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Abstract

This thesis presents an integrated study of high efficiency photoanodes for water splitting using
silicon and iron-oxide. The fundamental limitations of silicon to water splitting applications were
overcome by an ultrathin iron-oxide film stack and a pH-adjusted electrochemical environment. It was
experimentally demonstrated that this functional photoanode has very strong photoactivity exceeding the
performance of previously reported systems. A complete theoretical explanation is provided with
experimental substantiations.

Two major obstacles of the application of silicon to water splitting are its high valence band edge
and the lack of catalytic functionality. The solution for band edge mismatch is to facilitate the unique pH
response of silicon with respect to electrolyte pH. As opposed to the low pH, a high pH electrolyte allows
the silicon valence band edge to be located below the oxygen evolution potential, providing physical
platform for the water oxidation reaction. In this platform, the introduction of a thin iron-oxide layer was
proved to effectively catalyze the anode reaction which is otherwise impossible. The very thin film
enables the separation of the two key functions of the photoelectrode: photocarrier generation and
catalysis. Since the iron-oxide film has a very low absorption of incident light, phorocarriers are
generated in the silicon layer, while the surface still maintains catalytic functionality. By this functional
separation, it was possible to overcome the loss incurred by poor electronic and photovoltaic properties of
iron-oxide. The thin semiconducting film also allows a space charge region to span beyond the catalyst
layer to silicon, inducing a large built-in potential to lower the required overpotential. Additional
improvement was made by adopting silicon microfabrication techniques to maximize light harvesting and
minimize potential losses in silicon layer. By vertical wires and ohmic contact formation, the onset
potentials were decreased and the current-potential slopes were steepened, resulting in current density as
high as 17 mA/cm? at zero overpotential.

These results were obtained with two of the most abundant materials, and as such shows the prospect
of an efficient solar-driven water splitting pathway. In addition, the comprehensive theoretical
explanations will contribute to searching for further system improvements.

Thesis Supervisor: Joseph M. Jacobson
Title: Associate Professor of Mechanical Engineering and Media Arts and Sciences
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Chapter 1 Chemical fuel and solar water splitting

1.1 Renewable chemical fuel

‘Energy crisis’ became a word we hear on daily basis. The vulnerability of energy resource
prices(mostly fossil fuels) has been increased in last decades. Although there are debates about the origin,
reserves or speculations, it is obvious that the energies based on physical commodities will be more
expensive or even depleted in the future. To overcome this apparent and predictable crisis, there are
intense researches on alternative energies. Major philosophies behind these approaches are sustainability
and ubiquitousness to supply energy eternally with domestic resources. Therefore, naturally harvested
energies are the preferred forms such as solar, wind and geothermal energies. These primary energy
resources are hard to be used as they are, but must be converted to useful and convenient secondary forms.
Also these natural energy sources exist as low density forms in residential area, as a result, sometimes
requiring extreme environments for maximized efficiency. Solar energy facilities in desert or wind farms
off the seashore are good examples. Due to these reasons, electricity is typically generated on site and

readily distributed through grid system. Then, why should we be bothered to deliver chemical energies?

1.1.1 Necessity of renewable chemical energy

Figure 1.1 shows primary energy use expectation by end-use sector in United States." Most of the
industrial, commercial and residential consumption is occupied by fixed installations, therefore online
operation, which is based on grid energy distribution, is common energy supply scheme. However, large
portion of energy consumption depends on stored energies, or off-grid energies. A good example is
transportation which accounts for more than 25% of total energy consumption as shown in figure 1.1.
Also, emergency facilities, physically isolated installations and mobile appliances require energy storage
media for offline operations. This means proper measures should be devised to compensate the demands

for offline operations in addition to online energies which are represented by electricity grid system.
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Figure 1.1 Primary energy use by end-use sector, 2009-2035 (quadrillion Btu)

Following figure 1.2 ? shows a list of storage media and their specific energies.
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Figure 1.2 Theoretical specific energies of selected media
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Considering electricity grid system as our core infrastructure, battery deserves to be a firsthand
choice. Although it is obvious from the figure 1.2 that batteries have much lower specific energy
compared to chemical media, their simple construction provides strong advantages including scaled down
builds and easy embedment into devices. Also, since no physical exchanges of materials are necessary,
batteries are appropriate for portable appliances like electronics.

