of electrode performance, since it can provide information about changes in 

mechanism at various overpotential.  

 

2.1.2 Mechanism of Hydrogen Evolution Reaction 

The HER is one of the most well-studied electrochemical reactions. It consists of 

two primary steps, the discharge step and formation step, as outlined in the following 

equations: 

HA + e-* → H* + A-        (9) 

HA + H* + e-* → H2 + A-       (10) 

2H* → H2          (11) 
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where A- refers to the conjugate base of the proton,  and the asterisk (*) represents a binding 

site at the electrode surface. The discharge step, which is equation (9), proceeds in all cases, 

while only one of equation (10) or (11) dominates the complete process.  

 

 

 

Figure 2.1. The volcano relation for pure metals in acidic solution. The noble metal Pt 

gives the highest activity, with Ni as the most active non-precious metal1. 

Exchange current densities for the HER on pure metals in acid have been plotted 

versus the metal-hydrogen bond strength, giving rise to a characteristic pattern, and known 

as the “volcano” relation, as shown in Figure 2.1.1 Pt gives the highest activity and it is 

widely used as the catalyst in proof-of-concept PEC cells for water reduction. So 

throughout this dissertation, Pt is used as the primary HER catalyst.  
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Figure 2.2. (a) Band diagram of a MIS photocathode. The maximum photovoltage 

obtained depends on the difference of work function between semiconductor 

and metal. Φx is the built-in-voltage, Φm is the work function of metal, Φx is 

the work function of semiconductor and Φb is the Schottky barrier height. 

qV is the difference between the semiconductor Fermi-level and valence 

band edge. (b) The relationship between effective work function and Ti 

thickness in PtTi bilayer structure. The thickness of Pt is fixed at 20nm. The 

calculated work function were obtained from the flat band potentials 

measured in Mott-Schottky plots.  

2.1.3 Work Function Engineering 

As illustrated in Figure 2.2(a), the built-in-voltage of the (Φx) MIS junction is given 

by the difference in the work function of the metal (Φm) and the semiconductor (Φs), if not 

taking the Fermi-level pinning into consideration. P-type silicon has a relatively high work 

function (~ 5.1 eV for the doping level of wafers used in this work), so a low work function 

metal is desired to use as the catalyst in order to get a large photovoltage. As discussed 

previously, Pt has the highest HER activity, however, it has a very high work function, 

around 5.2 ~ 5.5 eV.  

To solve this problem, Esposito et. al. demonstrated the use of a Pt/Ti bilayer metal 

catalyst structure16. Using Pt as the top layer ensures good reaction kinetics, while the low 

work function Ti layer enables the generation of a large photovoltage across the MIS 
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junction. In addition, Pt usually exhibits a poor adhesion to metal oxide surfaces. Ti here 

also serves as an excellent adhesion layer. Figure 2.2(b) is the plot of effective bilayer metal 

work function (Pt/Ti) versus the thickness of Ti layer. The thickness of Pt layer is fixed to 

20nm. As we can see, if there is no Ti insertion layer, the work function is same as that of 

Pt. Increasing the thickness of Ti, the effective work function of bilayer structure is 

reduced. When Ti layer thickness reaches 30nm, the work function is same as that of Ti 

metal, which is 4.4 eV. Sometimes, TiO2 will form during the deposition onto the metal 

oxide surface, however, since the work function of TiO2 is also very low (~ 4.51 eV), we 

could expect a limited influence on effective work function of the bilayer metal.  

 

2.1.4 Summary 

In this chapter, the mechanism of HER is briefly reviewed and Pt is chosen as the 

primary HER catalyst in this work. However, the high work function of Pt could reduce 

the maximum photovoltage a MIS junction photocathode could obtain. To solve this 

problem, 30nmTi/20nmPt bilayer metal catalysts is introduced and utilized, of which the 

effective work function is only 4.4 eV.  
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2.2 CATALYSTS FOR PHOTOANODES 

2.2.1 Introduction 

The overpotential for overall water splitting is constrained primarily by the sluggish 

kinetics of the OER on the photoanode. The exchange current densities for water oxidation 

on the best known catalysts, such as RuO2, are around 1×10-5 to 1×10-6 A/cm2, orders of 

magnitude lower than that of Pt for hydrogen production in acid, which is 1×10-3 A/cm2.1 

As a result, photoanodes for water oxidation generally must operate at relatively high 

overpotentials. IrO2 and RuO2 are common commercial OER catalysts, but suffer from 

high cost. So how to find an effective low-cost OER catalyst is still challenging.  

 

2.2.2 Mechanism of Oxygen Evolution Reaction 

 

 

Figure 2.3. Schematic of OER under alkaline conditions. 

Though the OER has been extensively studied, the actual reaction path is still 

controversial. Figure 2.3 is a simple schematic of OER under alkaline conditions. However, 

in actual case, there are more complex intermediate species, making this reaction a multiple 

step process.  
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Table 2.1 Overall reaction pathway for OER in acidic and alkaline solutions2. 

Overall reaction (condition) Reaction pathway 

2H2O → O2 + 4H+ + 4e-  *+H2O → *OH + H+ + e-  

(Acidic solution) *OH → *O + H+ + e-  

 *O + H2O → OOH* + H+ + e- 

 *OOH → *O2 + H+ + e- 

 *O2 → *+ O2  

4OH- → O2 + 2H2O +4e- * + OH- → *OH + e- 

(Alkaline solution) *OH + OH- → H2O + *O + e- 

 *O + OH- → *OOH + e- 

 *OOH + OH- → *O2 + e- 

 *O2 → *+ O2 

 

The mechanism of OER is very sensitive to the structure of the electrode surface: 

different materials or one material with different facets can exhibit various reaction 

calculations while its real performance is still strongly related to the surface chemical 

physical properties like local electronic structure, crystallinity, roughness factors and 

porosity2. An accumulation of the energy barrier in each step leads to the sluggish kinetics 

of OER with large overpotential to overcome3.  

 

2.2.3 Permalloy as OER Catalyst Materials 

In early work, RuO2 and/or IrO2, deposited on an inert support, such as Ti, were 

used as catalysts for OER2,4. However, these precious metal oxides suffer from high cost. 

Many non-precious metal oxides were then studied, including NiFe oxides, Co3O4, 
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NiLa2O4 and many others. In general, most interest in oxides for oxygen evolution has 

focused on four classes of crystal structures: dioxides, spinels, perovskites, and 

pyrochlores5.  

Nickel (Ni) is an earth-abundant first row transition metal with corrosion-resistance 

and ductility. Ni and its oxide were discovered to exhibit electro-catalytic activity towards 

OER in alkaline solution in the early last century6,7. In addition, people found that Fe 

impurities can greatly improve the efficiency7. Currently, the catalyst utilized in water 

electrolysis in industry is stainless steel, which is often an alloy consisting of nickel, iron 

and chromium. Recently, with the rising demand for clean and renewable energy, 

researchers have revisited the field and designed more advanced NiFe-based OER 

electrocatalysts with higher catalytic activity for efficient and durable water electrolysis3. 

NiFe as an OER catalyst can have many formats, including NiFe alloy and NiFe 

layered double hydroxide (NiFe-LDH), which is recently intensively studied3,8-15. NiFe-

LDH is great in performance, but this material is difficult to incorporate into MIS 

photoelectrodes. First, the electrical conductivity of NiFe-LDH is low, as is typical for 

hydroxides16. In the work reported in this thesis, metal catalysts serve as a top contact when 

performing dielectric breakdown, and good electrical conductivity is required. Second, 

recent work has shown that using island-like metal catalyst structures can be highly 

beneficial17,18. NiFe-LDH is typically prepared by electrodeposition, and patterning of 

array structures is challenging. So, NiFe alloy is a good choice. 

Traditionally, one of the most facile methods of synthesizing NiFe-based 

electrocatalysts is to mechanically mix metallic Ni and Fe into NiFe alloy. However, the 

physical mixture nature leads to large crystal size with low electrochemically accessible 

surface area and lack of chemical contact between different elements. An alternative way 

of synthesizing NiFe alloy is by cathodic electro-reduction of mixed metal salt solutions. 
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Since nanoscale NiFe alloy often turns into NiFe oxide when exposed to air especially at 

the surface, people sometimes reported the catalyst as electrodeposited NiFe oxide. Such 

approach could afford optimal adhesion of the catalytic active material to the underlying 

substrate, thereby lowering the overpotential introduced by ohmic loss. But back to the 

application in MIS photoelectrode, these two methods are both not applicable.  

One possible alternate approach is to utilize CMOS compatible method for NiFe 

OER catalyst deposition. The most common ones are sputtering and evaporation. There is 

only one early work studying the electrochemical behavior by sputtering, however, its 

performance cannot compete with others19, possibly resulting from low materials quality.  

Permalloy (Ni81Fe19), is a widely used materials in the electronics and storage 

industries. It can be deposited by e-beam evaporation or sputtering and patterned by 

standard photolithography. Interestingly, recent work has shown that the optimum ratio of 

Ni to Fe for catalytic performance is Ni:Fe=4:1, essentially identical to the composition of 

permalloy14. So in our work, we just use permalloy as the OER catalyst and it proves to 

have excellent performance. 

