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Introduction

1.1. The energy challenge

ver since the industrial revolution, human demand for transport, heat and elec-
Etricity has increased significantly and the demand for energy has reached an
unprecedented level. Much of this demand is driven by the economic, scientific and
technological progress, as well as the exponential growth of human population from
700 million before the industrial era (in the mid 1700s) to 7.6 billion as of February
2018.1 The global energy consumption in 2015 was 575 quadrillion British thermal
units (Quad BTU)? or 606 x 10'8 joules (606 exajoules), which is an average energy
consumption rate of 19.2 terrawatts (TW).? Currently, 80% of the total primary
energy supply is obtained from fossil fuels, such as oil, coal and natural gas.® The
consumption of fossil fuels is inevitably accompanied by the release of long-lived
greenhouse gasses into the atmosphere, mainly carbon dioxide (COz) that warms
the planet. Since the mid-20*" century, the concentration of anthropogenic COs in
the atmosphere has steadily increased at a rate that is unprecedented, rising the
global surface temperature of about +0.9 °C relative to 1951-1980 average temper-
atures. »°

The synthesis report of the Intergovernmental Panel of Climate Change (IPCC)
has previously provided estimates of how much CO2 can be emitted into the at-
mosphere to stabilize the temperature below a global average of 2 °C above pre-
industrial level.® This finite quota of cumulative CO9 emissions is known as the
carbon budget. The global carbon budget determines the input of CO2 to the atmo-
sphere by emissions from human activities, and the resulting changes in the storage
of carbon (carbon sinks) on the land and in the ocean reservoir.” For any given
emissions, carbon that does not go into the land or ocean will remain in the atmo-
sphere. In 2012, IPCC’s report stated that the world had a remaining budget of
1000 GtCO2 to be emitted in order to limit the global warming to less than 2 °C
relative to the period 1860-1880 with a likelihood of 66%. This remaining budget
has already dropped to about 800 GtCOs in 2017.% Currently, the global emission
level is roughly 40 GtCOgq per year (Fig. 1.1a), mostly comes from fossil fuels and
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Figure 1.1: (a) Combined components of global carbon budget as a function of time, for emissions from
fossil fuels and industry and emissions from land-use change, as well as their partitioning among land,
ocean and the atmosphere.”? (b) Historical emissions to 2016 and exponential decay pathways such
that global cumulative CO2 emission quota is never exceeded. Data and chart from Robbie Andrew at
Center for International Climate Research (CICERO) and the Global Carbon Project. /11011

industry with small contributions from human-driven land-use changes including
deforestation, afforestation, logging (forest degradation and harvest activity), shift-
ing cultivation (cutting forest for agriculture and then abandoning) and regrowth
of forests following wood harvest or abandonment of agriculture.” If the emissions
continue at today’s rate, the budget will be entirely gone in about 20 years.”

To avoid 2 °C warming, global emissions need to stabilize at a peak level and
rapidly decline thereafter. If mitigation efforts had been started in 2000, it would
have been possible to gradually decrease emissions at a rate of 3% per year (Fig.
1.1b). Starting mitigation in 2018 with the remaining carbon budget will require
about 10% of emission reduction per year. If global emissions stay at current level
and begin to fall a decade later, the reduction rate would have to be nearly 30% per
year. As the world is on the verge of climate catastrophe, with the next few years a
crucial period in making decisions about how the planet may survive, it is therefore
imperative that the global community to move as quickly as possible to drastically
reduce carbon emissions.

By 2050, the world population is projected to reach 9.8 billion,? and 30 TW
of power supply will be needed to meet the future global demand.® Though oil,
coal and natural gas reserves will still likely be sufficient to satisfy the world’s
ravenous appetite for energy, the continued use of fossil fuels will roughly double the
current emission by mid-century. With this ”"business-as-usual” scenario and no new
substantial policy to restrain emissions, the global average surface temperature will
reach 4 °C above the pre-industrial baseline. 1* 16 To avoid devastating consequences,
the global community need a vast shift in where they source their energy moving
away from fossil fuels toward carbon-neutral sources. Supplying an additional 16
TW by 2050 with all carbon-neutral energy is a challenging task. As has been
reported by many literatures, most renewable sources are insufficient to keep up
with the fast-growing demand for energy (Fig. 1.2). Hydroelectric power is an
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Figure 1.2: (a) Globally exploited power of various renewable energy sources. 13,17,19,20 Note that the
solar power presented in this figure is calculated based on 0.8% coverage of land surface using 10%
efficient solar cells. (b) Current installed power capacity of renewable energy sources in 2016. The
number in each blue box represents the supplied electricity by the corresponding renewable energy
source. Data are obtained from Ref. 22, except for nuclear power from Ref. 23 and Ref. 24.

excellent source of clean sustainable energy but the remaining practically exploitable
hydroelectric sources is less than 0.5 TW.!” The total energy in all tides and ocean
currents amounts less than 2 TW. The energy density of wind is too low,'® and
the total energy of globally extracted wind power from on- and off-shore facilities
has been estimated to be 2-4 TW. ¥ Geothermal energy has enormous potential but
only small fraction can be classified as resources and reserves, with an accessible
portion between 12 and 15 TW.!” The maximum available biomass energy from the
agricultural land is 7-10 TW, but obtaining this amount would take the area needed
to accommodate a population of 9.2 billion in 2050 and would require harvesting all
crops for energy exclusively. 2’

Nuclear power is conceptually a viable carbon-neutral option and has contributed
roughly 11% to today’s world electricity. " The estimated terrestrial uranium re-
sources for nuclear power, however, is limited to only 100 TW-year.'® Thus if
nuclear fission is to supply 10 TW, the terrestrial uranium base resource will be
exhausted within a decade. Moreover, delivering a 10-TW value by 2050 would take
construction of ten thousand nuclear power plants with a new 1-GW nuclear power
plant has to be built every 1.2 days over the next 32 years. 1320

Of all the possible carbon-neutral solutions, the energy provided by the sun is
by far the most abundant resource on Earth, exceeding all other renewable energy
sources combined. A total of 120,000 TW of solar energy strikes the Earth’s surface
continuously. Energy delivered by the sun in 1.5 hours (648 exajoules) is more than
all of the energy currently consumed on the planet in 1 year (606 exajoules in 2015).
However, the intermittent nature of the sun renders a high variability of the terres-
trial solar resource. The availability of solar power is subjected to day/night cycle,
weather condition and seasonal variation. Moreover, the solar energy potentials are
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Figure 1.3: Solar resource maps showing annual and daily global horizontal irradiance. 2

geographically constrained to areas close to the equator. For example, Northern
Canada, Scandinavia and Russia only have average solar irradiances below 3 kWh
m~2 per day, whereas some regions in Africa, South America, Northern Australia
and the Middle East have average daily solar resources above 7 kWh m~2 (Fig. 1.3).

The main challenge of the intermittent solar energy for electricity production
is that it is not able to adapt with changes in demands over the same time scales.
This is because solar power is non-dispatchable; it only generates electricity when
the sun shines. In traditional grid-connected power systems, variation of electricity
demand is typically handled by base load and peak load power plants that provide
constant power to the minimum level of electricity demand during various period
of the day and add supply above that level in times of high demand, respectively.
The fluctuation of solar power generation disrupts the grid operation and forces
the grid operator to adjust the grid operation ahead of time and to include other
power generators in order to compensate for the sudden shortfalls or excesses of
solar power production. Thus, penetration of solar electricity in power grids will
require supplementary power sources with constant power delivery and minimum
variability in order to maintain the balance between electricity supply and demand.

1.2. Solar fuel: a promising energy storage solution

As discussed in the previous section, fossil fuels do not provide carbon-neutral solu-
tions to the global energy problem and other renewables are limited in their resource
availability and power capacity. Therefore, if solar is to be the primary source of
energy, it needs to be stored during times when power generation exceeds the con-
sumption so that it can be deployed for later use and distribution. In principle,
storing solar energy offers two main advantages; (i) it allows solar energy to become
available 24 hours a day, 7 days a week, thus enabling synchronization between the
trend of solar power generation and the demand pattern; (ii) it permits distribution
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Figure 1.4: Specific energy (MJ kg_l) and energy density (MJ L_l) at 1 bar (unless specified) of
various energy storage forms. 13:26-30

and decentralization of solar energy, improving security of supply and allowing the
end users to have control over power utilization.?® Numerous storage technologies
are available today in various forms; (i) mechanical storage systems, such as hy-
droelectric pump and compressed air; (ii) electrochemical storage mechanisms, such
as (super/ultra)-capacitors and batteries; and (iii) chemical energy storage, such as
fuels, to name a few (Fig. 1.4).

The ability of a storage system to store energy is often characterized by its
volumetric energy density (energy per unit volume) and specific energy (or energy
density per unit mass). Mechanical energy storage such as pumped hydroelectric
has an absolute poor energy density and is limited by geographic constraints. Com-
pressed air energy storage, although has the potential to provide large-scale solution,
has a limited energy storage efficiency because of severe temperature changes due to
rapid compression and expansion. Electrochemical storage such as electrochemical
batteries and super/ultra-capacitors are low energy storage devices because elec-
trons are stored in atoms composing the electrodes, and thus the volume in which
electron and cation reside and transfer is limited to the physical properties of the
electrode materials and the electrolyte. 26

Chemical energy storage in chemical fuels provides the most effective method to
storing energy with 2-3 orders of magnitude higher energy density than other energy
storage forms (Fig. 1.4). In fuels, the high energy density is achieved by storage of
electrons in a smallest possible configuration—chemical bonds between light elements.
Examples of chemical fuels include hydrocarbon-based (C-H) fuels such as methanol,
natural gas, gasoline and diesel; nitrogen-based (N-H) fuels such as ammonia; and
hydrogen (H-H, Hy). Whereas hydrocarbons provide the highest volumetric energy
density compared to other energy storage forms, they require a source of carbon
in their formation and they always produce CO2 upon combustion. In view of



climate concerns outlined in the previous section, COs emissions are not desired,
and therefore the use of hydrocarbon-based fuels should be avoided as much as
possible. Alternatively, CO2 can be directly captured upon combustion (e.g. from
automobiles, industrial power plants and factories) and be reused as a fuel, thus
closing the anthropogenic carbon cycle. A conceptually carbon-neutral approach
to convert CO2 to fuels such as methanol and methane using solar energy is by
direct/indirect photo(electro)chemical processes. However, this method proceeds at
a cost of an extensive energy penalty associated with complex six- or eight-electron
transfer reaction steps for COg conversion to methanol or methane, respectively.

Hydrogen is a carbon-free chemical fuel that has the highest energy density in
mass (almost three times higher than gasoline) but suffers in low volumetric energy
density. This is because hydrogen is in the gas phase under normal condition. At
room temperature and under atmospheric pressure, hydrogen gas requires almost
3000 times more space than gasoline for an equivalent amount of energy. The volu-
metric energy density of hydrogen can be increased by storing it in a high-pressure
tank at 700 bar (volumetric energy density =~ 5.6 MJ L71), but at an expense of
10-15% energy loss for gas compression. 3! In the liquid form, the volumetric energy
density is 2 times larger than the compressed hydrogen, but 30-40% of its energy
content will be required for liquefaction.?! Storing hydrogen in the form of metal
hydride is another possible option, but only small fraction of hydrogen atoms can
be inserted in each metal atom (gravimetric storage capacity <2%). Alternatively,
hydrogen and CO3 can be used to produce carbon monoxide (CO) by the water-gas
shift reaction, and a mixture of CO and hydrogen (synthesis gas) can be converted
into liquid hydrocarbons, such as methanol and diesel by Fischer-Tropsch process. 32

Solar energy conversion to hydrogen is perhaps the most attractive route to
storing the abundant energy of sunlight. Numerous pathways to produce hydro-
gen from solar energy are well documented.30:33:3% This thesis will focus on the
photoelectrochemical (PEC) approach in which solar energy is directly converted to
hydrogen fuel by means of solar water electrolysis. Indirect methods such as coupled
photovoltaic (PV) modules and commercial electrolyzer units are well established
and have been demonstrated at various scales.?° 38 In principle, there are at least
two main advantages of direct PEC water splitting over PV—electrolyzer. First,
PEC systems operate at a much lower current density (10 mA cm™2 as compared
with 1 A em™ for commercial electrolyzer), and therefore require lower overvoltages
to drive the water electrolysis process, allowing the systems to potentially achieve
higher efficiencies. Second, a direct PEC system can be constructed using a single
monolithic device, and thus entails fewer additional components than a combina-
tion of PV—electrolyzer, which may lead to substantially lower balance-of-system
(BOS) cost for hydrogen production.? The target hydrogen cost that is set by the
U.S. Department of Energy (DOE) is $2-4/kg and the cost for hydrogen generation
with PV—electrolyzer has been estimated to be more than $8/kg. As has now been
documented by literatures, direct PEC technology may offer a route toward com-
petitive hydrogen costs3%%? and provide a disruptive approach to fuel production
from existing energy sources.

To date, various solar hydrogen systems have been proposed and numerous PEC
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devices with key light-absorbing materials have been demonstrated experimentally
in research laboratories. However, the low solar-to-hydrogen (STH) efficiency and
material electrochemical instability have impeded the deployment of PEC technology
at industrial scale. This thesis aims to identify the limiting factors that contribute
to the low device efficiency and provide engineering solutions to improve the per-
formance of systems that are comprised a single photoabsorber. The selection of
light-harvesting components in this study is limited to only technologically impor-
tant, industrially well-developed, non-oxide photoactive materials such as silicon.
Using cost-effective deposition and processsing techniques, this thesis demonstrates
various strategies to protect and stabilize otherwise unstable photoabsorbers under
PEC operating conditions. This study agrees with the consensus that the STH effi-
ciency of PEC systems that contain a single light-absorber will be low and that the
overall solar water electrolysis that proceeds at economically reasonable efficiencies
can only be achieved by integrated devices that comprise multiple absorbers with
spectrally matched absorption range.*!™46 Although this topic will not be fully ad-
dressed in this thesis, a high-performing and electrochemically stable single solar
absorber should relax the requirements for the second or the third photoabsorber
and thus should always be considered in any design and implementation of solar
hydrogen generating systems.

1.3. Organization of this thesis

This thesis focuses on the engineering of photoactive materials for sunlight-driven
water splitting systems that are efficient, stable and composed from cheap and
abundant elements. Two different materials for two different electrochemical half-
reactions are independently investigated in this study: (i) crystalline silicon as a
photoanode for solar water oxidation, and (ii) amorphous silicon carbide as a pho-
tocathode for solar water reduction. Each of these materials will be explored in two
interconnected chapters. The general scope of each study includes identification of
performance limiting factors, demonstration of effective improvement strategies and
stabilization of otherwise chemically-unstable photoelectrodes.

In PEC water splitting, the light collection and charge separation for direct
conversion of solar energy to hydrogen and oxygen through water electrolysis is
performed by the semiconductor electrode. In chapter 2, a concise view of semi-
conductor physics will be first introduced. Two semiconductor junction concepts
will be discussed: semiconductor-liquid junctions and metal-semiconductor (Schot-
tky) junctions, both of which share mutually similar rectifying characteristics and
current transport processes. Additionally, the working principle of PEC water split-
ting cells and the calculation of solar energy conversion efficiencies are presented.
Furthermore, general requirements for suitable water-splitting photoelectrodes are
outlined.

Metal-insulator-semiconductor (MIS) junctions are an advanced concept in which
the insulating layer plays a critical role in improving the device performance for so-
lar energy conversion. The ability of a solar water splitting electrode to capture
and convert sunlight to chemical products is often characterized by the photocur-
rent and photovoltage. In chapter 3, MIS junction crystalline silicon photoanodes



capable of generating a high photovoltage is demonstrated. A high photovoltage
is achieved by engineering the MIS interfaces, including the use of interfacial ox-
ides and applications of two metal components with different functionalities. Dark
and illuminated cyclic voltammetry, electrochemical open-circuit potential measure-
ment and Mott-Schottky analysis are used to investigate the device performance.
Additionally, depth profiling analysis by x-ray photoelectron spectroscopy (XPS)
equipped with ion etching is used to analyze the structural composition of the pho-
toanode. Furthermore, the device stability is evaluated by chronoamperometry test
in an alkaline solution under simulated solar illumination.

In chapter 4, the role of the interfacial oxides and metal workfunction for im-
proving MIS junction photovoltage is further explored. The rectifying properties
of the MIS devices with different interfacial oxides and various metal contacts are
analyzed: (i) by fitting the dark current—voltage curves with the single- and the
double-diode models, and (ii) by analyzing capacitance-voltage data using Mott-
Schottky relationships. Important parameters such as the dark reverse saturation
current, the diode ideality factor and the barrier height are extracted to obtain quan-
titative information about the influence of the metal workfunction and oxide thick-
ness on the junction properties and the device photovoltage. Additionally, cyclic
voltammetry and electrochemical open-circuit potential measurements are used to
evaluate the photoanode performance. The theoretical photovoltages are calculated
using the thermionic emission and tunneling equations and are compared with the
experimentally-measured values. Furthermore, the effects of oxide thickness on the
MIS photovoltage are presented.

Amorphous silicon-based semiconductor is a promising photoelectrode material
because of its strong absorption coefficient that allows for the use of thin film as
the light-absorber and its relatively wide band gap that enables device integration
with smaller band gap semiconductors for maximum spectral utilization and high
photovoltage generation. In chapter 5, a p-i-n junction photocathode is constructed
using a p-type (p) amorphous silicon carbide (a-SiC), an intrinsic-type (i) a-SiC
and an amorphous titanium dioxide (TiOg2). Two different device structures are
compared: p-i a-SiC and p-i a-SiC/TiO3. Mott-Schottky analysis is used to inves-
tigate the energetics of both structures and electrochemical open-circuit potential
measurement is performed to evaluate the device photovoltages. The TiOs2 acts
as a front surface field layer that isolates the internal electric field across the p-i-n
junction and gives rise to a photovoltage that is higher than the p-i-liquid junction
and is independent of the solid-liquid interaction. The surface reaction kinetics of
the photocathode surface is improved by depositing two different electrocatalysts:
platinum (Pt) and nickel-molybdenum (Ni-Mo). The photoelectrochemical activity
and the spectral response of the photocathodes are analyzed by cyclic voltammetry
and incident photon-to-current conversion efficiency (IPCE) measurements, respec-
tively. The stability of the photocathodes is examined by chronoamperometry test
in an electrolyte solution at pH 4 under simulated 1 sun illumination.

The electrocatalytic activity of Ni-Mo on TiO2 is further evaluated in chapter 6.
Scanning electron microscopy (SEM) is used to investigate the surface topography
and the catalyst morphology. The resulting deposits of Ni-Mo by electrodeposition
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are dispersed nanoparticles with nano-scale gaps that expose the underlying sub-
strate. The incomplete surface coverage of Ni-Mo leads to a low number of active
sites that decreases the electron transfer at the interface and reduces the rate of
the surface catalytic reaction. To solve this, a thin Ni film is deposited using sput-
tering prior to the electrodeposition of Ni-Mo. The electrochemical activity of the
electrocatalysts is evaluated using cyclic voltammetry in an alkaline electrolyte at
pH 14. The catalytic activity of Ni/Ni-Mo is further evaluated on an a-SiC/TiO4
photocathode by cyclic voltammetry under simulated solar irradiation. The device
stability is tested by illuminated chronoamperometry in an alkaline electrolyte at
pH 14.
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Fundamentals

he design and construction of a sunlight-driven electrochemical system that
T splits water to hydrogen and oxygen requires knowledge and understanding of
fundamental aspects of device components and mechanisms underlying photoelec-
trochemistry. In a photoelectrochemical water splitting cell, the semiconductor is
the main component that captures and converts solar energy into an electronic driv-
ing force to drive the non-spontaneous reaction of water electrolysis. This chapter
aims to present a brief view of semiconductor physics and the working principle of
solar water splitting cells utilizing concepts that have been presented in several text-
books and introductory reviews. At the beginning of this chapter, the basic physics
of semiconductor devices will be first discussed, and the concept of semiconductor
junctions relevant to photoelectrochemical processes will be presented. The work-
ing principle of photoelectrochemical water splitting cells and calculations of energy
conversion efficiencies will be discussed in the following section. Finally, discussions
on fundamental requirements of a semiconductor material for sunlight-driven water
splitting will be presented.

2.1. Physics of semiconductors

Depending on the electrical conductivity, materials can be categorized as metal,
insulator, and semiconductor. The underlying principle of these materials can be
understood in terms of quantum states for electrons. In a single isolated atom,
electrons reside in atomic orbitals of which energy levels are discrete. According to
the Pauli exclusion principle, two electrons cannot occupy the same quantum state
simultaneously. If two atoms join together to form a molecule, their atomic orbitals
overlap and combine to form the same number of molecular orbitals (bonding and
anti bonding) with different energy so that the electron from the former atomic
orbital can occupy the new orbital. The number of atoms in solid is very large and
thus the number of orbitals is very large. The atomic arrangement in solid gives
rise to sets of orbitals that are extremely close together such that their energies are
closely spaced and can be viewed as a continuum of allowed states or an energy
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band.

A solid has a large number of bands in the electronic band structure, but the most
important ones are those that are close to the Fermi level, called the valence band
and the conduction band. Fermi level is defined as an energy level of an electron that
has half probability of being occupied at any given time. The valence band is a set
of closely spaced energy levels that is occupied by valence electrons, and is defined as
the highest occupied energy band. Ideally, at absolute zero temperature the valence
band is completely filled by electrons. These electrons are effectively immobile, but
can be thermally excited into the conduction band at temperatures above absolute
zero. The conduction band, on the other hand is the lowest unoccupied energy band
in the electronic structure, and is completely empty at absolute zero, thus allowing
the electrons to be mobile through the lattice. Because of quantization of energy,
the valence and the conduction bands are separated by a forbidden gap (or simply
a band gap) in which no electron can exist. Depending on the size of the band gap,
materials can be classified in terms of their conductivity. An insulator has a very
wide band gap such that thermalization of electrons will not reach the conduction
band, and the Fermi level sits at exactly halfway the band gap. For example, a good
insulator such as silicon dioxide (SiO2) has a band gap of 9 eV.! In a metal, the
valence band and the conduction band overlap such that electrons can easily move
into the conduction band, which makes it electrically conductive. Figure 2.1 shows
the electronic band structure of insulator, metal and semiconductor.

Semiconductors are materials with an electrical conductivity that falls between
metals and insulators, with band gaps typically ranging from 0.7 to 3.5 eV. Although
the width of the band gap will not allow for room-temperature thermal excitation,
it is still within the range of energy provided by sunlight. This unique property
of semiconductors is an important feature for solar-energy capture and conversion

conduction band

% conduction band

3 7

5 E,>> kT E, > kT conduction band

s| g---- ( ------ Ep-==—--f------ £, T Joverlap
5 valence band

(]

v valence band

valence band

insulator semiconductor metal

Figure 2.1: Energy band diagram of insulator, intrinsic semiconductor and metal. The Fermi level
and the band gap are denoted as Ef and Eg, respectively. The term kT is thermal energy (k is the
Boltzmann's constant and T is the temperature), and has a value of 25.7 eV at room temperature (298
K).



2.1.Physics of semiconductors 17

devices such as photovoltaic and photoelectrochemical cells whose charge carriers
can be extracted by photoexcitation.

The distribution of electrons in an energy level is a function of the density of
states in the valence and conduction bands and the Fermi-Dirac distribution. The
density of states g at an energy E in the conduction band close to E¢ and in the
valence band close to Ey are given by:

mjy\/2m; (E-Eg)

8c(E) = 2 (2.1a)
mjy/2m; (E - Ec)
gv(E) = 373 (2.1b)

where m; and m; are the effective mass of electrons and holes, respectively, 7
(= h/2m) is the reduced Planck’s constant, h is the Planck’s constant, Ec and Ey
are the energy levels of the conduction and valence band edge, respectively. The
Fermi-Dirac distribution function f(E) is given by:

fB= (2.2)

1+exp (E ;ITSF )
where k is the Boltzmann’s constant (1.38 x 1072 m? kg s72 k™!) and Ep is the
Fermi energy. The term kT is the thermal energy, and at room temperature (298
K) has a value of 25.7 meV.

The conductivity of a material is determined by the concentration of electrons in
the conduction band and holes in the valence band. The total population of electrons
in the conduction band and holes in the valence band is obtained by integrating the
product of the density of states and the Fermi-Dirac distribution function across the
whole energy band, as given by:

Etop

n:f gc(E) f(E)dE (2.3a)
Ec
Ev

p= g (BE)[1-f(BE)]dE (2.3b)
Epbottom

For non-degenerate semiconductors, the difference between the Fermi level and the
conduction band edge or the valence band edge is greater than 3kT (Ec— Ep or
Erp—Evy >3kT). Equation 2.3 can be simplified by substituting the density of states
and the distribution function, as given by:

Er—E
n:NCexp( FkT C), Ec—Ep=3kT (2.4a)

Ey-E
p:Nvexp(%), Ep—Ey =3kT (2.4b)



18

where N¢ and Ny are the effective density of states in the conduction band and the
valence band, respectively, and are given by:

2nmikT\3?

o= 24T 5
2nrmy kT 3/2

o= 22AT) o

Pure semiconductors (also called intrinsic semiconductors) are not desired for
many optoelectronic applications because of their low concentration of free carriers
which results in poor conductivity. Alternatively, the density of electrons and holes
in an intrinsic semiconductor can be manipulated by substituting the host atoms
with dopant impurities in the lattice. Semiconductors with dopant impurities are
called extrinsic semiconductors. Depending on the number of valence electron in
the dopant atom, the impurities can serve either as donors or acceptors. One of
many semiconductor materials that is commonly doped is silicon (Si). Each Si atom
has four valence electrons, and they are covalently bonded with other Si atoms.
To increase the electron concentration, some of the Si atoms are substituted with
atoms that have five valence electrons, such as phosphorus (P). When introducing
phosphorus into the Si lattice, four valence electrons in the phosphorus atom readily
form bonds with the neighboring four Si atoms (Fig. 2.2a). The fifth valence
electron cannot take part in forming a bond and becomes weakly bound to the
phosphorus atom. Consequently, the excess electron can easily be liberated by
absorption of thermal energy at room temperature, and once free, the electron can
move throughout the lattice. Phosphorus atoms that substitute Si atoms and donate
free electrons are called donors. A semiconductor that has excess free electrons
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Figure 2.2: Doping process of silicon (Si): (a) A phosphorus atom (P) with five valence electrons
substitutes a Si atom the lattice, resulting a free electron. (b) A boron (B) atom with three valence
electrons substitutes a Si atom, resulting a hole.
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Figure 2.3: Energy band diagram of extrinsic semiconductors: (a) n-type, and (b) p-type.

(electrons are the majority carriers) is called an n-type semiconductor. Conversely,
free holes can be introduced into the Si lattice by substituting some of the Si atoms
with atoms that have three valence electrons, such as boron (B). Boron atom cannot
form a bond with all the four neighboring Si atoms, leaving a hole in the lattice, but
it readily accepts an electron from the nearby Si atom (Fig. 2.2b). Because of their
behavior that accepts electrons, boron impurities in the Si lattice are called acceptors.
A semiconductor that has excess free holes (holes are the majority carriers) is called
a p-type semiconductor.

The energy band diagram of an n-type semiconductor and a p-type semiconduc-
tor are shown schematically in Fig. 2.3. Because of a large concentration of electrons
in the n-type semiconductor, the Fermi level (Er) resides near the conduction band
edge (Eg). Conversely, the large population of holes in the p-type semiconductor
places the Fermi level near the valence band edge (Ev).

2.2. Semiconductor junctions

This section will focus on semiconductor junction concepts that are generally used
for solar water splitting electrodes. The physics of the traditional semiconductor-
liquid junctions will be first introduced, followed by an innovative concept such as
metal-semiconductor junctions. Lastly, the energetics of semiconductor junctions
and the current transport mechanisms across the junction will be discussed.

Semiconductor-liquid junctions

When a semiconductor is brought into contact with liquid, charge transfer will occur
between the semiconductor and the solution (Fig. 2.4a) until an equilibrium is
reached. The flow of charge carriers from the semiconductor to the solution leads to
the depletion of free carriers near the semiconductor-liquid interface and gives rise
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Figure 2.4: Energy band diagram of a semiconductor-liquid junction in a solution containing a redox
couple (A/A7), having an electrochemical potential E® (A/A™) (a) before equilibrium, (b) after equi-
librium with the redox couple, and (c) under illumination. The barrier height (¢p,) is given by the
difference between the conduction band edge (Ecg) and E® (A/A™). Under illumination, the non-
equilibrium concentration of photogenerated charge carriers are represented by the quasi-Fermi level of
electron (Ef ) and hole (Ef ). The voltage of a semiconductor-liquid junction electrode generated

due to charge excitation under illumination is given by the difference between (Eg ) and E® (A/A7).

to a region that is free of mobile charges called the space-charge region. The region
outside the space-charge region maintains its charge neutrality, and is called the
quasi-neutral region. After equilibration, the electrochemical potential (i.e., Fermi
level, Er) has a constant position and is the same across the semiconductor-liquid
junction.

The electrostatic potential difference between the boundaries of the space-charge
region is called the diffusion potential or the built-in voltage (y;). The magnitude
of w1, represents the maximum attainable photovoltage, and is determined by the
initial difference in electrochemical potentials between the the semiconductor and
the solution. Because of the electrostatic potential difference, an internal electric
field is established inside the space-charge region. The strength of electric field is
zero outside the space-charge region and maximum (&nax) at the semiconductor-
liquid interface. Assuming the conduction and the valence band edges are pinned
at the semiconductor-liquid interface, &max is a function of applied voltage (V) as
given by:

émax = \/quD (u’bi -V- k_qT) (26)

€0€s

where €y is the vacuum dielectric permittivity, es is the dielectric permittivity of
the semiconductor, Np is the donor concentration, and g is the elementary charge
(1.6 x 10719 C). Separation of charge carriers generated by light absorption in the
semiconductor takes place in the space-charge region by this electric field.
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For an n-type semiconductor, the space-charge region will have an excess positive
charge as a result of the ionized dopant atoms that are no longer compensated by
the mobile charges (Fig. 2.4b). The solution, on the other hand, will have an
excess negative charge. The distribution of positive charges in the semiconductor
is spread across the the space-charge region, while negative charges in the solution
are concentrated in a much narrower region (46 A)? called the Helmholtz layer.
The width of the space-charge region (W) in the semiconductor is a function of the
applied voltage as given by:

Zeoes( kT)
W=/ —— i—V—-— 2.7
\/qND (/48 7 (2.7)

The theoretical limit of internal energy that can be extracted from photogen-
erated charge carriers at a semiconductor-liquid junction is determined by the po-
tential energy barrier at the semiconductor-liquid interface. For an n-type semicon-
ductor, the height of this barrier (¢y,) is given by the initial difference between the
energy level of the conduction band edge and the electrochemical potential of the
liquid. To enable maximum generation of photovoltage from a semiconductor-liquid
junction, the barrier should be as high as possible. Intuitively, the barrier height of
a semiconductor-liquid junction can be tuned by varying the electrochemical poten-
tial of the redox couple in the solution. In a photoelectrochemical water splitting
cell, however, the electrochemical potential of the redox couple is fixed by the de-
sired chemistry. For example, the redox pair of interest for an n-type semiconductor
photoanode is O/H20, and for a p-type semiconductor photocathode is H /Ha.

Alternatively, the interfacial energetics of a semiconductor-liquid junction can
be optimized by adjusting the pH of the liquid solution. For water oxidation, the
dependence of E° (O3/H20) on the pH is expressed by:

E°(02/H20)=1.23 V-0.059 VxpH  (V vs. NHE) (2.8)

Equation 2.8 suggests that E° (Oy/H50) will shift =59 mV per pH unit with respect
to the band edges of the semiconductor. This approach, however, is not practically
useful because semiconductor surfaces in contact with water tend to form hydroxyl
groups that adsorb/desorb protons depending on the pH of the solution. The pro-
tonation/deprotonation of these surface groups generates a potential drop across
the Helmholtz layer that shifts the band edges following the movement of the water
redox potentials (=59 mV per pH unit). As the band edges stay constant relative to
the electrochemical potential of the redox couple, the energetics of a semiconductor-
liquid junction remain pH-independent in water.

The upper limit of photovoltage that can be generated by a semiconductor-liquid
junction under illumination is reduced by the amount of various losses due to re-
combination events occurring in various regions of the semiconductor. As a result,
the actual photovoltage does not reach the maximum achievable value given by the
built-in voltage described above. In principle, the photovoltage of an illuminated
semiconductor-liquid junction electrode is given by the difference between the quasi-
Fermi level of electron (Ep ) and hole (Epp) (Fig. 2.4c). The quasi-Fermi level
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represents the electrochemical potential of one type of carrier at a time (i.e., either
electron or hole), and according to Fermi-Dirac distribution, describes the concentra-
tion of electrons and holes in the semiconductor under non-equilibrium conditions.
In the absence of significant surface capacitance and band edge movement due to
illumination, the degree of quasi-Fermi level splitting, thus the photovoltage, can
simply be estimated by the change of open-circuit potential in the dark and under
illumination.

Under illuminated open-circuit condition, there is no net current flow through
the junction, and the degree of splitting of electron and hole quasi-Fermi levels
equals to the open-circuit voltage (Vo). For semiconductors with a flat surface,
the theoretical expression for V. of an illuminated semiconductor-liquid junction is
given by the diode equation:

_ kT n(jp;h +1) = @ln(jl,';h)
Jo

; (2.9)

where n is the diode ideality factor, k is the Boltzmann’s constant (1.38 x 10723
m? kg s72 k1), T is the temperature (in K), g is the elementary charge (1.6 x
10719 C), Jjph is the light-limited photocurrent density and jp is the dark reverse
saturation current density. jo is a fundamental parameter that depends on the
complex recombination processes in the semiconductor. The value of 7 is a measure
of the junction quality and the type of recombination in the semiconductor. For
an ideal junction where recombination events are limited by the recombination of
minority carriers in the bulk, n is equal to 1. If other recombination mechanisms
occur, such as recombination in the space-charge region and/or on the surface, n will
be greater than unity. A high n value is typically a signal of a high recombination,
and is usually accompanied with a high value of jy. Therefore, a high n will lead to
a lower V.

In the absence of mass transport limitations in the electrolyte and charge transfer
losses due to recombination at the semiconductor-liquid interface, electronic trans-
port mechanisms in a semiconductor-liquid junction electrode are similar to those
in a metal-semiconductor junction. These topics will be discussed in detail in the
following section.