There are ongoing trials to extend the usage of batteries into more energy intensive applications such
as transportation. In reality, many vehicles using battery or hybrid powertrain are being developed.
However, as shown in figure 1.2, although researchers have developed high specific energy batteries, still
their energy contents are much lower than conventional chemical fuels, therefore the usage is limited. For
example, modern passenger cars typically generates well above 100 horse power output, which is about
75 kW. Considering laptops with well below 100 W specification, this is about three orders larger number.
This manifests that current battery technologies cannot completely satisfy energy demands of exemplified
ground transportation. This is even more problematic in air transportation. In spite of the huge heat loss,
turbo propulsion is the dominant choice for aircraft engine due to its high specific thrust. In this aspect,
the idea of replacing chemical fuels with batteries is still premature in energy intensive fields. Refueling
is another issue in practical operation. While chemical fuel can be filled up within minutes, battery
recharging takes hours of continuous plugging. Long term degradation of battery increases the overall
operation costs, too.

Since grid systems and batteries cannot completely compensate the needs for offline energy

applications, the development of renewable chemical fuel is an indispensible task.

1.1.2 Types and production methods of renewable chemical fuels

Potentially available chemical fuels include hydrogen and synthetic hydrocarbon. Hydrogen is one of
the most primitive chemical fuels. It is versatile, for example, as a burning gas, it can be directly fed into
combustion chamber. Or, it is a fuel for fuel cell, generating electricity. At any application, the final
exhaustive product is water, so there is no worry about pollution. On the other side, hydrogen always
comes with the problem of storage. Since liquefied hydrogen requires extremely low temperature,
practical storage is compressed gas or alloyed phase through chemical bonding. Former method
accompanies safety issue, and for latter solution, the technologies are still in early stage. Therefore, the

use of hydrogen and the discussion of storage should be reckoned simultaneously.

15



Another candidate is hydrocarbon liquid fuel, which includes synthetic hydrocarbon and alcohols.
They are stable in normal conditions, and the volume specific energy is higher than any other chemical
energies, minimizing the concern on storage. However, as we have experienced, the carbon contents emit
carbon dioxide, a major green house gas. Therefore, renewable application requires carbon dioxide
capturing and recycling technologies, too.

In fact, synthetic processes of hydrogen and hydrocarbon have many aspects in common. Notably,
water splitting is in the core of the processes to generate hydrogen(or proton). Hydrocarbon is synthesized
by follow-up steps which combine this hydrogen with carbon. Therefore, effective water splitting should
be the essential first task to achieve renewable fuel synthesis. The water splitting can be conducted by
several ways, but representatively, electrolysis, thermolysis and photosynthesis.

Electrolysis uses electricity to decompose water molecule into oxygen and hydrogen. When high
enough electric potential is applied, anode oxidize water molecule into oxygen and proton, while cathode
reduces the proton into hydrogen.(Details will follow in section 1.2) In thermolysis(or thermochemical)
reaction,® the liquid water is heated, typically above 2000 °C, then intrinsic bonding of water is broken
resulting in various phases of hydrogen and oxygen atomic compounds including hydrogen molecule. In
photosynthesis, water is decomposed by electron transport through photosystem | and Il with the help of
catalyst. Most of the bio organisms subsequently produces oxygen and proton compound(NADPH),
however those organisms containing specially designed hydrogenase,* or under certain conditions,® can
dominantly produce hydrogen.

Above classification is based on the processes. However, the advantage of certain process is rather
dependant on the type of primary energy source. When it comes to solar energy which is overwhelmingly
abundant and renewable than any other forms of energy source, the comparison between electrolysis by
photovoltaic devices and photosynthesis by bio organisms is particularly popular but controversial. The
complexity generally originates from how to calculate all the investment and opportunity costs. However,
in the context of fundamental energy storage efficiency, photovoltaic system is said to have a clear
advantage over photosynthesis.® Also, although solar thermochemical production might be competitive
with solar-electrolysis under certain reactions,” the uncertainties in the intermediate processes as well as
materials challenges against the extreme temperature generally gives advantage to electrolysis over
thermolysis. In these considerations within solar based technologies, photovoltaic electrolysis is estimated

to be economically more promising than other methods.
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1.1.3 Hydrogen for hydrocarbon synthesis