 

2.2.4 Preparation Method 

Permalloy (Py) was used as the OER catalyst for all photoanodes in this work. For 

OER study, Py is deposited on to an Au coated glass wafer, since Au is an inert material 

for OER. A series of standard photolithography, e-beam evaporation and lift-off processes 

were performed to pattern regular array structures on photoelectrodes with various pitch 

sizes, ranging from 60 μm to 400 μm. AZ5209 was used as positive photoresist for 

photolithography and Remover PG (MicroChem) was used for lift-off. Then the samples 

were rinsed by acetone, IPA and DI water with ultrasonic agitation for 5 mins each. Py 
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(99.99%, Alfa Aesar, USA) layers were then deposited in and electron-beam evaporator 

(CHA Industries) with a base pressure of 5.0 × 10−6 torr. The film thickness was monitored 

using a quartz-crystal monitor and the final thickness is 150 nm.  

 

2.2.5 Chracterization of Permalloy OER Catalysts 

The OER characterization measurements were carried out with a CHI 760E 

electrochemical workstation (CH Instruments, Austin, United States) in a standard three-

electrode electrochemical cell. A Pt wire and Ag/AgCl (1M KCL) were used as counter 

electrode and reference electrode, respectively. Deionized water with 18.1 MΩ resistivity 

was used to prepare a 1M KOH (semiconductor grade, Sigma-Aldrich, 99.99% trace metal 

basis) solution in which the OER characterization was carried out. All measured potentials 

were calibrated to RHE using the following equation:  

ERHE = EAg/AgCl + 0.197 V + 0.059×pH - iRu    (12) 

where Ru is the uncorrected resistance. The prepared electrodes were cycled ~100 times by 

cyclic voltammetry (CV) until stable CV curves were obtained.  
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Figure 2.4. Linear sweep voltammetry (LSV) with and without iR-compensation in 1M 

KOH.  

Linear sweep voltammetry (LSV) of Ni81Fe19 with and without iR-compensation is 

shown in Figure 2.4. The electrolyte resistance was measured to be 11.1 Ω, which is a 

typical value for high concentration KOH solutions. iR-compensation is important for 

accurately quantifying the effectiveness of an OER catalyst. 
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Figure 2.5. (a) OER polarization curves and (b) Tafel plots for e-beam evaporated 

Ni81Fe19 and Ni thin films in 1M KOH solutions with 95% iR-

compensation. The scan rates are 5mV/s and 0.1mV/s, respectively. 

Figure 2.5(a) shows the LSV characterization of Py after iR-compensation in 1M 

KOH with a standard three-electrode system. Ni film is used as a reference sample. Py 

electrodes show a sharp onset at 1.5 V and only require 300 mV overpotential vs E(H2O/O2) 

to reach a current density of 10mA/cm2, which is better than IrO2 and among the best active 

metal OER catalysts. As shown in Figure 2.5(b), the Tafel slope for Py is 36 mV/dec, 

indicating fast electron and mass transfer between catalyst and electrolyte, compared to 60 

mV/dec for Ni. These results indicate Py is an efficient OER catalyst. Table 2.2 shows a 

comparison with benchmarks from other works7,12-16. Py proves to be among the best ones, 

though the best performance is held by NiFe-LDH incorporated with carbon-nanotubes.  
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Table 2.2 Benchmarks of OER catalysts in KOH with a current density of 10 mA/cm2.  

Materials  Electrolyte η/mV Reference 

NiFe(permalloy)  1 M KOH 300 This work 

NiFe-LDH/3D Ni foil  1 M KOH 215 Ref8 

Co3O4/Graphene  1 M KOH 310 Ref20 

Ni0.9Fe0.1Ox  1 M KOH 336 Ref21 

IrOx  0.1 M KOH 380 Ref22 

RuOx  0.1 M KOH 390 Ref22 

Mn oxide  0.1 M KOH 540 Ref22 

Mn3O4/CoSe2  0.1 M KOH 450 Ref23 

NiFe-LDH/CNT  1 M KOH 247 Ref16 
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2.2.6 Materials Analysis 
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Figure 2.6. XPS characterization of catalyst films (A) Survey scan, (B) C 1s and (C) 

O1s (D) Ni2p and (E) Fe2p high resolution scan of Py catalysts under 

different conditions: as deposited, after OER test and after OER and 60 s 

Ar+ sputtering. The sputter etch rate was approximately 0.5 nm/s. The OER 

test included 100 cycles CV, Tafel test and 2h chronopotentiometry at a 

constant current density of 10 mA/cm2. 
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As mentioned above, one of the important features for an OER catalyst used in MIS 

photoanodes is high electrical conductivity. If the metal catalysts become fully oxidized, 

the electrical conductivity will drop, thus reducing the overall performance. To assess 

oxidation, X-ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis Ultra 

spectrometer XPS system. The spectra were acquired using a monochromatic Al Kα source 

with a base pressure of 10-9 Torr. Charge neutralization was used during spectrum 

acquisition for all measurements. A survey scan (0-1000 eV) was performed first to 

determine the elemental composition, as shown in Figure 2.6(a), indicating the presence of 

Ni, Fe, O and C. High resolution spectra of the C 1s, Ni 2p, Fe 2p and O 1s peaks were 

then obtained with dwell times from 500-1500 ms. The C 1s peak (284.6 eV) was used for 

charge correction, as shown in Figure 2.6(b). The presence of carbon resulted from surface 

contamination, as ion-sputtering of the sample surface resulted in the removal of the carbon 

peak. The as deposited sample exhibited a mixture of Ni/Fe hydroxides and Ni/Fe oxides, 

resulting from the formation of native oxides29. After the OER test, which included cycled 

CV (activation process of catalysts), Tafel test and 2h chronopotentiometry, most oxide 

states were transformed to hydroxide states, as shown in Figure 2.6(c). The O 1s spectra in 

Figure 2.6(c) also confirm the large ratio of hydroxides to oxides, which accords well with 

recent findings that, under potential cycling in alkaline solutions, the oxide phase slowly 

transforms to Ni(OH)/NiOOH, which are active sites for OER. After the OER test, the Ni 

2p3/2 peaks are shifted to higher binding energy, indicating a transformation from NiO to 

Ni(OH)2, as shown in Figure 2.6(d). After 60s Ar+ sputtering (etch rate ~ 0.5nm/s), metallic 

peaks for Ni (852.0, 869.3 eV) and Fe (706.5, 719.9 eV) are recovered. A large reduction 

of the O 1s peak is also observed (Fig. S7). These results indicate that only the surface of 

Ni81Fe19 is oxidized during OER. The bulk of the thin film is preserved as highly 

conductive metal. 
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2.2.7 Summary 

For MIS photoelectrodes water splitting, OER catalyst is the key in achieving high 

efficiency since the four proton-coupled electron transfers and oxygen-oxygen bond 

formation in OER limit the minimum overpotential. NiFe-LDH has the best performance, 

but it is not incompatible with MIS photoelectrodes fabrication process. So we use 

permalloy and it proves be an efficient OER catalysts.  
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Chapter 3 Engineering of Oxides 

Contents of this Chapter were published in Nat Nanotechnol, 10 (2015) p84I 

3.1 BAND OFFSET ENGINEERING ON PHOTOCATHODE 

3.1.1 Introduction 

Silicon photoelectrodes are not stable in extreme pH electrolytes. Early studies 

found that when the anodic/cathodic corrosion potential lies within the band gap, photo-

corrosion is typically less energetic and thus thermodynamically more favorable than the 

HER/OER reaction, leading to unstable photoelectrodes1,2. Thus, a corrosion-resistant 

layer is required. 

The protective layer must be both conducting enough to allow interfacial charge 

transfer and stable enough to provide chemical resistance to the electrolyte. Recently, 

improvement in Si-based photocathodes for water reduction was successfully 

demonstrated recently by the growth of a high-quality thermal SiO2 tunnel layer3. 

However, the large conduction band offset between SiO2 and Si (~3.2 eV) creates an 

electron and/or hole tunneling barrier, which inhibits the charge transport through the 

junction.  

 

                                                 
I L. Ji, M. D. McDaniel, S. Wang, A. B. Posadas, X. Li, H. Huang, J. C. Lee, A. A. Demkov, A. J. Bard, J. 

G. Ekerdt and Edward T. Yu, “A silicon-based photocathode for water reduction with an epitaxial SrTiO3 

protection layer and a nanostructured catalyst”, Nature nanotechnology 10, 84 (2015).  LJ and ETY 

designed the basic concept. LJ and MDM performed experiments. All authors contributed to the concept 

and analysis of data. 
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Figure 3.1. Relationship between band structure of semiconductor and redox potentials 

of water splitting4. Figure adapted from Ref 4.  

Figure 3.1 is the relationship between band structure of semiconductor and redox 

potentials of water splitting4. We can see that SrTiO3 might be a good choice in terms of 

band edge alignment for Si-based photocathodes for water reduction.  