Metal-semiconductor junctions

The barrier formation at a metal-semiconductor contact is similar to that at a
semiconductor-liquid junction, except that the electrostatic potential difference arises
from the workfunction difference between the metal (®y,) and the semiconductor
(®s). If the workfunction of the metal exceeds that of an n-type semiconductor, the
bands will bend upward (Fig. 2.5a). Conversely, if the metal workfunction is lower
than that of the n-type semiconductor, the bands will bend downward (Fig. 2.5b).
According to the Schottky-Mott theory, the height of the potential barrier (¢py,) for
an n-type semiconductor in contact with a metal is given by: %%

b =Pm — s (2.10)
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Figure 2.5: Energy band diagram of a metal-semiconductor junction using (a) an n-type semiconductor,
and (b) a p-type semiconductor.

where yg is the electron affinity of the semiconductor, and is defined as the dis-
tance between the the conduction band edge and the vacuum level. For a p-type
semiconductor, the barrier height is given by the sum of electron affinity and the
semiconductor band gap (Eg) minus the metal workfunction:

¢b = (X5 + Eg) = Pm (2.11)

The actual barrier height of a metal-semiconductor contact, however, does not
in practice obey the Schottky-Mott rule described in Eq. 2.10 or Eq. 2.11. Bardeen
was the first to propose the surface state model to explain this observation.® It
was initially assumed that the surface states arise due to impurity levels or surface
imperfection in which the electrons are localized around the foreign atoms or surface
defects in the crystal lattice. At the present time, it is generally accepted that the
existence of surface states is a result of unpaired atoms at the semiconductor surface
that are not able to form bond with the neighboring atoms (i.e., dangling bonds),
and their energies are usually distributed across the surface band gap. According to
the Bardeen’s model, if the density of the surface levels is sufficiently high (> 10'3
ecm™2), there will be a double layer at the free surface of the semiconductor that
alters the potential difference between the metal and the semiconductor.

Cowley and and Sze showed that the barrier height of a metal-semiconductor
contact agrees with the Bardeen’s model only if there is a thin interfacial oxide
layer of a few angstroms that is transparent to electrons, as given by:%

¢p =7 (®@m = xs) + (1 =7 (Eg — Do) (2.12)
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where E; is the band gap and @y is the charge neutrality level. The semiconductor
surface is electrically neutral if the surface states occupy up to ®y. The term vy is
given by:

€i

= 2.1
€; +qdDg (2.13)

Y
where €; is the dielectric permittivity of the interfacial oxide, § is the thickness of
the oxide, and Dg is the density of the surface states per unit area per electron volt.
In the absence of surface states, Dg =0, y =1, and Eq. 2.12 becomes ¢, = P, — ¥, in
accord with the Schottky-Mott approximation described in Eq. 2.10. If the density
of surface states is very high, y becomes very small and the barrier height approaches
E, — ®y.

Heine later argued that surface states cannot exist in the surface band gap for
most metal-semiconductor intimate contacts.” Surface states formed by dangling
bonds are typically shallow, and reside near the valence and the conduction band
edges, which means they will be buried by the total valance and conduction bands.
Heine pointed out that when a metal is brought into contact with a clean semi-
conductor surface, the wave functions of metal electrons exponentially decay and
penetrate into regions where the metal conduction band overlaps the band gap of
the semiconductor. The resulting states are later known as metal-induced-gap states
(MIGS).® These gap states tend to pin the Fermi level and control the barrier height
of the metal-semiconductor contact, resulting in a junction behavior that defies from
the Schottky-Mott theory.

Current transport mechanisms
The current mechanism in a metal-semiconductor contact is mainly due to the trans-
port of majority carriers. There are four fundamental electronic transport processes

through a metal-semiconductor junction (Fig. 2.6a):%19

(a) emission of electrons from the semiconductor over the top of the potential
barrier into the metal,

(b) quantum mechanical tunneling through the barrier,

(¢) recombination of the space charge region,

(d) recombination in the neutral region (hole injection).

The inverse processes occur under reverse bias (Fig. 2.6b).

The electronic transport across a metal-semiconductor junction under forward
bias voltage is governed by electron diffusion to the space-charge region, followed by
emission of electrons to the metal.? Although both mechanisms occur in sequence,
the thermionic emission theory proposed by Bethe assumes that the current is lim-
ited by the emission process (process a, Fig. 2.6a).'! The net current flow across a
metal-semiconductor junction is given by the sum of the thermionic emission current
from the semiconductor to the metal (js_r), and the reverse current from the metal
to the semiconductor (jy—g). The forward current from the semiconductor to the
metal is determined by electrons with energies sufficient to overcome the potential
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Figure 2.6: Current transport mechanisms of a metal-semiconductor (n-type) junction (a) under forward
bias (adapted from Ref. 9), and (b) under reverse bias.

barrier. Thus, js_.\ depends on the height of the potential barrier at the junction
(—g¢p) and the applied voltage (V), as given by:

1%
jS—»M= T (k12 ex p( Z('bb)exp(q )
T kT
(2.14)
:A*Tzexp(—qsbb)ex (qV)
kT )P\ kT

where A* (= 4mwm} qk?/h®) is the effective Richardson’s constant for thermionic emis-
sion. The term exp(qV/kT) is called the Boltzmann’s factor.

The potential barrier for electrons that move from the metal to the semicon-
ductor remains the same under bias, and therefore the reverse current flow to the
semiconductor is unaffected by the applied voltage (V =0). Thus, jy_g is given by:

Mg =—A" Tzexp( Z(Pb) (2.15)

The total current density under forward bias is then given by the sum of Eq. 2.14
and Eq. 2.15:

JTE = Js=M * M-8

2

= A*T? exp(

EXP(Z_‘T/)‘I] (2.16)
exp ( Z‘;) 1

where jrgo (= A*T?exp(—q¢p/kT)) is the reverse saturation current density for
thermionic emission.

= JTE0
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Under reverse bias, the barrier height increases by the amount of applied voltage
and forces electrons to move in the opposite direction. Consequently, the forward
thermionic emission current (jg_);) becomes negligible. The potential barrier for
the reverse thermionic emission current (jy—g) on the other hand remains constant
at any applied bias voltage. At sufficiently high reverse bias, the Boltzmann’s factor
becomes very small and the current density saturates at —jTg,o.

Another current mechanism, such as quantum mechanical tunneling through
the potential barrier (process b, Fig. 2.6a) is less dominant for non-degenerate
semiconductors and is only significant for heavily doped semiconductors in which
the dopant concentration is very high (>10'7 cm™3) and the difference between the
conduction/valence band and the Fermi level is less than 3kT. This is because the
tunneling probability of electrons in the forward direction increases with thinner
and lower potential barrier. Hole injection current (process d, Fig. 2.6a), on the
other hand, is generally considered to be negligible for low-current operation under
forward bias, because the injection ratio between the electron and hole (j,/ j,) is very
small. 1213 In principle, the hole injection current is given by the same mechanism
as the thermionic emission, except that it is proportional to exp(—ge¢y,,/kT) , where
¢y is the barrier height for holes and is equal to the difference between the Fermi
level and the top of the valence band edge in the bulk of the semiconductor.? Under
forward bias, the hole barrier height ¢y, typically exceeds the electron barrier height
¢bn, such that the hole injection ratio is very small and can be neglected.

The current flow due to carrier recombination in the space-charge region (process
¢, Fig. 2.6a) typically occurs when the potential barrier is high and becomes impor-
tant at low forward biases.'* Under high forward bias, the recombination current
in the space-charge layer is negligible compared to the thermionic emission current.
The recombination in the space-charge region is assumed to take place at the trap
centers near the middle of the energy gap through capture processes (Fig. 2.7a),
and is called the Shockley-Read-Hall recombination. 1516 The origin of these sites is
generally attributed to crystal lattice disorder, impurity atoms located interstitially
or substitutionally or surface defects. '* If the traps are initially filled with electrons,
injected holes in the valence band can move up to these trap states and recombine
with the electrons before they are thermally emitted to the conduction band, leav-
ing the traps empty. Subsequently, the electrons in the conduction band can be
captured in the empty trap states, causing the electron current to flow through the
external circuit.

Any recombination event occurring under bias may lead to the departure from
an ideal diode behavior. The non-ideality of a diode is generally represented by the
diode ideality factor (n). A diode is considered ideal if the recombination is limited
by minority carriers, and has an n value of unity. For a metal-semiconductor junction
with a high barrier, majority carriers can also recombine in the space-charge region,
resulting an n value that is greater than one. The current density arising from
recombination of charge carriers is given by the following expression:

(2.17)

s = a0 17
Jrec = Jrec,0 €XpP kT
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Figure 2.7: Processes of Shockley-Read-Hall (SRH) (a) recombination, and (b) generation. Four sub-
processes in SRH generation/recombination include (i) electron capture, (ii) hole capture, (iii) hole
emission and (iv) electron emission.

The n value is usually 2 for recombination in the space-charge region that involves
recombination of both carrier types (majority and minority carriers). The jreco is
the recombination saturation current density, and is given by:

gn;x'

2T

jrec,O = (218)
where n; is the intrinsic carrier concentration which is proportional to exp(-qEg/2kT),
7 is the effective carrier lifetime in the space-charge region, and x’ is the effective
width of the space-charge region. The value of x’ is usually lower than the space-
charge width (W), but an upper estimate for jiec,o0 can be obtained by substituting
x' with w.10

In the space-charge layer, both types of carriers are generated through the emis-
sion processes (Fig. 2.7b). Under reverse bias these carriers are rapidly swept out of
the region by the large electric field, resulting in current flow in the external circuit
which is called the generation current. The generation current is assumed to be
constant throughout the space-charge region, as given by: 14

; niw .
]gen = — q 21‘[ = —]gen,o (219)

Equation 2.18 and 2.19 suggest that the recombination saturation current is equal
to the generation saturation current (jrec,0 = jgen,0 = jgen/rec,0)- The total current
due to generation/recombination in the space-charge region is then given by:

jgen/rec = Jrec * Jgen

= jgen/rec,O

exp(%) ~ 1] (2.20)




28

It may be noted that the generation current is important under reverse bias condi-
tion where the recombination is very small because of the large electric field. Under
moderate forward bias, carrier recombination in the space-charge region becomes
the dominant conduction mechanism. At very high forward bias voltage, the re-
combination current is extremely small in comparison to the thermionic emission
current, so that its contribution to the total current is negligible.

For a metal-semiconductor junction with a high barrier, the total current is
given by the sum of the thermionic emission current (Eq. 2.16) and the genera-
tion/recombination current in the space-charge region (Eq. 2.20):

Jjn=JTE+ jgen/rec

qv qv

exp(kT) 1 exp(sz) 1

The generation-recombination processes in a rectifying junction can be identified
by examining the diode properties through the current—voltage (j—V) characteris-
tics in the dark. Each region in the dark j—V curve (Fig. 2.8a) represents the
dominant current transport mechanism under a certain range of applied bias: (i)
generation-recombination in the space-charge region, (ii) thermionic emission, (iii)
series resistance effect, and (iv) reverse leakage current due to generation and recom-
bination. In an ideal case, a straight line in the forward bias region is indicative of an
exponential voltage dependence of current, and for a metal-semiconductor junction,
the forward current is limited by thermionic emission. If recombination exists in the
space-charge layer, the curve will deviate from linear at low forward biases and the
resulting current in this region will be appreciably higher than the thermionic emis-
sion current. In the reverse bias region, the generation current is more dominant

(2.21)

= JTE0 + jgen/rec,o
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Figure 2.8: Current—voltage (j—V) characteristics of silicon diodes; (a) with a barrier height of 0.9 eV
and (b) with a barrier height of 0.6 eV. The ideal current-potential curves that exclude the generation-
recombination in the space-charge region and no series resistance are shown as the dashed lines.
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than the recombination current because all the excited carriers are swept out of the
space-charge layer by the strong electric field. The generation-recombination current
is only important if the barrier is sufficiently high. For a rectifying junction with
a low barrier, the current due to generation and recombination in the space-charge
layer is extremely small, and therefore these processes cannot be distinguished from
the thermionic emission current in the dark j—V curve (Fig. 2.8b).

The photocurrent for a metal-semiconductor junction under illumination is a
result of generation of minority carriers in the semiconductor that move to the metal.
For an n-type semiconductor, the theoretical expression for the hole photocurrent
density is given by:

agm?’ q(kT)? -
. 4mmpq( )exp( q(Pbp): . (2.22)

T kT
where m; is the effective hole mass in the semiconductor, ¢y, is the barrier height
for holes (the difference between Fermi level and the top of the valence band ¢y, =
Ev — Erp), and jg is the short-circuit current (defined as the photocurrent at zero
voltage).
The total current of a metal-insulator semiconductor junction under illumination
is therefore given by:

j= jp = Jn
= Jsc + jgen — JTE _;;C v (2.23)
= jsc — jTE,O exp (ﬁ) —-1(+ jgen/rec,o exp (m) - 1]

Under open-circuit condition, there is no net current flow through the junction,
and therefore, the photovoltage can be obtained by setting the total current to
zero. For large voltages such as the open-circuit voltage (Voc), the current due to
generation and recombination is very small in comparison with the other current
transport mechanisms in Eq. 2.23. Neglecting (jgen/rec); Voc is then given by the
following expression:

T ] T is

q JTE0 q JTE0
N ’ 2.24
_ kT 1 ( Jsc ) q(l)b] ( )
=—|In 4+ —
q A*T? kT

Note that the Eq. 2.14, 2.16 and 2.23 have assumed that the thermionic emis-
sion current flows through an ideal diode in which the current is limited by the
recombination of minority carriers, and therefore the ideality factor (n) is 1. If
other recombination processes occur, the Boltzmann’s factor should be corrected to
exp(qV/nkT), and n value will deviate from unity. The theoretical expression for
Voc should then also be corrected for the non-ideal diode behavior by introducing
an ideality factor, as given by:

Voc =

BT, e ) 200) 2:2)

A*T? kT



30

2.3. Photoelectrochemical water splitting cells

A photoelectrochemical water splitting cell, in the simplest form, consists of a photo-
electrode and a metal counter electrode in an aqueous electrolyte solution. Central
to the operation of solar water splitting is the semiconducting electrode (photoelec-
trode) that absorbs and converts incident photons to electron-hole pairs. Electrons
and holes are separated by the electrid field in the space-charge region of the semi-
conductor and are then used to drive the water splitting reaction. The electrochem-
ical half-reaction that occurs on the semiconductor surface depends on the doping
characteristic of the semiconductor. For a photoelectrochemical system involving an
n-type semiconducting light-absorber (i.e., a photoanode), the photogenerated holes
(h™) are transported to the semiconductor-electrolyte interface where water (H20)
is oxidized to oxygen (Oz2), and the photogenerated electrons (e™) are transported
via an external circuit to the metal cathode where water is reduced to hydrogen
(Ha), as illustrated in Fig. 2.9. The n-type semiconductor is commonly used as a
photoanode because the electric field that is formed by equilibration of the Fermi
level with the redox couple in the solution gives rise to a band bending that allows
photogenerated minority carriers (holes) to move into the solution and oxidize wa-
ter, and repels the majority carrier (electrons) so that they move in the opposite
direction to the counter electrode and reduce water. A solar water splitting cell
utilizing a p-type semiconducting electrode behaves in an analogous manner, except
that electrons are the minority carriers and holes are the majority carriers, and thus
water is reduced on the semiconductor surface and is oxidized at the counter metal
electrode.

At standard temperature (298 K), under atmospheric pressure condition (1 bar)
and at standard concentration (1 mol L™!), the change of Gibbs free energy required
to split a HoO molecule to one Hy and 1/2 Oy equals to AG =237.2 kJ mol™!, or
equivalent to an electrochemical cell voltage of AE? =1.23 eV. For an alkaline elec-

HZ
V 9 @ N
O\
: - )
. hv 42 +4e”— 2H, 1S
0 ; S c/
Ll J 123eV @
______________________ v H*
2H,0 + 4h* = 4H* + O,
E
,/ H,0
VB (D
n-type metal

electrolyte

semiconductor electrode

Figure 2.9: Schematic of photoelectrochemical water splitting cells under illumination consisting of an
n-type semiconductor and a metal counter electrode in an electrolyte solution.
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trolyte, the water reduction and oxidation processes occurring in an electrochemical
water splitting cell are given by the following reactions:

4H,0 +4e” == 2H, +40H™ E) ,=-0.828 V vs. NHE (2.26a)
40H™ +4h" == 2H,0+0, E% =-0.401 V vs. NHE (2.26b)

where NHE is the normal hydrogen electrode reference in a three-electrode electro-
chemical configuration. For an acidic electrolyte, the expressions for water reduction
and oxidation (redox) reactions are modified to the following:

AH* +4e” 2H, E? /=0.000 V vs. NHE (2.27a)
2H,0+4h" == 4H" + 0, E% =-1.229 V vs. NHE (2.27b)

The overall water splitting reaction can therefore be written as the following:

sunlight

2H,+0,  AE®, =123V (2.28)

redox

H,O

To effectively split water, the semiconductor should be able to absorb light with
energies greater than 1.23 eV. Ideally, a photoelectrochemical cell can spontaneously
drive the water splitting reaction if the semiconductor component has a sufficiently
large energy gap and having conduction band and valence band edges straddle the
electrochemical potentials of hydrogen evolution E® (H*/Hz) and oxygen evolution
E® (O2/H20). The minimum requirement for the semiconductor band gap is deter-
mined by the thermodynamic potential needed to split water (1.23 V) plus the free
energy losses in the semiconductor (0.4-0.6 eV) 17 and the kinetic overpotentials for
charge-transfer to drive the catalytic reactions of water oxidation and water reduc-
tion. As a result, the energy demand for solar water splitting at the semiconductor
electrode is between 1.6-2.4 €V per electron-hole pair generated. '®

2.4. Solar energy conversion efficiencies

The solar-to-hydrogen (STH) efficiency is an important measure for evaluating the
performance of a photoelectrochemical system. Under solar irradiation, the STH
efficiency of a photoelectrochemical water splitting cell is defined by the amount
of evolved hydrogen gas divided by the solar energy input. Quantification of the
amount of the hydrogen gas can be done by mass spectroscopy or gas chromatogra-
phy 19, or by following water displacement in inverted burette.?? The calculation of
STH efficiency (ngTy) for this method is given by:

Py, G?

tH,

TSTH = (2.29)

Pright

0
£,

is the Gibbs free energy for hydrogen formation (237 kJ mol™!), and Pjight is the

where @y, is the rate of hydrogen evolution at illuminated area (mol s™! m™2), G
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power density of the illumination (100 mW c¢m™2). For a reliable measurement, the
products of water splitting reactions should be stoichiometric (H2:02 = 2:1), with
no other reaction due to sacrificial donor or acceptor, ! and the light intensity and
spectral distribution should match the standard AM1.5 G spectrum.?!

Alternatively, the efficiency of a photoelectrochemical cell can be calculated by
measuring the output current density under irradiation (jphoto) in a two-electrode
configuration. Assuming all photogenerated electrons and holes are used to drive the
water splitting reactions, no corrosion reaction at the photoelectrode and the metal
counter electrode, and a Faradaic efficiency of unity, the STH efficiency of a solar
water splitting cell is equal to the ratio of the electrical power output (Pejectrical)
and the input power from the illumination (Pyigp), as given by:

Pelectrical _ jphoto Viedox

TSTH = (2.30)

Piignt Piignt

At standard condition, Viedqox is 1.23 V, and is equivalent to the change of Gibbs
free energy energy for water splitting at 237 kJ mol~!. In the presence of applied
bias (Vapp), in an illuminated three-electrode cell, the STH efficiency is obtained by
modifying Eq. 2.30 to the following:

Jphoto (1.23 V = Vapp)
7ISTH =

Prigin (2.31)
The solar energy conversion efficiency of an individual photoelectrode can be
calculated from the current-voltage (j—V) measurement using a potentiostat in a
three-electrode cell under illumination. The characterization of photoelectrode per-
formance involves parameters analogous to those of solid-state photovoltaic cells,
such as the short-circuit current density (jsc) and the open-circuit voltage (Voc), only
they are referenced to the equilibrium potential of the half-reaction performed by the
corresponding photoelectrode (i.e., E®(H" /Hy) for a photocathode or E°(O2/H20)
for a photoanode).?? For a semiconductor-liquid junction electrode cell, js is re-
ferred to as the photocurrent density at E° (A/A™) (denoted as jgo (A/A-)> Where
E° (A/A7) is the Nernstian potential of the half-reaction of interest), and V. is
referred to as the difference between the potential of the photocurrent onset (Vopset)
and E° (A/A7).
The efficiency of the photoelectrochemical half-cell can then be calculated by the
following relationship:
= Do _ Jp Vinp (2.32)
Piight  Plight
where Ppax is the maximum power, jup and Vi, are the photocurrent and the
voltage at the maximum power point, respectively and ff is the fill factor. The ff
is defined as the “squareness” of the j—V curve which equals to the ratio between
the maximum power output divided by the product of the short-circuit current
density and the open-circuit voltage. For solar water splitting cells, the characteristic
of ff is closely related to the bulk recombination of the semiconductor, surface
recombination of electrons or holes, and the series resistance of the solution.
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Figure 2.10: (a) Representative energy band diagram a dual photoelectrode system consisting of a
photocathode and a photoanode, illuminated side-by-side. (b) Current density-voltage (j—V) charac-
teristics of an illuminated dual photoelectrode cell, adapted from Ref. 22. The maximum power of
the photocathode is denoted as Pmay, cat and the maximum power of the photoanode is denoted as
Prmax, an. The overall system efficiency is given by the product of the operating photocurrent density
(op) and 1.23 V divided by the input power from the illumination (Pjight)-
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It should be emphasized that the individual photoelectrode efficiency represents
only half of the water splitting reaction and does not reflect the overall STH effi-
ciency. The utility of single half-cell calculation is that the photoelectrode materials
can be evaluated independently for optimization of a tandem structure that uses mul-
tiple band gap absorbers in a Z-scheme water splitting system.?* A Z-scheme system
is a device architecture in which a photoanode and a photocathode are arranged in
a side-by-side configuration, optically and electrically connected in series, indepen-
dently performing water oxidation and water reduction reactions, respectively (Fig.
2.10a). Such a system requires at least two photoabsorbers with spectrally matched
band gaps (one photoelectrode should have a smaller or larger band gap than the
other) for maximum spectral utilization and optimum photocurrent generation. The
operating photocurrent of a complete cell can be estimated from the intersection of
the overlapping j—V curves of the photoelectrodes (Fig. 2.10b). The efficiency of
a tandem system reaches maximum if the two curves intersect near the maximum
power point of a photoelectrode, i.e., Pmax, an for the photoanode, or Ppax, cat for
the photocathode. The series electrical connection of two photoelectrodes will in-
crease the photovoltage of the overall system, and thus, a dual photoelectrode cell is
expected to produce a sufficiently large photovoltage to satisfy the necessary poten-
tial requirement to split water and to overcome the overpotential losses associated
with the thermodynamic limits of the semiconductor and the kinetic limits of the
surface reaction.

2.5. Materials for photoelectrodes

The main component of a photoelectrochemical water splitting cell is the semicon-
ducting electrode that absorbs and converts light into energetic charge carriers which
are then used to split water to hydrogen and oxygen. In order to efficiently drive the
water splitting reaction, the semiconductor should meet the following requirements:

o strong light absorption in a broad spectrum,

e band edges position that straddle the water reduction and oxidation potentials,
o efficient charge transport in the semiconductor,

o fast surface reaction kinetics,

o high electrochemical stability.

The spectral region in which the semiconductor absorbs light is determined by
the band gap. Only light with energies greater than the band gap of the semiconduc-
tor will be absorbed and converted to photogenerated charge carriers. The energy
of light with a particular wavelength (1) or photon (Ephoton) is given by:

hc
Ephoton = 1 (2.33)

where h is the Planck’s constant (6.626 x 1073* J s) and c is the speed of light (2.99
x 108 m s71). In electron-volt (eV) unit, the term hc can be rewritten as hc/g,
where q is the elementary charge (1.6 x 107! J). Therefore, the product of hc is
equal to 1.24 x 107% eV m, or 1240 eV nm. The absorption edge of a semiconductor
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(Aabs. edge) in the solar spectrum is given by the wavelength at which the energy of
photon equals the band gap (Eg) of the semiconductor, as expressed by:

1240 (eV nm)

I () (2.34)

Aabs. edge (nm) =

The absorption edge, hence the band gap of the semiconductor determines the
maximum number of photon that can be absorbed and converted to usable elec-
trical current. The light-generated current per wavelength (I(1)) produced by a
semiconductor is given by the following relation:

p)
IV = gEQ) =
D =qEN 7 (2.35)

= quhoton 1)

where E(A) is the spectral irradiance and Nphoton(4) is the spectral photon flux.
Assuming all photons in the absorption spectrum are absorbed and contribute to
current generation, the maximum photocurrent density (j) generated by a semi-
conductor is given by the integration of the spectral current over the absorption
spectrum:

j=fI(MdA (2.36)

Figure 2.11a shows the photon flux of solar spectrum (AM1.5G) and the maximum
photocurrent density generated by the semiconductors.
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Figure 2.11: (a) Spectral photon flux of AM1.5G spectrum and maximum photocurrent densities
generated by the semiconductors: titanium oxide (TiO2), tungsten oxide (WO3), bismuth vanadate
(BiVOg4), iron oxide (Fe203), amorphous silicon carbide (a-SiC), amorphous silicon (a-Si) and crystalline
silicon (c-Si). (b) Absorption coefficient of c-Si, a-Si and a-SiC as a function photon energy.
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In addition to the ability to absorb light in a wide spectral range, the semiconduc-
tor should have a strong light absorption. The optical property of a semiconductor
is usually characterized by the absorption coefficient. Figure 2.11b depicts that the
absorption coefficient of amorphous silicon (a-Si) is 100 times larger than that of
crystalline silicon (c-Si) in the visible part of the spectrum. This implies the a-Si
requires 100 times less thickness than the c¢-Si does in order to absorb the same
amount of photon in the same spectrum. The higher absorption coefficient of a-Si
is related to the localized defect states within the a-Si that arise from the disorder
of atomic structure and behaves like a direct band gap semiconductor. The high
absorption coeflicient is an important characteristic that distinguishes direct band
gap semiconductors from the indirect ones, which can lead to important savings in
both materials and energy for device manufacturing.

The electrical property of a material is often characterized by its conductivity.
For a semiconductor, the electrical conductivity is an important measure that deter-
mines the electronic charge transport. A low photogenerated current may originate
from the narrow band gap or the weak optical absorption of the semiconductor, but
it may also be due to the recombination of photogenerated electron-hole pairs as a
result of the poor conductivity. The semiconductor conductivity is proportional to
the product of carrier concentration and mobility:

0 =qnpe+qppn (2.37)
where ¢ is the elementary charge, n is the electron concentration, p is the hole
concentration, y, is the electron mobility and uj is the hole mobility.

Charge transport mechanism via band transport such as in crystalline silicon
(Si) and gallium arsenide (GaAs) typically leads to a higher effective carrier mo-
bility than that via low-mobility extended state conduction by traps such as in
amorphous silicon (a-Si), or by carrier hopping between metals such as in metal
oxide semiconductors. Table 2.1 lists the charge carrier mobility and lifetime of
selected semiconductors.

Table 2.1: Charge carrier mobilities and lifetimes of selected semiconductors.

Mobility (cm? V=1 s71)

Material Carrier lifetime (s)  References
electron hole
TiO2 (anatase) 0.1-0.3 20-80 ns [25-28]
WO3 10 1-9 ns [29,30]
BiVO4 0.044 40 ns [31]
a-Fey03 0.1 0.2 3 ps [32,33]
a-Si 10-20 1-5 5-10 ns [34]
c-Si 1450 500 1 ms [10]
GaAs 8000 400 10 ns [10]

Extrinsic factors such as recombination centers due to impurity atoms or lattice
defects often play a vital role in the electronic transport in a semiconductor. The
average time for an excess minority carrier to recombine with the majority carrier
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in the lattice is expressed by the lifetime (7), which is related to the minority-carrier
diffusion length (Lp):

Lp=vDt (2.38)

where diffusivity (D) is related to the minority carrier mobility (uj, for n-type semi-
conductors or p, for p-type semiconductors) through the Einstein equation:

D= NE (2.39)
q

The semiconductor electrode should facilitate sufficiently fast charge transfer at
the semiconductor-electrolyte interface to prevent carrier accumulation and surface
recombination. Most semiconductor surfaces are not catalytically active for water
oxidation (oxygen evolution reaction, OER) or water reduction (hydrogen evolution
reaction, HER). However, the charge transfer kinetics can be improved by adding
catalytically active species, or catalysts on the semiconductor surface. FEfficient
catalysts for water splitting often involve precious metals such as iridium oxide (IrOy)
and ruthenium oxide (RuOy) for OER, and platinum for HER. Nickel- and cobalt-
based compounds, however have proven to be non-noble metal-based alternatives
that exhibit comparable catalytic activity and chemical stability for both OER and
HER (Fig. 2.12).

In general, the role of catalyst on a semiconductor surface is to lower the over-
potential to drive the reaction by facilitating fast charge transfer at the solid-liquid
interface, of which the effect is usually manifested by the substantial shift of pho-
tocurrent onset potential in the illuminated current-potential curve. It has been
found recently that the true nature of how the catalyst improves the photoelectro-
chemical performance of a photoelectrode is not only by enhancing the kinetics of
surface reaction but also by reducing the rate of surface recombination, in a similar
manner to the passivation effect on semiconductor surfaces or interfaces.?%37 The
contributions of improved charge transfer and reduced carrier recombination vary

OER Activity of Various Catalysts after 2 h at 10 mA cm™
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Figure 2.12: Oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) electrocatalyst
and their overpotentials to achieve a current density of 10 mA cm=2.35
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depending on the complex interaction at the semiconductor-catalyst interface. For
example, metallic silver (Ag) on the gallium nitride (GaN) photocathode surface
can reduce the same rate of surface recombination as when Pt is used, but the pho-
tocurrent onset potential of the GaN with Pt remains superior than that with Ag.36
This implies that Pt facilitates better charge transfer kinetics than Ag does, and
therefore in such a structure, Pt behaves both as a catalyst and a surface passivation
layer. In contrast, nickel iron oxide (NiFeOy) which is known as a water oxidation
catalyst merely serves as a passivation layer on an iron oxide (FeaO3) photoanode
that reduces the rate of surface recombination without increasing the rate of charge
transfer at the liquid interface.?7

Having conduction band and valence band edges that straddle the water re-
duction and oxidation potentials is particularly important for semiconductor-liquid
junction photoelectrodes whose energetics strongly depend on the interplay between
the semiconductor and the electrolyte. This requirement entails the semiconductor
band gap to be at least equal to the water redox potential (1.23 eV) so that photo-
generated electrons and holes have sufficient driving force to drive the overall water
splitting reaction. In practice, the minimum band gap is also determined by the
energy required to overcome the thermodynamic losses in the semiconductor and
the kinetic losses to enable sufficiently fast reaction at various points in the electro-
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Figure 2.13: Band edges position of selected semiconductors at pH 14 with respect to water oxidation
and reduction potentials as well as some other redox potentials, reproduced from Ref. 38.39-41
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chemical system (0.4-0.6 eV). As a result, the band gap of the semiconductor should
ideally be in the range between 1.6 and 2.4 eV. Figure 2.13 shows that the band edge
positions of some metal oxides and large gap semiconductors favor both the water
reduction and oxidation potentials. However, the band gaps of these materials are
mostly greater than 3 eV, which can limit their ability to produce high photocur-
rent. Non-oxide semiconductors such as Si, Ge and some of III-V compounds have
excellent electronic and optical properties for high photocurrent generation but their
band gaps are too small to produce sufficient photovoltage for spontaneous overall
water splitting reaction. The limited selection of materials with suitable band gaps
and appropriate band edge positions motivates the use of multiple semiconductors
with different energy gaps, as described previously in section 2.4.

The chemical stability of the semiconductor in an aqueous solution under pho-
toelectrocatalytic conditions is critical to ensure a long operation of water splitting
reaction. Many semiconductors either dissolve in the electrolyte or oxidize, forming a
surface oxide layer that prevents electronic charge transfer across the semiconductor-
liquid interface. Because of the nature of the oxide compound, most metal oxide
semiconductors are stable under photoanodic conditions, but are prone to cathodic
decomposition or photo-induced corrosion. Under irradiation, the photoelectrochem-
ical stability of a semiconductor depends on the alignment of material reduction
or oxidation potential with respect to the water reduction or oxidation potential,
respectively.*2 For example, an n-type semiconductor photoanode is photoelectro-
chemically stable if the material oxidation potential ¢°* is below the water oxidation
potential (E® (O2/H30)) or the valence band minimum (Fig. 2.14a). Likewise, a
p-type semiconductor photocathode is stable under illumination if the material re-
duction potential ¢*® lies above the water reduction potential (E® (H*/Hz)) or the
conduction band minimum (Fig. 2.14b). Figure 2.15 shows ¢°* and ¢' relative to
the normal hydrogen electrode (NHE) and vacuum level of a series of semiconductors
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Figure 2.14: Band alignment of (a) n-type photoanode with respect to water redox potentials and
material oxidation potential (¢°*) and (b) p-type photoanode with respect to water redox potentials
and material reduction potential (¢'®), adapted from Ref. 42.
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Interfacial engineering of
metal-insulator-semiconductor
junctions for efficient and stable
photoelectrochemical water oxidation

Solar-assisted water splitting can potentially provide an efficient route for large-scale
renewable energy conversion and storage. It is essential for such a system to provide
a sufficiently high photocurrent and photovoltage to drive the water oxidation reaction.
Here we demonstrate a photoanode that is capable of achieving a high photovoltage
by engineering the interfacial energetics at the metal-insulator-semiconductor interfaces.
We evaluate the importance of using a bimetal thin-film structure to separate its function
as a Schottky contact from its function as a protective and catalytic overlayer. We also
illustrate the improvement of the photovoltage upon incidental oxidation of the metal
surface layer in an alkaline electrolyte. Additionally, we analyze the role of interfacial
insulating layers on the alleviation of Fermi level pinning and the resulting photovoltage.
Finally, we report the advantage of using a thin bilayer metal structure as a simple
protection route for metal-insulator-semiconductor photoanodes by showing over 200
hours of operational stability.

Parts of this chapter have been published in I. A. Digdaya, G. W. P. Adhyaksa, Bartek J.
Trzeéniewski, E. C. Garnett and W. A. Smith, Nature Communications, 2017, 8, 15968.
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3.1. Introduction

hotoelectrochemical (PEC) water splitting has been envisioned as a sustainable
P approach to produce clean and renewable fuels by the direct conversion of solar
to chemical energy.? 4 One important step during the PEC process is charge sep-
aration in the space-charge region that is formed due to the electrostatic potential
difference across a semiconductor junction.® A buried semiconductor junction can
be established by variations in doping (homojunction), offsets in the conduction
and the valence bands (heterojunction), or by differences in Fermi level at a metal-
semiconductor interface (Schottky junction).® ! When an n-type semiconductor is
brought into contact with a high workfunction metal, the electron Fermi-level falls
close to the valence band at the interface and creates a potential barrier that repels
the majority carriers and selectively conducts the minority carriers. !> The height of
the potential barrier determines the built-in voltage and sets an upper limit on the
maximum attainable photovoltage of a Schottky junction. Semiconductor surface
termination by metal, however, creates electronic states near midgap that tend to
pin the Fermi level of the semiconductor, diminishing the barrier height, and thus
reducing the achievable photovoltage. This problem can be effectively solved by
inserting a thin insulator layer that separates the semiconductor from the metal
contact at the interface. 3719

Metal-insulator-semiconductor (MIS) junction concepts have attracted consider-
able attention in photovoltaic (PV) and PEC research because of the simplicity of
device fabrication and processing that only requires a metal and a thin passivating
tunnel dielectric, as well as the versatility of obtaining the desired barrier height by
the wide selection of metals with various workfunctions. %7 The major challenge in
implementing MIS structures on solar energy conversion devices is that the required
metal coverage to form a homogeneous Schottky junction can significantly increase
the light reflection, reducing the light absorption in the semiconductor, and there-
fore decreasing the photocurrent output.'® Despite this unfavorable architecture,
advanced nanoscale-structuring of metal contacts have been successful to partially
circumvent the optical problem by allowing light to transmit to the photoabsorber
through the contactless surface while still enabling charge collection through nanos-
tructured metal contacts. 922

The key advantage of MIS junction for PEC devices is the fact that metals have
a high density of states to facilitate efficient collection and transport of charges.
This means that any collected minority carriers can be readily transferred to the
electrolyte through the metallic catalyst to drive the electrochemical reaction instead
of flowing through the external circuit as in PV cells. This simple route allows the
ability to use thin metals (7.e., a few nanometers) as the charge collector as well as
the carrier conduction mediator.?3 26 The thin metal contact allows the reaction to
occur throughout the whole surface, and thus enabling the photogenerated current
from the semiconductor to flow perpendicular to the metal film. Additionally, the
complete coverage of the metal film on the semiconductor surface forms a buried
junction and allows the Fermi level of the metal to float and adjust with the current
density and kinetics of the electrochemical reaction. Furthermore, a thin metal
contact allows for a significant light transmission to the absorber, thus enabling a
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high generation of photocurrent.