In section 1.1.2, the problem of hydrogen storage was briefly mentioned. Although hydrogen has
excellent mass specific energy, its low density gives hydrogen the title of the worst volume specific
energy media. Also, the explosive nature raises a safety concern for storage. Visions like hydrogen grid®*
cannot solve the fundamental problems, rather hamper the meaning as a portable fuel. In this respect,
synthetic liquid hydrocarbon made of hydrogen is an attractive storage option not only because it provides
safely condensed phase, but also allows to inherit the vast infrastructures of current hydrocarbon economy.
This overall research is dedicated to solar water splitting for hydrogen production, however a brief and
limited introduction to synthetic hydrocarbon fuel will be presented in this section, without losing the
contextual consistency.

Liquid fuels can be produced by bio organisms.’® In this case, without dedicated hydrogen
production process, the protons are directly used to grow biomass during photosynthesis. This biofuel is
largely classified into bioethanol and biodiesel. Bioethanol is mainly produced by fermentation of sugar-
rich plants, while biodiesel is produced by transesterification process of oil extracted from oil-rich crops
or microalgae. These bio processes, seemingly renewable and environmentally friendly, raise continuous
debates about the effectiveness. In energy storage standpoint as mentioned in previous section, bio
processes are not more efficient than other competitors like photovoltaic processes. In addition to the
opportunity costs of land, fertilizer and transportation which have already been considered quantitatively,
there are a lot more issues whose metrics have not been established yet, such as the side effect of
plantation. Although microalgae may be a better option on these issues, scaled up application of biofuels
needs further investigation at this moment.

Assuming there is ample supply of hydrogen, the chemical process for synthetic fuels can be
implemented. Until now, the most successful and scalable method is Fischer-Tropsch(FT) method.**"*®

Figure 1.3' ™3 describes the schematic diagram of the FT process.
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Figure 1.3 Fischer-Tropsch process

The chemical ingredient is syngas, that is, carbon monoxide and hydrogen. By controlling the
reaction environment, long hydrocarbon chain(typically C; — Cis5) can be synthesized. This process is
being commercially operated in countries like South Africa effectively producing about 800,000 barrels
of liquid hydrocarbon per day. One of the important advantages of FT process is the freedom of carbon
sources since it requires carbon monoxide which can be easily derived from various sources. Although
coal and natural gas are currently used as the primary carbon sources, many prospective carbon dioxide
recycling processes can be implemented to supply carbon monoxide.™ In the mean time, there should be
viable and recyclable path for hydrogen supply, which does not exist yet. Currently, hydrogen is obtained
by reforming carbon containing resources. However, the large amount of carbon dioxide generated as the
byproduct of reforming process is simply wasting valuable carbon sources as well as requiring additional
CO, recycling load. By supplying renewable hydrogen, it is estimated that the current conversion
efficiency of about 62 %! can be enhanced, which makes FT process more economic. This implies that
renewable hydrogen generation can contribute to carbon neutral economy while still allowing the

consumption of hydrocarbon fuels.
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1.2 Overview of solar water splitting

1.2.1 Electrochemical water splitting mechanism

In this section, a few general electrochemical concepts, especially regarding semiconductor

15-17

electrochemistry,™"" will be presented, which are the basis for semiconductor solar water splitting. Then,

the mechanism for this specific reactions, water reduction and oxidation will be explained in detail.

1.2.1.1 Electrochemistry at metallic and semiconducting electrodes
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G
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Figure 1.4 Energy models of metal, electrolyte and semiconductor