Strontium titanate, SrTiO3 (STO), is one of the few oxides that can be grown 

epitaxially on Si (001) with minimal interfacial reactions5-8. The lattice constant of the 

cubic perovskite STO (3.905 Å) matches well with the Si (001) surface unit cell (3.84 Å), 

resulting in a small (+1.7%) lattice mismatch with the STO compressively strained to Si. 

Crystalline STO can be grown on Si with very low interface state density, creating a nearly 

perfect electrical interface9.  
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Figure 3.2. Band alignment of SrTiO3(110)/p-Si(100) from experiment results10. Figure 

adapted from Ref 10. 

In the past, SrTiO3 was also considered as a potential gate material for field-effect 

transistors and integrated circuits, because it could potentially provide a perfect interface 

with silicon and a higher dielectric constant than silicon oxide11,12. However, SrTiO3 turned 

out to be problematic for such applications because a SrTiO3 transistor will exhibit a large 

leakage current through the gate due to the small conduction-band offset, and the band 

alignment of the STO/Si heterojunction has been explored, both experimentally and 

theoretically13-15. As shown in Figure 3.2, the conduction band offset of SrTiO3(110)/p-

Si(100) is only 0.15 eV, much smaller than that in SiO2/Si heterojunction. Such a large 

current is though exactly what a protection layer should offer for a PEC photoelectrode. 
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3.1.2 Experiments Details 

I Molecular beam epitaxy 

Molecular beam epitaxy (MBE) was used to grow crystalline STO directly on Si 

(001) using a variant of the Motorola-developed process.16 The as-received Si (001) wafers 

were cut to 20 × 20 mm2, then ultrasonically cleaned with acetone, isopropyl alcohol, and 

deionized water for 10 min each, followed by UV/ozone exposure for 15 min to remove 

residual carbon contamination. Upon loading into the MBE chamber (DCA 600), the native 

oxide was desorbed using a Sr-assisted deoxidation process.17 After achieving a clean Si 

(001) surface with visible 2×1 reconstruction, a half-monolayer of Sr metal was deposited 

on the Si substrate at 550 °C forming the (2×1) strontium silicide template layer. 

To deposit the STO protective layer, the substrate was cooled to below 200 °C and 

molecular oxygen was slowly ramped from 5 × 10-8 torr to 2 × 10-7 torr over several min 

to ensure that the underlying Si was not oxidized during the initial STO deposition. Sr and 

Ti were co-deposited from effusion cells during oxygen ramping at a rate of one monolayer 

per minute to a thickness between four- and ten-unit-cells of STO. Oxygen was then 

removed and the film was annealed for 5 min at 550 °C under vacuum to crystallize the 

STO layer. The crystalline structure was verified by in situ reflection high-energy electron 

diffraction (RHEED) using an electron energy of 21 keV at a glancing angle of ~ 3°.  

 

II X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was performed in situ using a VG Scienta 

R3000 analyzer and a monochromated Al Kα source at 1486.6 eV to determine film 

composition and verify the absence of SiOx at the STO-Si interface. High-resolution 

spectra of the Sr 3d, Ti 2p, O 1s, C 1s, and Si 2p core levels were measured using a pass 
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energy of 100 eV with an analyzer slit width of 0.4 mm. Each high-resolution scan was 

measured four times and summed, using 50 meV steps with a dwell time of 157 ms per 

step.  Film composition was estimated using CasaXPS (ver. 2.3.16) peak fitting, where the 

integrated intensities are divided by the Wagner relative sensitivity factors after a Shirley 

background subtraction18. Additionally, a thickness dependent energy exponent between 0 

and 0.78 is used to account for kinetic energy variation with sampling depth19. The 

maximum exponent value (0.78) was calibrated using an STO single crystal substrate (MTI 

Corp.) where the Sr:Ti ratio was assumed to be 1:1. 

 

III Transmission electron microscopy  

Cross-sectional transmission electron microscopy (TEM) was performed. The 

sample was prepared using standard mechanical polishing followed by argon-ion-milling 

to perforation. Observations were made with a 400-keV high-resolution electron 

microscope (JEM-4000EX) equipped with a double-tilt specimen holder. The TEM 

experiments is done by collaborating with Prof. David Smith in Arizona State University.  

 

IV Lithography and Metallization 

After film growth and XPS analysis, the substrate was removed from the ultrahigh 

vacuum system for deposition of the bilayer metal catalysts. Ordered metallic array 

catalysts were fabricated by photolithography or nanosphere lift-off process. The 

photoresist (AZ 5209) was exposed and developed using standard methods. For nanosphere 

lithography, 200nm diameter polystyrene nanosphere (Polysciences Inc.) and 18MΩ 

deionized (DI) water were used for nanosphere mask preparation. Polystyrene nanosphere 

solution was dropped on top of microscope coverslips. This was then introduced to air-
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water interface in a petri dish filled with DI water. The monolayer was then transferred to 

the immersed substrate by slightly lifting the substrate. For metallization, Pt (99.99%, Alfa 

Aesar, USA) and Ti (99.99%, Alfa Aesar, USA) layers were then deposited onto the STO 

surface in an electron beam evaporator (CHA Industries) with a base pressure of 1.0 × 10-

6 torr. During the bilayer metal deposition, vacuum was maintained to prevent oxidation of 

the Ti layer. Film thickness was followed by a quartz crystal monitor and the deposition 

rates were maintained at 1 Å/s. The back contact (3 nm Cr / 100 nm Au) was formed by 

the same methods. Optical microscopy (Olympus, USA) and SEM (Zeiss, USA) were 

utilized to characterize the topography.  

 

V Photoelectrochemical Measurements 

Photoelectrochemical measurements were conducted using CH660D potentiostat 

(CH Instruments, Austin, USA). A sulfuric acid electrolyte (0.5M H2SO4) was used for all 

measurements, prepared from 18 MΩ DI and concentrated (98%) sulfuric acid (Fisher 

Chemical, USA). Before measurement, the prepared electrolyte was purged by Ar for more 

than 1 hour. Xenon arc lamp was used as light source and was calibrated to 100 mW/cm2. 

Single compartment PEC test cell was utilized. A Pt wire and Ag/AgCl/1M KCl electrode 

(CH Instruments, Austin, USA) served as the counter electrode and reference electrode, 

respectively. Incident-photon-to-photocurrent efficiency was measured using a xeon lamp 

equipped with a monochromater. The incident light intensity vs wavelength was measured 

with a standard silicon photodiode. Note that no sacrificial reagent was used in any of the 

PEC measurements.  
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3.1.3 Materials Analysis  

I Reflection high-energy electron diffraction (RHEED)  

 

Figure 3.3. Reflection high-energy electron diffraction (RHEED) images of a 4-unit-cell 

(1.6 nm) STO film grown by MBE on p- Si (001). The beam is aligned 

along the [110] and [210] azimuth for (a) and (b), respectively. 

The crystalline structure of the STO protective layer grown on Si (001) was 

confirmed by reflection high-energy electron diffraction (RHEED). The images collected 

for a 4-unit-cell (~1.6 nm) thick STO film grown by MBE are shown in Figure 3.3. The 

RHEED images are taken along the [110] and [210] azimuth of the cubic perovskite. The 

elongated streak patterns indicate a well-crystallized and atomically smooth film. Rotation 

of the sample under electron illumination confirmed the four-fold symmetry and registry 

with the underlying Si substrate. 
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II XPS results 

 

Figure 3.4. High-resolution X-ray photoelectron spectra of an 8-unit-cell (3.1 nm) thick 

STO film showing (a) the Sr 3d and Ti 2p core levels, and (b) the Si 2p core 

level with negligible SiO2 present at the STO-Si interface. 

 

Film composition and quality of the STO-Si interface were analyzed using in situ 

XPS. The STO film composition was shown to be stoichiometric (50%) to slightly Sr-rich 

(52%) for thicknesses between 4-10 unit-cells (1.6 – 4 nm). Figure 3.4(a) contains high 

resolution XPS spectra of the Sr 3d and Ti 2p core levels. The binding energy peak 

positions of the Sr 3d5/2 (133.5 eV) and Ti 2p3/2 (458.4 eV) are consistent with fully 

oxidized species (Sr2+ and Ti4+) as found in bulk, single crystal STO.  

Figure 3.4(b) shows the Si 2p core level after deposition of an 8-unit-cell thick (3.1 

nm) STO film. The absence of a peak at ~103.3 eV suggests that the interface is nearly free 

of amorphous SiO2; however, a small presence of suboxide (SiOx) or silicate is observed 

at a slightly lower binding energy (~102 eV). Nevertheless, the STO film is of high 

crystalline quality with a reasonably clean STO-Si interface. This provides an ideal 

material system for electron transport from the Si substrate to the STO surface. 
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III High-resolution TEM results 

 

 

Figure 3.5. High-resolution transmission electron micrographs showing cross section of 

1.5 nm thick STO on Si(001). 