Despite the great advantage of the MIS structure for PEC water splitting elec-
trodes, there remains a major trade-off between the high efficiency and the long-
term durability. Therefore, many efforts have concentrated on protecting the pho-
toelectrodes either using stable oxide insertion layers?%:?123 or corrosion-resistant
overlayers. 2729 Another protection scheme can be achieved by tuning the metallic
component of the MIS structure. Nickel (Ni) is an attractive material that has all
the functionalities required for MIS photoanodes: high workfunction for high barrier
formation and thus high photovoltage generation, high catalytic activity for water
oxidation and high chemical stability in strongly alkaline solutions.?"3! Prior work
has shown that a thin Ni film (2 nm) was sufficient to create a Schottky junction
with the semiconductor and readily oxidized to nickel oxide (NiOy) in a strongly
alkaline solution, forming Ni/NiOy/electrolyte interfaces that increased the effec-
tive workfunction of the surface.?® Such a thin Ni layer, however, was not able to
completely protect the underlying absorber in a highly corrosive electrolyte at pH
14. As a result, the MIS photoanode showed a degradation of performance after 24
hours of operation in 1 M KOH electrolyte. On the other hand, it was also found
that the device with a thicker Ni (i.e., 5 nm) was able to avoid corrosion in 1 M
KOH, but suffered from a low photovoltage due to the low Schottky barrier formed
by the n-Si/SiO,/Ni. 2

Herein we demonstrate an MIS photoanode for water oxidation that yield a
high efficiency and a high stability by engineering the interfaces at the MIS contact.
Specifically, we introduce a high quality aluminum oxide (Al2O3) tunnel layer in
conjunction with a chemically-grown silicon oxide (SiOy) layer that substantially
alleviate the Fermi-level pinning and allow for a high Schottky barrier formation
at the MIS junction. Additionally, we use a bilayer metal structure to decouple its
function as a Schottky contact from its other function as a water oxidation catalyst.
We investigate the role of the bilayer metal structure in the energetics at the MIS
interface that is responsible for the high photovoltage of the photoanode. Finally,
using a simple yet effective protection strategy, we demonstrate a more than 200-
hour operation of an MIS photoanode that shows constant high photocurrents in a
strongly alkaline solution.

3.2. Experimental details

Chemicals

All chemicals were used as received: potassium hydroxide pellets (KOH, Alfa Ae-
sar, 85%), hydrogen peroxide (H2O2, 30% (w/w) in HoO, Sigma-Aldrich), sulfuric
acid (H2SOy4, 99.999%, Sigma-Aldrich), hydrofluoric acid (HF, 48%, Sigma-Aldrich),
hydrochloric acid (HCl, 37%, Sigma-Aldrich), potassium hexacyanoferrate(II) trihy-
drate (K4Fe(CN)g.3H20, =99%, Sigma-Aldrich), potassium hexacyanoferrate(III)
(K3Fe(CN)g, 299%, Sigma-Aldrich). Water with resistivity 18.2 MQ cm from Milli-
Q integral ultrapure water (Merck Millipore).
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Preparation of substrates

Phosphorus-doped (n-type, (100)-oriented, single-side polished, resistivity 0.1-0.3
Q cm, thickness 525 pwm) and degenerately boron-doped (p*-type, (100)-oriented,
single-side polished, resistivity <0.005 Q cm) Si wafers were purchased from Si-
Mat. The n-type Si wafers were first cleaned in a piranha solution containing a
mixture of HoSO4 and H2032 (3:1 by volume ratio) at 120 °C for 20 min to remove
organic contaminants. The n-type Si wafers were then dipped into a buffered HF
etchant (2%) for 2 min at room temperature to strip the native oxide on the Si
wafer surface. Next, the Si wafers were immersed in a Radio Corporation of America
(RCA) Standard Clean-2 (SC-2) solution consisting of HoO, HCI and Hy02 (5:1:1
by volume ratio) at 75 °C for 10 min to regrow the oxide layer (SiOy gca). Finally,
the Si wafers were rinsed using deionized water and dried using Na gas. The same
procedure was applied on the p*-type Si wafers.

Atomic-layer deposition of aluminium oxides

Atomic layer deposition (ALD) of aluminum oxides (Al2O3) was conducted in a
home-built thermal ALD system (developed at AMOLF) at 250 °C at a base pressure
of 0.01-0.05 mbar. The ALD cycle consisted of a 10 ms pulse of H2O, a 18 s Ny
purge, a 10 ms pulse of trimethylaluminum (TMA), and another 18 s Ny purge
to complete the cycle. The deposition rate was approximately 1.25 A per cycle.
Eight ALD cycles were used to deposit 1 nm thick AlyO3 on the n-type Si/SiOy rca
substrate. The thickness of the AlaO3 was estimated by ellipsometer (J.A. Woollam)
using dielectric models for AloO3 and Si native oxide on a Si substrate.

Sputter-deposition of metals

Platinum (Pt) was deposited using Prevac radio frequency (rf) magnetron sputtering
from a Pt target (Mateck, 99.95%, 2 inch diameter, 5 mm thickness). The Ar flow
was kept at 15 sccm and the working pressure was held at 3 pbar. The rf power
was kept at 25 W and the deposition rate was approximately, 0.138 A s™!. The
deposition time was 144 s, and the thickness of the deposited Pt film was 2 nm.
Nickel (Ni) was deposited in the same Prevac sputter chamber from a pure Ni
target (Mateck, 99.95%, 2 inch diameter). The Ar flow was maintained at 15 sccm
and the working pressure was 3 pbar. The rf power was 100 W and the deposition
rate was approximately 0.2 A s™'. Ni was sputter-deposited for 200 s, resulting a
4-nm thick Ni film.

Preparation of electrodes

The back side of n-Si wafers was scratched using sand paper to remove the oxide
layer, followed by cleaning the residue using ethanol. The ohmic back contacts were
formed by rubbing the back side surface of n-Si wafers with a Ga-In eutectic alloy
(75.5:24.5 wt%, 99.9% metal basis, Alfa Aesar). The ohmic back contact of the
pt-Si wafer was formed by sputtering Pt.
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(Photo)electrochemical measurements

Photoelectrochemical measurements of the photoanode were conducted in a three
electrode configuration in 1 M KOH electrolyte solution under simulated solar ir-
radiation using a Newport Sol3A Class AAA solar simulator (type 94023A-SR3)
with 450 Watt xenon short arc lamp. A mercury/mercury oxide (Hg/HgO in 1 M
KOH, Radiometer Analytical XR440, Hach) electrode was used as the reference
electrode, and Ni coil was used as the counter electrode. The Hg/HgO electrode
was calibrated using a silver/silver chloride (Ag/AgCl, in saturated KCl and AgCl,
Radiometer Analytical XR300, Hach) reference electrode with a well-known poten-
tial with respect to the standard hydrogen potential (V/gg /AgCl versus SHE = 0.199

V), and had a potential of 0.9281 V wersus the reversible hydrogen electrode (RHE)
in 1 M KOH solution. The exposed area of the working electrode was 0.2826 cm™2.
During the measurement, the electrolyte was continuously agitated using a mag-
netic stir bar. Cyclic voltammetry, electrochemical open-circuit, electrochemical
impedance spectroscopy and chronoamperometry measurements were performed us-
ing a potentiostat PARSTAT MC (Princeton Applied Research, AMETEK). The
cyclic voltammetry data was recorded at a constant scan rate of 50 mV s~! and the
chronoamperometric data was collected at constant potential of 1.7 V versus RHE.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) of the photoanode was performed in
50 mM K3Fe(CN)g, 350 mM Ky4Fe(CN)g and 1 M KCl in a three electrode mea-
surement using a Pt wire in a fritted glass tube as the reference electrode and a Pt
coil as the counter electrode. The measurements were performed using a potentio-
stat PARSTAT MC (Princeton Applied Research, AMETEK) and the experimental
setup was kept in the dark during the measurement.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) experiments were performed using the
Thermo Scientific K-alpha apparatus (Thermo Scientific), equipped with an Al K-
alpha X-ray source and a flood gun. Parameters used for the characterization were:
spot size of 400 wm, pass energy of 50 eV, energy step size of 0.1 eV, dwell time of 50
ms and 10 scans in the vicinity of the binding energy of the investigated elements.
For depth profiling experiment, a careful ion etching procedure was conducted using
low ion energy beam at 500 eV.

3.3. Results and discussion

Photoelectrochemical performance

The schematic structure of the MIS photoanode is shown in Fig. 3.1. The PEC
performance of the MIS photoanodes was evaluated by cyclic voltammetry in 1 M
potassium hydroxide (KOH) under simulated solar illumination in a three-electrode
configuration without correction for resistance losses in the electrolyte solution.
Figure 3.2 shows the evolution of current-voltage (j—V) characteristics of the n-
Si/SiOy rca/Al203/Pt/Ni photoanode over the course of 18 hours in 1 M KOH.
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Figure 3.1: Schematic of planar MIS photoanodes for water oxidation and magnification of the inter-
faces, showing the functionality of each layer

The initial photocurrent onset potential (defined as the potential required to achieve
an anodic current of 100 pA cm™2) was —56 mV, and cathodically shifted to —168 mV
relative to the formal potential for water oxidation (E” (O2/OH™) = 1.23 V versus
a reversible hydrogen electrode, RHE) after 3 hours in 1 M KOH electrolyte. The
photocurrent onset potential further shifted to —233 mV relative to E¥ (O/OH™),
and the photocurrent density of the photoanode was 19.2 mA cm™2 at EY (Oy/OH™)
after 18 hours in contact with 1 M KOH. The series resistance of the system was 4.24
Q cm™2, as measured using electrochemical impedance spectroscopy (EIS), and the
photocurrent density at EY” (O3/OH™) after compensation for the series resistance
was 25 mA cm™2 (Fig. A.1, Appendix A). The dark current was measured to be
close to zero, implying that the high observed current under illumination was indeed
related to the photogeneration of charge carriers. The saturated photocurrent den-
sity of the photoanode was increased from 25.5 mA cm™ during the first scan to 28.5
mA cm™? after 18 hours in contact with 1 M KOH electrolyte (hereafter we define
a prolonged contact with KOH electrolyte in the absence of an applied potential as
the aging process32). The increase of the limiting photocurrent density is attributed
to the oxidation of the thin Ni (4nm) to the more transparent NiO, or Ni(OH), dur-
ing the aging process that reduces the light reflection (Fig. A.2, Appendix A), and
thus allowing for more light transmission to the absorber layer. The photovoltage
of this structure was estimated by comparing the onset potential of the photoanode
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Figure 3.2: (a) Three-electrode (photo) current density versus applied voltage (j—V) curves of n-
Si/SiO rca/Al203/Pt/Ni photoanode during aging in 1 M KOH under simulated AM1.5 illumination.
A total of three illuminated voltammetry scans are shown: one for initial fresh sample (blue line),
one after 3 hours (green line) and one after 18 hours (black line) of aging in the electrolyte. The
dark voltammetry scan of the n-Si/SiO, rca/Al203/Pt/Ni is shown as the dotted purple line. For
comparison, the j—V behavior of the non-photoactive p*-Si/SiO, rca/Al203/Pt/Ni is shown (red

line). The black vertical dashed line indicates the potential for water oxidation, E” (O2/OH~). (b)
The magnification of Fig. 3.2a, showing the shift of the redox peaks of Ni over the course of 18 hours.

under illumination and the non-photoactive p*-Si/SiOy rca /Al2O3/Pt/Ni (here the
degenerate p*-Si simply served as a conductive substrate), and was measured to be
490 mV. The equivalent PV response analysis?>33 indicated that the j—V behavior
of the n-Si/SiO, rca /Al2O3/Pt/Ni photoanode after 18 hours of aging in 1 M KOH
is equivalent to that of a PV cell with an open-circuit voltage (Vo) of 496 mV, a
short-circuit current density js. of 28.06 mA ¢cm™2, a fill factor (ff) of 0.64 and an
energy-conversion-efficiency of 8.87% that is electrically connected in series with a
dark electrolysis cell (Appendix A.3 and Fig. A.3, Appendix A).

Figure 3.2b shows the magnification of Fig. 3.2a that highlights the current
onset potential region of the electrodes. The initial oxidation peak of Ni within
the n-Si/SiOy rca/Al2O3/Pt/Ni photoanode was -390 mV relative to the initial
Ni oxidation peak in the non-photoactive p*-Si/SiO, rca/Pt/Ni, suggesting that
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Figure 3.3: Open-circuit potential versus the reference electrode (scaled in RHE) of the n-
Si/SiO, rca/Al203/Pt/Ni photoanode after the first voltammetry scan and after 18-hour aging in
1 M KOH measured in the dark and under illumination. The change in OCP between the dark and
illuminated conditions indicates the photovoltage of the photoanode.

the initial photovoltage of the photoanode during the first scan was 385 mV. Af-
ter 18 hours in contact with KOH, the redox peaks of the non-photoactive p™-
Si/SiOx rca/Al203/Pt/Ni electrode anodically shifted by +30 mV. This potential
shift is attributed to the incorporation of Fe into the Ni(OH), on the Ni surface
during aging process in a non-purified KOH electrolyte,323% which is responsible
for the catalytic activation of Ni for the oxygen evolution reaction. In contrast,
the redox peaks of Ni within the n-Si/SiOy rca/Al203/Pt/Ni photoanode shifted
cathodically by —75 mV relative to the initial scan, indicating that the photovoltage
of the photoanode indeed increased during the aging process in KOH. The increase
of the photovoltage of the photoanode was further ascertained by comparing the
electrochemical open-circuit potential (OCP) of the photoanode against a reference
electrode (scaled in RHE) in the dark and under illumination (Fig. 3.3). The change
in the OCP between the dark and illuminated conditions indicates the photovoltage
of the photoanode. The change of OCP of the sample after the first scan was 400
mV, and increased to 490 mV after 18 hours in the electrolyte, in an excellent agree-
ment with the increased photovoltage observed from the j—V measurements shown
in Fig. 3.2.

The energetics at the MIS junction were evaluated by electrochemical impedance
spectroscopy (EIS) in a solution containing electrochemically reversible, one-electron
Fe(CN)g_/ 4= redox couple and Mott-Schottky analysis of the inverse square of the
space-charge capacitance-voltage (C32-V) of the electrode.'%!! The space-charge
capacitances (Csc) of the semiconductor were obtained by fitting the impedance
data with an equivalent electronic circuit that consisted of a parallel resistor and
a parallel capacitor, corresponding to the resistive and capacitive behaviors in the
space-charge region of the semiconductor (Fig. A.4, Appendix A). The flat band
potential (Ep,) was estimated by taking the value of the intercept between the ex-
trapolated linear region of the inverse square of the space-charge capacitance (Cg?)
with the x-axis in the Mott—Schottky plot in Fig. 3.4. The Eg, of the fresh n-
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Figure 3.4: Mott-Schottky plots of the inverse square of the space-charge capacitance as a
function of applied voltage (C;2-V) relative to the redox potential of Fe(CN)g_M_ for the n-
Si/SiO, rca/Al203/Pt/Ni photoanode before (blue) and after 18 hours of aging (black).

Si/SiOy rca/Al2O3/Pt/Ni was —0.6 V versus Fe(CN)3~/4~ and the Eg, of the aged
electrode was —0.73 V versus Fe(CN)3~/4~. The slope of the linear region of the
C:2-V curve was 3.35 + 0.02 x 10 F~2 cm* V™! for both samples, corresponding
to a donor density (Np) of 3.54 x 10'6 cm™ (Appendix A.4), which also implies a
corresponding resistivity (p) of ~0.185 Q cm, in accordance with the range specified
by the manufacturer of the Si wafer (0.1-0.3 Q cm). The calculated barrier height of
the Si within the fresh and the aged n-Si/SiO, rca/Al203/Pt/Ni photoanode was
0.77 and 0.9 eV, respectively (Appendix A.4). Such a large barrier height should
give rise to a strong inversion layer near the Si surface, and thus would result in a
large photovoltage, mainly due to the associated increase of band bending, and the
subsequent improvement of charge-carrier extraction as well as separation inside the
semiconductor.

To confirm the composition of the n-Si/SiOy rca/Al2O3/Pt/Ni after the aging
treatment, X-ray photoelectron spectroscopy (XPS) experiments were performed
using low energy ion etching with an average etching rate of approximately 3 A per
step. Figure 3.5a shows the Ni 2p XPS peaks of the electrode starting from step 0
(no etching) to step 10 (approximate depth of 3 nm). The results indicated that in
an alkaline solution the Ni surface mostly transformed to Ni(OH),, and prolonged
aging partially modified the bulk Ni into NiOy, as observed after three steps and five
steps of etching, respectively. Strong Ni 2p signals corresponding to the metallic
Ni were observed and became dominant as the etching depth increased to ten steps.
These XPS spectra substantiate that the initial metallic Ni film (thickness of 4 nm)
was transformed into a Ni/NiO,/Ni(OH), composite after 18 hours in contact with
aqueous KOH solution. Figure 3.5b shows the XPS depth profiling analysis of the
electrode on the basis of Ni 2p, Pt 4f, Al 2s and Si 2p XPS spectra. The Al 2s
signal was used in this analysis due to the difficulty to identify the Al 2p signals that
overlapped with the Pt 4f (Appendix A.5). In total, 36 etching steps were performed
and the full elemental scan can be found in Fig. A.5, Appendix A. Consistent with
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Figure 3.5: X-ray photoelectron spectroscopy (XPS) spectra of n-Si/SiO, rca/Al203/Pt/Ni after 18-
(a) Ni 2p signals as a function of etching step; step 0 (no etching), step 5 and step
10 (approximate depth of 3 nm), showing variation of Ni phases. (b) Depth profiling analysis of the
composite system. The XPS signals corresponded to Ni 2p,Pt 4f,Al 2s and Si 2p. The Al 2s signal was
used in this analysis due to the overlapping peak locations of the Al 2p and the Pt 4f. The sample was
etched using ion beam with an average etching rate of approximately 3 A per step.
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the previous study, the Ni surface film in contact with 1 M KOH did not oxidize
further to a depth of more than +2.5 nm,?® as indicated by the dominant signal of
metallic Ni at etching step 10 (approximate depth of 3 nm), as well as the absence
of NiO or Ni(OH), signals at the Pt interface. This implies that the AlpOg and Si
underneath were still fully protected by the Ni surface layer after 18 hours in KOH
under open-circuit condition in the absence of illumination. Without Ni and Pt,
Aly03 easily corroded in KOH electrolyte,3® as also indicated by the absence of Al
2p signal in Fig. A.6, Appendix A.

The improvement of the barrier height of the n-Si/SiO, rca /Al203/Pt/Ni pho-
toanode after 18 hours of aging in KOH solution is closely related to the inability
of the 2 nm Pt to completely screen charge at the Si interface, so that the effec-
tive screening is also affected by the increased workfunction of the Ni surface layer
that is oxidized by a strongly alkaline electrolyte. Previous studies have shown that
the effective metal screening and the associated barrier height in a bimetal Schot-
tky structure depends on the inner metal thickness.?!3% The XPS depth profiling
analysis equipped with ion etching in Fig. 3.5 shows that the Ni film is partially
transformed into Ni(OH), and NiO, on the surface after 18 hours in 1 M KOH.
According to the Pourbaix diagram (Fig. A.7, Appendix A), Ni readily oxidizes
to NiOy even in a weak base (pH>7), and therefore prolonged contact with a pH
14 solution may accelerate and exacerbate the oxidation process of Ni. The NiO,
and Ni(OH), phases are known to have a large workfunction in the range of 5.2-5.6
eV, 3738 close to the vacuum workfunction of Pt. Although Pt has a sufficiently high
workfunction to produce a large Schottky barrier, its effective workfunction may dif-
fer from the ideal value, and is usually lower when in contact with a dielectric
material than when in vacuum. The decrease of the metal workfunction is essen-
tially due to the existence of intrinsic states at the MIS interface whose energy level
is at the so-called charge neutrality level. 3940 These interface-induced gap states
tend to pin the metal Fermi level and alter the effective metal workfunction relative
to its vacuum value. The magnitude of the Fermi level shift depends on the pinning
strength of the thin dielectric layer and/or the underlying semiconductor, i.e., the
pinning factor that ranges from 0 for perfect pinning and 1 for no pinning. By using
the Schottky-Mott rule, the Eg, of —0.6V wversus Fe(CN)g_M_ for the fresh sample
implies a corresponding barrier height of 0.77 eV and an effective workfunction of
Pt/Ni bilayer structure of 4.82 eV on the n-Si/SiOy gca/Al203. On the other hand,
the oxidized NiO, on Pt within the aged sample is isolated from AlyOs, and thus
is not affected by the pinning at the MIS interface and would likely to maintain
its high workfunction for Schottky junction formation with the underlying Si, as
illustrated in Fig. 3.6.

The effect of the interfacial metallic layer was analyzed by comparing the j—
V curves and the Mott—Schottky plots of the MIS electrode with bilayer Pt (2
nm)/Ni (4nm) contact and the MIS electrode with Ni (6 nm) contact after 18 hours
of aging treatment in aqueous KOH solution, shown in Fig. 3.7a and b. The
vacuum workfunction of Ni is known to vary from 5.22 to 5.35 eV depending on the
crystal facet, and the vacuum workfunction of Pt is 5.64 eV for polycrystalline films.
After 18 hours, the onset potential of the n-Si/SiOy rca/Al2O3/Ni was —160 mV
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Figure 3.6: Representative energy band diagrams of the n-Si/SiOy rca/Al203/Pt/Ni (a) before and
(b) after prolonged aging of in 1 M KOH solution.

relative to E” (O2/OH™), and the photovoltage was 410 mV (Fig. A.8, Appendix
A). The initial Eg, of the n-Si/SiOy rca/Al2O3/Ni was —0.5V versus Fe(CN)3~/4~
(Fig. A.9, Appendix A) and shifted to —0.6 V versus Fe(CN)3~/*~ after 18 hours
of aging. Considering the Ni surface layer already oxidized to NiOy after 18 hours
in 1 M KOH, and did not oxidize further than 2.5 nm, the lower photovoltage
and Eg, observed in n-Si/SiO rca /Al203/Ni than the n-Si/SiO, rca /Al2O3/Pt /Ni
suggests that the inner metal still partially screened charge and its workfunction
contributed substantially to the effective barrier height in a multilayer Schottky
structure.

Figure 3.7a also compares the j—V characteristics of the samples with and with-
out the AloO3 interlayer. In the absence of AloO3 at the interface, the onset poten-
tials were —60 and +22 mV relative to E” (O2/OH~) and the photovoltages were
only 310 and 230 mV for MIS photoanodes with the SiOy rca and the SiOy native, Te-
spectively. Mott—Schottky analysis (Fig. 3.7¢) indicated that the Eg, was only —0.56
V versus Fe(CN)3~/4~ for the n-Si/SiOy rca /Pt/Ni and —0.46 V versus Fe(CN)3~/4~
for the n-Si/SiOy native/Pt/Ni, and there were no substantial changes between the
initial conditions and after 18-hour aging. The constant Eg, and the low photovolt-
age of the n-Si/SiO, /Pt /Ni photoanode, despite the high workfunction of the surface
layers, is ascribed to the strong pinning of the Fermi level at Si/SiO, /Pt interfaces.
Fundamentally, Fermi level pinning arises in response to incomplete termination of
the Si surface, resulting in an asymmetric bonding situation, ¢.e., dangling bonds,
that introduces energy states inside the surface band gap.*!*? These energy states
tend to pin the Fermi level of the semiconductor, and dictates the barrier height
by their energy levels instead of by the metal workfunction. Additionally, chemi-
cal reaction at Si/SiO/metal interfaces can also create extrinsic defect states that
cause Fermi level pinning of both the semiconductor and the metal. On the other
hand, Al;Og3 is known for its high level of chemical passivation that is capable of
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Figure 3.7: (a) Representative j—V behaviors of the n-Si/SiO, rca/Al203/Pt (2 nm)/Ni (4nm)
and n-Si/SiO, rca/Al203/Ni (6 nm). For comparison, the samples without Al2O3 are also shown;
with the SiOy rca and SiOy native-(b) Mott=Schottky plots of n-Si/SiO, rca/Al203/Pt (2 nm)/Ni
(4nm) and n-Si/SiO, rca/Al203/Ni (6 nm). (c) Mott-Schottky plots of n-Si/SiO, rca/Pt/Ni and
n-Si/SiOy native/Pt/Ni. All the plots shown are samples measured after 18 hours of aging treatment in
1 M KOH solution.

saturating dangling bonds on the Si surface, and thus has been used extensively
for surface passivation of Si.*3%* Therefore, the high observed photovoltage of the
n-Si/Si0y rca /Al203/Pt/Ni MIS structure can be attributed to the high quality of
surface chemical passivation induced by the chemically-grown SiOy grca and AloO3
stack combination.

The stability of the n-Si/SiO, rca/Al2O3/Pt/Ni photoanode was evaluated by
a chronoamperometry test at a fixed applied potential of 1.7 V versus RHE in 1 M
KOH electrolyte under simulated solar illumination, and is shown in Fig. 3.8a. The
initial photocurrent density was 28 mA cm~2 and periodically dropped due to the
unavoidable bubble formation during continuous measurement. Gas bubbles were
constantly generated and detached on the electrode surface, causing fluctuations in
the observed photocurrent. The 4 nm Ni (or Ni/NiO,/Ni(OH), upon transforma-
tion) surface film was able to protect the underlying photoanode under illumination
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and at a constant applied voltage without any noticeable decay of photocurrent for
more than 200 hours in 1 M KOH solution. Linear sweep voltammetry scans were
recorded periodically during the chronoamperometry test (Fig. 3.8b) and showed
no anodic shift in the j—V characteristics during 200 hours of operation. Without
Pt and Ni, the AlyO3 layer was not stable in highly alkaline solutions (Fig. A.6,
Appendix A),%> and thus penetration of a highly concentrated KOH could poten-
tially delaminate the catalyst overlayers, which would subsequently cause a rapid
degradation of the device performance. The constant current observed during the
chronoamperometry measurement indicated that the AlyOs underneath was not
adversely affected by the strongly corrosive electrolyte, and demonstrated the ef-
fectiveness of the ultrathin bilayer Pt/Ni film for photoelectrode protection against
corrosion.

This work clearly demonstrates the use of an MIS Si photoelectrode to achieve a
sufficiently high photovoltage for solar water-oxidation half reaction, and therefore
does not reflect the ability to spontaneously split water. To successfully realize
a bias-free water splitting, the photoanode should be combined with the second
or third semiconductor in a series or tandem arrangement. In such an integrated
system, a considerable fraction of light would be absorbed by the top junction, and
therefore, our device would ideally produce less than the photocurrent reported in
this work. However, the narrow band gap of Si and the high photovoltage as well
as the high photocurrent output of our MIS electrode could potentially simplify the
design and fabrication of a highly efficient PEC device for solar water splitting.

3.4. Conclusion

In summary we have successfully fabricated an MIS photoanode and demonstrated a
high photovoltage and stability for solar water oxidation. The high photovoltage was
achieved by engineering the semiconductor—insulator and insulator—metal interfaces
using a thin Al,Og dielectric layer and using a high workfunction metal Pt as well as
an active water oxidation catalyst Ni, respectively. The incidental oxidation of Ni in
1 M KOH electrolyte resulted in an increase in its workfunction that subsequently
improved the effective barrier height at the MIS junction as well as the degree of
band bending near the Si surface, thereby increasing the photovoltage with a value
close to the conventional np* Si buried junction. Additionally, we have shown the
role of the interfacial oxide layers on the alleviation of Fermi level pinning, which
is partially responsible for the shift of photocurrent onset potential, and thus the
observed photovoltage. Finally we have demonstrated a simple yet effective strategy
to achieve a high efficiency MIS photoanode that is chemically stable for more than
200 hours of PEC operation in a highly corrosive environment.
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General considerations for improving
photovoltage in
metal-insulator-semicondutor
photoanodes

Metal-insulator-semiconductor (MIS) junction photoelectrode is a simple alternative to
the traditional semiconductor-liquid junction and the conventional p-n junction elec-
trodes. Highly efficient MIS photoanodes often require interfacial surface passivating
oxides and high workfunction metals to produce a high photovoltage. Herein we inves-
tigate and analyze the effect of oxide interlayers and metal workfunctions to the barrier
height and the photovoltage of the MIS junction silicon photoanode. We use two metal
components in a bimetal thin-film structure and observe the modulation of effective
barrier height and the resulting photovoltage as a function of the inner metal. The MIS
photoanode shows a strong linear dependence between the photovoltage and the inner
metal workfunction, with the highest photovoltage achieved by the device that uses
platinum inner metal. Additionally, we found that coupling a thin aluminum oxide with
a chemically-grown silicon oxide and controlling the oxide thickness can significantly
improve the photovoltage of an MIS junction photoanode.

Parts of this chapter have been published in I. A. Digdaya, Bartek J. Trzesniewski, G. W. P.
Adhyaksa, E. C. Garnett and W. A. Smith, The Journal of Physical Chemistry C, 2018, 122,
5462. 1
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4.1. Introduction

unlight-driven photoelectrochemical (PEC) water splitting is a promising ap-
S proach to store intermittent solar energy by enabling a renewable and sustainable
production of hydrogen, which can be later directly consumed as a transportation
fuel or utilized as a feedstock in industrial and stationary power sectors.? At the
heart of a PEC system is the semiconducting photoelectrode that absorbs and trans-
forms light into photoexcited charge carriers, which are then directly used to drive
non-spontaneous electrochemical reactions such as electrolysis of water. One impor-
tant step in the PEC processes is charge separation driven by an electric field at
the semiconductor interface which can be formed by bringing a semiconductor into
contact with an electrolyte (semiconductor-liquid junction), with an opposing-type
semiconductor (p-n homo- or hetero-junction), or with a metal (Schottky junction,
e.g., metal-semiconductor junction or metal-insulator-semiconductor junction).

Metal-insulator-semiconductor (MIS) structures have been the focus of great
interest for solar energy conversion devices because of their simple fabrication, low-
temperature processing and the potential for achieving higher efficiencies than the
traditional p-n junction. For diffused p-n silicon junctions, the photovoltage, thus
the device efficiency, is limited by Auger recombination in the highly doped emitter
region with an upper limit of 720 mV for devices thicker than the minority carrier
diffusion length.?* The MIS junction concept has an advantage over the conven-
tional p-n junction in that the buried rectifying junction is formed with a carrier
selective metal contact, thus eliminating the need for a highly doped emitter in the
structure, and thereby allowing the device to potentially attain a photovoltage of
greater than 720 mV.

A significant development in MIS photoelectrodes has set a record photovoltage
of 630 mV,? close to that obtained from the p-n junction electrode.® The keys to
achieving a high photovoltage MIS photoelectrode include the use of thin tunnel
oxides and the application of appropriate metal contacts with suitable workfunc-
tions.” For n-type semiconductor photoanodes, the metal workfunction should be
sufficiently high to ensure a strong inversion near the semiconductor surface,” which
is a prerequisite for a large generation of photovoltage. However, most high work-
function metals such as platinum (Pt) and iridium (Ir) are too scarce for large-scale
applications and too expensive for industrial commercialization. Conversely, p-type
semiconductor photocathodes benefit from the need for low workfunction metals
such as titanium (Ti) and aluminum (Al) to form a rectifying junction and create a
strong inversion. Although low workfunction metals are relatively cheap, these met-
als exhibit poor catalytic activity, and thus require an additional catalytic overlayer
such as Pt to improve the reaction kinetics on the photocathode surface. 89

Another important factor that determines a high photovoltage in an MIS junc-
tion photoelectrode is the thin tunnel oxide at the metal-semiconductor interface.
The interfacial oxide should have a surface passivation ability to minimize carrier
recombination, and a minimum charge extraction barrier to allow for facile elec-
tronic transport.® In addition, the oxide layer should have dielectric properties that
maintain the workfunction mismatch between the metal and the semiconductor to
enable a large photovoltage generation across the MIS junction. The native silicon
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oxide (SiOy) and the chemically-grown SiO, are commonly used as an interfacial
insulating layer in MIS photoelectrodes. 112 Apart from simplicity, the motivation
of using these types of oxides is often the assumption that they have the same
passivation properties as the high-quality thermal silicon dioxide (SiO,), a surface
passivation material that has been used extensively in photovoltaic research and
industries.

In the previous chapter, we have introduced an ultrathin layer of aluminum oxide
(Al203) in conjunction with the chemically-grown SiO, at the metal-semiconductor
interface, and observed significant improvements of photovoltage which was at-
tributed to the excellent surface passivation induced by AloO3 and the simultaneous
increase of barrier height.! While this is partially true, in this chapter, we aim to
expand upon the previous analysis and seek to identify the additional contribution
that results in photovoltage enhancement upon the introduction of a supplemen-
tary oxide. Additionally, we explore the application of less-precious metal contacts
and analyze their impact on the performance and trade-offs associated with the use
of lower workfunction metals. We first investigate the junction properties of MIS
structures using various metal contacts with different workfunctions by performing
dark current—voltage measurements. Using the diode models for MIS junctions, we
extract the important parameters such as the dark reverse saturation current and
the ideality factor that determine the photovoltage of an MIS photoanode. We addi-
tionally determine the barrier heights using capacitance-voltage method and Mott-
Schottky analysis, and compare the experimental values with the theoretical models
for MIS contacts. Furthermore, we demonstrate how the interfacial oxides and the
workfunction of each metal affect the Schottky barrier height at the MIS junction. In
separate experiments, we fabricate MIS photoanodes by depositing ultrathin bimetal
contacts with various inner metals and show how the outer metal modulates the ef-
fective barrier height of the MIS photoanodes. Using the extracted parameters from
the Schottky diode modeling, we then compare the experimentally-measured pho-
tovoltages with the theoretically-determined values. Finally, we demonstrate how
tuning the thickness of the Al,O3 interface layer and using the appropriate inner
metal contact can improve the photovoltage of an MIS photoanode.