Figure 1.4™ describes basic energy models of solid electrodes and liquid electrolyte. In solid
electrode, energy band is modeled from atomic energy level.™ ' Isolated atoms have discrete levels of
energy. However, in solid phase, numerous atoms locate side by side, making overlapped energy levels.
Due to the Pauli’s exclusion principle, the overlapped energy levels can no longer possess their original
energies, but slightly shifted. This eventually forms pseudo-continuous energy bundle, called energy band.
The band normally occupied by valence electrons is called valence band, while generally unoccupied but
excited states’ energy bundle is called conduction band. Depending on materials’ atomic orbital, there
could be forbidden ‘gap’ between these valence band and conduction band. If the gap is negative, that is,

if the two bands overlap, it is metallic, and always conductive. In contrast, if the gap is largely positive,
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typically more than 3 eV, it is insulating. In most of the conditions, insulator doesn’t flow current. The set
of materials in between metal and insulator is called semiconductor. It becomes conductive conditionally.
If valence electrons are excited, they make mobile carriers: holes in valence band and electrons in
conduction band. These carriers contribute to the current flow providing the semiconductor conductivity.
This carrier distribution can be modified by doping exotic atoms which donate or accept electrons. The
energy level in which there are 50 % chance of the electron occupation is called Fermi level.

The fundamental difference between solid electrode and liquid electrolyte lies in the mobile carrier.
In case of solid material, atoms are confined in their relative positions with adjacent atoms. Therefore,
only electrons can travel through this atomic network. However, in liquid electrolyte, electrons cannot
travel. Instead, only ions can move and carry charges. Therefore, when the ionic species are brought into
contact with solid interfaces like metal, they experience reduction or oxidation since the types of mobile
carriers must be converted. The tendency of reduction and oxidation(redox) varies depending on ionic
species. Some ions show very strong oxidizing behavior, while others have strong reducing behavior.
This energetic tendency is quantitatively unique on each redox couple, so can be expressed as a
corresponding electric potential. This is called standard electrode potential or redox potential(E%egox). In
more precise view, the energy levels of a redox couple are located slightly apart from each other, and are
also probabilistic functions. Therefore, the energy level of equilibrated probability is termed as redox

potential. This sounds conceptually very similar to Fermi level of solid electronics, and surprisingly, it is.

(a) ] I (b)

Figure 1.5 Liquid electrolyte redox schematic diagram at metallic electrode, (a) before contact and (b) after
equilibrium.




Figure 1.5™ describes electrochemical reaction in a metal electrode. Assuming Fermi level of metal
electrode is lower than redox potential, then the redox couple tends to “lose” electrons to electrode. Since
the metallic surface has high carrier concentration, the carrier distribution of metal isn’t altered. However,
in liquid side, the chemical reaction increases the number concentration of certain polar ions. This
inhomogeniety creates electric double layer, called Helmholtz double layer. This Helmholtz layer makes
liquid version of “space charge region” in which electric field exists. As a result, the reaction continues
until Fermi level of metal and that of liquid(that is, redox potential) are equilibrated.

Semiconductor electrode has limited carrier concentration, typically lower than electrolyte ionic
concentration.(From now on, unless specified, ‘semiconductor’ denotes nondegenerate semiconductor.)
Therefore, when semiconductor comes into contact with liquid electrolyte, initially the carriers are
exchanged. The relative position of redox potential and energy bands determines the direction. However,
the semiconductor carriers are soon depleted. Similar to semiconductor to metal contact, in the
semiconductor is formed band bending over wide space charge region, which is much wider than
Helmholtz layer thickness. This reaction continues until equilibrium at which carrier concentrations of
electrode and liquid are equal, as described in figure 1.6.*° Note the different mobile carriers of valence
band(hole) and conduction band(electron). Anode reaction is driven by semiconductor valence band,
while cathode reaction is driven by conduction band. Figure 1.6 shows hole transfer overwhelms electron
transfer in n-type semiconductor. If additional potential is given to the semiconductor, the space charge
region can vanish. This potential is called flat band potential as is the case in solid junction, and the flat

band potential gives the information about semiconductor band edge positions.

vB

(a) (b) (c)