The high interfacial quality and single crystal nature of SrTiO3 is confirmed by 

high-resolution transmission electron micrographs, as shown in Figure 3.5. The interface 

between SrTiO3 and Si substrate is clean, no silicon oxides is observed.  
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3.1.4 Photoelectrodes Characterizations 

I Current-Voltage measurements 

 

 

Figure 3.6. (a) Summary of potential carrier transport mechanisms across SrTiO3 layer, 

along with associated expression for current density and normalized 

conductance. (b) I-V measurements and (c) normalized conductance 

Gn=(dI/dV)/(I/V) in rough vacuum (< 0.1 mTorr) for temperature varying 

from 200 K to 300 K. The voltage is applied to the top metal contact. The 

electrical measurements was performed by Agilent B1500A Semiconductor 

Device Analyzer and Lakeshore Cryogenic Probe Stations. 

To provide insight into carrier transport across the STO layer, we first performed 

I-V measurements under various temperature under rough vacuum (< 0.1 mTorr) and 

performed a normalized conductance analysis, which is more effective for determining the 

dominant transport mechanism. Here we define the normalized conductance Gn = 

(dI/dV)/(I/V). As shown in Figure 3.6(a), transport mechanisms can be distinguished by 

checking the dependence of J on T and Gn on V. Figure 3.6(b) shows the temperature 

dependence, ruling out the Fowler-Nordheim and hopping mechanism. In addition, the 

current decreases with decreasing temperature, as shown in Figure 3.6(b), with only the 

ohmic mechanism predicting this relationship. For further evidence, we performed the 

normalized conductance analysis and the Gn was fixed to 1, as shown in Figure 3.6(c), 
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further confirming the ohmic transport mechanism, as expected from the minimum 

conduction band offset between SrTiO3 and Si. 

 

 

Figure 3.7. Band diagram of SrTiO3/p-Si on different bias. 

Based on the experimental data, band diagram is drawn as shown in Figure 3.7. For 

junction under forward bias, FN-tunneling dominates the transport mechanism. When 

under reverse bias, it is ohmic conduction. 
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II Impedance measurements 

 

 

Figure 3.8. (a) Impedance measurements setup. (b) Normalized capacitance for 4 u.c. 

STO sample with 400 um diameter metal dots as top contact under dark and 

light conditions. The voltage is applied to gate (top contact). The electrical 

measurements is performed using Agilent B1500A Semiconductor Device 

Analyzer and Lakeshore Cryogenic Probe Stations. 

Figure 3.8(b) is the impedance characterizations of STO/pSi photocathode in dry condition 

under dark and light, respectively. In the dark, the inversion layer is formed from thermally 

generated minority carriers in the depletion region. The response times for these carries are 

long so that they cannot follow the high frequency ac signal, giving a small capacitance 

value under positive gate bias. However, when illuminated, capacitance increased rapidly 

to a value greater than the thermal equilibrium value in the dark by increasing steady-state 

carrier concentration generated by the light. The gate electrode is sufficient thick and 

opaque and has no scratches or pinholes. Minority carriers generated within a diffusion 

length of the gate will form an inversion layer under the gate and the illuminated C-V 

characteristics clearly demonstrate formation of an inversion layer at the STO/Si interface. 
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III PEC results 

 

 

Figure 3.9. Linear sweep voltammetry results of 20nmPt/30nmTi/STO/p-Si (001) with 

visible light and UV-visible light. For visible light, a 420 nm filter is used 

for cutting off light in UV wavelength region. 

Since SrTiO3 is also a photoactive material for water reduction, we first performed 

a linear sweep voltammetry under visible light and UV-visible light. From Figure 3.9, we 

see there is only a slight decrease when filtering out the UV region light. We know the 

band gap of SrTiO3 is 3.3 eV and it can only absorbing light in UV region, so this confirms 

that silicon is the primary light absorber. 
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Figure 3.10. Linear sweep voltammetry results of 20nmPt/30nmTi/STO/p-Si (001) with 

varying the STO thickness from 4 unit-cell to 10 unit-cell. The diameter and 

spacing of Pt/Ti dots are 60μm and 75μm. The light source was chopped 

during the PEC measurements. 

To confirm the design principle that solid-state properties of oxide and interface 

affect the performance, linear sweep voltammetry (LSV) measurements were conducted in 

0.5 M H2SO4 deaerated by Ar gas without any sacrificial reagent. A xenon arc lamp was 

used as the light source and the light intensity was calibrated to 100mW/cm2 by a silicon 

photodiode. Pt wire and Ag/AgCl were used as the counter electrode and reference 

electrode, respectively. Before testing MIS photocathodes, a Pt wire was used as the 

working electrode and LSV was performed to calibrate the normal hydrogen electrode 

(NHE), illustrated as the grey line in Figure 3.10. LSV provides information of both the 

metal-electrolyte interface and MIS junction. For the metal-electrolyte interface, fast 

charge transfer is required. 
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A sample structure consisting of Si (001) capped with 1.5nm STO grown by atomic 

layer deposition (ALD), which is amorphous, shows very high dark current and small 

photoresponse, indicating that a single crystal STO layer is required. For MBE grown 

samples, the photocurrent density of the 4-unit-cell STO sample reaches as high as 35 

mA/cm2, which is the highest limiting photocurrent reported for Si-based photoelectrodes. 

This is attributed to the small conduction band offset and single crystalline nature and 

epitaxial interface of MBE-grown STO on Si which facilitates electron transport and 

reduces recombination at the Si/STO interface. Recombination peaks are often observed 

during transient state when switching the light on/off under a bias greater than onset 

potential. However, as illustrated in Figure 3.10, all the single crystalline STO samples 

exhibit no recombination peaks, further indicating excellent metal-oxide interface quality 

and low concentration of interface traps and defects which can serve as recombination 

centers for photogenerated electron-hole pairs. 
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IV Metal catalyst patterning size effects 

 

 

Figure 3.11. Schematic plot of minority carrier transport in a MIS photocathode. W = 

depletion width, L = electron diffusion length, D = metal dots diameter, S = 

spacing of adjacent metal dots. 

As shown in the schematic diagram of a MIS photocathode in Figure 3.11, since 

the total thickness of the bilayer metal catalyst is 50 nm, light can only be absorbed by 

uncovered regions and the photocurrent may only be produced when the photogenerated 

electrons are created within a distance less than the sum of the depletion width (W) and 

effective minority-carrier diffusion length (Ldiff) of the collector.  

However, during long distance travel in an inversion layer, electrons will suffer 

from electron-phonon scattering and electron-hole recombination. In addition, decreasing 

the ratio of covered region to exposed surface area will enhance light absorption and 

performance. For these reasons, we explored nanosize metal catalysts to improve PEC 

performance. 
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Figure 3.12. Schematic nanosphere lithography process. From left to right are 

nanosphere deposition, metal deposition and nanosphere lift-off. 

Metal nanostructures can be fabricated in many ways. Electron-beam lithography 

can define nanostructures precisely but suffers from limited throughput and high cost. In 

nanocrystal-nonvolatile-memory devices, nanocrystals are obtained by annealing of a thin-

film metal20. However, as discussed earlier, a 30 nm Ti layer with 20 nm Pt is utilized for 

improved work function and performance of the MIS structure. It is difficult to create 

nanocrystals by annealing while retaining the bilayer metal structure. As an alternative 

method for metal catalyst nanostructuring, we employ nanosphere lithography21,22, an 

inexpensive, maskless process for submicron scale structure fabrication that is compatible 

with bilayer metal deposition. Figure 3.12 is the nanosphere lithography process. From left 

to right are nanosphere deposition (Langmuir-Blodgett method), metal deposition, and 

nanosphere lift-off. 
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Figure 3.13. Scanning Electron Microscopy (SEM) images of nanosphere lithography 

fabricated samples.  

Figure 3.13 is the Scanning Electron Microscopy (SEM) images of nanosphere 

lithography fabricated samples. A mesh-like structure is shown. For comparison with 

samples by standard lithography, we assumes the feature size and spacing are 

50nm/100nm, respectively.  
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Figure 3.14. Linear sweep voltammetry of 4 unit-cell 20 nm Pt/30 nm Ti/STO/p-Si (001) 

sample with various metal catalyst feature size. 

Figure 3.14 is the LSV for 4 unit-cell 20 nm Pt/30 nm Ti/STO/p-Si (001) sample 

with various metal catalyst feature sizes. For samples with metal catalyst diameter/spacing 

of 60 μm/75 μm, 100 μm/200 μm and 400 μm/500 μm, the fill factor is low. For 1 μm/2 

μm samples, the fill factor is greatly increased. Further, for nanosphere lithography 

fabricated samples with 0.05 μm/0.10 μm, the fill factor is greatly improved, though the 

maximum photocurrent density is smaller, due to the imperfection of the process, resulting 

in the partial surface coverage.  
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Figure 3.15. Linear sweep voltammetry of 4 unit-cell 20 nm Pt/30 nm Ti/STO/p-Si (001) 

sample. The diameter and spacing of Pt/Ti features are 0.05 μm and 0.10 

μm, respectively. 