4.2. Experimental section

Chemicals

All chemicals were used as received: potassium hydroxide pellets (KOH, Alfa Aesar, 85%),
hydrogen peroxide (H202, 30% (w/w) in H2O, contains stabilizer, Sigma-Aldrich), sulfuric
acid (H2S04, 99.999%, Sigma-Aldrich), hydrofluoric acid (HF, ACS reagent 48%, Sigma-
Aldrich), hydrochloric acid (HCI, reagent grade, 37%, Sigma-Aldrich), potassium hexa-
cyanoferrate(II) trihydrate (K4Fe(CN)g-3H20, =99% puriss. p.a., ACS reagent, Sigma-
Aldrich), potassium hexacyanoferrate(I11) (K3Fe(CN)g, =99% puriss. p.a., ACS reagent,
Sigma-Aldrich). Water with resistivity 18.2 MQ cm from Milli-Q integral ultrapure water
(Merck Millipore).

Preparation of substrates
Phosphorus-doped (n-type, (100)-oriented, single-side polished, resistivity 0.1-0.3 Q cm,
thickness 525 pum) and degenerately boron-doped (pt-type, (100)-oriented, singe-side pol-
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ished, resistivity < 0.005 Q cm) Si wafers were purchased from Si-Mat. The n-type Si
wafers were first cleaned in a piranha solution containing a mixture of HoSO4 and H202
(3:1 by volume ratio) at 120 °C for 20 minutes to remove organic contaminants. The n-type
Si wafers were then dipped into a buffered HF etchant (2%) for 2 minutes at room temper-
ature to strip the native oxide on the Si wafer surface. Next, the Si wafers were immersed
in a Radio Corporation of America (RCA) Standard Clean-2 (SC-2) solution consisting of
H20, HCI and H202 (5:1:1 by volume ratio) at 75 °C for 10 minutes to regrow the oxide
layer (SiOy). The same procedure was applied on the pt-type Si wafers.

Atomic-layer deposition of aluminum oxides

Atomic-layer deposition (ALD) of aluminum oxides (Al2O3) was conducted in a home-built
thermal ALD system (developed at AMOLF) at 250 °C at a base pressure of 0.01-0.05 mbar.
The ALD cycle consisted of a 10 ms pulse of HoO, a 18 s of Ng purge, a 10 ms pulse of
trimethylaluminum (TMA), and another 18 s of No purge to complete the cycle. Eight
ALD cycles were used to deposit 1 nm thick AloO3 on an n-Si/SiOy substrate. In selected
experiments, 24, 32 and 80 ALD cycles were used to deposit 2.7 nm, 3.9 nm and 8 nm
layers of AlpO3, respectively. The thickness of the AloO3 was estimated by ellipsometer
(J.A. Woollam) using dielectric models for AloO3 and Si native oxide on a Si substrate.

Sputter-deposition of metals

Platinum (Pt), nickel (Ni) and cobalt (Co) were deposited using Prevac radio frequency
(rf) magnetron sputtering from a Pt, Ni and Co target, respectively (Mateck, 99.95%, 2
inch diameter, 5 mm thickness). The Ar flow was kept at 15 sccm and the working pressure
was held at 3 pubar. For Pt deposition, the rf power was kept at 25 W and the deposition
rate was approximately, 0.138 A s™1. For Ni and Co depositions, the rf power was 100 W,
and the deposition rates were 0.2 A s™1 and 0.16 A s71, respectively. Ti was deposited in
AJA sputter chamber from a Ti target (Mateck, 99.95%, 2 inch diameter) using a direct
current (dc) power. The Ar flow was maintained at 15 sccm and the working pressure was
3 ubar. The dc power for Ti deposition was 10 W.

Preparation of MIS devices

MIS devices were fabricated by depositing an AlpO3 layer onto n-Si wafers using ALD.
The front Schottky contact of each MIS device was formed by depositing different metals,
such as Pt, Ni, Co and Ti, each with a thickness of 60 nm. In separate experiments,
a set of photoanodes were fabricated by depositing 2-nm thick inner metals (Pt, Ni, Co
or Ti), followed by depositing 4 nm of Ni capping layer using low-power sputtering to
ensure uniform deposition and homogeneous coverage. The back side of the n-Si wafers
was scratched using sand paper to remove the oxide layer, followed by cleaning the residue
using ethanol. Next, the ohmic back contact was formed by rubbing the back side surfaces
of the Si wafers with an Ga-In alloy (75.5:24.5 wt%, 99.9% metal basis, Alfa Aesar). The
ohmic back contact of the pT-Si electrode was formed by sputtering Pt.

(Photo)electrochemical measurements

Photoelectrochemical measurement of the photoanode was conducted in a three electrode
configuration in 1 M KOH electrolyte solution under simulated AM1.5 solar irradiation
(100 mW cm™2) using a Newport Sol3A Class AAA solar simulator (type 94023A-SR3)
with 450 Watt xenon short arc lamp. A mercury/mercury oxide (Hg/HgO in 1 M KOH,
Radiometer Analytical XR440, Hach) electrode was used as the reference electrode, and Ni
coil was used as the counter electrode. The Hg/HgO electrode was calibrated using a sil-
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ver/silver chloride (Ag/AgCl, in saturated KCIl and AgCl, Radiometer Analytical XR300,
Hach) reference electrode with a well-known potential with respect to the standard hydro-
gen potential (Vgg/AgCl versus SHE = 0.199 V), and had a potential of 0.9222 V versus the

reversible hydrogen electrode (RHE) in 1 M KOH solution. The exposed area of the work-
ing electrode was 0.2826 cm?. During the measurement, the electrolyte was continuously
stirred using a magnetic stir bar. Cyclic voltammetry, electrochemical open-circuit, electro-
chemical impedance spectroscopy and chronoamperometry measurements were performed
using a potentiostat PARSTAT MC (Princeton Applied Research, AMETEK). The cyclic
voltammetry data were recorded at a constant scan rate of 50 mV s~ and the chronoam-
perometric data were collected at a constant potential of 1.7 V versus RHE.

Impedance spectroscopy

Solid-state impedance spectroscopy of MIS devices were performed by connecting of the
front metal contact with the back metal contact. Impedance spectroscopy of MIS photoan-
odes with thin bimetal contacts were performed electrochemically in solution containing
50 mM K3Fe(CN)g, 350 mM K4Fe(CN)g and 1 M KCl in a three electrode measurement
using a Pt wire placed in a fritted glass tube as the reference electrode and a Pt coil as the
counter electrode. The experimental setup was kept in the dark during the measurement.

4.3. Results and discussion

Schottky barrier height and effective pinning factor of MIS junction

The junction properties at the metal-insulator-semiconductor interfaces can be examined
by modeling the current-potential (j—V) curves in the dark. A simple and realistic dark
j—V characteristic can be described by an implicit diode equation that takes into account
the parallel resistance (Rp) and the series resistance (Rs) in Eq. 4.1:

q(V—st)) VR
nkT Rp

where j is the dark current density, jo is the dark reverse saturation current density, n is
the diode ideality factor, g is the elementary charge (1.6 x 10719 C), k is the Boltzmann’s
constant (1.38 x 1072 m? kg s72 K~1), T is the temperature (293 K) and V is the applied
voltage. For an MIS junction with a large barrier height, the generation and recombination
current in the space-charge region!? can be more accurately modeled by adding a second
diode in parallel connection with the first in an equivalent circuit (Fig. B.1, Appendix B)
which is represented by the double-diode equation in (Eq. 4.2):

=i |exo (4.)

exp( + joz2 exp( (4.2)

i=jor q(V—st)) q(V—st))]+V—st

mkT naokT Rp

Here, joi is the dark reverse saturation current density from the thermionic emission, n; is
the diode ideality factor at high forward biases, jgg is the dark saturation current density
from trap-assisted recombination and generation processes at the space-charge region and
ny is the diode ideality factor for recombination and generation current at low voltage
biases.

Figure 4.1a shows the semi-logarithmic dark j—V curves of the n-Si/SiOy/Al2O3/ metal’
systems. The symbols (open circles) indicate the measured data and the lines represent the
fit results derived from Eq. 4.1 and Eq. 4.2. Positive applied voltages (V >0) in the j-V
curve represent the forward bias region and negative voltages (V <0) represent the reverse
bias region. Four different metal contacts were investigated in our MIS structures; Pt, Ni,
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Figure 4.1: Dark j—V curves of (a) the n-Si/SiOy/Al203/'metal’ and (b) the n-Si/SiOy/‘metal’ sys-
tems. The thickness of each metal contact is 60 nm. Symbols represent the measured data and straight
lines represent the fit results. Tabulated values of the extracted parameters are provided in Table B.1
and B.2, Appendix B.

Co and Ti with corresponding workfunctions of 5.6, 5.2, 5.0 and 4.3 eV, respectively. 14
The thickness of each metal was 60 nm, and the ellipsometrically-measured thickness of
the oxide layers were approximately 1.8 nm for the chemical SiOy and 1 nm for the Al2O3.
All the investigated devices exhibited rectifying behavior, as indicated by the weak voltage
dependence of the reverse current, and the exponential increase of forward current with
increasing applied voltage. The n-Si/SiOx/AlaO3 with Pt and Ni contacts showed four
distinct regions in each corresponding dark j—V curve: a reverse bias region, two linear
regions with different slopes at low and high forward biases, and a current limited region
at very high forward biases. The four regions in the dark j—V were simultaneously fitted
using a two-diode model described in the Eq. 4.2. The n-Si/SiOy/AloO3 with Co and
Ti contacts displayed only one linear curve in the intermediate region of forward bias,
and thus the fitting procedure was performed using a single-diode model in Eq. 4.1. Fig-
ure 4.1b depicts representative dark j—V characteristics of the n-Si/SiOy/‘metal’ systems.
All devices demonstrated a linear line in the intermediate forward bias region, and thus
the j—V responses were fitted using a single-diode equation. The n-Si/SiOx with Pt, Co
and Ni contacts behaved as rectifying junctions, whereas the n-Si/SiOx/Ti behaved as
an ohmic contact, as indicated by the symmetry of j—V curve in the forward and the
reverse bias regions. From the fit results, the mean ideality factors were n =1.1 for the
n-Si/SiOx/AloO3/‘metal’ and n=1 for the n-Si/SiOx/‘metal’ systems.

The utility of Fig. 4.1a and b is that the barrier height can be extracted from the
dark j—V curve. In an intimate metal-semiconductor structure where thermionic emission
is the dominant current transport mechanism, 15 the barrier height can be directly derived
from the dark reverse saturation current using the classical thermionic emission theory.
However, in the presence of an oxide layer at the interface, the current transport across
the MIS junction is also governed by carrier tunneling through the oxide. To account for
the contribution of tunneling conduction, the dark reverse saturation current of an MIS
junction is given by the thermionic emission equation corrected for tunneling (see Appendix
B.3 for the derivation of the equation): 16:17
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090 )exp(-v20) (4.3)
where A* is the Richardson’s constant (120 A cm™2 K~2 for Si), ¢y, is the barrier height,
x (in eV) is the mean barrier height presented by the tunnel oxide (i.e., the conduction
band offset between the semiconductor and the oxide) and § is the thickness of the oxide
(in A). The term exp(—,/¥d) is the transmission coefficient for electron tunneling through

a one-dimensional rectangular barrier, and /6 is the tunnel exponent (there is a constant
16,17

jo=A* Tzexp(

(not shown) with a value =1 and units eV~1/2 A to make the exponent dimensionless).
Rearranging Eq. 4.3, the barrier height of an MIS junction is given by:

1n(A*,T2)— \/75) (4.4)

Jo

kT
q

From Eq. 4.4, it is clear that the barrier height has a strong dependence on the \/¥6.
In real situations where the interfacial oxide is very thin (i.e., § <30 A), the experimental
value of \/x6 is appreciably different, and typically can be much lower than the theoretical
quantity. This discrepancy has been largely attributed to the non-uniformities of the oxide
layer and the inhomogeneous distribution of the oxide thickness. 18,19 Additionally, barrier
lowering due to image charges (i.e., image-force lowering) and the gradual disappearance
of the band structure of a few atomic layers can also reduce the /x& .20

For an MIS junction consisting of multiple interfacial oxides such as in the devices
shown in this work, the effective tunnel exponent (\/x6).g is not accurately known, and
the barrier height cannot be explicitly derived from the dark reverse saturation current.
Alternatively the barrier height can be estimated from Mott-Schottky analysis of the inverse
square of the space-charge capacitance—voltage (Cs_c27V) of the electrode, measured using
impedance spectroscopy (Fig. B.4, Appendix B). Independent determination of the barrier
height allows the approximation of the (/¥8)ef for multiple interfacial oxides using Eq. 4.4.
Using the experimentally determined barrier heights from the Mott-Schottky relationship
(Table B.4, Appendix B) and jy values from the fit results of Fig. 4.1b, and putting them
into Eq. 4.4, the /x6 for MIS devices with an SiOy (1.8 nm) interlayer was estimated to be
1.2, close to the value reported previously for wet-chemical SiO2 with the same thickness. 20
Using the same approach, the calculated values for (\/x0).g were approximately 1.6 for
the n-Si/SiOy (1.8 nm)/Al2O3 (1 nm) in contact with Pt, Ni and Co, and 4 for the
n-8i/Si0x (1.8 nm)/AloOg (1 nm) with Ti metal contact. The higher (\/x6)g for the
n-Si/SiOx/Al2O3/Ti is presumably due to the formation of an additional oxide layer as
a result of oxidation at the AlpO3/Ti interface. High-workfunction metals such as Pt
are resistant to oxidation, but low-workfunction metals such as Ti are extremely reactive
and their surfaces may readily oxidize upon contact with an underlying oxide. Previous
study has indicated that the tunnel barrier of the n-Si/SiO2/metal system increases when
a lower workfunction metal such as Al is used in comparison to the higher workfunction
Au.?Y This may also be the case for the n-Si/SiOx/Al203/Ti, considering both Ti and Al
have similarly low workfunctions.

¢p =

Figure 4.2a and b show the experimentally determined barrier height as a function
of the metal workfunction for the n-Si/SiOx/Al2O3/‘metal’ systems (solid circles) and
the n-Si/SiOy/‘metal’ systems (solid diamonds), respectively. For comparison, the barrier
heights calculated using the previously determined /x0)qg and jo values in Eq. 4.4 are also
presented as hollow stars. The barrier height of the n-Si/SiOx/Ti was not obtained from
the space-charge capacitance determination using impedance measurement due to a high
leakage current, but a value close to 0.37 + 0.02 eV is expected based on the calculation
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Figure 4.2: Effective barrier height as a function of the metal workfunction of (a) n-

Si/SiOx/Al203/'metal’, and (b) n-Si/SiOx/‘metal’ systems. Solid symbols are determined from Mott-
Schottky analysis of the inverse square of the space-charge capacitance-voltage (C;2-V) of the elec-
trode, measured using impedance spectroscopy, and open symbols are extracted using Eq. 4.4 from
the fit results of Fig. 4.1. Mott-Schottky plots are shown in Fig. B.4, Appendix B.

using Eq. 4.4. An excellent linearity between the barrier height and the metal workfunction
was observed on the n-Si/SiOy/AlaO3/‘metal’ systems with a slope of 0.32. In the absence
of AlpO3 insertion layer, a linear relation with nearly the same slope was only apparent on
the n-Si/SiOy in contact with Pt, Co and Ti, while a large deviation was observed when
using a Ni contact which exhibited a lower barrier height than that expected from the linear
trend with the metal workfunction. In general, with the exception of the n-Si/SiOy/Ni,
the incorporation of 1-nm-thick AloO3 increased the barrier height by 0.05 + 0.01 eV.

The slope of the linear trend between the barrier height and the metal workfunction
(S=d¢y,/dDy) is indicative of the effective pinning factor for the MIS contact that ranges
from O for perfect pinning to 1 for no pinning.21 In an MIS structure, Fermi level pinning
effect typically arises from two distinct contributions: (i) the existence of interfacial trap
states at semiconductor-oxide interface and (ii) the movement of the metal Fermi level due
to occupation of intrinsic states at the surface of the oxide layer by metal electrons (i.e.,
metal Fermi level pinning). While the former tends to pin the semiconductor Fermi level
to the interface states, the latter tends to alter the effective value of metal workfunction
which, in most cases, differs appreciably from the value in vacuum. It should be noted
that the S parameter of a dielectric material (i.e., the oxide layer) should be distinguished
from the effective S parameter of an MIS structure as a whole because interface states exist
both at the metal-insulator and the insulator-semiconductor interfaces. 22 For example, the
Al203 has been reported to have a dielectric S parameter between 0.63 and 0.69, 23 Hut the
effective S parameter of an MIS junction employing an AlpO3 interfacial dielectric would
be considerably different.

Previous empirical and experimental studies have shown that intimate contact be-
tween an n-Si and a metal results in a nearly complete pinning of the Fermi level with
an effective S parameter as small as 0.075.2%425 The effective S parameter of 0.32 for the
n-Si/SiOx/AlaO3/‘metal’ systems, therefore, underlines the ability of the oxide layers to
alleviate the pinning of Fermi level within the n-Si-based MIS junction. In addition to in-
trinsic states, extrinsic defect states may also arise from the interfacial reaction between the
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metal and the oxide, and may contribute to the modification of metal workfunction.Z? The
existence of extrinsic defect states within an MIS contact is typically indicated by a large
deviation of barrier height from the linear trend with varying metal workfunction. 22,23
We note however, that of all the MIS devices investigated herein, such a deviation only
occurs on the n-Si/SiOy/Ni. As the barrier height of other n-Si/SiOy/‘metal’ systems
exhibits a positive linear scaling with increasing metal workfunction, it may suggest that
the distribution of the extrinsic defect states arising from the interfacial chemical reac-
tion is metal-dependent. By introducing the AloO3 interfacial layer, such a deviation can
be eliminated, thus suggesting that the formation of defect-related states is considerably
hindered.

Schottky barrier height and effective pinning factor of MIS photoanodes with thin bimetal
contacts

In an effort to directly evaluate the effect of AloO3 interlayer on the photoanode, a series
of bimetallic MIS electrodes were fabricated by depositing 2 nm of various inner metals
to serve as the Schottky contact, and 4 nm of Ni outer metal to serve as the catalyst and
protection overlayer. The front metal contacts were designed very thin to avoid significant
optical losses for high photocurrent generation without compromising the protection abil-
ity to prevent corrosion and to promote catalytic reaction of water oxidation. Because of
the inability to directly probe the ultrathin metal contact (i.e., total thickness of 6 nm),
impedance measurements for barrier height determination were performed electrochemi-
cally in a solution containing electrochemically reversible, one-electron ferri/ferrocyanide
(Fe(CN)g_M_) redox couple (Fig. B.5, Appendix B). Afterwards, all electrodes were sub-
jected to contact with 1 M of potassium hydroxide (KOH) solution for at least 24 hours
(from hereafter called the aging process). Impedance measurements were then repeated to
estimate the barrier heights of all electrodes.

Figure 4.3a shows the effective barrier height of the n-Si/SiOx/AloO3/‘inner metal’ /Ni
photoanodes as a function of inner metal workfunction. Barrier height shifts were observed
on MIS electrodes with thin bimetal contact in comparison to structures with a thick single
layer metal contact. For example, the barrier height of the n-Si/SiOy/AloO3/Pt (2 nm)/Ni
(4 nm) was slightly lower than the n-Si/SiO,/Al2O3/Pt (60 nm) (Fig. B.6, Appendix B).
In bimetal Schottky structures, the shift of barrier height is closely related to the ineffective
metal screening by the ultrathin inner metal, which is largely affected by the outer metal
workfunction. The theoretical Thomas-Fermi screening length is 0.7 A for most metals 26
but previous experimental study has shown that the extent of inner metal band bending
in a bimetal Schottky diode can exceed 1.5 nm.2” Considering the thickness of our inner
metal is only 2 nm, the bimetal effective workfunction is expected to shift toward the value
of the outer metal workfunction. Additionally, we also cannot rule out the possibility that
interfacial diffusion of inner metal may occur either to the underlying oxide or to the outer
metal (i.e., metal interdiffusion), which can potentially alter the effective workfunction of
the bimetal structure.

Figure 4.3a also indicates that the effective barrier height of all electrodes increased
after aging process. Such an increase of barrier height is ascribed to the transition of
workfunction of the surface layer due to incidental oxidation of Ni to nickel oxide/nickel
dihydroxide (NiO/Ni(OH)) after prolonged contact with KOH electrolyte. 110 The vac-
uum workfunction of NiO or NiOy is typically between 5.2 and 5.6 €V, and depending on
the processing conditions and/or post-treatments, the value can be as high as 6.7 eV. 28,29
Furthermore, the thickness of the surface layer should increase as a result of Ni lattice
expansion upon transformation to NiOy. 230 Such an increase of surface layer thickness
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Figure 4.3: Effective barrier height as a function of inner metal workfunction of the n-Si/‘oxide’ /bimetal
photoanodes with (a) both SiOx/Al20O3, and (b) only SiOy interfacial layer. Barrier heights are de-
termined from Mott-Schottky analysis of the inverse square of the space-charge capacitance—voltage
(C2-V) of the electrode, measured using impedance spectroscopy. The thickness of each inner metal
is 2 nm and the thickness of the Ni outer metal is 4 nm. Mott-Schottky plots are shown in Fig. B.5,
Appendix B.

is then expected to extend the modulation of the bimetal effective workfunction, and thus
the shift of the barrier height of a Schottky junction. Measurement results and analysis of
a test device employing a sputtered NiO from a NiO target on the n-Si/SiOy/Al2O3/Pt
structure also concurred with the conjecture that the barrier height of the MIS electrode
was indeed larger when a NiO front surface layer was used in place of Ni film (Fig. B.7,
Appendix B).

Figure 4.3b shows the effective barrier height of the n-Si/SiOy /‘inner metal’ /Ni without
an AlpOg3 interlayer. No substantial variation of barrier height was apparent between the
fresh and the aged electrodes. The effective barrier height of the n-Si/SiOy with thin bilayer
metal contacts exhibited a non-ideal scaling when changing inner metal workfunction in a
fashion similar to those observed with a single thick metal contact (Fig. 4.2b), regardless
of the presence of the secondary outer metal, even after oxidation of Ni surface layer in
KOH. Impedance characterization technique failed to measure the capacitance of the n-
Si/SiOy/Ti/Ni for barrier height determination due to the non-rectifying behavior of the
junction which resulted in a high leakage current, but a barrier height of close to 0.37 eV is
expected based on the assumption of a similar trend in Fig. 4.2b and Fig. 4.3b. Given the
fact that the effective barrier heights of all n-Si/SiOy/‘inner metal’ /Ni electrodes remain
constant despite the oxidation of the outer Ni, which should increase due to increasing
effective workfunction of the surface layer, the Fermi level seems to strongly pin at the
interface states that are most likely to be metal-dependent.

PEC performance of MIS photoanodes

The photoelectrochemical activity of the MIS photoanodes was examined by performing
cyclic voltammetry in 1 M KOH solution under simulated solar irradiation. Figure 4.4a
shows j—V curves of the illuminated n-Si/SiOx/Al2O3/inner metal’ /Ni photoanodes after
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the aging process in 1 M KOH electrolyte. Among all inner metals investigated in this
work, the most negative photocurrent onset potential (defined as the potential required
to achieve an anodic current of 100 pA cm_z) was achieved by the photoanode with Pt
inner metal (=270 mV relative to the formal potential for water oxidation, E¥ (O2/OH™)
= 1.23 V wersus a reversible hydrogen electrode, RHE) and the most positive potential of
photocurrent onset was observed on the photoanode with inner Ti (+140 mV relative to EY
(O2/0OH™). In the absence of light, the photoanodes with inner Pt, Ni and Co exhibited
nearly zero current, whereas a non-negligible dark current was observed on the photoanode
with inner Ti. This non-zero dark current is consistent with the lower barrier height of
the n-Si/SiO/Ti/Ni which increases the leakage current under reverse bias condition in a
solid-state measurement or under anodic potential bias in an electrochemical measurement.

Figure 4.4b depicts j—V curves of the n-Si/SiOy/‘inner metal’/Ni photoanodes. With-
out Al2Og, all MIS photoanodes showed significant positive shifts of photocurrent onset
potential for water oxidation. Even with Pt as the inner metal, the was only —50 mV rela-
tive to E¥ (O2/OH™). A considerable dark leakage current was observed on the photoanode
with only Ni contact due to the low barrier height of the n-Si/SiOy/Ni, in agreement with
the thermionic emission theory described in Eq. 4.3. The photoactivity of the photoanode,
generally indicated by the photocurrent plateau at sufficiently positive potentials, was not
apparent on the n-Si/SiOy/Ti/Ni. Both illuminated and dark j-V responses were identi-
cal, and showed a behavior typically displayed by a non-photoactive electrode for water
oxidation. These results clearly indicate that the photovoltage of the n-Si/SiOy/Ti/Ni was
indeed zero.

Figure 4.4c summarizes the photovoltage of the n-Si/SiOy/AlpOg3/‘inner metal’ /Ni
photoanodes as a function of the inner metal workfunction. The photovoltage was de-
termined from the difference in anodic current onset potential between the illuminated
photoanode and the non-photoactive pt-Si/SiOy/Ni in Fig. 4.4a and b. Electrochemical
open-circuit measurements in the dark and under illumination were also performed before
and after aging in KOH to confirm the photovoltage (Fig. B.8, Appendix B), and revealed
identical values as those measured using the aforementioned approach. The photovoltage
of the n-Si/SiOx/Al203/‘inner metal’/Ni photoanodes showed a positive linear scaling
with increasing inner metal work function. Consistent with the increase of barrier height,
the photovoltage of all MIS photoanodes increased upon oxidation of Ni surface layer in
KOH. The highest photovoltage was achieved by the n-Si/SiOy/AlaO3/Pt/Ni after aging,
reaching a value of 520 mV. In the absence of AlpO3 interlayer, all photoanodes exhibited
lower photovoltages, and showed almost no photovoltage shift after prolonged contact in
KOH (Fig. 4.4d), in close agreement with their barrier heights that remained constant
upon aging (Fig. 4.3b).

During the aging process in KOH solution, all photoanodes remained stable, and the
total metal thickness of 6 nm did not seem to allow for electrolyte permeation to the
underlying oxide layers. Previous report has shown that the as-deposited AloO3 by ALD
is chemically unstable in 1 M KOH and undergoes rapid dissolution upon contact with a
strongly alkaline solution.3! The dissolution of AloO3 may lead to the delamination of the
metal overlayers, which may result in the degradation of photovoltage and subsequently the
deactivation of the photoelectrode. The X-ray photoelectron spectroscopy (XPS) depth
profiling on the device consisting of n-Si/SiOy (1.8 nm)/Al203 (1 nm)/Pt (2 nm)/Ni (4
nm) has indicated that the Pt/Ni overlayers had transformed into Pt/Ni/NiO/Ni(OH),
and that the AloO3 remained intact in the structure after 18 hours in 1 M KOH.! Without
metal overlayers, no XPS peak corresponding to AloO3 was observed after 1 hour in 1 M
KOH, indicating that the AloO3 had rapidly dissolved in an alkaline solution.!
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Figure 4.4: Representative current—potential (j—V/) characteristics of (a) n-Si/SiOx/Al203/ inner
metal’ /Ni, and (b) n-Si/SiOy/‘inner metal’ /Ni photoanodes after aging, measured in 1 M KOH solu-
tion under simulated solar illumination (solid lines). Dark currents are indicated by the dotted lines
of the same color. The vertical dashed line indicates the formal potential for water oxidation (EY
(O2/OH™) = 1.23 V versus the reversible hydrogen electrode (RHE)). The j-V behavior of the non-
photoactive pT-Si/SiOy/Ni is also shown. The photovoltage as a function of inner metal workfunction
of (¢) n-Si/SiOy/Al203/'inner metal’/Ni, and (d) n-Si/SiOx/Al203/'inner metal’'/Ni photoanodes.
The thickness of the inner metal and the outer Ni are 2 nm and 4 nm respectively.

The theoretical photovoltage (Vpp) of an MIS photoanode can be calculated using the
following equation:

T .

vph=ﬂln(]?;h) (4.5)
q Jo

where jp), is the light-limited photocurrent density. The relation between the photovoltage

and the barrier height can be obtained by substituting Eq. 4.3 with Eq. 4.5:

Von =

a nkT(ln( Joh | ¢
q

yr T2)+W+ﬁ6) (4.6)
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The mean parameters are assumed to be the same as previously obtained for MIS devices
with thick metal contacts: n=1 and /6 = 1.2 for the n-Si/SiOy/‘inner metal’/Ni, and n=
1.1 and (,/§0)ef = 1.6 for the n-Si/SiOy/AlpO3/‘inner metal’ /Ni photoanodes. As indicated
in Fig. 4.5, the theoretical model (Eq. 4.6) predicts the photovoltages accurately for the
given barrier heights, except for the n-Si/SiOx/AlpO3/Ti/Ni (i.e., the two red circles at
the bottom left corner, because the the tunnel exponent for this particular structure is
slightly higher (i.e., (\/¥6)em =4), but using this value will actually give accurate results,
see Fig. B.9, Appendix B). Clearly, the increase of photovoltage upon the addition of AloO3
onto the SiOy interface layer is related to the lower dark reverse saturation current, which
depends not only on the barrier height, but also on the oxide thickness. In the absence of an
oxide interlayer, the photovoltage will be substantially lower (hypothetical relation between
the photovoltage and the barrier height of metal-semiconductor photoanodes without an
interfacial oxide is indicated by the dashed blue line).

Equation 4.6 also suggests that the photovoltage will increase with a higher ideality
factor. From the fit results of dark j—V curves in Fig. 4.1, the mean ideality factor of the
n-Si/Si0x/AloO3/ metal’ is indeed higher than that of the same structure without AloO3
(i.-e., ngio,/AL0; = 1-1, ngio, = 1). This is because the ideality factor increases with

increasing oxide thickness, as expressed by: 17,32

ne (é) (es/W) + qDjt s (4.7)
€)1+ (6/61) qutJTl
where €; is the dielectric permittivity of the interfacial oxide, €5 is the dielectric permit-
tivity of the semiconductor, W is the space-charge width of the semiconductor. The Dj; g
and Djt i are the density of interface states in equilibrium with the semiconductor and the
metal, respectively. For an MIS structure with a very thin oxide, such as the n-Si/SiOy
(1.8 nm)/‘metal’ systems investigated in this work, the charge exchange between the inter-
face states and the metal is relatively easier than with the semiconductor, and thus the
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Figure 4.5: Measured photovoltage as a function of the effective barrier height of MIS photoanodes
using only SiOy (black circles) and SiOx/Al203 (red circles) interfacial layers. For comparison, the
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population of interface states is controlled by the metal, so that Djt s is almost negligible.
In a situation where Dj; y, is very large, the ideality factor will be close to unity. For
thicker oxides, such as the n-Si/SiOy (1.8 nm)/Al2O3 (1 nm)/‘metal’ systems, charge ex-
change between the interface states and the metal decreases by the total oxide thickness,
and thus the interface states will partially equilibrate with the semiconductor. In a simple
formalism where Dj; equals to the sum of Dj; g and Dit,m733 introducing an Al2O3 to the
existing SiOy will increase Djt s by the same amount that reduces Djt . As a result, the
ideality factor will depart from unity.

So far, the analysis presented above have assumed that the barrier height and the
ideality factor remain constant under illumination. In practice, their values in the dark
can be different from those under illumination. In the former case, the potential drop
in the oxide layer is partly controlled by charging/discharging of interface states with
applied bias, whereas in the latter case the potential drop is influenced by the injection
of minority carriers into the interface states. Considering the excellent agreement between
the experimental and theoretically calculated values of our device photovoltage, the change
of barrier height and ideality factor should be negligibly small under illumination. Further
complications that are not discussed here arise from the fact that the interfacial oxide
can either increase or decrease the barrier height, depending on the polarity of the charge
induced by the oxide. The AlpO3 is known to exhibit a fixed negative charge,3436 and if
used with an n-type semiconductor can lead to a field-effect passivation of the underlying
surface. This can also be the origin of the barrier height shift (Fig. B.10, Appendix B)
and thus the photovoltage improvement of the n-Si/SiOy/AloOg/‘metal’/Ni photoanodes.

Figure 4.6a and b shows that increasing the oxide thickness improved the MIS junction
photovoltage. For the n-Si/SiO,/AlaO3/Pt/Ni photoanode, the photovoltage reached a
maximum value of 538 mV as the AloO3 thickness increased to 2.7 nm. Further increase
of AlpO3 thickness diminished the photovoltage due to the decrease of barrier height (Fig.
B.10, Appendix B). As the AloO3 became much thicker, the tunneling barrier also in-
creased to such an extent that it suppressed the photocurrent. We note that the behavior
of our device is distinct as compared to the previously reported n-Si/SiO2/AlaO3/Ir pho-
toanode whose photovoltage rapidly drops with a small increase of AlyO3 thickness.®37
A relatively high photocurrent observed with an AlpOgs thickness of 3.9 nm (measured
by ellipsometer) indicates that our AlpOs3 is rather conductive. A high leakage current
has been frequently observed on AlpO3 films deposited by thermal ALD, and has been
experimentally attributed to the hydrogen incorporation during the deposition in a system
involving hydrogen-containing oxygen precursor such as Hp0.38 41 According to density
functional theory (DFT) calculations, interstitial hydrogen in AlaOg3 can introduce a de-
fect level near midgap that enables electronic conduction through the oxide. 42 The carrier
lifetime in this energy level is brief, and therefore the tunneling conductivity is sensitive
to oxide thickness. Since our AlpOg3 films were deposited by thermal ALD and using HoO
oxygen precursor, therefore, it is reasonable that the same mechanism of defect-mediated
conduction within the hydrogen-contaminated AlpO3 film governs the carrier transport,
which allows for the passage of high photocurrent within thick tunnel oxide interlayers.

Improvements of photovoltage by controlling the interfacial SiO2 thickness have been
observed in Schottky junction solar cells?345 and MIS photoelectrodes. 1112 However,
many of these devices require a high precision of interfacial oxide thickness with sub-
nanometer accuracy to improve the photovoltage without compromising the tunneling
current in the oxide layer. For highly resistive oxides such as SiO, a small thickness
increase of a few angstrom can lead to significant carrier recombination and photocurrent
suppression, which will result in a reduced fill factor and a drop of photovoltage. On
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Figure 4.6: (a) Representatives j—V curves, and (b) photovoltages of the n-Si/SiOx/Al20O3/Pt/Ni
photoanodes with various Al2O3 thicknesses. The photovoltage was determined by comparing the

anodic current onset potential of the MIS photoanodes under illumination and the non-photoactive
pt-Si/SiOx/Ni electrode in the dark.

the other hand, the leaky characteristic of our AlaOg3 offers the flexibility and a better
control to optimize the oxide interlayer thickness without losing too much photocurrent.
Other interfacial oxide materials that show similar tunneling properties include titanium
dioxide (TiOz2),?6:37:46 graphene oxide (GO)*7 and cobalt oxide (CoOy).*® This highlights
the importance of using a conductive tunnel dielectric to achieve a highly efficient MIS
photoelectrode.

4.4. Conclusions

In summary we have demonstrated the role of interfacial oxides and metal workfunction
in improving the photovoltage of MIS junction photoanodes. The use of a thin chemically-
grown SiOy at the metal-semiconductor interface is evidently not sufficient to favorably
shift the Schottky barrier height. Depending on the metal used, the thin SiOy can facilitate
the formation of extrinsic defect states that reduces the metal effective workfunction and
subsequently decreases the barrier height. Adding supplementary oxide such as AlpO3 to
the interfacial SiOy can eliminate the development of extrinsic defect states and simulta-
neously increase the barrier height which is advantageous for increasing the photovoltage.
The improvement of photovoltage upon the addition of interfacial oxide is also found to be
partly a result of the reduced dark reverse saturation current which is not solely determined
by the MIS barrier height but also by the oxide thickness. With an optimum thickness,
the interfacial oxides reduce the majority-carrier thermionic emission current without sig-
nificantly affecting the minority carrier-injection, thereby improving the photovoltage of
the MIS photoanode.