Figure 1.6 Semiconductor electrode and electrolyte junction diagram, (a) before contact, (b) equilibrium and (c) flat
band condition.
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As vacuum is arbitrarily used as a standard energy level in solid state physics, reference electrodes

can be chosen to set a standard scale for convenience. Typically, redox potential of stable redox couple is

chosen, such as normal hydrogen electrode(NHE) in which unit activity proton and hydrogen(pH=0) is

reduced or oxidized. This NHE can be correlated with vacuum energy level as well as other reference

electrodes as in figure 1.7. Table 1.1 describes selected redox potentials of well known redox couples.”
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Figure 1.7 NHE and energy scales
Half-reaction E0 [V] Half-reaction E0 [V]
K*+e =K -2.93 Cd2* + 2e-=Cd -0.4
Na*+e =Na -2.71 GeOz + 2H* + 2e- = GeO + H20 -0.37
Mg?* + 2e- = Mg -2.36 Cuz0 + H20 + 2e- = 2Cu + 20H- -0.37
A3+ + 3e = Al -1.68 In3++3e =1In -0.34
Tiz*+ 2e =Ti -1.63 Niz* + 2e-=Ni -0.23
SiF62 + 4e = Si + 6F -1.37 HPO42 + 2H* + 2e- = HPO32 + H,0 -0.23
TiO + 2H* + 2e- =Ti + H20 -1.31 Si+ 4H* + 4e- = SiH4 -0.14
Mn2* + 2e-= Mn -1.18 WOs + 6H* + 6e- = W + 3H:0 -0.09
S042 + 2e-+ H20 = S032. + 20H- -0.94 2H*+ 2e'=H: 0
SiO2 + 4H* + 4e- = Si + 2H20 -0.91 Cu?+ + 2e =Cu 0.34
Cr2* + 2e-=Cr -0.9 [Fe(CN)6]3- + e = [Fe(CN)s]* 0.36
TiO2* +2H* + 4e- = Ti + H20 -0.88 02 + 2H20 + 4e- = 40H- 0.4
2H20 + 2e-=Hz + 20H- -0.83 Cu* +e =Cu 0.52
Zn%* +2e =7Zn -0.76 I3+ 2e =3I 0.54
Ga3*+3e =Ga -0.53 Fe3* + e = Fe2+ 0.77
Fe2* + 2e- = Fe -0.44 0 + 4H* + 4e- = 2H20 1.23
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Cr3* + e =Cr2+ -0.42 Clz + 2e = 2CI 1.36

Table 1.1 Redox potentials, V vs. NHE.

1.2.1.2 Water splitting reactions at anode and cathode

In table 1.1, two water splitting half reactions are presented with their redox potentials.

When H™ activity is 1(pH=0):

Cathode: 2H" + 2e <> H,(g) (0 V vs. NHE)
Anode: O,(g) + 4H" + 4e” <> 2H,0 (1.23 V vs. NHE)

When OH" activity is 1(pOH=0):

Cathode: 2H,0 + 2e” <> H,(g) + 20H" (-0.827 V vs. NHE)
Anode: O,(g) + 4e” + 2H,0 <> 40H" (0.403 V vs. NHE)

Equation 1.1 Water splitting reactions

e
_/// 4H,0+4e > 4OH+2H, |
R — o

/ 40H+4h* - 2H,0+0,

Semiconductor Flectrolyte Metal electrode

Figure 1.8 Water splitting diagram on energy level consideration

In ideal condition, we need two electrodes with 1.23 V potential difference.(figure 1.8%') Anode

donates holes to water molecules, therefore produces oxygen gas and protons. These protons are reduced

at cathode by higher potential(1.23 V) electrons.

However, there are several non-idealities in real operation. The first is thermodynamic loss. At redox

potential, the reactions are in equilibrium so net reaction rate is zero. If small perturbation from the redox
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potential is applied to this electrode, either reduction or oxidation starts to be enhanced, but the net
generation is still very small. That is, the redox potential only describes the point one reaction starts to be
observable, but does not provide any clue of kinetics. Therefore, to achieve meaningful current flow, we
need more ‘driving force’; more potential than required redox potential should be added. This extra
potential is called overpotential. Then, corresponding current(half cell reaction) is formulated as Tafel

equation.