Figure 3.15 shows the LSV results and applied-bias-photon-to-current efficiency 

(ABPE). External bias (Vb) must be applied between the photoelectrode and 

counterelectrode for small bandgap materials, such as Si, with the resulting ABPE being 

given by  

𝐴𝐵𝑃𝐸 = [
|𝑗(𝑚𝐴 𝑐𝑚−2)|×(1.23−|𝑉𝑏|)(𝑉)

𝐼 (𝑚𝑊 𝑐𝑚−2)
] × 100%    (13) 

where 𝑗 = photocurrent density, 𝐼 = incident illumination intensity (100 mW/cm2 

in this work), 𝑉𝑏 = potential versus ideal counterelectrode. The calculated ABPE for the 4-

unit-cell STO on p-Si with 0.05 µm diameter Ti/Pt catalyst is 4.9%.  
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Table 3.1 Relationship between D/S, coverage factor, and ABPE. 

D/S 

(μm/μm) 

Coverage Ratio 

(πD2/4S2) 

Maximum 

distance to 

Metal Catalyst 

(μm) 

ABPE 

(%) 

0.05/0.1 ~0.196 0.1 4.9% 

1/2 0.196 1.8 2.9% 

60/75 0.5 46 1.25% 

100/200 0.196 183 1.23% 

400/500 0.5 307 0.78% 

D = Diameter of metal catalyst, S = Spacing between metal catalyst structures 

 

Summary of the measurements for samples with different metal catalyst size are 

presented in and Table 3.1. As shown in Figure 3.11, Wdep is the depletion width and Ldiff 

is the diffusion length of electrons. In the p-Si substrate, we estimate Wdep ~ 2 μm and Ldiff 

~ 60 μm for the wafer doping concentration we used (1~3 Ω•cm)23. D and S represents the 

diameter and spacing of the metal catalyst, respectively, and Lt is the maximum distance 

an electron needs to travel to the nearest metal catalyst. For Lt > Ldiff (D/S of 100 µm/200 

µm and 400 µm/500 µm), efficiency is enhanced with decreasing surface coverage ratio 

due to increased light absorption, as seen in Figure 3.14 and Table 3.1. However, for feature 

size larger than 100 μm, the fill factor in the LSV measurements shown in Figure 3.14 is 

very low for two reasons. First, for electrons traveling in the inversion layer, the large 

channel length will introduce more electron-phonon scattering and recombination, which 

decreases the current density. Second, only some of the photogenerated electrons can be 



 72 

injected into the inversion layer. The rest of the electrons will transport by diffusion within 

the bulk. This can be seen in samples with D/S of 60 µm/75 µm. Though having the same 

surface coverage ratio as the 400 µm /500 µm structure, the 60 µm/75 µm sample has much 

higher fill factor compared to the 400 µm/500 µm sample since Lt < Ldiff for the 60 µm/75 

µm sample. For Lt < Ldiff, a smaller coverage ratio also yields higher efficiency as seen 

from comparing the 60 µm/75 µm with the 1 µm/2 µm sample. However, by observing 

LSV for the 60 µm/75 µm, 100 µm/200 µm and 400 µm/500 µm samples, we found they 

all present a kink around 0 V versus NHE, in which region the photocurrent density remains 

at a low level. This suggests that there must be another limiting factor. By comparing 0.05 

µm/0.1 µm and 1 µm/2 µm samples, it can be found that the ABPE is doubled if Lt <<Wdep. 

The origin for this phenomenon is currently unclear and further study is under way. The 

0.05 µm/0.1 µm sample created by nanosphere lithography achieves a record-high 4.9% 

ABPE for water reduction in a single junction Si-photocathode3,24,25 , where the 

photogenerated electrons only need to travel very short distances to the nearest metal 

catalyst. In addition, the short travel distances yield a reduced recombination rate in the 

depletion region, which results in the increase of Voc to 0.6 V.  
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V Stability tests 

 

 

Figure 3.16. Stability, as indicated by steady-state photocurrent characterization with 

device held at 0 V versus Ag/AgCl under 100 mW/cm2 illumination in 0.5M 

H2SO4. Inset figure is gas chromatography of produced gas. 

Stability measurements were conducted using chronoamperometry at a fixed 

potential of 0 V versus Ag/AgCl. As shown in Figure 3.16, no degradation was observed 

after 35 hr operation, suggesting stable photocathode performance. The small fluctuation 

of photocurrent was due to the produced hydrogen bubbles coming off the photocathode 

surface. The inset in Figure 3.15 shows a gas chromatography response of the gaseous 

product collected at the photocathode, confirming hydrogen production. 

 

 

 

 



 74 

VI Incident-photon-to-current conversion efficiency (IPCE) 

 

 

Figure 3.17. Incident photon-to-photocurrent efficiency (IPCE) was measured at applied 

potentials using xenon arc lamp equipped with a monochromator. 

Incident-photon-to-current conversion efficiency (IPCE) was also determined for 

this device and is given by  

𝐼𝑃𝐶𝐸 =
1239.8 (𝑉 𝑛𝑚)×|𝑗 (𝑚𝐴 𝑐𝑚−2)|

𝑃𝑚𝑜𝑛𝑜 (𝑚𝑊 𝑐𝑚−2)×𝜆(𝑛𝑚)
      (14) 

where 𝑗  = photocurrent density, 𝑃𝑚𝑜𝑛𝑜  = monochromated illumination power 

intensity and 𝜆 = wavelength. As illustrated in Figure 3.17, the shape of the IPCE curve 

accords well with traditional silicon-based solar cells with effective current response from 

475 - 725 nm. 

 

3.1.5 Summary 

We have demonstrated that the epitaxial STO/Si heterojunction is an efficient and 

stable photocathode for water splitting. High photocurrent density (35 mA/cm2), onset 
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potential shift (450mV), and long-time stability were achieved due to the single crystalline 

nature of STO, lattice matching, crystalline interface quality and negligible conduction 

band offset between STO and Si. In addition, we extended work on the relation between 

size of surface metal catalyst and efficiency. Results indicate that utilizing characteristic 

sizes smaller than the limiting factors -- diffusion length and depletion width -- would 

greatly increase the efficiency. Hence sub-100 nm nanostructures made by nanosphere 

lithography yielded the highest reported ABPE efficiency of 4.9% for water reduction in a 

single junction silicon photocathode. 
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3.2 EMPLOYING DIELECTRIC BREAKDOWN IN MIS JUNCTION PHOTOELECTRODES 

3.2.1 Introduction 

In previous discussion, we have demonstrated that band offset engineering works 

well for MIS junction photocathodes. SrTiO3 is a perfect protection layer for silicon-

photocathode, however, there is no such an ideal material for photoanode. In addition, for 

ultrathin layers, the stability can be problematic over extended periods of time. Hence, the 

two roles of the insulator, as a protection layer and a tunnel layer, must be decoupled. 

Recently, Hu et.al and Seger et.al demonstrated a thick TiO2 conductive protection layer 

by atomic layer deposition (ALD) for n-type and p-type silicon photoelectrodes1,2. Carrier 

transport in these structures is facilitated by the high concentration of defects in ALD 

grown TiO2. However, this method is likely to be difficult to generalize to other oxides, 

and may also be impeded by the slow deposition rates typical of ALD. 

 

 

Figure 3.18. Schematics of MIS photoelectrode for water reduction/oxidation with (A) an 

ultra-thin tunneling layer and (B) a thick insulating layer with localized 

conducting path. 



 79 

Defect formation and migration to increase oxide conductivity can also be induced 

electrically, most commonly by applying an external electric field. Indeed, resistive 

switching random access memory (ReRAM) based on this concept has been widely 

studied3-5. Inspired by this idea that the intrinsic conductivity of various metal-oxides can 

be changed electrically, in this section we describe and demonstrate a general method for 

enhancing the effective conductivity of a thick oxide layer in MIS photoelectrodes by 

employing localized dielectric breakdown, as shown schematically in Figure 3.18(b). In 

this approach, a voltage applied across the MIS structure induces formation of a localized 

electrically conducting filament through the oxide. This filament allows photogenerated 

carriers in the semiconductor to flow easily to the metal catalyst layer. In addition, since 

the metal-oxide need not be atomically thin, it can also be used to provide antireflection 

functionality for improving light absorption and thereby further increasing efficiency. 

 

3.2.2 Brief review of dielectric breakdown 

Gate oxide degradation and breakdown (BD) are critical problems for many very-

large-scale-integration (VLSI) technologies such as complementary metal-oxide-

semiconductor (CMOS) logic and semiconductor nonvolatile memories (NVMs). In 

particular, the evolution of CMOS devices in Si integrated circuits (ICs) has been driven 

so far by an aggressive device scaling associated with a slower decrease of the supply 

voltages. This has resulted in an increase of the electric fields applied to the structures, 

resulting in improved performances but with increased probability of BD. It is worthy to 

mention that in microelectronics the BD phenomenon is not necessarily only an important 

reliability issue. 
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The dielectric BD is a very general and common phenomenon in insulators. In 

modern Si/SiO2 technology, the BD at low fields is related to macroscopic defects such as 

particulate, oxide thinning, stacking faults, metal impurities or precipitates, etc., and it can 

be almost suppressed by improving device fabrication technology6-20. The intrinsic BD, 

observed at high fields, on the contrary, by definition, cannot be avoided21-45.  