The results and analysis presented herein also attempt to serve as guidelines for de-
signing bimetal-insulator-semiconductor photoanodes with realistically achievable photo-
voltages. The photovoltage dependence on inner metal workfunction indicates that a high
workfunction metal such as Pt is fundamentally required to achieve a highly efficient MIS
photoanode with bilayer metal contacts. Using a lower workfunction inner metal substan-
tially sacrifices the photovoltage in a trade-off for a lower cost inherent to the natural
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abundance of the low-workfunction metals. Most high workfunction metals such as Pt and
Ir are indeed scarce, but the seek for Schottky contact candidates should not be limited
to only materials in the metallic form. Transition metal oxides such as molybdenum tri-
oxide (MoQO3), chromium trioxide (CrO3), vanadium pentoxide (V205), tungsten trioxide
(WO3) and NiO are relatively cheap and known to have high workfunctions, exceeding the
workfunction of noble metals. 2949 Therefore, research directions should be guided toward
the development and the use of these metal oxides as carrier-selective contacts for buried,
rectifying junction photoanodes. Some of these oxides may have poor chemical stability
and inferior catalytic activity, but with the rapid advancements in the protection and
catalytic layer research and their successful implementations in a wide variety of photoelec-
trodes, a cheap, chemically stable and highly efficient photoanode can be achieved with all
earth-abundant materials.
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Extracting large photovoltages from
amorphous silicon carbide
photocathodes with a titanium
dioxide front surface field layer

A thin film heterojunction photocathode is fabricated by depositing a natural n-type titanium
dioxide (TiO2) onto a p-type-intrinsic (p-i) amorphous silicon carbide (a-SiC). Using this device
structure, the junction photovoltage increases from 0.41 V for the p-i-liquid junction a-SiC pho-
tocathode to 0.77 V for the p-i-n junction a-SiC photocathode. The introduction of the TiO2
on the p-i a-SiC produces an internal electric field that increases the operating photovoltage,
and subsequently improves the drift mechanism of photogenerated charge carriers across the
intrinsic layer. The enhancement of the photovoltage leads to a cathodic shift of photocurrent
onset potential and exhibits a photocurrent density of —8.57 mA cm™2 at the formal potential
for the hydrogen evolution reaction. The a-SiC photocathode with a TiO2 surface layer shows
a high stability for 12 hours of operation under photoelectrocatalytic conditions. This high per-
formance and very thin photocathode is very promising for integration with smaller band gap
solar absorbers to form multijunction devices for highly efficient bias-free solar water splitting
systems.

Parts of this chapter have been published in I. A. Digdaya, L. Han, T. W. F. Buijs, M. Zeman, B.
Dam, A. H. M, Smets and W. A. Smith, Energy Environ. Sci., 2015, 8, 1585-1593.
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5.1. Introduction

hotoelectrochemical (PEC) water splitting has the potential to be a large-scale, sus-

tainable, and efficient route to produce solar fuels (e.g., hydrogen) by harnessing and
storing the power of the sun. One of the most attractive features of this technology is
that the light absorbing materials can be directly integrated with catalysts to produce a
monolithic device, thereby making it more simple and cost-effective than using separate
photovoltaic (PV) cells and electrolyzers.273 In order to make this approach competitive
with conventional hydrogen production from fossil fuels, i.e., steam-methane reforming, the
materials for PEC water splitting need to be made from cheap earth-abundant elements
using a low-cost and scalable processing technique.

In recent years, major efforts have focused on single-crystal silicon- (c-Si) based pho-
toelectrodesfk11 due to the natural abundance of Si, its excellent light absorbing and
electronic properties and its low-cost and high throughput processing. While these pho-
tocathodes show a notably high photocurrent density, a practical device realization with
¢-Si remains a challenge due to the inability of the narrow band gap of ¢-Si (i.e., 1.1 eV) to
meet the thermodynamic requirements to split water (1.23 V),12 plus the necessary over-
potentials to drive the reaction (>0.8 V). 13 A more attractive and realistic approach to
overcome these large potentials is to create a tandem device that contains more than one
light absorbing material, which has several benefits such as increased spectral utilization,
higher operating voltage, and more flexibility with respect to the band edge positions rel-
ative to the water redox potentials. 14-17 Thin film fabrication techniques such as plasma
enhanced chemical vapor deposition (PECVD) have the necessary versatility to control
the optoelectronic properties of Si and allow for multi-junction devices to be deposited in
succession to form homo- and heterojunction films. Therefore, developing thin-film-silicon-
based tandem structures with an operating voltage of at least 1.9 V is one of the most
attractive and promising approaches to achieve a low-cost bias-free solar water-splitting
device.

Amorphous silicon carbide (a-SiC) photocathodes have received a growing interest due
to their earth abundant composition, their simple and scalable thin film deposition tech-
nique, and their relative high stability in a mildly acidic environment under cathodic bias
conditions. 18723 Moreover, a-SiC has a tunable band gap energy from 1.8 eV to 2.3 eV, 24
which allows the integration of multi-junction PV cells with smaller band gaps (i.e., 1.1-1.8
eV) to form tandem light absorbers for maximum spectral utilization. Prior work has in-
tegrated a-SiC photocathodes with thin-film silicon PV junctions consisting of amorphous
silicon and nanocrystalline silicon (a-Si/nc-Si) to provide an additional photovoltage, re-
sulting in a significant anodic shift of the photocurrent onset potential. 25 However, the low
charge carrier collection and the slow reaction kinetics on the a-SiC surface limit the overall
performance of such a triple-junction system to well below their theoretical potential.

Initial reports have indicated that the photovoltage of a-SiC photocathodes consisting
of a p-type and an intrinsic a-SiC (p-i a-SiC) is poor, mainly because of the non-ideal
band edges whose alignment strongly depends on the interaction between the a-SiC and
the electrolyte. 18-23 Quch a dependence can be eliminated by introducing an n-type layer
onto the p-i structure to form a buried rectifying p-i-n junction. Titanium dioxide (TiO2)
is one of the most investigated n-type materials for PEC water splitting due to its wide
band gap and its high resistance against corrosion in aqueous solutions. For this reason it
has been widely used as either a photoabsorber or a protection layer for unstable narrow
band gap photoelectrodes. 26733, TiOg has also been used in conjunction with p-type
semiconductors, such as p-type Si,34 cuprous oxide (CugO),35’36 and gallium phosphide
(GaP)737 to create a heterojunction that provides a sufficiently strong internal electric field
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for efficient photogenerated charge separation.

We herein demonstrate the use of a thin amorphous TiO9 grown by atomic layer deposi-
tion (ALD) on a p-type-intrinsic (p-i) a-SiC, to form a p—i—n heterojunction photocathode
for solar hydrogen evolution. This p—i—n structure produces a large photovoltage relative
to the p-i a-SiC, which is attributed to the improved interfacial energetics of the buried
solid-state junction. We place a hydrogen evolution catalyst on the p—i—n heterojunction
photocathode, and report a significant shift in the photocurrent onset potential while ob-
taining a high photocurrent at the formal potential for hydrogen evolution under simulated
solar illumination. Finally we show that the p-i a-SiC photocathode with a TiO2 front sur-
face layer is stable and able to maintain a continuous operation under PEC condition in
near-neutral electrolyte solution.

5.2. Experimental details

Fabrication of a-SiC photocathodes

The a-SiC photocathodes were deposited onto a textured Asahi VU-type fluorine-doped tin
oxide (FTO) substrate using a radio frequency plasma enhanced chemical vapor deposition
(RF-PECVD) multi-chamber tool. The substrate was kept at 170 °C during the deposition.
The ultrathin boron doped hydrogenated amorphous silicon carbide (a-SiC(B)) was used as
the p-type layer (10 nm), decomposed from SiHy,CH4 and BaHg diluted Ha gas flow under
controlled pressure. The thin intrinsic layer (100 nm) was deposited in a separate chamber
to avoid cross-contamination. A Hg treatment in a low RF power density is followed in the
same chamber in order to passivate the p-i interface. A stripe of 300 nm Al was coated on
the pre-covered region of the sample to serve as a metal contact using a Provac electron
beam evaporator in rotation mode. As the final step, electrical contact was made using a
silver wire and graphite paste.

Atomic layer deposition of TiO2

Thin amorphous TiOy layers (25 nm) were deposited onto a-SiC films using a homemade
thermal atomic layer deposition (ALD) system. No special treatment was done to pre-
clean the a-SiC surface before the TiO2 deposition. The TiO2 ALD was carried out at a
substrate temperature of 150 °C using tetrakis(dimethylamido)-titanium (TDMAT) and
H20 (Ty,0 = 25 °C) as the Ti and O precursors, respectively. The pulsing times are 5 s
and 10 ms for Ti and O precursors, respectively. Each precursor was purged for 30 seconds
after pulse. The growth rate was 0.8 A per cycle as measured by ellipsometry.

Catalyst depositions

Nickel molybdenum (Ni-Mo) catalyst was deposited by electrodeposition as described pre-
viously in other report, 11 only nickel sulfate was used instead of nickel sulfamate. The
electrodeposition bath consisted of 1.3 M Ni»sSOy4, 0.5 M H3BOj3, and NapMoOy4. No pH
adjustment was carried out. The electrodeposition of Ni-Mo catalyst on the photocath-
odes was performed potentiostatically at —1.5 V wversus a silver/silver chloride (Ag/AgCl)
reference electrode for the p-i a-SiC and at —1.1 V versus Ag/AgCl for the p-i a-SiC/TiO2
until 500 mC cm™2 of charge has passed. During the deposition, the photocathodes were
shone with the standard AM1.5 illumination (100 mA cm™2) by a Newport Sol3A Class
AAA solar simulator (type 94023A-SR3) equipped with 450 Watt xenon short arc lamp.
Finally, the electrodes were rinsed with milli-Q water. Pt catalysts were sputter-deposited
in a PREVAC sputter chamber using radio frequency (RF) power at 100 W from a pure
Pt target for 18 s, resulting in approximately 1-nm-thick Pt islands.
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Photoelectrochemical measurements

The a-SiC photocathodes were photoelectrochemically tested using a potentiostat (EG&G
PAR 283) in a three-electrode system, where the a-SiC photocathode with an exposed
surface area of 0.283 cm™2 acted as the working electrode, a coiled platinum or nickel wire
sealed by a fritted-glass gas dispersion tube (Sigma-Aldrich) as the counter electrode and
an Ag/AgCl electrode (in saturated KCL and AgCl, Radiometer Analytical XR300, Hach)
as the reference electrode. The electrolyte used was an aqueous 0.5 M potassium hydrogen
phthalate (KHP, Alfa Aesar, 99.99%) solution (pH 4). The Ag/AgCl reference electrode
was converted to the reversible hydrogen electrode (RHE) and had a potential of 0.436 V
versus RHE in 0.5 M KHP solution at pH 4. Linear sweep voltammetry measurements were
carried out at a scan rate of 50 mV s™! with 25 mV incremental steps. Photocurrent mea-
surements were performed under simulated AM1.5 solar irradiation (100 mW cm~2) using
a Newport Sol3A Class AAA solar simulator (type 94023A-SR3) with a 450 Watt xenon
short arc lamp. The light enters the photocathode through the FTO-coated glass substrate.
During the measurement, the electrolyte was continuously stirred using a magnetic stir bar
and was constantly purged with a mixture of Ar/Ha (95/5) to remove oxygen from the
solution and to fix the H* /Ha Nernst potential. All current—potential curves were pre-
sented as measured without correction. Monochromatic photocurrent measurements were
performed with a 200 W quartz tungsten-halogen lamp coupled with a grating monochro-
mator (Acton SpectraPro 150i). The illumination intensities of the tungsten-halogen lamp
were measured using a calibrated photodiode (Ophir PD300-UV). An electronic shutter
(Uniblitz LS6) was used, and a long-pass glass filter (Schott) was placed between the
monochromator and the sample to remove the second-order diffracted light. The shutter
was actuated every 10 seconds, and the photocurrent was taken as the difference between
the current when the shutter opened and closed (3 seconds integration time).

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements were separately performed
on the p-i a-SiC electrodes and the amorphous TiO2 film in the same electrolyte solutions
as for the photoelectrochemical testing using a potentiostat PARSTAT 4000 (AMETEK,
Princeton Applied Research). Mott—Schottky measurements were performed at a fixed
frequency of 6 kHz for the p-i a-SiC and 500 Hz for the TiO9 at an AC potential amplitude
of 10 mV. The potential was scanned anodically from 0.75 to 1.1 V wversus RHE for the
a-SiC and cathodically from 0.5 to 0 V versus RHE for the TiO2.

5.3. Results and discussion

a-SiC photocathodes

The traditional p-i-liquid junction photocathode studied in this work consisted of a p-type
(p) layer and an intrinsic (i) layer of a-SiC in contact with an electrolyte solution. The p-
i-n junction photocathode was fabricated by depositing an amorphous TiO2 (25 nm) with
natural n-type conductivity onto the p-i a-SiC structure. The doped layer of a-SiC contains
a high defect density—up to three orders of magnitude higher than in the intrinsic layer,
that results in as short carrier diffusion length in the doped a-SiC.38 To avoid substantial
recombination losses, the p-type layer of a-SiC photocathode is usually designed to be very
thin. The main absorber layer of the p-i-n junction photocathode is the intrinsic (undoped)
layer, in which charge carriers are generated and separated by the internal electric field that
is set up by the p-type and the n-type layers. The electric field forces the photogenerated
electrons to drift toward the electrolyte and pushes holes to drift toward the p-type layer.
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metal contact

Figure 5.1: (a) Schematic structure of the p-i a-SiC/TiO2 photocathode and (b) the corresponding
cross-sectional scanning electron microscopy (SEM) image.

A schematic representation and the cross-sectional scanning electron microscope (SEM)
image of the p-a-SiC/TiO2 photocathode are shown in Fig. 5.1a and b, respectively.

Interfacial energetics

The band-edge energetics of the p-i a-SiC and the p-i a-SiC/TiO2 photocathodes were inves-
tigated independently by electrochemical impedance spectroscopy using a three-electrode
configuration in a potassium hydrogen phthalate (KHP) electrolyte solution. Figure 5.2a
and b show Mott-Schottky plots of the inverse square of the space-charge capacitance ver-
sus potential (CS_CZfV) of the p-i a-SiC and the TiOg9 electrode, respectively. The intercept
between the extrapolated linear region of the CS_szV curve and the z-axis indicates the
flat band potential (Eg,) of the electrode. The estimated Eg, of the p-i a-SiC was +1.17 V
versus the reversible hydrogen electrode (RHE) and the slope in the linear region of the
CS_C27V yielded an acceptor concentration of 1.46 x 1017 ¢cm™3 for the p-type a-SiC and sug-
gested a Fermi level position at 105.26 meV above the valence band edge. Given a value of
4.44 eV for the HT /H2 redox energy below the vacuum level 3 and a band gap of 2.0 eV for
the a-SiC (Fig. C.4, Appendix C), the electron affinity of the a-SiC (y,.gic) was estimated
to be 3.71 €V, close to the value reported by literatures. 4941 The approximated Eg, of
the TiO2 was —0.11 V versus RHE and the electron concentration in the TiO9 calculated
from the slope of C32~V was 1.62 x 1029 cm™3. The TiOg Fermi level was estimated to be
placed at 40.54 meV below the conduction band edge. Using a band gap of 3.2 eV for the
TiO2 (Fig. C.4, Appendix C), the electron affinity of the TiO2 (x1i0,) Was approximated
to be 4.29 eV (details of the calculation are described in Appendix C.1).

Figure 5.3 shows the electrochemical open-circuit potentials (OCP) versus a reference
electrode (in RHE scale) of the p-i a-SiC and the p-i a-SiC/TiOz2 electrodes in an electrolyte
solution, measured in the dark and under illumination. In the absence of light, the Fermi
level of the electrodes is expected to be in thermodynamic equilibrium with the surface
layer that is pinned at the electronic states at the surface. The development of surface
states on metal oxide semiconductors such as TiO2 typically arises from surface termina-
tion by hydroxyl group upon dissociative adsorption of water molecules. 12 For the a-SiC,
surface hydroxylation may occur on the oxidized surface as a result of water exposure in an
electrochemical environment. 42746 Both p-i a-SiC and p-i a-SiC /TiO2 displayed the same
equilibrium potential at +0.48 + 0.02 V wversus RHE in the dark condition, indicating the
same surface states position for both a-SiC and TiO2. Under illumination, the OCP shifted
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Figure 5.2: Mott-Schottky plots of the inverse square of the space-charge capacitance versus potential
(C32-V) of the (a) p-i a-SiC and (b) TiO2. Impedance spectroscopy measurements were performed
electrochemically in 0.5 M KHP electrolyte solution at pH 4.
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Figure 5.3: Electrochemical open-circuit potentials (OCP) versus a reversible hydrogen electrode (RHE)
of the of the p-i a-SiC and the p-i a-SiC/TiO2 photocathodes, monitored as a function of time under
open circuit conditions in the dark and under illumination. OCP measurements were conducted in 0.5
M KHP electrolyte solution at pH 4.

anodically to +0.91 + 0.02 V versus RHE and +1.25 V versus RHE, indicating open-circuit
photovoltages of +410 + 20 mV and 770 mV for the p-i a-SiC and the p-i a-SiC/TiO2
photocathodes, respectively. Thus, the increase of photovoltage upon the introduction of
a TiO2 front surface layer onto the p-i a-SiC was 360 + 20 mV.

To illustrate the band alignment of the p-i a-SiC and the p-i a-SiC/TiO2 electrodes,
energy band diagrams are constructed using the values obtained from the Mott-Schottky
analysis (Fig. 5.4). Details of the calculation are provided in Appendix C.1. Few assump-
tions are made for the p-i a-SiC: (i) the space-charge region of the p-type a-SiC is extended
to the intrinsic layer, (ii) no band movement during cathodic biasing of electrochemical
impedance spectroscopy, (iii) the conduction and valence band edges are pinned at the
solid-liquid interface. The flat band potential and the calculated acceptor concentration
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Figure 5.4: Energy band diagram of the p-i a-SiC photocathode under open circuit condition: (a) in
the dark, (b) under illumination, and the p-i a-SiC/TiO2 photocathode: (c) in the dark, (d) under
illumination. The band edges of the p-i a-SiC and the TiO2 are estimated using the Mott-Schottky
analysis and are assumed to be pinned at the solid-liquid interface.

indicate that the valence band edge of the p-i a-SiC resides approximately at 1.27 V more
positive than E” (H* /Hg) at the solid-liquid interface. Considering a dark electrochemical
open-circuit potential of +0.48 relative to E¥ (H*/Hg) which also represents the Fermi
level position of the p-i a-SiC under equilibrium in the electrolyte, the barrier height of
the p-i-liquid junction a-SiC was estimated to be 0.79 eV. The width of the space-charge
region of the p-i a-SiC was calculated to be 88.90 nm, close to the approximate thickness
of the intrinsic layer of the a-SiC (100 nm), thus confirms the validity of our measurement
and calculation (details of the calculation is described in Appendix C.1). For the p-i a-
SiC/TiO2 heterostructure, the density of interface states is assumed to be very small such
that no Fermi level pinning takes place at the heterointerface. Using the electron affinity
values calculated from the flat band potentials relative to the vacuum level and the band
gaps of the a-SiC and the TiO2, the conduction band and the valence band offsets at the
a-SiC/TiOz2 interface are approximated to be 0.57 eV and 1.77 €V, respectively. The initial
difference of Fermi levels between the p-i a-SiC and the TiO2 under flat band conditions
yields a maximum barrier height of 1.38 €V for the p-i a-SiC/TiO2 photocathode with the
given acceptor concentration of the p-i a-SiC and donor concentration of the TiO2. From
the energy band analysis, it is clear that the introduction of TiOg on the p-i a-SiC may
result in a larger barrier height, which can produce a higher photovoltage than the p-i
a-SiC electrode that does not have TiO2 front surface field layer.

Photoelectrochemical characterization

The PEC performance of the p-i a-SiC and the p-i a-SiC/TiO2 photocathodes was eval-
uated by cyclic voltammetry in 0.5 M KHP electrolyte at pH 4 under simulated solar
irradiation in a three-electrode configuration without correction for resistance losses in the
solution. Figure 5.5 shows illuminated current—voltage (j—V) characteristics of the p-i a-
SiC and p-i a-SiC/TiO2 photocathodes coated with platinum (Pt) and nickel-molybdenum
(Ni-Mo) hydrogen evolution catalysts, recorded during the first scan of cyclic voltammetry.
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Figure 5.5: Representative current—voltage (j—V) characteristics of p-i a-SiC/TiO2/Pt, p-i a-
SiC/TiO2Ni—-Mo and p-i a-SiC/Ni—Mo photocathodes in contact with 0.5 M KHP electrolyte solution
and under simulated solar illumination, taken from the first scan of cyclic voltammetry in a three-
electrode configuration. The dark j—V characteristics of the non-photoactive Pt and Ni-Mo on FTO
glass substrates are also shown. The vertical dash line indicates the formal potential for hydrogen
evolution, EY (H*/Hp).

A closer inspection in the inset of Fig. 5.5 reveals that the photocurrent onset potentials
(defined as the potential required to achieve a cathodic current of —10 uA cm™2) were +760
+ 10 mV, +767 + 33 mV and +410 + 10 mV relative to the formal potential for hydrogen
evolution (E¥ (H*/Hsa) = 0 V versus RHE) for the p-i a-SiC/TiO2/Pt, p-i a-SiC/TiOg/Ni—
Mo and p-i a-SiC/Ni-Mo photocathodes, respectively. Thus, the presence of TiO2 front
surface field layer on the p-i a-SiC resulted in an anodic shift of photocurrent onset po-
tential of 321 + 18 mV relative to the p-i a-SiC photocathode that did not have a TiOg
layer. Equivalent photovoltaic response analysis by subtracting the j—V data of the pho-
toelectrodes from the dark electrolysis j—V curves of the non-photoactive electrodes with
the corresponding catalysts (Pt and Ni-Mo, each deposited on an FTO-coated glass sub-
strate) indicated photovoltages of 760 + 10 mV, 784 + 33 mV and 427 + 10 mV, for the p-i
a-SiC/TiO2/Pt, p-i a-SiC/TiO2/Ni-Mo and p-i a-SiC/Ni-Mo photocathodes, respectively,
in close agreement with the values measured using the dark and illuminated electrochem-
ical open-circuit method. The photocurrent density of the p-i a-SiC/TiOg electrode with
Pt catalyst was —8.57 + 0.07 mA cm~2 at EY (H*/Hz) and the photocurrent density of
the same structure with Ni-Mo catalyst was —7.16 + 0.33 mA cm™2 at EY (H*/Hs). In
the absence of TiOg9 front surface layer, the photocurrent density was substantially lower
(Jph = —2.58 mA em~2 at EY (H*/Hz)), mainly because of the more negative photocurrent
onset potential of the p-i a-SiC/Ni—Mo relative to the p-i-a-SiC/TiO2/Ni-Mo. The dark
current for all photocathodes was measured to be close to zero, implying that the observed
photocurrent was indeed related to photogeneration of charges.

The anodic shift in the potential of photocurrent onset, thus the increase of photo-
voltage for the p-i a-SiC/TiOg2 relative to the p-i a-SiC with the same Ni-Mo catalyst is
related to the improved interfacial energetics of the photocathode upon the introduction of
TiO2 front surface layer. The low barrier height of the p-i a-SiC structure is attributable
to the non-ideal alignment of band edges relative to E” (H*/Hsg), which is most likely
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due to pinning of Fermi level at localized defect states at the solid-liquid interface. In
the absence of significant interface states and potential drop across the Helmholtz layer,
the barrier height of a p-i liquid junction a-SiC photocathode can be approximated by the
initial difference between the a-SiC valence band edge and E¥ (H*/H3). On the basis of
Eg, of the p-i a-SiC (41.17 V versus RHE), and the Fermi level position with respect to the
valence band edge (0.1 eV), the p-i a-SiC photocathode in contact with aqueous electrolyte
should ideally achieve a barrier height of 1.27 eV. This theoretical value is substantially
higher than the actual barrier height of the p-i-liquid junction a-SiC which in turn results
in a non-optimal value of photovoltage. The higher photovoltage of the p-i a-SiC/TiO2
than the p-i a-SiC photocathode thus suggests that the TiOg9 is capable of improving the
band-edge energetics of the p-i a-SiC and eliminating the Fermi level pinning effect caused
by the high-density defect states at the a-SiC surface.

In addition to the improved energetics, the introduction of TiOg2 onto the p-i a-SiC
forms a buried junction that physically separates the rectifying junction from liquid contact.
In the p-i-liquid junction, the band edges of the i a-SiC are essentially fixed at the solid-
liquid interface and the ability of the photocathode to produce photovoltage is determined
by the position of the conduction and valence band edges relative to E” (H*/Hs). In
contrast, the buried p-i-n structure isolates the internal electric field across the solid-state
junction and enables photovoltage generation that is independent of solid-liquid interaction.
Under applied bias, the buried junction allows the photocathode to float and adjust with
the current density and the kinetics of the surface reaction (Fig. 5.6a and b). As a result,
the onset potential of the photocurrent relative to E¥ (H*/Hz) does not only depend on
the junction photovoltage but also on the thermodynamic and kinetic overpotentials of
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Figure 5.6: Energy band diagram of the p-i a-SiC/TiO2 photocathode (a) at a potential of ~+1.25
V versus RHE, corresponding to its open-circuit potential under illumination, and (b) under bias at
~+0.77 V versus RHE, corresponding to its photocurrent onset potential. The catalyst (Ni-Mo or Pt)
is not shown in the figure since TiO2 is still in contact with the electrolyte, and therefore does not
influence the band-edge energetics.
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the surface layer to drive the electrocatalytic reaction of hydrogen evolution. Because
the TiO2 front surface layer is not completely covered by the catalyst, the TiOg band
edges generally remain pinned at the solid-liquid interface, resulting in band bending with
rectifying characteristic that creates a barrier for electron transfer to the electrolyte (inset of
Fig. 5.6a). However, the high electron concentration of the TiO2 front surface layer allows
the band bending to occur across a narrow region adjacent to the liquid interface (inset of
Fig. 5.6b). Given an electron concentration (Np) of 1.62 x 1029 cm™3 as determined from
Mott-Schottky analysis, the width of the space-charge region of the TiOg is approximately
2 nm, which is thin enough for photogenerated electrons from the a-SiC to tunnel across the
barrier and transfer to the electrolyte (details of the calculation are described in Appendix
C.1).

In comparison to the p-i a-SiC/TiO2/Pt photocathode, the p-i a-SiC/TiO2/Ni-Mo
showed a distinctive s-shaped kink in the observed j—V curve. The s-shaped j—V char-
acteristic of a PEC electrode is usually attributed to the increased surface recombination
due to slow charge transfer kinetics on the semiconductor surface. Prior study has shown
that Ni-Mo formed by electrodeposition exhibits geometric activity identical to that of
Pt with almost the same overpotential to achieve a given current density.*” In agreement
with the previous results, dark electrolysis j—V responses in Fig. 5.5 indicate that Pt and
Ni—Mo have a similar fundamental electrocatalytic activity for hydrogen evolution with
nearly negligible overpotential to drive the reaction, but Ni-Mo shows a slower increasing
onset of cathodic current density relative to Pt. Top-view scanning electron microscopy
(SEM) images of the surface morphology revealed that the resulting deposits of Ni-Mo
by electrochemical deposition were generally discontinuous particles with nano-scale gaps
that expose the underlying surface (Fig. 5.7). The inhomogeneous distribution of Ni-Mo
particles is most likely due to the co-evolution of hydrogen bubbles that blocks the sur-
face of the substrate from access to the precursor solution as visually observed during the
electrodeposition. The incomplete coverage of electrocatalyst on the photocathode thus
may result in extensive charge accumulation, particularly at the uncatalyzed region which
makes the photocathode requires a more negative potential to produce a given current
density. Conversely, the resulting Pt film by sputter-deposition is expected to result in an
essentially uniform coverage which should allow electron transfer to occur throughout the
whole surface of the electrode. This behavior is consistent with the rapid increase of ca-
thodic current onset both for the dark Pt electrode and the illuminated p-i a-SiC/TiOg /Pt

Figure 5.7: a) Top-view scanning electron microscopy images of the p-i a-SiC/TiO2 and b) the p-i
a-SiC/TiO2/Ni-Mo photocathodes deposited on a textured Asahi VU-type FTO substrate.
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photocathode. In the absence of hydrogen-evolving catalyst, the photocathode suffers from
both negative photocurrent onset potential and low photocurrent at E (H* /Hg) (Fig. C.5,
Appendix C).

Photoresponse characterization

The photoelectrochemical performance of the a-SiC photocathodes was further character-
ized by measuring the incident photon-to-current conversion efficiency (IPCE) in 0.5 M
KHP electrolyte solution at pH 4, at an applied potential of 0 V versus RHE (Fig. 5.8).
Throughout the entire spectrum, the p-i a-SiC/TiO2/Ni-Mo photocathode demonstrated
a significantly higher IPCE than the p-i a-SiC/Ni-Mo photocathode that did not have
TiO2 and yielded a quantum efficiency peak of 63% at a wavelength of 460 nm. The
low IPCE in the ultraviolet (UV) region is attributed to the parasitic absorption by the
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Figure 5.8: (a) Incident photon-to-current conversion efficiency (IPCE) of the p-i a-SiC and the p-i
a-SiC/TiO2 photocathodes with Ni-Mo catalysts measured in 0.5 M KHP electrolyte solution at pH 4
and held potentiostatically at 0 V versus RHE while illuminated by monochromatic light. The shaded
areas under the curves shown in the inset are the converted photon fluxes and are derived from the
multiplication of IPCE of each photocathode and the photon flux of the ASTM AM1.5G spectrum. (b)
The predicted solar photocurrent as a function of wavelength, calculated by integrating the product of
IPCE and the spectral irradiance of the ASTM AM1.5G over the spectrum. Details of the calculation
are provided in Appendix C.4.
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FTO and the p-type layer that does not contribute to photocurrent generation, while the
decline of IPCE in the near-infrared (NIR) region is related to the band gap limitation
of the a-SiC. It is important to note that the band gap of a-SiC used in this study was
2.0 eV as approximated using the Tauc plot (Fig. C.4, Appendix C), which corresponds
to an absorption edge at 620 nm. The extended spectral response up to 700 nm in the
a-SiC is ascribed to the light absorption due to transitions between band tail states whose
energy distributions are increased with carbon incorpomtion.48 In addition, light scatter-
ing by the rough surface of the textured FTO substrate (Asahi VU-type) may extend the
optical path length and increase the light absorption of the weakly absorbed light at long
wavelengths. The predicted solar photocurrent density using the American Society for
Testing and Materials Air Mass 1.5 Global (ASTM AM1.5G) spectrum*? indicated values
of =2.9 mA cm™2 and -8.5 mA cm™2 for the p-i a-SiC/Ni-Mo and the p-i a-SiC/TiO2
photocathodes, respectively (details of calculation are described in C.4) These values are
slightly higher than photocurrent densities previously shown in Fig. 5.5 (i.e., —2.58 mA
em™2 for the p-i a-SiC/Ni-Mo and —7.49 mA cm™2 for the p-i a-SiC/TiO2/Ni-Mo). The
discrepancy in the observed photocurrent of the same photocathode may be attributed to
the mismatch of spectral irradiance between our solar simulator and the ASTM AM1.5G
(Fig. C.6, Appendix C) and/or the extensive charge generation and accumulation at the
photocathode surface due to high light intensities generated by the solar simulator (~100
mA cm™2) which result in excessive surface recombination and reduced photocurrent in
the observed j—V curve.

Stability measurement

The stability of both Ni-Mo catalyzed p-i a-SiC and p-i a-SiC/TiO2 photocathodes was
evaluated by chronoamperometry measurements for 12 hours at a potentiostatic control of
0 V versus RHE under simulated solar illumination in 0.5 M KHP electrolyte solution (Fig.
5.9a). Without the TiO2 front surface layer, the photocurrent of the p-i a-SiC photocathode
drastically dropped to only 20% of its initial value. The decay of photocurrent is most likely
associated with the detachment of the Ni-Mo catalyst due to its poor adhesion on the a-
SiC surface that caused a decrease of photoelectrocatalytic activity of the electrode. After
Ni—-Mo redeposition, the photocurrent could be restored to its initial value without any
change in the photocurrent onset potential (Fig. 5.9b).

The p-i a-SiC/TiO2/Ni-Mo photocathode exhibited a high stability without noticeable
degradation of photocurrent during the 12-hour measurement in 0.5 M KHP electrolyte
solution at pH 4, at an applied potential of 0 V versus RHE (Fig. 5.9a). After 3 hours
of chronoamperometry test, the p-i a-SiC/TiO2/Ni-Mo photocathode demonstrated an
improved catalytic performance, indicated by the rapid increase of cathodic current onset
(Fig. 5.9¢), and displayed a j—V characteristic similar to that of the p-i a-SiC/TiO2 /Pt
photocathode. The increase of photocurrent within the first three hours is ascribed to
surface etching of the uncatalyzed region of the TiO2 under cathodic condition that changes
the surface composition and affects the surface trapping effects, or incidental platinization
of the working electrode as a result of cross-contamination from the Pt counter electrode
that is placed in the same electrochemical compartment.

Previous studies have shown that electron transfer from the bulk TiO9 to the uncat-
alyzed surface may result in electron accumulation that can subsequently promote the
proton-assisted reduction process of Ti** to Ti3* on the surface, which is usually accom-
panied with an insignificant rate of hydrogen evolution.26:59 Thus, the measured device
photocurrent of TiO2-coated electrodes may predominantly correspond to the reduction of
titania film rather than water. However, the application of an efficient hydrogen evolving
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Figure 5.9: (a) Chronoamperometry measurement of the Ni-Mo coated p-i a-SiC and p-i a-SiC/TiO>
photocathodes for 12 hours of operation under simulated AM1.5 illumination in 0.5 M potassium
hydrogen phthalate (KHP) electrolyte solution at pH 4. During the measurement, the potential was
held at E¥ (H*/H2). (b) Cyclic voltammetry of the p-i a-SiC/Ni-Mo photocathode, recorded during
the first scan, after 12 hours of chronoamperometry test and after redeposition of Ni-Mo catalyst. (c)
Comparison of the cyclic voltammetry of the p-i a-SiC/TiO2/Ni-Mo photocathode before and after 3
hours of chronoamperometry measurement.

catalyst such as Ni-Mo may facilitate fast electron transfer at the solid-liquid interface
which can prevent the detrimental effect of electron trapping at the TiOg surface.®! Thus,
the observed constant photocurrent of our p-i a-SiC/TiO2/Ni-Mo photocathode within 12
hours of measurement can be assigned to hydrogen generation with a Faradaic efficiency
of nearly unity. Although the experiment was not continued further, the 12-hour stability
measurement demonstrates the beneficial properties of TiO2, not only as an n-type front
surface field layer, but also as an adhesive layer for catalyst support on the photocathode
surface. Many reports have shown that TiO2 and Ni-Mo catalysts are highly stable at
moderate applied cathodic bias in a wide range of pH within the course of months. 26737
While showing a notably high photocurrent density, a photocurrent onset potential of
+760 + 10 mV relative to E¥ (H*/Hza) still cannot satisfy the thermodynamic potential
requirement for spontaneous water splitting. Nevertheless, the absorption edge of 700 nm
and the total thickness of our p-i a-SiC/TiO2/Ni-Mo photocathode which is approximately
only 150 nm may allow for the use of a second (or third) solar absorber with smaller band
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gaps in a tandem structure or in a dual photoelectrode configuration (e.g., photocathode
and photoanode in a side-by-side configuration) to provide additional photovoltages. To
give an illustration, assuming there is no limitation on the photocurrent due to light shading
and series connection of multi-junction structure, the integration with a micromorph (a-
Si/nc-Si) PV cells will give an extra +1.2 V to the initial photocurrent onset potential. 25
Additionally, by using an efficient oxygen evolution catalyst as the counter electrode, a
benchmark of 10% solar-to-hydrogen (STH) efficiency PEC water-splitting device can be
achieved using all thin film Si-based photoelectrodes.