=i, exp(a Zq_nj

KT
ip: exchange current density
a: charge transfer coefficient
z: valence number
g: electron charge
k: Boltzmann’s constant

T: temperature
n: overpotential

Equation 1.2 Tafel equation

To enhance the reactions, anode potential must be lowered(shifted toward positive potential) to
precipitate hole transfer to electrolyte, while cathode potential must be raised(shifted toward negative
potential) for better electron transfer to electrolyte. Figure 1.9 shows net current, which is anodic current
minus cathodic current, which is called Butler-Volmer equation, as a function of overpotential for water

splitting reaction.?
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Figure 1.9 Current density vs. overpotential for water splitting

Second consideration is the reaction complexity. In contrast to simple reactions in which only
electrons are exchanged, some complex reactions involve reconfiguration of chemical bonds, or
intermediate states. Although reactants and products are energetically stable, intermediate products may
not be stable due to high energy bonding states. Therefore, these types of reactions have high activation
potential which retards overall reaction. Water splitting anode reaction is one of the most difficult
reactions.?® To extract proton, one of the O-H bond must be broken from water molecule which is very
stable. At the same time, two of these O-H intermediates must be located in close distance(by
probabilistic chance), followed by O-O bond. Finally, remaining hydrogen atoms leave from this
secondary intermediate. This complex nature-4 electrons and 4 protons cascade reactions and physical
proximity limitation- makes anode reaction a “holy grail” of electrochemistry. This complexity inevitably
comes with high overpotential requirement resulting in an intrinsic loss. Thus, it is essential to introduce
catalyst. As described in figure 1.10, catalyst can form temporary bond with high energy intermediate,
effectively lowering the free energy.
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Figure 1.10 Water splitting catalysis of anode reaction

Since catalyst needs to make bridges with dangling bonds of ionic species, transition metal
compounds are preferred since their electron configurations are easily changed by d-orbital; generally a
transitions metal has several oxidation states. In addition, other factors such as lattice distance and crystal
direction also affect the activity. Typically, good catalytic functionality has been shown in noble metals or
their compounds including platinum, ruthenium and iridium. Recently, low cost catalysts have been

24,25

developed like cobalt phosphate?* ? and nickel borate.?

1.2.1.3 pH dependency

Although redox potentials are unique at a given condition, the values change with respect to
electrochemical environment. Indeed, reduction and oxidation are chemical reactions, so changing molar
concentrations of the participants changes corresponding chemical potential, which results in new

equilibrium point. This relationship is formulated as Nernst equation:
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Ered = Eroed _ElnaR_ed
ZF a

0X

E\eq: reduction potential

E%.q: standard reduction potential
R: universal gas constant

T: temperature

z: valence number

F: Faraday constant

areq: Chemical activity of reductant
aox. chemical activity of oxidant

Equation 1.3 Nernst equation

The slope of RT/F at standard condition is 0.0591 V, and if a reaction follows redox potential change
of 0.0591 V per log concentration, it is said to follow Nernst relation. In case of water redox reactions,
since oxygen and water concentration is assumed constant, the proton concentration is the sole variable of

the reaction potential, which can be expressed by pH as in equation 1.4 and figure 1.11.%’

Cathode: 2H" + 2e” <> H,(g) (0 V vs. NHE)

E=0- 0.0591, log ! > =-0.0591- pH
2 (a,.)
Anode: O,(g) + 4H™ + 4e” <> 2H,0 (1.23 V vs. NHE)
E-123-00991 oy 1 - =1.23-0.0591- pH
4 (a,)

Equation 1.4 Water redox potential in terms of pH
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Figure 1.11 Water pourbaix diagram

1.2.1.4 Semiconductor photoelectrode

Photoresponsive semiconductors can generate photovoltages. Photoelectrodes are engineered
semiconductor cells to generate desired photovoltages and to supply this electricity to electrolyte.
Therefore, the first consideration is semiconductor energy band gap and band edge positions. As
described in section 1.2.1.2, the minimum required photovoltage for water splitting is 1.23 V. However,
in real operation, the photovoltage must be larger than 1.23 V, to compensate thermodynamic loss and
overpotential. Due to this reason, minimum band gap of 1.9~2.0 eV is required. Since this is visible
wavelength range on which majority of photocell researches are focusing, seemingly photocells can be
readily implanted for photoelectrodes fabrication. However, the nature of electrochemical operation adds
more complex criteria which are unnecessary in photocells.

First, band edge position must be aligned with water redox potential. To sustain the oxidation
reaction, anode must supply holes to electrolyte. Since most of the holes are concentrated near the valence
band edge, valence band edge must locate below water oxidation potential. For the same reason, cathode
conduction band edge must be above water reduction potential.