 

 

Figure 3.19. Schematic of the three different kinds of breakdown occurrences by ramp 

voltage sweep. 

Generally, there are different modes of breakdown that can occur in dielectric thin 

films, including hard breakdown (HBD), soft breakdown (SBD) and progressive 

breakdown (PBD)19,23,28,29,39,41,46-48. Under electrical voltage, they show different behaviors 

as illustrated in Figure 3.19. When soft or hard breakdown occurs, the current rapidly 

increases. The magnitude of current after breakdown distinguishes SBD from HBD, and 

the different current levels are attributed to a difference of conduction path created in the 

oxide by defect percolation. PBD does not show a sharp transient and typically only occurs 
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in oxides thinner than ~25 Å. For the purpose of this work, high current after breakdown 

is desired, and we therefore attempt to induce HBD.  

 

 

Figure 3.20. (a) Bright-field TEM micrograph of the polycrystalline-Si gate morphology 

in one of the hot spots found by EMMI in a sample with the 35 nm thick 

oxide. The region approximately shows a cylindrical symmetry, with a core 

made of a grain of 2 μm diameter, epitaxially aligned to the Si substrate as 

shown by transmission electron-diffraction analysis. This main grain is 

surrounded by a ring of coarse crystal grains misoriented with respect to the 

substrate49. Figure adapted from Ref 49. (b) Observation of a silicon 

nanowire (nanocluster, marked by white dotted lines) with darker contrast in 

the core of the percolation path due to almost complete depletion of 

oxygen50. Figure adapted from Ref 50. 

People have done TEM to investigate the nature of BD. For example, Figure 3.20 

shows two works, with 35nm thick silicon dioxide in (a) 49 and 2 nm thin oxide in (b) 50. 

They both come to conclusions that the silicon nano-cluster or epitaxial silicon crystal 

formation leads to the BD. However, there are many other assumptions and the nature of 

BD is still controversial. TEM Regarding the nature of the breakdown process, what is 

currently accepted is that oxide breakdown arises from the generation and accumulation of 
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defects in the oxides. There is a general consensus that a critical density of defects 

generated at random locations eventually leads to the formation of a localized highly 

conductive leakage path, or filament, across the oxide layer. 

 

3.2.3 Measurement methods  

The measurement methods commonly used in dielectric yield and reliability 

assessment are as the followings. 

1. Constant voltage stress (CVS) 

The principle of the CVS, which is also referred to as TDDB (time dependent 

dielectric breakdown) measurement is straightforward. A constant voltage is applied to the 

dielectric under test. The current through the dielectric is measured until breakdown occurs. 

When the recorded current is plotted vs stress time the current-time (I-t) characteristic can 

be studied. It is the method used most widely to measure time to breakdown (tBD) to 

perform lifetime prediction at operating conditions51.  

 

2. Constant current stress (CCS) 

In a CCS measurement the current is held constant and the voltage is measured. It 

is the simplest method for monitoring charge to breakdown (QBD). For breakdown 

detection, continuous voltage is monitored continuously in a logarithmic time scale.  

 

3. Ramped voltage stress (RVS) 

The principle of the RVS is straightforward. A continuously increasing voltage is 

applied to the dielectric until breakdown is detected. In practice, the form of the voltage 



 83 

ramp used can vary widely, including continuous linear ramp, staircase ramp, stepped 

ramp, and many others. It is the simplest and fastest way to perform breakdown. 

 

4. Exponentially ramped current stress (ERCS) 

In the ERCS, the current is kept constant throughout each step of the ramp and the 

applied voltage is measured at each step. ERCS is mainly for the characterization of thin 

oxides in non-volatile memory technologies. 

Particularly for our work, we do not focus too much on the characterization of BD, 

including analyzing lifetime, charge to breakdown and other parameters. We want this 

process to be fast and efficient (higher conductivity after breakdown). So RVS is used as 

the primary methods.   

 

3.2.4 Experimental Details 

I Substrate preparation 

Two types of 4 inch Si (001) wafers were used as substrates in this study. n-Si 

(phosphorus doped, ρ = 0.5-1 Ω cm) substrates were used for photoanodes and p-Si (boron 

doped, ρ = 1-5 Ω cm) for photocathodes. The Si wafers were first cleaved into 1cm×1cm 

square pieces, followed by cleaning with piranha solution (H2O: H2SO4: H2O2), buffered 

oxide etch solution (BOE, HF: HCl: NH4F) and deionized water (DI),in succession. The 

back contact was formed by e-beam evaporation of 5nmCr/100nmAu.  

n-GaAs (100)-oriented (Te-doped, 1×1017 cm-3) polished substrates were used for 

the GaAs-based photoanode. The wafers were cleaned by BOE, acetone, isopropyl alcohol 

(IPA), deionized water, in succession. The back contact was formed by e-beam evaporation 

of 10nmNi/50nmAu88Ge12.  
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II Metal oxide growth 

1. SiO2 growth 

SiO2 thin films were grown by three methods. 

First, high quality thermal SiO2 films were grown at 950 oC in an oxidation furnace 

(MRL 8’ furnace, Sandvik Thermal Process Inc) in dry O2 ambient. This method has been 

widely used to fabricate gate oxides in MOSFETs with good interfacial quality and low 

defect density. The p or n-Si/SiO2 samples shown in the main manuscript were all grown 

by this method.  

Second, ebeam evaporation was used to deposit SiO2 on Si substrates as a 

comparison samples, in order to investigate the dependence of dielectric breakdown 

properties on the quality of metal oxides. 

For structures in which GaAs was used for the photoanode, high quality silicon 

oxides were grown by plasma-enhanced-atomic-layer-deposition (PEALD) 52-55. In 

addition, before the deposition of SiO2, a 1.5 nm thick Al2O3 was first grown by thermal 

ALD on the GaAs substrate to reduce the interfacial defect density and stabilized the 

substrate, a standard process developed by Ye et. al. 56. The silicon oxide PEALD was 

performed in a Fiji ALD with remote plasma & ozone generator system (Cambridge 

Nanotech), with tris-dimethylamino-silane and plasma ozone as precursors. The growth 

temperature was 100 oC and the growth rate was ~0.8 Å/cycle. Remote mode was used, in 

which the plasma sources were located remotely from the substrate stage to improve 

control of plasma properties.  

2. TiO2 and Al2O3 growth 

Thermal ALD of TiO2 and Al2O3 have been widely studied. Here in this work, we 

used standard recipes, as described below, in a ALD SavannahTM 200 system (Cambridge 

NanoTech). The growth temperatures were all set to 200 oC. For TiO2, the pulse time for 
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H2O and tetrakistitanium were 0.015s and 0.1s, respectively. For Al2O3, the pulse time for 

H2O and trimethyaluminum were 0.015s and 0.015s, respectively.  

3. Metallization 

Permalloy (Py) was used as the OER catalyst for all photoanodes and Ti/Pt bilayers 

were used as HER catalysts for all photocathodes. A series of standard photolithography, 

e-beam evaporation and lift-off processes were performed to pattern regular array 

structures on photoelectrodes with various pitch sizes. The thicknesses of Py and Ti/Pt 

were 150 nm and 30nm/20nm, respectively. AZ5209 was used as positive photoresist for 

photolithography and Remover PG (MicroChem) was used for lift-off. Then the samples 

were rinsed by acetone, IPA and DI water with ultrasonic agitation for 5 mins each.  
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3.2.5 Breakdown characterizations 

I Compliance current effect 

 

 

Figure 3.21 (a) I-V characteristics of nSi/30nmSiO2/Py devices with positive bias 

applied to the top metal contact (Py). (b) Optical microscope image of 

burned and not burned metal pad, corresponding to results in (a).  

In an HBD process, the high current flow after breakdown can damage or destroy 

the metal contact that in our work serves as a catalyst. As shown in Figure 3.21(a), after 

breakdown occurs, around 33V, the total current flow across the metal pad can be so high 

that the metal pad is burned, as shown in the right metal dot in Figure 3.21(b), with a 

compliance of 10 mA. Thus, a compliance current is required during the BD process to 

preserve the integrity of the metal catalyst. We have found that 5 mA compliance current 

is sufficient to protect the catalysts while providing enough current flow for the robust 

growth of conducting filaments. . 

 

 

 



 87 

II Oxide quality effect 

 

Figure 3.22. Reverse bias breakdown of n-Si/30nmSiO2 samples with oxides grown by 

(a) thermal oxidation and (b) e-beam evaporation. The different curves in 

each plot represent different devices with a double sweep mode. The electric 

field is swept starting from 0 MV/cm to 12 MV/cm, and then sweeping 

back. An abrupt increase in current level signals the occurrence of 

breakdown.  