5.4. Conclusion

In summary we have investigated the change in the interfacial energetics of the semiconductor—
liquid junction belonging to a p-i a-SiC photocathode by introducing a thin TiOg front
surface field layer to form a p-i-n heterojunction. The photocurrent onset potential of the
catalyzed p-i a-SiC/TiO2 photocathode anodically shifted from +413 + 9 mV to +734 + 9
mV relative to E¥ (H*/Hz). The p-i a-SiC/TiO2 showed a maximum photocurrent density
of =7.49 mA cm™2 with a Ni-Mo catalyst and —8.64 mA cm™2 with a Pt catalyst during the
first scan of cyclic voltammetry, which is markedly higher than the Ni-Mo-catalyzed p-i
a-SiC (-2.58 mA cm™2) at the standard H* /Ho reduction potential. Using Mott—Schottky
analysis, energy band diagrams were constructed, which helped to verify the improved en-
ergetics and thus the photovoltage of the p-i-n structure relative to the p-i-liquid junction
photocathode. The spectral response showed a dramatic increase throughout the spectrum
upon the introduction of TiOg onto the p-i a-SiC, indicating a higher conversion of light to
photocurrent within the same spectral range. We finally showed that the 25 nm thick ALD
TiO2 coupled with a Ni—-Mo catalyst was stable and able to maintain a nearly constant
photocurrent of the a-SiC photocathode, as suggested by the 12-hour stability measure-
ment under PEC operating conditions. This experimental study also suggests that TiO2
can be used as the n-type layer for heterojunction thin-film-Si-based photoelectrodes.
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Engineering the kinetics and
interfacial energetics of Ni/Ni—-Mo
catalyzed amorphous silicon carbide
photocathodes in alkaline media

Photoelectrochemical (PEC) water splitting is an attractive approach to converting and storing
the abundant solar energy in the form of chemical bonds of hydrogen and oxygen. In order
to efficiently evolve hydrogen, substantial kinetic losses on the photocathode surface and sig-
nificant ohmic losses in the electrolyte should be avoided. Herein, we demonstrate amorphous
silicon carbide (a-SiC) photocathodes that overcome these losses through the use of an ultrathin
nickel (Ni) film coupled with a nickel molybdenum (Ni-Mo) alloy catalyst in a strongly alkaline
solution (pH 14). The incorporation of a thin Ni film increases the number of catalytic active
sites and improves the reaction kinetics of the hydrogen evolution on the photocathode surface.
Additionally, we report the influence of the catalyst coverage on the junction behavior at the
solid-liquid interface. Furthermore, we discuss the chemical stability of the a-SiC photocathode
with a thin titanium dioxide (TiO2) protective layer in a highly alkaline environment.

Parts of this chapter have been published in I. A. Digdaya, P. Perez Rodriguez, M. Ma, G. W.
P. Adhyaksa, E. C. Garnett, A. H. M, Smets and W. A. Smith, J. Mater. Chem. A, 2016, 4,
6872-6852. 1
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6.1. Introduction

morphous silicon (a-Si) is a promising semiconductor material for use in photoelectro-
A chemical water splitting devices because of its strong light absorption (up to 103 times
stronger than crystalline silicon) in the ultraviolet and visible part of solar spectrum, its
band gap energy that can be tuned with carbon incorporation (from 1.8 to 2.3 €V), and
the low temperature device processing relative to diffused homojunction crystalline silicons
that allows for large area thin film deposition on a wide variety of low-cost substrates.?2
However, the chemical instability of a-Si in aqueous solutions has impeded its direct use as
a photoabsorber in solar hydrogen generating systems.375 The protection of the semicon-
ductor electrode commonly involves a thin-film coating that has multiple properties such
as optical transparency, electrical conductivity and electrochemical stability. Titanium
dioxide (TiO2) is one of the most investigated materials that has been repeatedly shown
to be effective in stabilizing a wide range of photoelectrodes, including single crystal Si,
II-VI and III-V compounds, as well as metal oxide semiconductors. 59 TiOo protective
coatings have also been implemented on a-Si photocathodes and yielded stable photocur-
rent densities as high as —11.6 mA c¢cm™2 at the formal potential for hydrogen evolution
(EY (H* /H2) = 0 V versus a reversible hydrogen electrode, RHE) and device photovoltages
of up to 0.85 V.3:10 Similarly in the previous chapter, we have shown a thin film a-Si with
10% carbon content (amorphous silicon carbide, a-SiC) protected by an amorphous TiO2
capable of generating a constant photocurrent density of —8.6 mA cm~2 at EY (H*/Hz)
and a cathodic photocurrent onset at +0.76 V versus RHE in an electrolyte solution at pH
4.11 Although the photocurrent density of the previously reported a-SiC is notably high, it
is still far below the maximum value that can be obtained from a semiconductor electrode
having a band gap of 2 eV. A significant part of this photocurrent loss arises from the in-
ability of our a-SiC to rapidly rise the onset of cathodic photocurrent as a result of the poor
ionic conductivity of the near-neutral electrolyte that causes a large voltage drop across
the Helmholtz plane. In order to minimize substantial ohmic losses in the electrochemical
environment, it is therefore imperative to examine the photoelectrochemical performance
of the photocathode at an extreme pH.

In addition to the electrolyte pH, the inherent catalytic activity of the photocathode
surface must be favorable to evolve hydrogen. While TiO2 can effectively protect the
chemically unstable photocathodes, its surface is not catalytically active for the hydrogen
evolution reaction (HER), and therefore, surface modification with a hydrogen-evolving
catalyst is required to facilitate the charge transfer process at the solid-liquid interface.
Platinum (Pt) catalysts has been widely used for hydrogen evolution due to its ability to
drive the HER close to the actual thermodynamic requirement, but the scarcity of Pt might
be impractical for large-scale implementation. 12 New classes of HER catalysts composed
from earth abundant elements, such as metal sulfides, 13717 metal phosphides, 1819 and
metal carbides, 202! have recently emerged as cheap and efficient alternatives to substitute
for Pt. However, these catalysts are mostly active and stable only in acidic media. 22
When considering the overall water splitting reaction, both hydrogen and oxygen evolution
need to take place simultaneously, and in many proposed configurations, in the same
(photo)electrochemical cell. Therefore, considerations of stability and performance of the
catalyst materials for water oxidation at the anode and water reduction at the cathode
in a given electrolyte must be taken into account. Using highly acidic electrolytes will
leave noble-metal-based catalysts such as IrOy and RuO, as the only viable options for
the oxygen-evolving anode. On the other hand, cheap and abundant oxygen evolution
catalysts such as NiFeOOH are stable and work more efficiently in alkaline solutions. 23
Therefore, when envisioning a practical solar water splitting device that must operate in
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an extreme pH and considering the cost of materials, the most promising solution may be
to operate the system in an alkaline electrolyte. Fortunately, several HER catalysts made
from binary and ternary mixtures of Ni-alloys have recently demonstrated high activity
and stability in strongly alkaline solutions. 24727 Nickel-molybdenum (Ni-Mo) catalysts, in
particular, have been reported to require less than 40 mV of overpotential to achieve a
constant current density of —10 mA c¢m™2 in strong alkaline media for at least 24 hours. 28

Besides the ability to enhance the kinetics of the surface reaction, the catalyst may
have fundamental roles on the energetics and charge transfer processes at the solid-liquid
interface. We have previously demonstrated the improved energetics of a-SiC photocath-
odes coupled with a TiOg9 front surface layer which significantly affect the photovoltage
of the isolated junction photocathodes.!! However, the effect of Ni-Mo catalyst on the
interfacial electronic structure of the composite was not further clarified since the catalyst
was in the form of nanoparticles, thus still exposing the semiconductor surface to the elec-
trolyte, and therefore was assumed to have no substantial impact on the energetics at the
solid-liquid interface and the resulting photocurrent onset.

Herein we report the photoelectrochemical activity of a-SiC photocathodes coated with
a TiOg9 protective layer and hydrogen-evolving catalysts in a strongly alkaline electrolyte.
The reaction kinetics on the photocathode surface is improved by the introduction of a
thin Ni film in conjunction with a Ni-Mo alloy catalyst. The energetics at the TiOa2,
the catalyst and the liquid interfaces are thoroughly investigated using electrochemical
impedance spectroscopy (EIS). Finally, we demonstrate the use of Ni/Ni-Mo dual catalysts
that significantly increases the photoelectrochemical performance of the TiOg-protected a-
SiC photocathodes under simulated solar illumination using only cheap earth abundant
materials.

6.2. Experimental details

Fabrication of a-SiC photocathodes

Hydrogenated amorphous silicon carbide (a-SiC) photocathodes were deposited onto tex-
tured fluorine-doped tin oxide (SnOgz:F, FTO) substrates (Asahi VU-type) using a radio
frequency plasma enhanced chemical vapor deposited (RF-PECVD) multi-chamber tool.
The substrate was kept at 170 °C during the deposition. An ultrathin (10 nm) boron
doped hydrogenated amorphous silicon carbide (a-SiC(B)) was used as the p-type layer,
decomposed from SiHy (20 sccm), CHy (45 scem), and BpHg (2 scem) diluted gas flow
under controlled pressure. The thin (100 nm) intrinsic a-SiC (SiHg: 20 sccm, CHy: 2.5
sccm, Hp: 170 scem) was deposited in a separate chamber to avoid cross contamination.
To complete the p-i-n structure, a thin (20 nm) n-type layer of phosphorus (P) doped
ne-SiOy (SiHy: 2.5 sccm, CO2: 2 scem, PH3: 1.2 scem, Hp: 100 scem). In our previous
work we used an amorphous TiO2 as the n-type layer, but we obtained more consistent
photovoltage when using the n-type nc-SiOy. An Hy treatment in a low RF power density
is followed in the same chamber in order to passivate the p-i-n interface. After the deposi-
tion, the p-i-n a-SiC is complete and a stripe of 300 nm Al was coated on the pre-covered
FTO substrate area as the metal back contact using a Provac electron beam evaporator in
rotation mode. Electrical contact was made using a silver wire attached by graphite paste.

Atomic layer deposition of TiO2

Thin layers of amorphous TiO2 (25 nm) were deposited onto the a-SiC photocathode
or FTO glass substrate using a homemade thermal atomic layer deposition (ALD) sys-
tem. The TiO2 ALD was carried out at a substrate temperature of 200 °C using tetrakis-
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(dimethylamido)-titanium (TDMAT) and HpO as the Ti and O precursors, respectively.
The pulsing times are 5 s and 10 ms for Ti and O, respectively. Each precursor was purged
for 30 seconds after each pulse. The thickness of ALD TiOg was measured using spectro-
scopic ellipsometer (J.A. Woollam Co., Inc.) by depositing TiO2 onto a Si wafer covered
by its native oxide. The obtained data were fitted with the dieletric TiO2 model and the
growth rate per cycle was found to be 0.8 A per cycle at deposition temperature of 200 °C.
All samples were post-annealed in vacuum at 300 °C.

Catalyst depositions

Ultrathin Ni films were deposited using radio frequency (RF) magnetron sputter deposi-
tion in a Prevac sputter machine from a pure Ni target (99.95%). The Ar flow rate was
15 sccm and the power was 100 W. The Ni deposition time was 100 s, resulting in an ap-
proximately 2-nm-think Ni film. The Ni-Mo catalyst was deposited by electrodeposition
technique using the recipe that has been described previously in another report,29 except
nickel sulfate was used instead of nickel sulfamate. The electrodeposition bath consisted
of 1.3 M nickel(II) sulfate hexahydrate (Sigma-Aldrich, 99%), 0.5 M boric acid (Sigma-
Aldrich, 99.5%) and 20 mM sodium molybdate dihydrate (Sigma-Aldrich, 99%). The pH
of the solution was 5 and no pH adjustment was carried out. The Ni-Mo catalysts were
potentiostatically deposited on the TiOg2 and the Ni coated TiO2 at a fixed potential of
—1.2 V versus Ag/AgCl using a potentiostat (PARSTAT MC, Princeton Applied Research)
until 1.0 C cm™2 of charge passed. The electrodeposition of Ni-Mo on the photocathodes
was performed potentiostatically at —1.0 V versus Ag/AgCl. During the deposition, the
photocathodes were illuminated from the back side (i.e., light enters the photocathode
through the FTO-coated glass substrate) with the standard AM1.5 illumination (100 mW
cm™?) using a Newport Sol3A Class AAA solar simulator (type 94023A-SR3) with 450
Watt Xenon short arc lamp. Finally, the photocathodes were rinsed with milli-Q water
before the photoelectrochemical measurements.

Photoelectrochemical measurements

The photoelectrochemical activity of a-SiC photocathodes was tested using a potentiostat
(Parstat MC, Princeton Applied Research) in a three-electrode system, where the a-SiC
photocathode with an exposed surface area of 0.283 cm™2 acted as the working electrode, a
Ni coil in a fritted-glass gas dispersion tube (Sigma-Aldrich) acted as the counter electrode
and an Ag/AgCl electrode (in saturated KCL and AgCl, Radiometer Analytical XR300,
Hach) is used as the reference electrode. The electrolyte used was 1 M potassium hydroxide
(KOH) (Alfa Aesar, 85%) solution. The Ag/AgCl reference electrode was converted to the
reversible hydrogen electrode (RHE) and had a potential of 1.026 V versus RHE in 1 M
KOH solution. Cyclic voltammetries were performed at a scan rate of 50 mV s~! with 10
mV incremental steps. Photocurrent densities of a-SiC photocathodes were characterized
under simulated AM1.5 solar irradiation (100 mW cm™2) using a Newport Sol3A Class AAA
solar simulator (type 94023A-SR3) with 450 Watt Xenon short arc lamp. Gas product
measurement of the sample was performed in a gas-tight electrochemical cell with an
exposed active area of 0.785 cm ™2, using a gas chromatograph (GC, Interscience). The cell
was continuously purged with a constant Np flow rate (20 sccm) and vented directly into
the gas-sampling loop of the GC to enable periodic quantification of the gas-phase products.
A thermal conductivity detector (TCD) was utilized to quantify hydrogen concentration.
The Faradaic efficiency was determined by: 2ny, F/Q, where np, is the total amount of
produced hydrogen (mol), F is the Faraday constant (96485 C mol~1) and Q is the electric
charge. The data were collected every 18 minutes and the current was integrated over the
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data collection time to calculate the Faradaic efficiency.

Electrochemical impedance spectroscopy

Electrochemical Impedance spectroscopy (EIS) measurements were performed on the bare
TiO2 (100 nm) substrates and with the catalyst coated TiOg substrates in a 1 M KOH
electrolyte solution at pH 14 using a PARSTAT 4000 (Princeton Applied Research) po-
tentiostat. During EIS measurements, the potential was scanned in the cathodic direction
from +0.8 V to 0 V wersus RHE. The frequency range of measurement was 100 kHz to
0.1 Hz at a DC potential amplitude of 10 mV. EIS data were fitted to equivalent elec-
tronic cicuits using the ZView® software (Scribner Associates). Mott-Schottky plots were
obtained from the real capacitance values obtained by fitting the semicircles in the Nyquist
plot, using a constant phase element instead of a perfect capacitor to account for non-ideal
capacitive behaviors of the electrodes.

Material characterization

The morphology of the samples were characterized using a high-resolution scanning electron
microscope (SEM, FEI Verios 460) with a through the lens detector (TLD) for secondary
electrons. SEM images were recorded using an accelerating voltage of 10 kV. The material
composition was characterized using an X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-alpha) equipped with an Al K-alpha X-ray source and a flood gun. The
crystal structure of the samples were characterized using a Bruker D8 Advance X-ray
diffractometer equipped with LynxEye linear detector in a Bragg-Brentano configuration,
with a cobalt source (Co-Kaj A = 1.788965 A).

6.3. Results and discussion

Electrohemical activity of the deposited electrocatalysts

The resulting deposits of Ni-Mo by electrochemical synthesis were uniformly dispersed
nanoparticles with a mean size of 10 nm and with an interparticle spacing distance of a
few nanometers that, in some regions, formed agglomerates (shown by scanning electron
microscopy (SEM) images in Fig. 6.1 and more detailed images are shown in Fig. D.1,
Appendix D). Figure 6.2a shows the current—voltage (j—V) characteristics of Ni-Mo elec-
trocatalyst in contact with 1 M KOH electrolyte. The Ni—-Mo alloy catalyst demonstrated
a negligible overpotential to drive the hydrogen evolution reaction but showed a slow in-
creasing onset of cathodic current in the observed j—V curve. This behavior is ascribed to
the incomplete coverage of Ni-Mo that limits the pathways for electron transfer through
only the surface region covered by the catalyst particles (illustrated in Fig. 6.2b). The
low number of catalytically active sites results in an extensive electron accumulation at
the TiO2/Ni-Mo interface which lowers the rate of catalytic reaction of hydrogen evolu-
tion, thus reducing the cathodic current near the onset potential (defined as the potential
required to achieve a cathodic current of =10 pA/em™2, Fig. 6.1).

Figure 6.2 also depicts the j—V characteristic of Ni film (2 nm) on TiO2-coated FTO
substrate in 1 M KOH electrolyte. Ni electrocatalyst showed a relatively late current onset
potential for oxygen evolution (+0.2 V), but it demonstrated a steep j—V slope relative to
Ni-Mo particles. To try to overcome the poor activity, Ni-Mo catalyst was electrodeposited
onto the Ni film. SEM images showed that the electrochemical deposition of Ni-Mo onto
Ni resulted in compact agglomerates with a larger spacing distance and a non-uniform
distribution of larger particles over the surface (Fig. D.1, Appendix D). The Ni/Ni-Mo
dual catalysts on the TiO2 showed an enhanced activity for hydrogen evolution relative
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Figure 6.1: Top-view scanning electron microscopy (SEM) images of (a) FTO/TiO2, (b) FTO/TiO2/Ni,
(c) FTO/TiO2/Ni-Mo, (d) FTO/TiO2/Ni/Ni-Mo. The thickness of the TiO2 is 25 nm and the
thickness of the Ni film is 2 nm.
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Figure 6.2: (a) Current—voltage (j—V) characteristics of Ni, Ni-Mo, and Ni/Ni-Mo electrocatalysts
on TiO2-coated FTO substrate recorded from linear sweep voltammetry in 1 M KOH electrolyte. Ni
film was deposited using sputtering with an approximate thickness of 2 nm and Ni-Mo particles were
deposited using electrodeposition. All samples were measured in 1 M KOH at pH 14.(b) Schematic
illustration of electron pathways through the catalytically active sites of Ni-Mo particles and (c) Ni/Ni—
Mo dual-catalysts.
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to Ni-Mo as evidenced by its ability to rapidly increase the cathodic current near the
same onset potential and produced higher currents at more negative potentials. To give
an illustration, Ni-Mo required an extra potential of 130 mV to achieve the same current
density of =10 mA cm™2 that the Ni/Ni-Mo dual-catalyst needed. The improved activity
of the electrocatalyst is attributed to the homogeneous coverage of continuous Ni film that
fills the interparticle gap of Ni-Mo particles and subsequently increases the number of
active sites, and therefore allow electrons to transfer across the entire surface (illustrated
in Fig. 6.2c). Additionally, the Ni/Ni-Mo composite indirectly creates a synergistic effect
that drives the reaction at a low overpotential while still maintaining the fast rate of the
reaction.

Band-edge energetics of the interfacial layers

To understand the interfacial energetics between the TiOg layer, the catalyst and/or the
electrolyte, electrochemical impedance spectroscopy (EIS) was performed in the dark in
1 M KOH electrolyte at pH 14. Representative Nyquist plots of each configuration are
shown in Fig. 6.3a. Although EIS measurement of the bare TiO2 was recorded over a
frequency range between 100 kHz and 0.1 Hz, the analysis was only performed in the high-
frequency region (i.e., between 100 kHz and 50 Hz) where capacitive response in this region
was prominent. Therefore impedance data can be modeled using a simple Randles circuit
consisting of a series resistance of the electrolyte and electrical back contact (Rgeries), and
a bulk resistance of TiOg that is related to exchange of electrons between the conduction
band and electronic states on the surface (in this case the surface states) (Rpyp)>03!
in parallel with a space-charge capacitance of TiO2 (Csc), as shown in Fig. 6.3b. The
complete data scan can be found in Fig. D.2, Appendix D. Adding extra components
and using a more complex electronic circuit would allow for more accurate fitting of the
impedance data, particularly in the low frequency region to account for processes occurring
at the semiconductor-electrolyte interface, arising from the Helmholtz layer. However, we
noticed that the high-frequency response was somewhat overlapping with the low-frequency
response in the Nyquist plot, corresponding to the space-charge layer and Helmholtz layer,
respectively. Consequently, no distinct semicircles could be observed to discriminate each
contribution. Taking all these individual processes into account in the equivalent circuit
would inevitably lead to ambiguous interpretation, and therefore separating non-relevant
contributions from the space-charge layer becomes even more complicated. To avoid this
complexity, fitting impedance data was restricted to only region dominated by the space-
charge layer (i.e., typically between 100 kHz and 100 Hz) using a simple Randles circuit,
thus allowing identification and determination of solely Csc of the TiO2.

Besides the Nyquist plot, additional valuable information of the EIS results can be
obtained from the Bode phase plot shown in Fig. 6.4b. In the Bode phase plot, the
TiOg/electrolyte system exhibits phase angles lower than —90°, which is typically ascribed
to a non-ideal capacitive behavior. Therefore, a constant phase element of the space-charge
layer (CPEgc) is used instead of the perfect Csc element in the equivalent electronic circuit
to fit the impedance data. The equivalent capacitance of a CPE is given by 2

C = CPE(@max)" " (6.1)

where wmax is the frequency at which the imaginary value of the impedance has the
maximum, and n is the empirical constant that describes the electrical behavior of CPE,
and can range between 0 (purely resistive) and 1 (purely capacitive). In a circuit model
where the CPE is in parallel with R, the true capacitance can be estimated using the
following relationship: 33
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Figure 6.3: (a) Nyquist plots of TiO2 with and without the catalysts at +0.3 V versus RHE. The
horizontal axis is the real part of impedance (Zye) and the vertical axis is the imaginary part of impedance
(Zim)- The inset shows the magnification of the impedance response in the high-frequency region. The
symbols represent the impedance data points from the EIS measurements and the solid lines represent
the fit results using the equivalent electronic circuits. (b) Randles circuit used when one semicircle in
the Nyquist plot is observed. (c) Equivalent circuit used when two semicircles are apparent, involving
the contribution from the Ni—-Mo catalyst.

¢ =grU-Mmcpgd/n (6.2)

The origin of this CPE behavior is most likely due to the presence of multiple surface states
and/or deep impurity states with energy levels distributed within the band gap.:‘}4

In the presence of the Ni-Mo catalyst on the TiO9, two semicircles were apparent in the
Nyquist plot. The first semicircle (shown in the inset of Fig. 6.3a) in the high-frequency
region is related to the contribution from the space-charge layer of TiO2 and the low-
frequency semicircle is associated with the contribution from the Ni-Mo catalyst. To assign
both features, extra components such as the constant phase element of Ni-Mo (CPEn;_Mo)
and the charge transfer resistance of Ni-Mo (Rg Ni-Mo) Were added to the equivalent
circuit to interpret the impedance data, as shown in Fig 6.3c. The validity of this circuit
was verified by independent investigation of the high-frequency response of the impedance
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Figure 6.4: Bode plots of (a) total impedance (|Z]) and (b) phase angle of TiO2 with and without and
the catalysts collected during EIS measurements at different applied potentials.

data (i.e., low semicircle); the obtained capacitances of the TiO2/Ni-Mo from the fitted
high-frequency impedance revealed identical values (in the same order of magnitude) as
that of the bare TiOg throughout the whole potential range of measurement, as shown in
Fig. 6.5a. Since the high-frequency impedance of a semiconductor is generally attributed
to the contribution of Csc, this implies that the space-charge layer of the TiO2 is not
affected by the presence of Ni-Mo particles, and therefore the TiOg still forms a solid-liquid
junction with the electrolyte. The existence of Csec of the TiOg is also evidenced by the
distinguishable peaks of phase angle in the high-frequency region (i.e., 1 kHz) in the Bode
phase plot (Fig. 6.4b), in addition to the broad phase-angle peaks in the low-frequency
regime (10 Hz to 0.1 Hz). Another reason that allowed us to use this equivalent circuit was
the fitting results of Ry, of the TiO2/Ni-Mo having lower values than that of the bare
TiOg (Fig. 6.5b). This means that the exchange of electrons occurs predominantly between
the TiO2 conduction band and the metallic Ni-Mo that have higher electron density than
the TiO2 surface state, and therefore lowering the resistance. To account for this process,
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Figure 6.5: (a) Space-charge capacitance (Csc) and (b) bulk resistance (Rpyk) of the TiO2 in the bare
TiO2 and in the TiO2/Ni—-Mo. Values are obtained by fitting the impedance data with the equivalent
circuits.

the Ry, element was used in parallel association with CPEN; po and Rey, Ni-Mo- This
equivalent circuit allowed us to accurately fit the impedance data throughout the whole
frequency range of measurement (Fig. D.3, Appendix D).

When a thin Ni film (2 nm) is introduced between the TiOg2 and Ni-Mo nanoparticles,
the EIS data reveal only one semicircle in the Nyquist plot (Fig. 6.3a). Although the
TiO2/Ni/Ni-Mo exhibits a seemingly identical semicircle as that of the bare TiOg, a care-
ful examination in the Bode plot shows a clear shift of the onset of the total impedance (|Z])
from 2 kHz in for the bare TiO2 to 200 Hz for the TiO2/Ni/Ni-Mo (Fig. 6.4a). This means
that the TiO2/Ni/Ni-Mo has a nearly constant impedance in the high-frequency region
(100 kHz to 200 Hz). In this frequency range, the |Z| is almost equal to the real impedance
(Zre, i.e., resistance, R) because the imaginary impedance (Zy, i.e., —1/wC) is too insignif-
icant such that its contribution to the |Z| is negligible (Fig. D.4, Appendix D). This is also
consistent with the zero or small phase angle observed from the TiO2/Ni/Ni-Mo within
the frequency range between 100 kHz and 200 Hz, contrary to the bare TiO2 of which the
phase angle peak is already observed at 100 Hz (Fig. 6.4b). This implies that the capac-
itive behavior of the TiO2/Ni/Ni-Mo in the high frequency region is not present. Since
the high-frequency impedance is generally attributed to the contribution from the electri-
cal characteristic of the space-charge layer of the semiconductor, the constant response of
impedance in the high-frequency region, thus the absence of Csc, explicitly suggests that
the electrical junction between TiOg2 and Ni is entirely dominated by the resistive behav-
ior. Previous investigation using operando X-ray photoelectron spectroscopy (XPS) in an
electrochemical cell has also revealed that an ultrathin film of Ni is sufficient to effectively
maintain a constant electronic band structure of the TiO2 closer to the flat-band potential
across a wide potential range, thus providing an ohmic behavior instead of a rectifying junc-
tion.3® The ohmic contact across the whole surface of the TiO2 can be evidently true as
confirmed by the nearly uniform coverage of Ni (Fig. D.5, Appendix D). In a strongly alka-
line electrolyte, the thin Ni will oxidize to form nickel hydroxide, but will transform back to
Ni at reductive potentials and is stable in the metallic form under cathodic conditions (Fig.
D.7, Appendix D). These electrochemical processes where the TiOg exhibits an ohmic be-
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havior with the catalyst can be modeled using a Randles circuit consisting of a Rgerjes that
also includes the resistance of the bulk TiO2 (i.e., Rseries = Reontact + Relectrolyte + Rbulk);
the charge transfer from Ni/Ni-Mo (R.y Ni/Ni Mo) and the capacitance or CPE of Ni/Ni-
Mo (CPEy; /Ni—Mo)- The fit results of the impedance data using this equivalent circuit
can be found in Fig. D.6, Appendix D.

The fit results of Cg. of the TiOg from the EIS data were used to construct Mott-
Schottky plots in order to analyze the influence of the HER catalysts on the flat-band
potential of TiO2 (shown in Fig. 6.6). The intercept between the extrapolated inverse
square of the capacitance of the TiOg space-charge layer with the z-axis indicates the
flat-band potential of the TiO2. The TiO2 electrodes with and without Ni-Mo particles
exhibited nearly the same flat-band potential as the bare TiO2 (-0.2 V versus RHE) with
a slight deviation which is still in the acceptable margin of error. This band pinning is
expected as Ni-Mo particles did not completely cover the TiO9 film, thus still allowing the
underlying TiOz2 to be in contact with the electrolyte, and forming a rectifying solid-liquid
junction. In the case of the TiOg2 coated with Ni/Ni-Mo, the high-frequency impedance
was not present, and therefore the flat-band potential could not be determined. Fitting
the low-frequency impedance with a Randles circuit resulted in a very distinct slope of
the Mott-Schottky plot compared to the other two configurations. Since the low-frequency
impedance is mainly attributed to the capacitance of the catalyst, the Mott-Schottky result
obtained by fitting the impedance data with the equivalent circuit does not reflect the flat-
band potential of the TiO2.

Following the electrochemical characterization of the different catalyst layers on the
TiOg2, the composite layers were deposited in the same conditions on the TiOg-coated
a-SiC photocathodes to observe their ability to transfer photogenerated charges to drive
the HER. The influence of the catalysts on the interfacial energetics of a-SiC/TiO2 pho-
tocathodes at the solid-liquid interface was investigated by performing electrochemical
open-circuit potential (OCP) measurements in 1 M KOH electrolyte solution, in the dark
and under illumination, (Fig. 6.7). The presence of the TiO2 front layer was important
to maintain the stability of the a-SiC photocathode during OCP measurements, since
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Figure 6.6: Mott-Schottky plots (Cs2-V) of TiO2 with and without Ni-Mo. The intercept between
the extrapolated linear line with the x-axis indicate the flat-band potential. The thickness of the TiO2
is 100 nm. All measurements were performed in 1 M KOH pH 14.
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Figure 6.7: Electrochemical open-circuit potential (OCP) measurements of the a-SiC/TiO2 photocath-
ode with and without the catalyst layers. The change in the open-circuit voltage in the dark and under
illumination represents the photovoltage of the composite systems.

without TiO2 the a-SiC photocathode underwent rapid corrosion even under open-circuit
conditions. The OCP in the dark represents the pinning of the Fermi level of the photo-
cathode with electronic states of the front layer and the change in OCP under illumination
represents the quasi-Fermi level splitting that translates into the built-in photovoltage of
the photocathode. In the dark condition, the Fermi level of the uncatalyzed a-SiC photo-
cathode equilibrates with the surface electronic states of the TiO2 at +0.46 V versus RHE.
The dark OCP value measured at pH 14 turns out to be close to the previously reported
OCP measurement, of a-SiC/TiOg measured at pH 4 (+0.48 V versus RHE),!! implying
that the energy level of the amorphous TiOg surface states with respect to water redox
potentials is almost independent of the electrolyte pH. The introduction of the Ni—-Mo
catalyst onto the a-SiC/TiO2 did not lead to a noticeable change of the dark OCP. This
is mainly due to the fact that the TiOg interfacial layer still forms a solid-liquid junction
with the electrolyte and therefore the equilibration of the Fermi level is not substantially
affected by Ni-Mo particles on the surface. In the case of Ni/Ni-Mo dual catalysts on the
a-SiC/TiO2 photocathode, a new thermal equilibrium is established and the Fermi level
of the photocathode is pinned to the new equilibrium surface potential of the outermost
layer (i.e., Ni) at +0.7 V versus RHE in the dark. Under dark open-circuit condition, no
solid-liquid junction is expected because the electrical behavior between TiOg2 and Ni is
dictated by an ohmic contact. During the dark and illuminated OCP measurements, all
the photocathodes showed a photovoltage of 0.8 V, confirming that the addition of the
catalysts does not affect the electronic equilibration of the (p-i-n) structure of the a-SiC
with the TiOg2, i.e., that the buried junction photovoltage is maintained.

Photoelectrochemical activities of a-SiC photocathodes

The catalytic activity of Ni-Mo and Ni/Ni-Mo catalysts on the a-SiC photocathodes was
further evaluated by cyclic voltammetry under simulated solar illumination in 1 M KOH
electrolyte solution (Fig. 6.8). Without the catalyst, the TiO2 protected a-SiC showed a
late photocurrent onset potential (+0.2 V versus RHE), mainly due to the poor reaction
kinetics on the uncatalyzed TiOg surface. The introduction of Ni-Mo catalyst on the
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Figure 6.8: Current—voltage characteristics (j—V/) of a-SiC/TiO2 with Ni-Mo and Ni/Ni-Mo catalysts
under simulated solar illumination. The inset shows the photocurrent onset potential of the photocath-
odes at +0.8 V versus RHE. The measurements were performed in 1 M KOH at pH 14.

photocathode significantly shifted the onset potential, which can be closely seen from the
intercept between the anodic and cathodic photocurrent at +0.8 V versus RHE, shown in
the inset of Fig. 6.8. This result is expected since at this onset potential, the photovolt-
age of 0.8 V of a buried junction a-SiC photocathode should allow the potential at the
surface/electrolyte interface to be positioned at E¥ (H*/Hy), as illustrated in Fig. 6.9a.
However, the photocurrent did not rise steeply at the onset potential due to the low number
of active sites for hydrogen evolution of Ni-Mo on the photocathode surface.

Cyclic voltammetry data (Fig. 6.8) also indicated that the photoelectrochemical ac-
tivity of the a-SiC photocathode with Ni/Ni-Mo dual-catalyst was noticeably higher than
that with only the Ni-Mo catalyst. A closer inspection in the inset of Fig. 6.8 reveals
that both a-SiC photocathodes with Ni-Mo and Ni/Ni-Mo catalysts had the same onset
potential of +0.8 V versus RHE. However, the instantaneous increase of photocurrent onset
by the more efficient Ni/Ni-Mo improved the photocurrent significantly throughout the
whole potential range of measurement. Despite the increase of cathodic photocurrent, the
anodic current of the a-SiC with Ni/Ni-Mo was also profound at potentials more positive
than +0.8 V versus RHE. The apparent anodic current is related to the oxidation of the
exposed Ni catalyst to Ni(OH); and the cathodic current at +0.9 V wersus RHE is asso-
ciated with its reduction back to Ni. It is generally known from the Pourbaix diagram
that the redox-phase transformation between Ni and Ni(OH)3 in an extremely alkaline
environment occurs near the hydrogen evolution potential (Fig. D.7, Appendix D). The
reduction and oxidation of Ni near the photocurrent onset potential at +0.8 V versus RHE
is also consistent with the constant photovoltage of a-SiC (0.8 V) that brings the Ni surface
potential to a position near the formal potential for hydrogen evolution, thus allowing Ni
to oxidize or reduce itself depending on the direction of the potential scan during cyclic
voltammetry, as illustrated in Fig. 6.9b. At surface potentials more negative than 0 V
versus RHE in an alkaline solution at ph 14, Ni is stable in the metallic form (Fig. D.7,
Appendix D) and is able to drive the catalytic reaction of hydrogen evolution (Fig. 6.9¢).
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Figure 6.9: (a) Energy band diagram at applied potential +0.8 V versus RHE. Schematic illustration
of (b) Ni oxidation and reduction at an applied potential on a-SiC of = +0.8 V versus RHE and (c) the
position of surface potential at applied potentials on a-SiC of < +0.8 V versus RHE.

Stability of a-SiC photocathodes
The stability of the a-SiC photocathode in 1 M KOH solution under photoelectrocatalytic
condition was evaluated by chronoamperometry test at a constant applied potential of 0
V wversus RHE (Fig. 6.10). The a-SiC photocathode only showed a stable photocurrent
for 40 minutes, followed by a rapid deactivation and a sharp decrease of photocurrent,
which left only 35% of the initial value after 1 hour. To confirm that the photocurrent
was related to the hydrogen evolution, the hydrogen was measured during the illuminated
chronoamperometry experiment using a gas chromatography (GC). The time resolution of
data collection of our GC was 18 minutes (the lowest time limit for our particular device).
In order to accurately calculate the Faradaic efficiency, the current was integrated every 18
minutes to determine the total number of charge generated over the data collection time.
This measurement allowed for quantification of evolved hydrogen gas and the rate of corro-
sion of the photocathode by chemical and/or electrochemical reaction with the electrolyte
solution. During the measurement, the Faradaic efficiency remained nearly 100% in the
first 40 minutes, and exceeded unity (117%) as the photocurrent dropped steeply. The
overestimated Faradaic efficiency is probably due to the dissolution of the hydrogenated
a-SiC during the chronoamperometry test that released hydrogen, and was detected by the
GC. The origin of the decay of photocurrent may be caused by the ineffective protection by
the TiO9 presumably due to the presence of pinholes in the film that exposes the underly-
ing a-SiC to the highly corrosive electrolyte (1 M KOH), and subsequently etches the a-SiC.
As the thickness of the photocathode is reduced, the number of photogenerated electron
decreases, causing the photocurrent to drop. Without the TiO9 layer, the a-SiC dissolved
faster even in the dark, in the same electrolyte solution, under open-circuit condition (no
net current flow), leaving only the FTO after 1 hour (Fig. D.8, Appendix D). This confirms
that a-SiC is intrinsically unstable when exposed to a strongly alkaline environment.

In order to evaluate the protection ability of the TiO2, a separate stability experiment
was performed using only TiO2 on FTO (without the a-SiC photocathode) with different
catalysts in the same 1 M KOH electrolyte solution. From the results of chronopotentiom-
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Figure 6.10: Chronoamperometry measurement of TiO2 coated a-SiC photocathodes with Ni/Ni-Mo
catalyst at a fixed potential of 0 V versus RHE.

etry measurement in the dark at a fixed current of —10 mA cm™2, it is evident that all
catalyzed FTO/TiOg2 electrodes demonstrated a good stability for 24 hours and were able
to maintain a potential more positive than —0.5 V versus RHE (Fig. D.9, Appendix D).
To confirm the stability of the TiO2, XPS analyses were performed on the Ni-catalyzed
TiO2 before and after the stability test. The FTO/TiOg2 electrode with a thin Ni film
was chosen over the FTO/TiO2/Ni/Ni-Mo electrode because a thin Ni surface film with
a thickness of 2 nm should allow the photoelectron from the TiO2 to escape and be de-
tected by the XPS, since the escape depth is typically in the range of 3—4 nm. Before the
stability test, the Ti 2p signal from the TiOg2 was weak because it was covered by the Ni
film (Fig. D.10, Appendix D). XPS data revealed that the Ti 2p signal was still detectable
after 24 hours, indicating that the TiO2 was not dissolved, and remained present after the
test. Interestingly, the Ti 2p signal became stronger after 24-hour measurement. This is
probably because of the detachment of Ni from TiO2 during the long chronoamperometry
test. The removal of Ni was also observed from the reduced intensity of Ni 2p signals in the
XPS data and the increased intensity of Ti 2p signal after prolonged testing, suggesting
that the TiO2 became uncovered and more detectable due to the disappearance of the Ni
surface film Fig. D.11, Appendix D).

In the case of TiOg-protected a-SiC photocathode, degradation of the photocurrent
still occurred even at a lower applied potential (+0.3 V versus RHE, Fig. D.12, Appendix
D) and at photocurrents below —10 mA em™2. Visual inspection after the experiment
revealed that the rapid decay of photocurrent was related to chemical dissolution of a-
SiC in 1 M KOH solution. Since the catalyzed TiO9 alone was stable under moderate
potential bias (more positive than —0.5 V versus RHE, shown in Fig. D.9, Appendix D),
we therefore speculate that the corrosion of a-SiC occurs because of the permeation of the
highly concentrated KOH through pinholes in the thin amorphous TiO2 produced by low-
temperature ALD.36 KOH permeation could also occur through the amorphous TiO2 on
the FTO sample, but since the underlying FTO substrate is more chemically stable than
the a-SiC, the composite system remained stable without substantial potential degradation
during the chronopotentiometry measurement (Fig. D.9, Appendix D).

Prior efforts have attempted to use amorphous TiOg coatings for protection of pho-
tocathodes in a strongly alkaline environment, yet similar failures were obtained after a
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few hours. 1037 These observations likely imply that although amorphous TiO2 may be an
excellent passivation material in a near neutral environrnent,38 it may be unsuitable as
a protection layer for photocathodes in a strongly alkaline electrolyte. Numerous studies
have suggested that TiOs is electrochemically stable in the compact crystalline form. 63639
Transforming the amorphous structure of TiO2 to a crystalline phase may require in-situ
or post-annealing at a temperature of at least 400 °C. However our a-SiC could not survive
at this extreme temperature (Fig. D.13, Appendix D), and therefore the post-annealing
treatment was carried out at a temperature of only 300 °C. This annealing condition was
evidently insufficient to improve the amorphous TiO2 to its crystalline form, as suggested
by the absence of TiO2 peaks in the X-ray diffraction pattern (Fig. D.14, Appendix
D). Previous reports have demonstrated that the deposition of crystalline TiO2 by low-
temperature ALD is indeed possible even without annealing treatment. 404! In our future
work, a similar approach will be attempted to maintain the high performance and stability
of the a-SiC photocathodes in an alkaline solution.

6.4. Conclusion

In summary, we have demonstrated a significant photoelectrochemical improvement of a
TiO2-protected a-SiC photocathode by use of a dual-layer Ni/Ni-Mo coating, which shows
a rapidly increasing onset of photocurrent relative to the photocathode that only have Ni—
Mo catalyst. The enhancement of the observed photocurrent is a result of the increased
number of surface catalytic active sites for hydrogen evolution on the photocathode upon
the incorporation of a thin Ni film that allows electron to transfer through a large area and
prevents charge accumulation on the surface. Additionally, using EIS and Mott-Schottky
analysis, we have investigated the solid-liquid rectifying characteristic when only Ni—-Mo
is used, and the ohmic behavior when a thin Ni film is added before the deposition of
Ni-Mo. This work clearly shows the potential of the dual-layer Ni/Ni-Mo coating as
an efficient electrocatalyst for hydrogen-evolving photocathodes, and demonstrates the
importance of the high surface catalyst coverage for improving the photoelectrochemical
performance of the photocathodes. The high electrocatalytic activity of the Ni/Ni-Mo
should motivate the utilization of dual-layer catalysts to maximize the photocurrent output
of the photocathodes for efficient solar hydrogen evolution.
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Appendix A

A.1. Corrected current-potential curve
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Figure A.1: Corrected cyclic voltammetry of n-Si/SiO, rca/Al203/Pt/Ni photoanode after 18 of aging
with compensation for the series resistance. The series resistance of the system was 4.24 Q cm™2 as

measured by EIS, and is consistent with the resistance of 1 M KOH solution. !
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A.2. UV-Vis measurement
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Figure A.2: Reflectance of the fresh and the aged n-Si/SiO, rca/Al203/Pt/Ni, showing a decrease

in reflectance in the UV, visible, and near infrared region. For a reference, the reflectance of the bare

n-Si/SiOy rca (no metal layers on top) is also shown. UV-Vis measurement was performed using a

Perkin-Elmer Lambda 950 spectrometer, equipped with a deuterium and a tungsten lamp to measure
the reflectance of the sample in a broad spectral range.

A.3. Equivalent photovoltaic response and open-circuit
voltage

j (MA cm™)
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Figure A.3: Equivalent photovoltaic (PV) response of the n-Si/SiO,rca/Al203/Pt/Ni pho-
toanode after 18 hours of aging relatove to the non-photoactive the non-photoactive p*-
Si/SiO, rca/Al203/Pt/Ni electrode, showing an equivalent open-circuit voltage (Voc) of 496 mV, a
short-circuit current density (jsc) of 28.06 mA cm™2, a fill factor (ff) of 0.64 and an energy-conversion-
efficiency of 8.87%.

The equivalent photovoltaic response of the photoanode under illumination relative to
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the non-photoactive electrode in the dark was determined by treating the photoanode
performance in a simplified equivalent circuit where a PV cell is electrically connected in
series with a dark electrolysis cell. The equivalent open-circuit voltage (Voc) is defined as
the voltage at zero current and the equivalent short-circuit density (jsc) is defined as the
current at zero voltage.

A.4. Electrochemical impedance spectroscopy and Mott-
Schottky analysis

The electrochemical impedance spectroscopy (EIS) data were fit with a model that con-
sisted of a series resistance (Rgeries) in series connection with a parallel resistor (Rp) and a
parallel capacitor (Cp) to account for the capacitance of the space-charge region, as shown
in Fig. A.4.

Rseries

Csc Cox

CP
—fF— = —i

R

Figure A.4: Equivalent circuit used to fit the EIS data.

The Cp is a combination of series contributions that consist of the space-charge capacitance
(Csc) and the oxide capacitance (Cox).

1 1 1
— = (A1)
Cp Cse  Cox
The Cox equals to the series capacitance of the SiOy and Al2Os3.
1 1 1
+ (A.2)

COX - CSiOx CA1203
The capacitance of the SiOy (Csjo,) and the AlpO3 (Calo0,) can be estimated by the
following relationships:

€0€Si0,

Csio, = (A.3)
T 150,
€0€AL, 05

Ca05= =~ = é . (A.4)
23

where the g is the vacuum permittivity (8.85 x 107 F ecm™1), €si0, is the dielectric
permittivity of SiOy and is assumed to be the same as SiO2 (3.9), eal,0, is the dielectric
permittivity of AlaO3 (8)%° tsi0, is the thickness of the SiOy (1.8 nm) and #a},0, is the
thickness of the AloO3 (1 nm), as measured using the ellipsometer.

Assuming only the space-charge capacitance that varies with the changing electrode
potential, the reverse-bias dependence of the inverse square capacitance of the space-charge
region in the semiconductor is given by the Mott-Schottky relation: %

2 kT
C2=—" |V-FEp-— A.
sc €0es1GND ( tb q ) ( 5)
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where eg; the permittivity of Si (11.7), g is the elementary charge (1.6 x 1071° C), Np
is the donor concentration in the semiconductor, V is the potential difference between the
semiconductor and the redox potential of the solution, Eg, is the flat band potential, k is
the Boltzmann’s constant (1.38 x 10727 cm? kg s72 K~1) and T is temperature (298 K).
The Eg, is determined by taking the value of the intercept between the extrapolated linear
region of the CS_C2 with the x-axis in the Mott-Schottky plot.

The barrier height (¢,) was calculated using the Schottky’s relation:

¢p = Em +Van (A.6)

Where V4, is the difference between the potential of the conduction band edge and the
Fermi level, and was obtained by using the following relationship:
N

Vn= lenN—D (A7)

The density of conduction band states (N:) was calculated by:

2nmEkT )3/ 2
h2

where mj is the effective mass of electron in c-Si (1.08mg) and h is the Planck’s constant
(6.63 J s). Using the slope of Mott-Schottky plot in the main text (3.35 x 104 F~2 cm*
V_l) and the above equations, the Np was calculated to be 3.54 x 1016 cm™3 and the V,
was calculated to be 0.17 eV. From the calculated Ny the resistivity of the n-type Si wafer
was obtained to be 0.185 Q cm, consistent with the range specified by the Si wafer supplier
0.1-0.3 Q cm.

The Ep, of the fresh and the aged n-Si/SiO, goa /Al203/Pt/Ni photoanode were —0.6
and —0.73 V versus Fe(CN)g_M—, respectively. Using the Schottky relation above, the
calculated ¢y, were 0.77 and 0.9 eV for the fresh and the aged n-Si/SiOy gca /Al2O03/Pt/Ni,
respectively.

Ne :z( (A.8)

A.5. X-ray photoelectron spectroscopy (XPS) analysis

MIS photoanode

The nickel oxide surface can generally be reduced to its lower oxidation states when high
energy beam was used during the etching process, and thus may result in an inaccurate
interpretation and analysis of the XPS data. Therefore, the ion etching step should be
performed using the lowest energy possible. The average etching rate was approximately
3 A step™ and a total 36 steps of etching were performed on the investigated sample. In
the depth profiling analysis, some signals corresponding to different elements overlapped
and this is mainly due to the fact that the escape depth of photoelectron is typically 4 nm.
Our samples consisted of multilayer stack, and apart from the Ni layer (thickness of 4 nm)
and the Si wafer (thickness of 525 m), the rest of each layer had a thickness of less than
4 nm. For example, in our n-Si/SiO, goa /Al203/Pt/Ni sample, the thickness of Pt film
was 2 nm and the thickness of the AloO3 was only 1 nm. This means when the ion beam
has etched all the Ni away and has reached Pt, the XPS will detect signals not only from
Pt but also from AlzO3 underneath. The binding energy range for Pt 4f is between 70
and 75 eV, the same range as for Al 2p. This can possibly obscure the Al 2p signals. To
avoid this issue, the Al 2s was therefore chosen to assign for the AloOg3 detection in the
depth profiling analysis.
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Figure A.5: XPS depth profiling with complete elemental scans of n-Si/SiO, rca/Al203/Pt/Ni after
18 hours in contact with KOH solution.
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Figure A.6: The XPS spectra of n-Si/SiO, rca/Al203 (1 nm) without Pt and Ni before (top graphs)
and after (bottom graphs) immersion in KOH solution for 1 hour. The Al 2p signal was completely
gone upon contact with KOH, indicating that AloO3 was completely unstable when in a KOH solution.
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A.6. Pourbaix diagram

Pourbaix diagram for Ni

pH

Figure A.7: Pourbaix diagram for Ni, generated using Medusa (http://www.kth.se/che/medusa/).

A.7. Cyclic voltammtery and Mott-Schottky plot
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Figure A.8: Current—potential (j—V) curves of the illuminated n-Si/SiO, rca/Al203/Ni photoanode
recorded during the first cyclic voltammetry scan and after 18 hours of aging in 1 M KOH electrolyte.

The thickness of the Ni was 6 nm.
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Figure A.9: Mott-Schottky plots of the fresh n-Si/SiO, rca/Al203/Ni and 18 hours of aging treatment
in 1 M KOH.
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Appendix B

B.1. Single- and double-diode models

The current-voltage characteristic of an ideal rectifying junction can be described by a
simple equivalent circuit comprising a single diode (Fig. B.la). The single-diode model
assumes that the ideality factor is constant throughout the whole potential range. At
high forward voltages when the recombination in the neutral region and on the surface
dominate, the ideality factor (n) is close to 1. At lower forward voltages, the recombination
is dominated by the space-charge layer and n is typically 2. The recombination in the space-
charge region can be modeled by adding a second diode in parallel with the first in the
equivalent circuit (Fig. B.1b). Two diodes are connected in parallel in the equivalent circuit
because the electronic transport in a rectifying junction is a superposition of two processes,
namely diffusion/thermionic emission and recombination occurring simultaneously under
forward bias.

The transport processes in a rectifying junction can be identified by examining the
diode properties through the dark measurement of current-voltage (j—V). Each region in
the dark j—V curve (Fig. B.1c and d) represents the dominant current mechanism under a
certain range of applied bias: (i) generation-recombination in the space-charge region, (ii)
thermionic emission, (iii) series resistance effect, and (iv) reverse leakage current due to
generation and recombination and parallel resistance. Ideally, a straight line in the forward
bias region is indicative of an exponential voltage dependence of current, and for a metal-
insulator-semiconductor junction (analogous to Schottky junction) the forward current is
limited by the thermionic emission process (process (ii), Fig. B.1c and d). If recombination
exists in the space-charge layer, the curve in the low forward bias region will deviate from
linear, and the current in this low forward bias region will be appreciably higher than the
thermionic emission current.

The current flow due to carrier recombination in the space-charge layer (process (i),
Fig. B.1d) is usually more important in devices with high barriers and can be observed in
the low forward bias region of the dark j—V curve. Under high forward bias operation, the
recombination current in the space-charge layer is negligible compared to the thermionic
emission current. The recombination in the space-charge region is assumed to take place
at the trap centers near the middle of the energy gap through capture processes, and is
called the Shockley-Read-Hall recombination. 1™ In the reverse bias region, the generation
current is more dominant than the recombination current because all the excited carriers
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Figure B.1: Equivalent circuits of (a) single-diode model and (b) double-diode model in the dark. Rp
is the parallel resistance, Rs is the series resistance, Dy is the first diode, D5 is the second diode and /
is the current. Current-voltage characteristics of n-Si/SiOx/Al203/'metal’; (c) with Co, and (b) with
Pt metal contacts. The ideal current-potential curves that exclude the generation-recombination in the
space-charge region with no series and parallel resistance effects are shown as the dashed red lines.

are swept out of the space-charge layer by a strong electric field (process (iv), Fig. B.lc
and d).

For a system showing a nonlinearity in the forward bias region such as in Fig. B.1d,
the dark j—V curve can be more accurately fitted using the double-diode model (Eq. 2 in
the main paper). For a rectifying junction with a small barrier height such as the system
using Co contact (Fig. B.1c), the current due to generation and recombination in the space-
charge layer is extremely small in comparison to the current due to thermionic emission, and
therefore these processes cannot be distinguished from the thermionic emission current in
the dark j—V curve. To avoid ambiguity, a system showing only a linear line in the forward
bias region should be fitted with the single-diode model that accounts for contribution
from the thermionic emission current only.
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B.2. Fit results of dark j—V curves

Table B.1 and B.2 summarize the fit results of the dark j—V curves of the n-Si/SiOy/AloO3/‘metal’
and n-Si/SiOy/‘metal’ systems, respectively.

Table B.1: Fit results of dark j—V curves of n-Si/SiOx/Al203/'metal’ systems. The thickness of each
metal is 60 nm

n-Si/SiOx/Al203/‘metal’ (60 nm)

metal | jor (A em™2) | 5y | jo2 (A cm™2) | my | Rs (Q cm?) Ry (O cm?)
Pt 1.0x1078 1.1 7.3x1076 3 1.0 1.6 x 10°
Ni 1.0x1077 1.1 1.3x1076 3.6 3.4x10°
Co 6.6x 1076 1.1 - - 1.7 3.0x10°
Ti 6.5x1073 3.2 - - 1.4 2.5% 102

Table B.2: Fit results of dark j—V curves of n-Si/SiOx/'metal’ systems. The thickness of each metal
is 60 nm

n-Si/SiOx/‘metal’ (60 nm)

metal | jo (A cm™?) n Rs (Q cm?) | Ry (Q cm?)
Pt 1.3x1077 1.0 33.8 5.0 x 10°
Ni 1.6x1073 1.07 0.62 7.9 x 102
Co 1.1x1074 1.0 1.0 8.9 x 103
Ti 8.1x1071 0.76 2.6 2.1x 10!

All variables in Table B.1 and Table B.2 were extracted from the dark j—V curves
using either a single-diode model or a double-diode model, except for the n-Si/SiOy/Ti.
Because of the extremely high leakage current and the j—V curve of the the n-Si/SiOy/Ti
that resembles ohmic behavior, the contributions from 7 and Rp to the resulting current
are hardly distinguishable. Any n values can lead to an accurate fitting in exchange for
lower or higher Rp, but still results in the same jo.

In an attempt to obtain an accurate n for the n-Si/SiOx/Ti, we used an alternative
approach described by Cheung and Cheung.4 The method is based on the following equa-
tion:

V:st+ngbb+ﬂqun( (B.1)

)
A*T?
where j is the current density in the dark, V is the voltage, Rs is the series resistance, ¢y,
is the barrier height, k is the Boltzmann’s constant (1.38 x 10723 m? kg s™ K1) and
T is the temperature (293 K), g is the elementary charge (1.6 x 1071% C) and A* is the
Richardson’s constant (120 A em™2 K2 for Si). Differentiating Eq. B.1 with respect to j,
and arranging terms lead to:
av. nkT
afmj) T
Equation B.2 should produce a straight line, thus a plot of dV/d(Inj) versus j will
give rise to Rs as the slope and nkT/q as the y-axis intercept. From the intercept between

(B.2)
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dVvid(nj) and y-axis in Fig. B.2, n was obtained to be approximately 0.76 and from the
linear fit of the slope, Rs was found to be 2.42 Q cm?, close to the value obtained from the
fit result of the dark j—V curve in Table B.2. This method is also valid for other samples,
and achieved identical values as those obtained from fitting the dark j-V.

071 n-Si/Sio /Ti
06 n=076
S o5l R, =242 0hm cm?

nj
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<
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Figure B.2: A plot of dV//d(In j) versus j of the n-Si/SiOx/Ti.
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B.3. Derivation of the thermionic emission equation cor-
rected for tunneling current

The equation of the thermionic emission corrected for tunneling is based on the derivation
of one-dimensional tunnel current through a rectangular barrier described by Card and
Rhoderick.? The tunneling current is expressed by the following equation:

4 o0 00
j= %[frc-w dEdE; (B.3)
00

where me is the electron mass, g is the elementary charge, h is the Planck’s constant, TC
is the transmission coefficient and N is the supply function. Ex and E; are the component
of energy for conduction electrons with momentum perpendicular and transverse to the
barrier, respectively.

Within the Wentzel-Kramers-Brillouin (WKB) approximation, the transmission coeffi-
cient can be written as:

Xm
TC =exp (—2 f kxdx) (B.4)
Xs

where xpy, —xg = 0 is the thickness of the insulator and ky is the component of the momentum
in the z direction.

1/2
Jex = (2’;" (W—Ex)) (B-5)

where 7 is the reduced Planck’s constant (7 = h/27). For a rectangular barrier, the height
W is independent of x, and (W—Eyx) = y is the distance between the conduction band edge
of the semiconductor and the insulator. Thus the expression for transmission coefficient
becomes:

4
TC =exp (——ﬂ (2mey)""? 5)
h (B.6)
=exp (—1.01 V2T )(1/25) =~ exp (—)(1/26)

where y is in electronvolt (éV) and & is in angstrom (A). Since the unit of y!/25 is eV1/2
A, the exponent becomes dimensionless.

The supply function (N) describes the difference in carrier supply at the interface of
the insulator, and is given by:

N= [ (fi- fu)dE (B.7)

where fs and fi are the Fermi functions. At forward bias, fin =0. For non-degenerate semi-
conductors, the Fermi-Dirac distribution can be approximated using Maxwell-Boltzmann
distribution:

Ex"‘Et_(EF,n_EC]) (B.8)

where k is the Boltzmann’s constant, T is the temperature, Ep ; is the semiconductor
Fermi level and E¢ is the conduction band edge at the surface.
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Substituting Eq. B.6, Eq. B.7 and Eq. B.8 with Eq. B.3, the current density of
thermionic emission and tunneling is given by:

00 00
. 4mm, E +Et—(EF, —Ec)
j= hseqffexp(—xl/26)exp(— al T u dExdE¢
00
00 0O
4rm _EC E; B.
= hseqexp(—xuzé]exp( )ffexp( ) ( kT)dExdEt (B.9)
00

Er ,—-Ec
_ 2 12
=3 (kT) exp( X S)exp( T )

The difference in potential between the semiconductor Fermi level and the conduction band
edge at the surface (Ep , —Ec) is a function of applied voltage (V) and is negative because
the Fermi level is positioned below the conduction band edge:

Epn—Ec=-q4(¢p-V) (B.10)

where ¢y, is the barrier height.
Substituting Eq. B.9 with Eq. B.10, the complete equation of thermionic emission
corrected for tunneling becomes:

4 - 1%
= n;;neq(kT) exp( xllzé)exp(z—ib)exp(q—)

(B.11)
k2 12 —q¢p qv
=A"T exp( X 6)exp( T )exp(kT)
where A* is the Richardson’s constant.
Recalling the ideal diode equation:
qV
B.12
j=Jo (eXp(kT)) (B.12)

where jo is the dark saturation current density. Thus, jy can be expressed as:

jo=A* Tzexp(—xllz(?)exp(%;eb) (B.13)
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B.4. Flat band potentials and barrier heights obtained
from Mott-Schottky relationships

The barrier heights were independently determined by measuring the capacitance of the
electrode using impedance spectroscopy. Impedance measurements were performed in a
solid-state configuration by connecting the front metal contact to the back metal con-
tact. The space-charge capacitance (Csc) of the semiconductor was extracted by fitting
the impedance with an equivalent electronic circuit consisting of a resistor (Rgeries) in a
series connection with a parallel resistor (Rpar, to account for electron exchange between
the semiconductor, insulator and metal), and a parallel capacitor (Cpar), as shown in Fig.
B.3.

C

par

_—— O
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_— N
o

R

series par S

R

par

Figure B.3: Equivalent circuits to fit the impedance data.

Cpar is a combination of series contributions that consist of the space-charge capacitance
(Csc) and the oxide capacitance (Cox).%

1 1 1
=+ —
Cpar  GCsc¢  Cox

For interfacial oxide layers consisting of SiOy and AlaO3, Cox equals to the series capaci-
tance of both oxides.

(B.14)

1 1 1
+

Cox  Csio, CALO;
The capacitances of SiOx and AlpO3 were estimated by the following relationships:

(B.15)

EQEQ;
Csio, = —29x (B.16)
1Si0,
€0EAL,O4
CALO; = o, (B.17)
23

where g9 is the vacuum permittivity (8.85 x 10714 F cm™1), €si0, is the relative permittivity
of SiOy and is assumed to be the same as SiOz (3.9), £41,0, is the relative permittivity of
AlxO3 (8),78 fsi0, is the thickness of the SiOy (1.8 nm) and #y),0, is the thickness of the
Als03 (1 nm), as measured using ellipsometer.

Assuming only the space-charge capacitance that varies with the changing potential,
the reverse-bias dependence of the inverse square of the space-charge capacitance in the
semiconductor (C32) is given by the Mott-Schottky relationship:

2 kT
c;(?:—(V—Efb——) (B.18)
£0€5iqNgq q

where eg; is the relative permittivity of Si (11.7), g is the elementary charge (1.6 x 10719
C), Ny is the donor concentration in the semiconductor, V is the applied voltage, Ep, is the
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flat band potential, k is the Boltzmann’s constant (1.38 x 10723 m? kg s™2 K™!) and T is
the temperature (293 K). Eg, was determined by taking the value of the intercept between
the extrapolated linear region of the C3? with the x-axis in the Mott-Schottky (Ci2—V)

plot.

a T T T T T b T T T T T
7 n-Si/Si0 JAl,0./ 7 n-Si/Sio /|
| ® Pt el e Pt
{E\ 6 ® Ni <"E 611« Ni
No 5l : ‘(|§i0 (?‘o 5[ ® Co |
L R
5 4 3 4r 7
o o
X 3t % 3t .
~ N—r
‘a2t W2t .
(@) a
O
1t 1t .
0 Il D Il Il L O Il Il Il Il Il L
-1.0-05 0.0 05 1.0 15 -1.0-05 00 05 1.0 15
Potential (V) Potential (V)

Figure B.4: Mott-Schottky plots of the inverse square of the space-charge capacitance—voltage (CS_CQ—
V) of (a) n-Si/SiOx/Al203/ 'metal’ and (b) n-Si/SiOyx/'metal’ systems. The thickness of each metal
is 60 nm. The intercept of the extrapolated linear line indicates the Eg,.

The barrier heights were calculated using the following equation:

¢b= Ep+Vn (B.19)

where V;, is the difference between the potential of the conduction band edge and the Fermi
level, and was obtained by using the following relationship:

T N,
vn=k_1n(—°) (B.20)
q \Ng
The density of conduction band states (N¢) is given by:
2mmikT\3?
NC=2(h—g) (B.21)

where m; is the effective mass of electron in ¢-Si (1.08 myp) and h is the Planck’s constant
(6.63x1073* J s). Using the slope in the linear region of the Mott-Schottky plot (3.4 + 0.1
x 101% F~2 cm* V_l) and the Eq. B.20 and Eq. B.21, the Ny was calculated to be 3.5
+ 0.1 x 10'6 ¢cm™3 and the V;, was calculated to be 0.17 eV. From the calculated Ny, the
resistivity of the n-type Si wafer was obtained to be 0.185 Qcm, consistent with the range
specified by the Si wafer supplier 0.1-0.3 Q cm.

Table B.3 and B.4 summarize the calculated flat band potentials and barrier heights
of the n-Si/SiOx/AlaO3/‘metal’ and n-Si/SiOy/ metal’ systems, respectively.
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Table B.3: Flat band potentials and calculated barrier heights of n-Si/SiOx/Al203/‘metal’ systems.
The thickness of each metal is 60 nm

n-Si/SiOx/Al203/‘metal’ (60 nm)

metal | Ep, (V) op (V)
Pt 0.66 0.83
Ni 0.59 0.76
Co 0.51 0.68
Ti 0.26 0.43

Table B.4: Flat band potentials and calculated barrier heights of n-Si/SiOx/'metal’ devices. The
thickness of each metal is 60 nm

n-Si/SiOx/ metal’ (60 nm)
metal | Eg, (V) | ¢y (eV)

Pt 0.62 0.79
Ni 0.36 0.53
Co 0.45 0.62

Ti - -
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B.5. Flat band potentials and barrier heights of MIS
photoanodes

Impedance measurements of MIS photoanodes with thin bimetal contacts were performed
electrochemically in an electrolyte solution containing electrochemically reversible, one-
electron Fe(CN )3_/ 4= redox couple. Afterwards, all photoanodes were subjected to contact
with 1 M of potassium hydroxide (KOH) solution for at least 24 hours (i.e., aging pro-
cess). Impedance measurements were then repeated to estimate the barrier heights of
all photoanodes. The Cgc, Ef, and barrier heights were calculated using Eq. B.14-B.21.
Figure B.5a-c show the C32-V plots of n-Si/SiOx/Al203/metal’ (2 nm)/Ni (4 nm) and
n-Si/SiOy/‘metal’ (2 nm)/Ni (4 nm) photoanodes, before and after aging process.
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Figure B.5: Mott-Schottky plots of the inverse square of the space-charge capacitance—voltage (Cs‘cz—
V) of the n-Si/SiOx/Al203/ inner metal’ (2 bn)/Ni (4nm) photoanodes (a) before and (b) after aging
process, and (c) the n-Si/SiOy/‘inner metal’ (2 nm)/Ni (4 nm). No notable differences observed
between the fresh and the aged samples.
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Figure B.6: (a) Comparison of effective barrier heights between the n-Si/SiOx/Al203/ 'metal’ (60
nm) (solid circles) and (a) the fresh n-Si/SiOx/Al203/ inner metal’ (2 nm)/Ni (4 nm) (hollow down-
ward triangles), and (b) the aged n-Si/SiOx/Al203/ inner metal' (2 nm)/Ni (4 nm) (hollow upward
triangles). (c) Barrier height comparison between n-Si/SiOx/‘metal’ (60 nm) (solid diamonds) and
n-Si/SiOx/‘inner metal’ (2 nm)/Ni (4 nm) (hollow diamonds) devices.
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Table B.5: Flat band potentials and calculated barrier heights of n-Si/SiOx/Al2O3/ inner metal’ (2
nm)/Ni (4 nm) photoanodes.

n-Si/SiOx/Al203/ inner metal’ (2 nm)/Ni (4 nm)

inner metal Ep (V) ¢ (V)
fresh | aged fresh aged
Pt 0.64 | 0.75 0.81 0.92
Ni 0.62 | 0.66 0.79 0.83
Co 0.56 | 0.62 0.73 0.79
Ti 0.28 | 0.33 0.45 0.50

Table B.6: Flat band potentials and calculated barrier heights of n-Si/SiOx/"inner metal’ (2 nm)/Ni
(4 nm) photoanodes.

n-Si/SiOx/‘inner metal’ (2 nm)/Ni (4 nm)

metal Eq, (V) ¢y, (eV)
Pt 0.55 0.72
Ni 0.35 0.52
Co 0.41 0.58
Ti - -
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Figure B.7: Mott-Schottky plots of the inverse square of the space-charge capacitance—voltage (C;CZ—
V) of the aged n-Si/SiOx/Al203/Pt/Ni, the as-deposited n-Si/SiOx/Al203/Pt/NiO and the vac-
uum annealed n-Si/SiOx/Al203/Pt/NiO in contact with a solution containing elecetrochemically re-
versible, one-electron Fe(CN)g_M‘ redox couple. (b) Current—potential (j—V) characteristics of the
aged n-Si/SiOx/Al203/Pt/Ni, the as-deposited n-Si/SiOx/Al203/Pt/NiO and the vacuum annealed
n-Si/SiOx/Al203/Pt/NiO photoanodes in contact with 1 M KOH electrolyte and under simulated so-
lar illumination. The NiO film was deposited using sputtering from a NiO target (Mateck) and the

thickness of the NiO film was 20 nm.
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B.6. Photovoltages of MIS photoandoes

The photovoltages of all the investigated photoanodes were confirmed by measuring the
electrochemical open-circuit voltages (OCP) in a 1 M KOH solution, in the dark and under
illumination. The shift of OCP from the dark value to the illuminated value indicates the

photovoltage.
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Figure B.8: Electrochemical open-circuit potential (OCP) of (a) n-Si/SiOx/Al203/ inner metal’ (2
nm)/Ni (4 nm) and (b) n-Si/SiOx/‘inner metal' (2 nm)/Ni (4 nm) photoanodes, measured in the dark

and under illumination.
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Table B.7 and B.8 summarize the photovoltages of the photoanodes obtained both from
the current onset potential difference between the photoanode and the non-photoactive
electrode (i.e., p*-Si/SiOx/Ni), and from the electrochemical OCP measurements in the
dark and under illumination.