Since breakdown is a stochastic process, the variations from sample to sample or 

even device to device on the same wafer can be large. The quality of the oxide has a 

pronounced effect on the breakdown behavior. To study the effect of oxide quality on BD, 

we prepared silicon oxides by two methods, thermal oxidation, which produces low defect 

concentration, and e-beam evaporation, which results in much higher defect 

concentrations. The negative bias breakdown results are shown in Figure 3.22. For 

thermally grown oxides, the breakdown field has a much narrower distribution than for e-

beam evaporated oxides. The current levels for thermal oxides with after breakdown are 

overall higher that of the more defective oxides.  
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III Read voltage range effect 

 

 

Figure 3.23 I-V characteristics of nSi/30nm thermal SiO2/Py devices after breakdown 

with different voltage sweep ranges, (a) -5 V ~ 5 V and (b) -1 V ~ 1V. 

After breakdown, robust device operation under extended cycling over the expected 

range of operating voltages is essential. Our previous work on resistive switching in 

intrinsic silicon oxides has shown that unipolar switching behavior occurs. Joule heating 

can disrupt the localized conducting path leading to a sharp decrease in electrical 

conduction during the reset process 4. As shown in Figure 3.23(a), if the voltage is swept 

from -5 to 5 V, the power is high enough to produce joule heating and disconnect the 

filament, as indicated by the sharp decrease in current around 3 V. The current density is 

then reduced by one to two orders of magnitude when performing the 2nd sweep. If the 

sweep range is limited to -1 V ~ 1 V, as in Figure 3.23(b), no decrease is observed after 

even 100 sweeps.  
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IV Metal catalyst pad size effect 

 

 

Figure 3.24 Reverse bias breakdown voltage sweeps of I-V characteristics for 

nSi/30nmSiO2/Py with (a) 60 um and (b) 400 um diameter metal contact 

sizes. Different curves represent different devices. (c) Statistical distribution 

of electrical current at -1V bias after breakdown for metal pad diameters of 

60 um, 100 um, 250 um and 400 um.  

The proposed filament model assumes the formation of a localized conducting path 

underneath each metal pad, in which case conduction should be independent of the pad 

size. Figure 3.24 (a) and (b) show breakdown curves for n-Si/30nmSiO2/Py with 60 um 

and 400 um diameter metal pads, respectively. There is a wide variations in BD field for 

400 um diameter pads compared with those for 60 um pads, which we attribute to the 

increased number of defects for large pads. However, Figure 3.24 (c) shows that the 

electrical current at -1V after breakdown does not scale in proportion to the metal pad size, 

confirming the filament model. This results also suggests that the PEC performance can be 

improved by further reducing the metal catalysts sizes. 
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V Optimization of breakdown process 

Since breakdown is a phenomenon people want to avoid in most cases, there is no 

literature discussing how to maximize the post-breakdown electrical conductivity. 

Particularly, most work for reliability study use TDDB, only limited works use RVS. So 

we have to optimize the breakdown process. First, how to improve the repeatability and 

make this process more controllable is very challenging due to its random nature. Second, 

we want to increase the post-breakdown conductivity, which is beneficial for our PEC 

measurements.  
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Figure 3.25. Band bending of nSi MOSCAP structure under (a) forward bias and (b) 

reverse bias. (c) Ramped voltage breakdown for nSi/30nmSiO2/150nmPy 

under positive and negative gate bias with a 0.2 MV/cm/s ramp rate. 

Compliance current (CC) is 5 mA. (d) Weibull plot for after breakdown 

conductivity measured under -1 V bias on gate.  

First, we need to concern the polarity of applied bias. Unlike the breakdown in 

ultrathin film (<5 nm) under low field, for thick oxide under high field, barrier height is 

important. For SiO2/Si system, the conduction band offset is 3.2 eV while the valance band 

offset is 4.68 eV. So holes have a higher barrier for carrier transport. Electrons are preferred 

as the injected carriers for breakdown. In addition, as we seen in Figure 3.25 (a) and (b), 

for n-Si under reverse bias, the depletion layer formed at the silicon surface. So when 

injected electrons from the metal electrode reach silicon, recombination will occur. 
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Figure 3.25(c) is ramped voltage breakdown for nSi/30nmSiO2/150nmPy under 

+40 V and -40 V gate bias with a 0.2 MV/cm/s ramp rate. And Figure 3.26 (d) is the 

Weibull distribution plot for both of them. We can see clearly that the overall conductivity 

of sample with forward bias breakdown is higher than samples with reverse bias 

breakdown. 

 

 

Figure 3.26. (a) Ramped voltage breakdown for nSi/30nmSiO2/150nmPy under positive 

and negative gate bias with a 0.2 MV/cm/s ramp rate. Compliance current 

(CC) is 5 mA. (b) Illustration of mechanisms in different regions for J vs E. 

Next, we can study the mechanism of a single breakdown process. Figure 3.26 (a) 

shows a typical curve for BD. Generally, it can divided into four parts. 1. From 0 to 6 

MV/cm in forward scan, the current is low and very noisy. 2. From 6 to 10 MV/cm in 

forward scan, Fowler-Nordheim (FN) tunneling dominates. It can trigger the impact 

ionization, depending on the conditions57. 3. From 10 MV/cm and above, the current 

quickly hit the compliance limit. The mechanism here is very complicated and we believe 

this step determine the large variability of BD process. 4. For backward scan, the current 

does not show dramatic change.   
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Figure 3.27. (a) Ramped voltage breakdown for nSi/30nmSiO2/150nmPy under single 

step mode with a 0.2 MV/cm/s ramp rate. (b) Ramped voltage breakdown 

for nSi/30nmSiO2/150nmPy under multiple steps sweep mode with a 0.2 

MV/cm/s ramp rate. The compliance currents for each step are, in sequence, 

100 nA, 10 uA and 5 mA. (c) Weibull plot for post-breakdown conductivity 

measured under -1 V bias for single step BD and multiple step BD. 

Figure 3.27(a) shows ramped voltage breakdown for nSi/30nmSiO2/150nmPy 

under single sweep mode with a 0.2 MV/cm/s ramp rate. Figure 3.27(b) shows ramped 

voltage breakdown for nSi/30nmSiO2/150nmPy using multiple sweep steps with a 0.2 

MV/cm/s ramp rate. The compliance currents for each step are, in sequence, 100 nA, 10 

uA and 5 mA. We see that after the first 100 nA CC sweep, no BD occurs, and the backward 

sweep follows the forward sweep trace. After the forward sweep of second step with 10 
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uA CC, BD already occurred, and indicated by the increased current level measured during 

the backward sweep. However, the sharp increase in current has not occurred. Figure 

3.27(c) is the Weibull plot for post-breakdown conductivity measured under -1 V bias for 

single step BD and multiple step BD. As we know, the different slopes in Weibull plot are 

indicative of different mechanisms of failure mode. The Weibull plot for the single step 

BD process clearly has two different regions, while the multiple step BD process has only 

a single region of behavior in the Weibull plot. The details of the current transport 

mechanisms in each case are still under investigation. Overall, however, we conclude that 

a multiple step BD process can improve the controllability of the BD process but with a 

potential increase in time required to produce breakdown. 
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Figure 3.28. (a) Ramped voltage breakdown for nSi/30nmSiO2/150nmPy under single 

sweep mode with a 0.2 MV/cm/s ramp rate. (b) Ramped voltage breakdown 

for nSi/30nmSiO2/150nmPy under double sweep mode with a 0.2 MV/cm/s 

ramp rate. (c) Weibull plot for after breakdown conductivity measured under 

-1 V bias for single step BD and multiple steps BD. 

We are also interested in the issue of whether a single forward sweep is enough, or 

if multiple sweeps or additional time are required to let the conducting filament “grow”. 

Figure 3.28 (a) and (b) show ramped voltage breakdown processes for 

nSi/30nmSiO2/150nmPy under single sweep mode and double sweep mode. Figure 3.28(c) 

is the Weibull plot for both conditions and we can see clearly the rightward shift after the 

backward scan. These results suggest that simply achieving breakdown is not optimal – 

additional electrical stress is beneficial in increasing post-breakdown conductivity.  Based 
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on these initial and very preliminary studies of the breakdown process and influence of 

different breakdown procedures, we are able to conclude that (i) uniformity and electrical 

conductivity can be substantially improved by optimization of the breakdown process, and 

(ii) even very modest optimization as described here is sufficient to allow a large fraction 

of devices to attain conductivities more than sufficient for efficient photoelectrochemical 

water splitting.  
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VI PEC measurements 

 

 

Figure 3.29. (a) Dry J-V characteristics of nSi/30nmSiO2/150nmNi81Fe19 MIS devices 

before and after breakdown for a 60 µm diameter metal dot contact. Inset is 

a breakdown curve. (b) J-V characteristics of the breakdown for temperature 

from 300K to 380K, demonstrating an approximatly linear relationship 

between current and voltage. Metal catalyst contacts were patterned in a 

square array, 60 µm diameter dots with a period of 120 µm. Every dot was 

subjected to an electrical breakdown process. (c) Dry I-V measurements in 

the dark and under 100 mW/cm2 white light illumination for a representative 

60 um diameter metal dot on p-Si/30nmSiO2/20nmTi/30nmPt. (d) Linear 

sweep voltammetry (LSV) curves in 1M KOH solutions for 

nSi/30nmSiO2/150nmNi81Fe19 and 

nGaAs/1.5nmAl2O3/30nmSiO2/150nmNi81Fe19 with/without breakdown. (e) 

LSV of pSi/30nmSiO2/20nmTi/30nmPt with and without breakdown in 1M 

H2SO4. The light is chopped when performing LSV and the illumination 

source light insensity is calibrated to 100 mW/cm2. (f) Chronoamperometry 

of nSi/30nmSiO2/150nmNi81Fe19 with breakdown in 1 M KOH solution. 