Table B.7: Photovoltages of n-Si/SiOx/Al203/ inner metal’ (2 nm)/Ni (4 nm) photoanodes.

n-Si/SiOx/Al203/ inner metal’ (2 nm)/Ni (4 nm)

photovoltage (mV) obtained from:
inner metal -V OCP
fresh | aged fresh aged
bt 420 520 390 480
Ni 364 424 370 410
Co 294 384 300 370
Ti 54 108 73 118

Table B.8: Photovoltages of n-Si/SiOx/ inner metal’ (2 nm)/Ni (4 nm) photoanodes.

n-Si/SiOx/‘inner metal’ (2 nm)/Ni (4 nm)

photovoltage (mV) obtained from:
inner metal -V OCP
fresh | aged fresh aged
Pt 274 298 242 255
Ni 60 72 56 74
Co 114 112 115 117
Ti 0 0 0 0
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Figure B.9: Photovoltages of the n-Si/SiOx/Al2O3/'inner metal' /Ni photoanodes obtained from (a)
experimental measurement (a), and (b) theoretical calculation. The effective tunnel exponent (\/¥8)eff
used for the calculation is 1.6, except for the n-Si/SiOy/Al2O3/Ti/Ni: (/10)efs = 4.
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B.7. Barrier heights and flat band potentials of MIS pho-

toandoes with various Al,O3 thicknesses

Figure B.10a indicates that the barrier height decreases with increasing AloO3 thickness. In
particular, increasing the oxide thickness will reduce the oxide capacitance. For a system
comprising multiple oxides, it is more convenient to use the equivalent oxide thickness
(EOT) to represent the total oxide thickness. The introduction of EOT is particularly
important because two different oxides with different dielectric permittivities are combined.
The EOT of a high-k dielectric can be calculated by the following relationship:?

cai
EOT =t —o2 (B.22)

€high-k
So the total EOT of SiOx/Ala03 layers is equal to the sum of the SiOy thickness and the

EOTAL0;-

Recalling Eq. B.19, the barrier height is proportional to the flat band potential (Eg,).
The correlation between the flat band potential, EOT and the oxide capacitance Cox is
given by: 10712

q Qinterface _ Qbulk fox

Efb:q)ms_ q

C‘OX 2C‘OX
) (B.23)
- Qinterface FOT _ QpuikEOT
- ms
€0€Si0, 2€0€si0,

where @y is the workfunction difference between the metal and the semiconductor, Qjpterface
is the areal charge density at the Si/oxide interface (in cm™2) and Qi is the volumetric
charge density in the high-k layer (in cm_3). The areal charge density at the Si interface is
usually described as the fixed charge. Neglecting charges in the ultrathin SiOy layer, 1314
the Qipterface is €qual to the fixed charge of the high-k, and in this particular case is the
fixed charge of the Al2O3 (Qf, a1,0,)-

Figure B.10b shows the Ep, as a function of the EOT. According to Eq. B.23, the
presence of Qp,jx Will give parabolic dependence between the Ep, and the EOT. From the
fit results of the parabolic curves in Figure B.10b, the AlpO3 has a negative fixed charge
of =2.7 + 0.1 x 102 cm™2, consistent with the value reported by literatures.1>17 The
calculated Qi is 4.5 + 0.3 x 1018 cm™3. The opposite charges between the Qr, 1,0, and
the Qpuik, Al,04 has also been experimentally observed by other works, 11 and has been
attributed to the dominant nature of tetrahedral A104,2~ at the surface and the octahedral
coordination of AI®* in the bulk. 1819
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Figure B.10: (a) Barrier heights of MIS photoanodes as functions of the Al2O3 thickness. (b) Flat band
potentials of MIS photoanodes as functions of the equivalent oxide thickness (EOT). (c) Mott-Schottky
plot of the fresh n-Si/SiOx/Al203/Ti/Ni with various Al2O3 thicknesses. (d) Mott-Schottky plots of
the same samples as in (c) but after aging in KOH.
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Appendix C

C.1. Energy band diagram analysis

p-i amorphous silicon carbide (a-SiC)
The band-edge energetics of the p-i amorphous silicon carbide (a-SiC) electrode with an
active area of 0.283 cm™2 were characterized by electrochemical impedance spectroscopy
(EIS) and were analyzed using the Mott-Schottky relationship.! In order to obtain an
accurate Mott-Schottky analysis, the scanning frequency was chosen in the range where the
real part of the impedance (Z) is constant and only the imaginary part of the impedance
(Zim) is varied and the (log(—Zjy,) versus log(f)) has a slope of —1 in the complex Bode
plot.2 Thereby, the imaginary impedance can be fully interpreted as the contribution
from the space-charge layer capacitance. From the complex bode plot (log(Zre), log(—Zin,)
versus log(f)), the frequency range at which Zpe is constant and log(—Ziy,) versus log(f)
has a slope of —1 is between 5 kHz and 100 kHz (Fig. C.1).

The acceptor concentration (Nu) in the p-type a-SiC was calculated by the Mott-
Schottky relationship:

-2
sc

kT

sl
€oergNp q
where Cgc is the space charge capacitance density, €p is the vacuum permittivity (8.85 x
10712 F m™1), e, is the relative permittivity of the semiconductor (¢, = 14 for a-SiC),?
q is the electron charge (1.60 x 10719 C), k is the Boltzmann’s constant (1.38 x 10723
m? kg s72 K_l), T is the temperature (298 K) and V is the applied voltage. From the
intercept between the extrapolated inverse space-charge capacitance (Cs_cz) and the z-axis
in Fig. 5.2a, the flat band potential (Ep,) of the p-i a-SiC was approximated to be 1.17 V
versus the reversible hydrogen electrode (RHE). Using the slope in the linear region of the
CS_CZfV plot in Fig. 5.2a, Ny was calculated to be 1.46 x 1017 em™3.

The position of Fermi level (Ep) relative to the valence band edge (Ey) of the a-SiC
was determined by the following relationship:

(C.1)

N
EF—E\/:szlenN—X (C.2)

The density of valance band states (Ny) can be obtained using the following equation:
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Figure C.1: Complex Bode plots of real (Zre) and imaginary impedance (-Z;,) as functions of a
frequency (f) plot in logarithmic scales of the p-i a-SiC electrode in contact with 0.5 M KHP electrolyte
solution (p-i-liquuid junction). The inset shows the magnification in a frequency range between 100 Hz
and 10 kHz where Zye is constant and the slope of log(—Zjy,) versus log(f) is close to —1.

Ny =2 (C.3)

ZHmZkT 8/2
hz

where m;‘l is the effective mass of hole, and is assumed to be the same as that of amorphous

silicon (0.5mg).* The calculated Ny was 8.78 x 1018 cm™3, and using Eq. C.2, the Fermi
level was estimated to be positioned at 105.26 meV above the valence band edge.

Assuming the band edges are pinned at the solid/liquid interface, the position of the
valence band edge (Ey) at the interface is given by:

EV:Efb+Vp (04)

The calculated Ey was 1.27 V versus RHE. Using a value of 4.44 eV for the redox energy of
H* /H, relative to the vacuum level®, a value of +1.17 V versus RHE for Ef, and a value of
105.26 meV for Vj, the position of the valence band edge with respect to the vacuum level
or the ionization energy (/E) was approximated to be 5.71 eV. Using a band gap (Eg) of
2 €V for the a-SiC, the position of the conduction band (Eg) was determined to be —0.72
V versus RHE and the electron affinity of the a-SiC (y,.gic) was approximated to be 3.71
eVv.

The built-in voltage (V4;) of the p-i-liquid junction a-SiC electrode was calculated from
the difference between Ep, of the a-SiC and the redox energy level of the surface states
(Ess). The Esg is assumed to be equal to the position of the Fermi level after equilibrium
(Er), which is represented by the dark open-circuit potential of the p-i a-SiC electrode
(OCP = Efp = ®gs = ~0.48 V versus RHE):

Wi = Efp — EF (C.5)

The barrier height (¢,) of the p-i-liquid junction a-SiC electrode was determined by sub-
tracting Ey with the dark OCP (~0.48 V versus RHE):
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¢p, = Ey — Ep (C.6)
Thus, the barrier height of the p-i-liquid junction a-SiC electrode was estimated to be 0.79
eVv.
The width of the space-charge region (W) of the p-i a-SiC in contact with the electrolyte
is given by the following relationship:

ZE‘)J(E E kT)]m (©.7)

N
Under open-circuit condition, the Fermi level of the p-i a-SiC equilibrates at ~ +0.48 versus
RHE, and the calculated W was 88.90 nm. This value is close to the approximate thickness
of the intrinsic layer of the a-SiC (100 nm), thus confirming the validity of our measurement

and calculations. The extracted parameters from Mott-Schottky analysis are summarized
in Table C.1.

Titanium dioxide (TiO2)
EIS measurement of the titanium dioxide (TiO2) was performed at a frequency of 1 kHz
based on the range where Zc is constant and log(—Z;,,) versus log(f) has a slope of close
to —1 in the complex Bode plots (Fig. C.2).

The electron density (Np) in the TiO2 was estimated using the Mott-Schottky rela-
tionship for n-type semiconductors:

_2 2 kT
T (v B - ) (C.8)
where ey = 75 for amorphous TiO9 is assumed to be the same as crystalline anatase TiO2. 6
From the intercept between the extrapolated C'S_C2 and the z-axis in Fig. 5.2b, Ep, of the
TiO2 was approximated to be —0.11 V versus RHE. Using the slope in the linear region of
the C32-V plot in Fig. 5.2b, Np was calculated to be 1.62 x 1029 cm™3.

The position of Fermi level (Ep) relative to the conduction band edge (Ex) of the TiO2
was determined by the following relationship:

N
Ec-Ep=Vy=kTln—C (C.9)
Np

The density of conduction band states (N¢) can be obtained using the following equation:

M) (C.10)

Ne= 2( n2
where mj is the effective mass of electron of the amorphous TiOg, and is assumed to be
the same as that of anatase TiO2 (10mg).” The calculated Ny was 1.62 x 102°, and using
Eq. C.9, the Fermi level of the TiO2 was estimated to be positioned at 40.54 meV below
the conduction band edge.

Assuming the band edges are pinned at the solid/liquid interface, the position of the
conduction band edge (Ec) at the interface is given by:

Ec = Egy— Vi (C.11)

The position of the conduction band edge was estimated to be —0.15 V versus RHE. Using
a value of 4.44 eV for the redox energy of H* /Hj relative to the vacuum level, 5 the position
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Figure C.2: Complex Bode plots of real (Zre) and imaginary impedance (-Z;,) as functions of a
frequency (f) plot in logarithmic scales of the TiO2 electrode in contact with 0.5 M KHP electrolyte
solution (p-i-liquuid junction). The inset shows the magnification in a frequency range between 100 Hz
and 10 kHz where Zye is constant and the slope of log(—Zjy,) versus log(f) is close to —1.

of the conduction band edge relative to vacuum, and thus the electron affinity of the TiOg9
(XTi0,) was approximated to be 4.29 eV below the the vacuum level.

The width of the space-charge region (W) of the TiO2 in contact with the electrolyte
is given by the following relationship:

(C.12)

2ep€r kT\]11/2
— |Ep-Eg,— —
qNp q
Under open-circuit condition, the Fermi level of the TiO2 equilibrates at ~ +0.48 versus
RHE, and the calculated W was 5.47 nm. At an applied bias equal to the formal potential
for hydrogen evolution (EY (H*/Hz) = 0 V versus RHE), W was determined to be 2.08
nm. Table C.1 summarizes the extracted parameters from the Mott-Schottky analysis.

p-i a-SiC/TiO2

The energy band diagram of the p-i a-SiC/TiO2 heterojunction electrode was constructed
using the parameters extracted from independent EIS measurements and Mott-Schottky
analysis for the a-SiC and the TiOg, and using an assumption that the density of interface
states between the a-SiC and the TiOg is significantly low so that no Fermi level pinning
occurs at the a-SiC/TiO2 interface. The conduction band offset (AEx) was calculated by
subtracting the electron affinity of the TiO2 (xti0,) and the electron affinity of the a-SiC

(Xa-sic):

AEG = XTi0; ~ Xa-SiC (C.13)
The valence band offset (AEy) at the heterointerface between the a-SiC and the TiO2 was
determined by:

ABy = (XTioz +Eg,Ti02) - (Xa-Sic +E ,a-Sic) (C.14)

The built-in voltage (V4;) of the p-i a-SiC/TiO2 heterojunction was calculated from
the workfunction (@) difference between the p-type a-SiC and the TiOg:
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Table C.1: Extracted parameters obtained from the Mott-Schottky analysis.

p-i a-SiC | TiOs
Band gap, Eg (eV) 2.0 3.2
Flat band potential, Eg, (V versus RHE) +1.17 -0.11
Fermi level above valence band edge, Ep — Ey (meV) 105.26 -
Fermi level below conduction band edge, Ec— Ep (meV) - 40.54
Conduction band edge position, Eq (V versus RHE) -0.73 -0.15
Valence band edge position, Ey (V versus RHE) +1.27 +3.05
Electron affinity, y (eV) 3.71 4.29
Ionization energy, IE (eV) 5.71 7.49
Workfunction, ® (eV) 5.61 4.33
Barrier height, ¢y, (eV) 0.79 0.63
Space-charge width, W (nm) 88.90 5.47

Vi = @y 5iC ~ P10, = (Xa-5iC + Eg.a-sic ~ Vpa-sic) ~ (110, + VaTi0,) (C.15)

The barrier height of the p-i a-SiC/TiO2 electrode was determined from the following
relationship:

#b = Voi + V) asic (C.16)

Table C.2: Calculated parameters to construct the energy band diagram of the p-i a-SiC and the p-i
a-SiC/TiO2 electrodes.

| p-i a-SiC | p-i a-SiC/TiO;

Conduction band offset, AEx (eV) - 0.57
Valence band offset, AEy (V) - 1.77
Built-in voltage, Vj,; (eV) 0.69 1.28
Barrier height, ¢y, (eV) 0.79 1.38

Figure C.3 shows the energy band diagrams of the p-i a-SiC and the p-i a-SiC/TiO2
electrodes generated using AFORS-HET. 89
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C.2. Optical band gap

The absorption coefficient (a) is calculated using the extinction coefficient (x) from the
measured complex refractive index by spectroscopic ellipsometry and the light wavelength

(A):
4mx
= C.17
a=2 (C.17)
The photon energy is calculated using the following equation:
h
photon energy = 71/ (C.18)

where £ is the Planck’s constant (6.626 x 1073% J s) and v is the speed of light (2.99 x 108
m s71). Figure C.4 shows the Tauc plots ((ahv)2—photon energy) of the a-SiC and the
TiO2. The intercept of the extrapolated linear region of (ahv)!/? with the z-axis indicates
the band gap of the semiconductor. The estimated band gap of a-SiC is 2.0 eV and the
approximated band gap of TiOz2 is 3.2 eV.
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Figure C.4: Tauc plots of the a-SiC and TiO2 based on the refractive indices (n & k) measured using
ellipsometry. The interception between the extrapolated linear line and the x-axis represents the direct
optical band gap. The band gap of a-SiC and TiO2 are 2 eV and 3.2 €V, respectively.
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C.3. Current-potential characteristics of uncatalyzed pho-

tocathodes

Figure C.5 shows the current—potential (j—V) behavior of the uncatalyzed p-i a-SiC and
p-i a-SiC/TiOg2, recorded during the first scan of cyclic voltammetry in 0.5 M potassium
hydrogen phthalate (KHP) electrolyte solution at pH 4 under simulated solar irradiation.
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Figure C.5: Current—potential (j—V) characteristics of the p-i a-SiC and the p-i a-SiC/TiO2 photo-
cathodes without catalyst, measured during the first scan of cyclic voltammetry in 0.5 M potassium
hydrogen phthalate (KHP) electrolyte solution at pH 4 under simulated solar irradiation.

C.4. Solar photocurrent and irradiance spectra
The solar photocurrent as a function of photon wavelength is obtained by the multiplication
of the (incident-photon-to-current efficiency (IPCE) spectrum with the the Air Mas 1.5

Global (AM1.5G = 100 mW cm~2) irradiance spectrum from the American Society for
Testing and Materials (ASTM): 10

I(A) =IPCE x F(A) x % (C.19)

where I(A) is the spectral photocurrent and F(A) is the spectral irradiance of the ASTM
AM1.5G. The total photocurrent density of the photocathode under ASTM AM1.5G illumi-
nation (jani.5¢) is obtained by integrating the spectral photocurrent over the spectrum:

JAM1.5G =f1(/1)d(/1) (C.20)

Using the IPCE spectrum in Fig. 5.8 and putting it into Eq. C.19 and Eq. C.20, the
integrated solar photocurrent of the p-i a-SiC/Ni—Mo and the p-i a-SiC/TiO2/Ni-Mo pho-
tocathodes are calculated to be —2.9 mA cm™2 and —8.5 mA cm™2, respectively.

Figure C.6 shows the comparison between the spectral irradiance of our solar simulator
with xenon (Xe) lamp and the spectral irradiance of the ASTM AM1.5.
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Figure C.6: Irradiance spectra of the solar simulator Xe lamp used for j—V measurements (red line)
and the ASTM AM1.5G (black line).
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Appendix D

b\

Figure D.1: Scanning electron microscopy (SEM) images of FTO, FTO/TiO2, FTO/TiO2/Ni-Mo,
FTO/TiO2/Ni/Ni-Mo.
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Figure D.2: (top) Nyquist plot, (bottom left) bode plots of total impedance and (bottom right) phase
angle of TiO2 at an applied potential of +0.3 V vs. RHE.
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Figure D.5: Energy dispersive X-ray sperctroscopy (EDS) elemental mapping of Ni distribution (red)
and Mo distribution (green) in a TiO2/Ni/Ni-Mo sample.
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Figure D.8: Photographs of (left) a-SiC without TiO2 layer and (right) a-SiC after being soaked in 1
M KOH in the dark (no applied bias) for 1 hour. The transparent circular area is the active area that

was exposed area to the electrolyte, indicating that a-SiC was completely dissolved after 1 hour.
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Figure D.16: SEM images of (a) a-SiC/TiO2/Ni and (b) its magnification, (c) a-SiC/TiO2/Ni/Ni-Mo
and (d) its magnification.






Summary

he global transition from fossil-based resources to renewable energy is critically impor-
Ttant to address the sharply increasing threat of global climate change and to ensure
long-term energy security. One attractive candidate to substitute for conventional fossil fu-
els is hydrogen. Hydrogen is an excellent energy carrier that can be directly converted into
electricity wvia fuel cells, or be combined with carbon dioxide (CO2) or carbon monoxide
(CO) to form high energy density synthetic fuels. Most of the current industrial methods
for hydrogen production, however, is by steam reforming of natural gas, which releases CO»
as a by-product, making it environmentally unsustainable. Photoelectrochemical (PEC)
water splitting, on the other hand, is a carbon-neutral approach that enables the conver-
sion and storage of the abundant solar energy into hydrogen using only renewable and
clean resources. This process uses semiconductors to capture and convert sunlight into
photogenerated charge carriers (i.e., electrons and holes), and electrocatalysts to facilitate
the multi-charge transfer process for the oxidation and reduction of water to oxygen and
hydrogen, respectively.

At the beginning of this thesis, we fabricated metal-insulator-semiconductor (MIS)
junction silicon (Si) photoanodes and investigated their PEC performance for solar-driven
water oxidation. A high photovoltage and an early photocurrent onset relative to the water
oxidation potential were achieved by engineering the MIS junction using a chemically-
grown silicon oxide (SiOy) in conjunction with a thin aluminum oxide (Al2O3) as the
interfacial layers, and using platinum (Pt) and nickel (Ni) as the front metal contacts.
Bilayer metal structure was used in the MIS photoanode to decouple its function as a
Schottky contact from its function as an electrocatalyst. The Pt and Ni metal contacts
were designed sufficiently thin to provide optical transparency without compromising the
electrical conductivity, electrocatalytic activity and chemical stability for the underlying Si.
The incorporation of AlaO3 in the MIS structure alleviated the pinning of Fermi level and
subsequently improved the barrier height and cathodically shifted the photocurrent onset
potential for water oxidation. The incidental oxidation of Ni surface layer in 1 M potassium
hydroxide (KOH) electrolyte further increased the barrier height and yielded a higher MIS
photovoltage with a value close to that obtainable from diffused Si p-n junction electrodes.
The protection ability of Ni surface layer was proven to be effective in sustaining a PEC
operation of MIS junction Si photoanode in a strongly alkaline electrolyte.

We further analyzed the role of interfacial oxides and explored the use of less-precious
metal contacts in MIS junction Si photoanodes. We discovered that the improvement
of photovoltage was not only a result of the increased effective barrier height upon the
introduction of AloO3 but also the reduced dark reverse saturation current of the MIS
junction with increasing thickness of interfacial oxides. With an optimum thickness, the
interfacial oxides reduce the majority carrier thermionic emission without significantly
affecting the minority carrier injection, thus decreasing the rate of interfacial recombination
and improving the junction photovoltage. Adding a complimentary oxide such as AlpOs3
to the chemically-grown SiOyx could also eliminate the development of extrinsic defect
states arising from interfacial chemical reaction between the metal and the SiOyx or the
underlying Si which could pin the metal Fermi level and reduce its effective workfunction.
The effective barrier height and the photovoltage of MIS electrodes containing wet-chemical
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SiOx and AlaO3 interface layers showed a strong linear dependence with increasing metal
workfunction. These behaviors suggest that having passivating interfacial oxides and high
workfunction metal contacts are critically important to achieving a highly efficient MIS
photoanode.

In addition to studying photoanodes, we fabricated a photocathode comprising a p-
type (p) and an intrinsic-type (i) amorphous silicon carbide (a-SiC) for solar hydrogen
evolution. When in contact with electrolyte, the p-i a-SiC showed a rectifying behavior
that is similar to that of a semiconductor-liquid junction. The energetics of the p-i-liquid
junction a-SiC is limited by the solid-liquid interaction at the interface that in turn results
in a non-ideal alignment of the conduction and valence band edge positions relative to the
formal potential for hydrogen evolution (E” (H*/Hz)). The photovoltage produced by
such a p-i-liquid junction photocathode was far below the optimal values with an onset
potential that was unfavorable to generate a sufficiently high photocurrent at E (H* /Ha).
The introduction of an amorphous titanium dioxide (TiO2) front surface field layer with
a natural n-type conductivity onto the p-i a-SiC solved this problem by physically sep-
arating the rectifying junction from liquid contact and isolating the electric field across
the solid-state p-i-n junction. The improved energetics of the buried p-i-n junction photo-
cathode increased the barrier height and enabled a large generation of photovoltage with
a value of almost two times higher than that produced by the p-i-liquid junction a-SiC
photocathode. The reaction kinetics on the photocathode surface was enhanced by the ap-
plication of Pt and nickel-molybdenum (Ni-Mo) electrocatalysts. Ni-Mo alloy displayed
fundamental electrocatalytic activity comparable to that obtained from Pt electrocatalyst,
but exhibited a slow increase of cathodic current onset, so the photocurrent generated by
the Ni-Mo-catalyzed photocathode was not optimal at E” (H*/Hs). Thus, if the depo-
sition method of Ni-Mo can be optimized in order to further increase the rate of surface
catalytic reaction, it may provide a promising alternative to noble metal electrocatalysts
for hydrogen-evolving photocathodes. In near-neutral electrolyte, the a-SiC photocathode
coated with a TiOg front surface layer and decorated with Ni-Mo catalyst demonstrated a
high photoelectrochemical stability with a nearly constant photocurrent under continuous
PEC operation under simulated solar irradiation.

The activity of Ni-Mo electrocatalyst on TiO2-coated conductive substrates and on
a-SiC/TiO2 photocathodes was further evaluated in a strongly alkaline electrolyte. The
electrochemical deposition of Ni-Mo did not result in a continuous layer, but instead formed
a nanoparticulate network with nano-scale interparticle gaps that exposed the underlying
substrate. The incomplete coverage of Ni-Mo gives rise to a limited number of pathways
for electron transfer to the electrolyte which subsequently causes a slow increasing onset
of cathodic current in the observed current—potential (j—V) curve. The introduction of
Ni film prior to the electrodeposition of Ni-Mo improved the apparent activity of the
electrode for hydrogen evolution. The interfacial Ni increases the number of active sites
and allows the electrons to transfer through a larger area, preventing charge accumulation
on the electrode surface. Ni/Ni-Mo composite on the a-SiC photocathode showed a high
PEC activity with a rapid increase of photocurrent onset, making it promising alternative
to substitute for the noble Pt. Despite being chemically stable, the amorphous TiO9
failed to prevent corrosion of the underlying a-SiC in a corrosive electrolyte. This suggests
that amorphous TiO2 coating may be unsuitable for photocathode stabilization in harsh
environmental conditions.

Overall, this thesis has demonstrated various strategies to improve the device per-
formance of single-absorber PEC systems and highlighted the importance of band-edge
energetics control to achieve meaningful photovoltages from Si-based photoelectrodes for
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solar water-splitting half reactions. Although the photovoltage generated by such single-
absorber PEC systems is not sufficient to satisfy the necessary potential requirement to
spontaneously split water, the high photovoltage produced by each photoelectrode shown
in this thesis should relax the demand for extra voltage provided by the second (or the
third) absorber in an integrated system of multijunction electrodes. Considering the vari-
ous band gaps and thicknesses of Si materials studied in this thesis, which should be able
to capture various portions of the solar spectrum, a solar water splitting device with a high
solar-to-hydrogen efficiency can be achieved using all Si-based semiconductor electrodes.






Samenvatting

De transitie van fossiele brandstoffen naar duurzame energie is cruciaal om klimaatveran-
dering tegen te gaan en om lange termijn energiezekerheid te bewerkstelligen. Een aantrek-
kelijke kandidaat ter substitutie voor fossiele brandstoffen is waterstof. Waterstof is een
uitstekende energiedrager die direct omgezet kan worden in elektriciteit door middel van
brandstofcellen, en indien gecombineerd met koolstofdioxide (COg2) of koolstofmonoxide
(CO), kunnen er synthetische brandstoffen worden gemaakt met een hoge energiedichtheid.
Echter, het gros van de industriéle productie van waterstof is niet duurzaam. Het wordt
verkregen door stoomreforming, met als bijproduct CO2. Foto-elektrochemische (FEC) wa-
tersplitsing is een COg-neutraal alternatief, dat geschikt is voor het omzetten en opslaan
van een surplus van zonne-energie in waterstof, waarbij slechts gebruikt gemaakt wordt van
duurzame bronnen. Dit proces gebruikt halfgeleiders voor het opvangen en omzetten van
zonlicht in foto-gegenereerde lading dragers (zoals elektronen en gaten) en elektrokatalysa-
toren om het multi-ladings omzettingsproces te faciliteren voor het oxideren en reduceren
van respectievelijk water naar zuurstof en waterstof.

Aan het begin van deze thesis, hebben wij een metaal-isolator-halfgeleider (MIH) over-
gang silicium (Si) fotoanode geconstrueerd en zijn FEC prestatie voor zonne-energie gedre-
ven wateroxidatie onderzocht. Een hoog fotovoltage en een vroege fotostroom relatief tot
het wateroxidatiepotentiaal werd bereikt door het bouwen van de MIH overgang met behulp
van chemisch gegroeide siliciumoxide (SiOy) tegelijk met aluminiumoxide (AloO3) grens-
vlaklagen en het gebruik van platinum (Pt) en nikkel (Ni) metaalcontacten. Een tweelaags
metaalstructuur werd gebruikt om de MIH fotoanode te ontkoppelen van zijn functie als
Schottky contact als elektrokatalyst. De Pt en Ni metaalcontacten was voldoende dun ge-
construeerd ter bevordering van optische transparantie zonder dat het ten koste gaat van
de elektrische geleidingseigenschappen, elektrokatalysator activiteit en chemische stabili-
teit van het onderliggende Si. Het incorporeren van AlpO3 in de MIH structuur verhielp
het pinnen van de Fermi level en verbeterde de barriérehoogte en mede het schuiven van de
fotostroom potentiaal voor wateroxidatie via de kathode. Incidentele oxidatie van de Ni
oppervlakte laag in 1 M kaliumhydroxide (KOH) elektrolyt verhoogde de barrierehoogte en
gaf een hogere MIH fotovoltage met een waarde dichtbij dat verkregen kan worden van een
diffuse p-n gesplitste elektrode. De beschermende eigenschap van de Ni oppervlaktelaag
bleek effectief in het behouden van de FEC operatie van de MIH overgang Si fotoanode in
een sterke alkaline elektrolyt.

Verder hebben we de rol van grensvlak oxides geanalyseerd en hebben we het gebruik
van minder waardevolle metaalcontacten in de MIH overgang Si fotoanode onderzocht. We
vonden dat een verbetering van het fotovoltage niet alleen het resultaat was van de verbe-
terde effectieve barrierehoogte bij de introductie van AloOg, maar ook van gereduceerde
donkere tegengestelde verzadigingsstroom van de MIH overgang met een verdikking van
de grensvlak oxides. Bij een optimale dikte, zullen de grensvlak oxides een vermindering
van de meerderheidsdrager thermionische emissie tot gevolg hebben zonder significant ef-
fect te hebben op de minderheidsdrager injectie, wat dus leidt tot een vermindering van
de rate van grensvlak recombinatie en een verbetering van de overgang fotovoltage. Door
het toevoegen van een complementaire oxide zoals AloO3 bij de chemisch gegroeide SiOy
kan ook leiden tot het elimineren van de ontwikkeling van extrinsieke defecte staten die
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tot stand zouden komen door een chemische reactie bij het grensvlak tussen het metaal en
SiOy of het onderliggende Si dat het metaal Fermi level kan vastpinnen en zo leidt tot een
vermindering van de werkfunctie. De effectieve barriérehoogte en de fotovoltage van de
MIH elektroden bevat natchemisch SiOy en AloO3 grensvlak lagen die een sterke lineaire
athankelijkheid laten zien bij een verhoging van de werkfunctie. Dit gedrag suggereert
dat het hebben van grensvlak oxides die passiviseert en metaalcontacten met een hoge
werkfunctie cruciaal zijn in het verkrijgen van zeer efficiénte MIH fotoanodes.

Naast het bestuderen van fotoanodes, hebben we een fotokathode gebouwd waaron-
der het p-gedoteerd (p) en het intrinsieke (i) amorph siliciumcarbide (a-SiC) voor zonne-
waterstof evolutie. Wanneer het in contact komt met een elektrolyt, zal p-i a-SiC rectifi-
cerend gedrag vertonen dat vergelijkbaar is met halfgeleider-vloeibaar overgang. De ener-
getics van de p-i-vloeistof overgang a-SiC wordt beperkt door de vast-vloeibaar interactie
op het oppervlak dat voor een non-ideale uitlijning van de geleiding en valentieband op de
randposities zorgt relatief tot de formele potentiaal voor waterstof evolutie (E” (H* /Ha)).
De fotovoltage geproduceerd bij zo’n p-i-vloeistof overgang fotokathode was ver onder de
optimale waarde van het beginpotentiaal en was dus niet capabel om een voldoende hoog
fotostroom op E¥ (H*/Hz2) te genereren. De introductie van een amorph titaandioxide
(TiO2) voorkantoppervlaklaag met een natuurlijk n-gedoteerd geleiderschap op het p-i a-
SiC loste dit probleem op door het fysiek ontkoppelen van de rectificerende overgang van
het vloeibaar contact en het isoleren van het elektrisch veld over de vaste-staat p-i-n over-
gang. De verbeterde energetics van de begraven p-i-n overgang fotokathode verhoogde de
barrierehoogte en maakte het mogelijk om een grote hoeveelheid fotovoltage te genereren
met een waarde van bijna twee keer de hoeveelheid van een p-i-vloeibaar overgang a-SiC
fotokathode. De kinetische reacties op de fotokathode oppervlak werd verbeterd door het
gebruik van Pt en nikkel-molybdenum (Ni-Mo) elektrokatalysatoren. De Ni-Mo legering
vertoonde fundamentele elektrokatalistische activiteit vergelijkbaar met een verkregen van
een Pt elektrokatalysator, maar vertoonde ook een trage toename van kathodisch stroom
aan het begin. Dus de fotostroom gegenereerd door een Ni-Mo gekatalyseerde fotokathode
was niet optimaal op (EY (H* /Hs)). Dus, als de depositie methode van Ni-Mo kan worden
geoptimaliseerd zodat een hogere waarde van oppervlakte katalystische reactie kan worden
bereikt, kan dit een hoopvolle alternatief bieden voor edelmetaal elektrokatalysatoren voor
waterstof-evoluerende fotokathodes. In bijna neutraal elektrolyt vertoonde de a-SiC foto-
kathode gecoat met TiOg voorkantoppervlaktelaag en gedecoreerd met Ni-Mo katalysator,
een hoog fotoelektrochemische stabiliteit met een bijna constante fotostroom onder een
continue werking van gesimuleerde zonne-irradiatie.

De activiteit van de Ni-Mo elektrokatalystor op TiO2 gecoate geleidersubstraten en
a-SiC fotokathodes werd verder geévalueerd in een sterk alkaline elektrolyt. Het elektro-
chemische depositie van Ni-Mo resulteerde niet in een gelijkmatige laag, maar vormde een
nanopartikel netwerk met nano-schaal interpartikel gaten dat de onderliggende substraat
blootlegde. De incomplete dekking van Ni-Mo beperkt het aantal wegen voor elektronen
transfer naar de elektrolyt, wat tot gevolg heeft een trage toename van het begin van de
kathodestroom in de geobserveerde stroom-potentiaal (j—V) curve. De introductie van Ni
film alvorens de elektrodepositie van Ni-Mo, verbeterde de geobserveerde activiteit van
de elektrode voor waterstof evolutie. De grensoppervlak Ni vergroot het aantal actieve
plekken en zorgt ervoor dat de elektronen kunnen bewegen naar een groter gebied. Dit
voorkomt lading accumulatie op de elektrode oppervlak. De a-SiC fotokathode gekataly-
seerd met Ni/NiMo composiet liet een hoge FEC activiteit zien met een snelle toename
van fotostroom aan het begin. Daardoor is het een hoopvolle alternatief ter substitutie
van het edele Pt. Ondanks dat het chemisch stabiel is, faalde het amorph TiO2 om roest



Samenvatting 177

te voorkomen op het onderliggende a-SiC in een corrosieve elektrolyt. Dit suggereert dat
amorph TiOg coating ongeschikt is voor fotokathode stabilisatie in een ongunstige milieu.

Concluderend, heeft deze thesis verschillende strategieén laten zien ter verbetering van
apparaat prestatie van enkel-absorberend FEC systemen. Ook heeft deze thesis het belang
aangetoond van band-edge energetische controle om zinvolle fotovoltages te bereiken van
Si-gebaseerde fotoelektrodes voor zonne-watersplitsing halfreacties. Ofschoon het fotovol-
tage dat gegenereerd wordt door zo’n enkel-absorberend FEC systeem niet voldoende is om
te voldoen aan het vereiste potentiaal voor het spontaan splitsen van water, zal het hoge
fotovoltage bij elk van de fotoelektrodes die in deze thesis voorbijkomen, gemakkelijker aan
de vraag voldoen voor extra voltage gegeven door de tweede of derde absorber in een ge-
integreerde systeem van multiovergang elektrodes. Met inachtneming van de verschillende
bandgaten en de dikte van Si materialen bestudeerd in deze thesis, die het mogelijk maakt
om verschillende gedeelten van de zonnespectrum op te vangen, een zonne-watersplitsend
apparaat met een hoog zon-tot-waterstof efficiéntie kan worden bereikt met een puur Si
gebaseerde halfgeleider elektrode.
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