The total area exposed to solutions in (d)-(f) is 3 mm2 for each 

measurement. 
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Permalloy (Ni81Fe19) was used as the oxygen evolution reaction (OER) catalyst for 

all photoanodes in this work. For the hydrogen evolution reaction (HER) catalyst on 

photocathodes, 20nmTi/30nmPt bilayer metallization was used. All the OER and HER 

catalysts were patterned using photolithography and a lift-off process with various feature 

and pitch sizes. MIS photoelectrodes with several different metal oxides, including Al2O3 

and TiO2, deposited onto Si or GaAs substrates by various methods were also fabricated 

and tested. Here, we only show representative results with 30 nm thermally grown SiO2 as 

the oxide layer. After fabrication of the photoelectrodes, the localized dielectric breakdown 

process is performed on each dot in the catalyst array. The inset of Figure 3.29(a) shows a 

typical I-V curve during breakdown, with the voltage ramped linearly from 0V to 50V and 

back to 0V, for nSi/30nmSiO2/Ni81Fe19. The breakdown field is 9 MV/cm, which is a 

common value for thermal silicon oxides. The I-V characteristics before and after 

breakdown are shown in Figure 3.29(a). Before breakdown, the current is below the 

measurement noise level. After breakdown, the current density increases by several orders 

of magnitude. Since the substrate is n-Si, a negative bias applied to the top metal contact 

induces upward band-bending and accumulation of holes in silicon, corresponding to the 

working condition of photoanodes. Electrical conductivity at negative bias is therefore 

critical to PEC photoanode performance. Figure 3.25(d) shows that the current density for 

a single 60µm diameter dot, normalized to an area of 120µm×120µm that coresponds to 

the perioxicity of the dota array, can reach as high as 100 mA/cm2 or higher, already 

sufficient for a high-performance photoanode. Figure 3.29(b) shows the temperature 

dependence of I-V curves in dry condition, revealing ohmic-like conduction within the 

temperature range studied. 

The PEC performance for Si and GaAs based photoanodes is shown in Figure 

3.29(d). The photocurrent for samples not subjected to breakdown is zero over the range 
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of potentials applied. After the breakdown process, clear photoresponse with chopped light 

is observed. The highest photocurrent density and photovoltage are 9 mA/cm2 and 400 mV, 

respectively. The sample area is 3 mm2 containing 1000 metal dots, 60 μm in diameter 

arranged in a square array with a period of 120 μm, all of which were subjected individually 

to the breakdown process. Approaches for automating the breakdown process are under 

investigation. To demonstrate the applicability of this method to other semiconductors, an 

nGaAs/1.5nmAl2O3/30nmSiO2/150nmNi81Fe19 device was fabricated. The thin layer of 

Al2O3 grown by thermal ALD passivates the GaAs surface – a widely used approach for 

GaAs-based MOSFETs. The SiO2 layer was grown by plasma-enhanced-atomic-layer-

deposition (PEALD) in remote mode to ensure high quality. The PEC performance after 

breakdown is shown by the blue line in Figure 3.29(d). The result is similar to that of the 

silicon based photoanode. This method can also be used for photocathodes, as shown in 

Figure 3.29(e). For a pSi/30nmSiO2/20nmTi/30nmPt photocathode structure, without 

breakdown, the photocurrent is zero. After breakdown, the photocurrent density increases 

to 9 mA/cm2. However, the photovoltage is only 250 mV, smaller than that of the 

photoanodes. Fig. 3.29(f) shows a chronoamperometric test of photoanode, confirming 

stability after 40 hours in 1M KOH.  
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VII Antireflection functionality 

 

 

Figure.3.30 Antireflection coating and PEC performance (a) Numerical simulation of 

total reflection vs oxide thickness for various oxide on silicon. The global 

enviroment is water. The inset is picture for bare silicon wafer and samples 

with oxide thickness is optimized as shown in (b). (b) Total calculated 

reflection of various samples with optimized oxide thickness. The samples 

with 30nmSiO2/20nmTiO2 and 35nmAl2O3/15nmTiO2 show clear 

antireflection behavior arising from the presence of the oxide layers. (d) 

Linear sweep voltammetry of samples with different oxide layer structures, 

and metal catalyst array is 250µm diameter dots in a square array with a 

period of 500 µm. Higher IPCE for the SiO2/TiO2 and Al2O3/TiO2 

strucatures is clearly observed. 

The increased oxide layer thickness and flexibility to incorporate different, multiple 

oxide materials using this approach also enable antireflection functionality to be achieved. 

Figure 3.30 (a) and (b) show simulation results of optical reflectance vs oxide thickness for 

normally incident light in an aqueous environment. As we see in Figure 3.30 (a) and (b), 
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the reflectance is greatly reduced and the oxide layer thickness can be optimized by 

integrating the optical transmittance weighted by the solar spectrum over wavelength using 

the following equation: 

A = ∫ F(λ) × (1 – R(λ)) dλ      (15) 

where F(λ) is the solar spectrum and R is the reflectance. 

The optimized thicknesses shown in Figure 3.30(b) for SiO2/TiO2 and Al2O3/TiO2 

were obtained by this method. For bare silicon, the reflectance remains above 30% over 

the entire wavelength range shown. For the optimized SiO2/TiO2 and Al2O3/TiO2 

structures, the simulated optical reflectance is dramatically reduced. Photo graphs of real 

samples with optimized thickness for different thin-film materials are shown as insets in 

Figure 3.30(a). The incident-photon-to-current conversion efficiency (IPCE) measured for 

samples with different oxide thickness and material combinations are shown in Figure 

3.30(c). Samples with lower reflectance as simulated in Figure 3.30(b) exhibit higher IPCE 

values over the entire visible light wavelength range, confirming the efficacy of this 

approach. 

 

3.2.6 Summary  

Breakdown is a phenomenon which people want to avoid in CMOS industry. 

However, it can be utilized in MIS junction photoelectrodes. By incorporating dielectric 

breakdown, we can improve the stability while maintain the efficiency. Breakdown 

mechanism is shortly reviewed and optimization of breakdown is performed. The MIS-

junction photoelectrodes with breakdown treatment show a reasonable PEC response and 

good stability. In addition, antireflection functionality can also be integrated. 
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Chapter 4 Conclusions and Future Work 

This dissertation has covered different approaches for improving efficiencies of 

silicon based MIS-junction photoelectrodes for water splitting.  

Chapter 1 reviews the overall background of energy crisis, the concept of hydrogen 

economy and the mechanism and design principles of MIS-junction photoelectrodes. The 

oxide, which serves both as the protection layer and conducting layer, is very critical.  

Chapter 2 summarized the engineering of metal catalysts. Both oxygen evolution 

reaction (OER) catalysts and hydrogen evolution (HER) reaction catalysts are discussed. 

For HER, work function engineering of Ti/Pt bilayer metal catalysts is performed to 

increase the obtained photovoltage. The optimized combination is 30 nm Ti followed by 

20 nm Pt. For OER, we use Permalloy (Py) as the OER catalyst, since it is compatible to 

the fabrication process, compared with more popular NiFe layered double hydroxides. Py 

proves to be an efficient OER catalysts and it keeps the conductivity to reduce the ohmic 

loss in MIS junction.  

Chapter 3 discussed two novel methods we studied for engineering of oxide. First, 

for p-Si photocathode, we use epitaxial SrTiO3 as the protection layer. It has very small 

conduction band offset to silicon and can be grown epitaxial onto (100) Si surface in single 

crystal. This devices give the highest photocurrent density to data (~35 mA/cm2) and 

highest ABPE efficiency (4.9%). In addition, in chapter 3, we introduce dielectric 

breakdown for application in MIS junction photoelectrodes to decouple the two roles of 

the insulator by employing localized dielectric breakdown. This approach allows the 

insulator to be thick, which enhances stability, while enabling low-resistance carrier 

transport as required for efficiency. This method can be applied to various-oxides, such as 

SiO2 and Al2O3. In addition, it is suitable for silicon, III-V, and other optical absorbers for 
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both photocathodes and photoanodes. Finally, the thick metal-oxide layer can serve as a 

thin-film antireflection coating, which increases light absorption efficiency.  

For future work, optimization of the breakdown process and understanding the 

mechanisms will be included, since it is expected to increase the overall current density in 

PEC measurement. This will also benefit the resistive switching memory (ReRAM) 

research community, because one of the most limiting factors for commercializing ReRAM 

is the large variation (read variation, device-to-device variation and et.al. ), which has the 

same origin with our dielectric breakdown. Scalability of the breakdown procedure to large 

arrays will also need to be addressed.  
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