Second consideration is the chemical stability. Photoelectrodes are immersed in water throughout
their lifetime. Also, during operation, they are facing corrosive chemical species such as oxygen. These

harsh environments limit the spectrum of usable semiconductors.
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Figure 1.12 Various semiconductors band edge positions.

Figure 1.12% lists band gap energies and band edge positions of selected photovoltaic
semiconductors relative to the water redox potential at pH=0. High efficiency compound
semiconductors(l11-V or 11-V1) are typically prone to corrosion in water environment. Therefore unless
special protective layer is combined, long term operation is easily compromised. In this reason, oxide
semiconductors have advantage due to their exceptional stability, but in many cases, they are suffered
from inferior photovoltaic properties such as wide band gap or poor electrical characteristics.

Since it is hard to satisfy all the requirements using single semiconductor material, heterojunction or
tandem cell construction is currently preferred. Based on this heterojunction concept, researches have
been split into photocathodes and photoanodes. On each side, optimum materials and structures are being

sought to maximize photocurrent at half cell reaction.

1.2.2 Previous researches

Since the landmark research of the TiO, photocatalyst,” many efforts have been brought into the
performance improvement of photoelectrodes. There are good reviews on various researches and topics
regarding photoelectrode fabrications.? % %3 Here, some notable researches will be summarized.

For photoanode fabrication, titanium oxide is still a popular material due to the chemical stability.
However, its wide band gap, about 3.2 eV is a general problem since only ultra violet light can be utilized.
To activate titanium dioxide or its compound alloy like SrTiOs; under visible light, various cations were
doped including V, Mn, Fe, Cr, Sb and Ta.3**® Although these cations provide intermediate levels in the
forbidden band to allow visible light absorption, they also play as recombination centers which scavenge

excited carriers. To minimize the adverse effect, fine control of doping level becomes very important. As
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an alternative method, anion doping®”

such as nitrogen and carbon was tried instead and showed
improvement in visible light responses, which is believed to be less affected by recombination.

Another issue in titanium dioxide is limited light absorption capability. Titanium dioxide suffers
from small absorption cross-section. In addition, the doping into titanium dioxide is typically difficult due
to low solubility, subsequently overall light absorption is low even though doped. In this problem,
nanostuctured TiO, can enhance the light absorption by light scattering inside the matrix, resulting in
increased absorption cross-section. Also, photogenerated carriers only need to travel short distance in the
range of the shortest length scale of the nanostructure, therefore the chances that carriers are scavenged by
recombination could be minimized. For this purpose, researchers fabricated TiO, nanostructures with
cation or anion doping(figure 1.13(a) and (b)). and showed improved photocatalytic responses compared
to their flat film counterparts.®* “° In addition, nanostructured heterojunction photoanode using TiO, was
also fabricated. In this case, thin TiO, film was deposited on silicon nanowires array as in figure 1.3(c),
which allows improved light absorption as well as expansion of usable solar spectrum by heterojunction

combined with narrow band gap semiconductor.**

& (Vve AgragCh

Figure 1.13 (a) TiO, nano structure with cation doping, (b) TiO, nanotubes with anion doping and (c) TiO, catalyzed
silicon nanowires.
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Tungsten oxide(WOs3) is another interesting metal oxide semiconductor for photoanode. It has
narrower band gap(about 2.8 eV) than titanium dioxide. Although WO; has the limitation that it is stable

only at acidic condition, the nanocrystalline structure(figure 1.14%%) showed impressive

42, 43

photoelectrochemical responses with high incident photon to current efficiency. Since WO,

conduction band edge locates below hydrogen reduction potential, tandem structures along with dye

|31 |44

or silicon solar cel

sensitized solar cel were fabricated to achieve direct water cleavage.
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Figure 1.14 WO; film and photoresponses in acidic environment.

Recently, iron-oxide(o-Fe,0Os, hematite) attracts a great attention as a prospective photoanode
material.®* It has the narrowest band gap(about 2.1 eV) among popular metal oxide semiconductors as
well as generally good chemical stability except strong acid. The biggest problem is its short hole
diffusion length; it is known that hole diffusion length is only about 2~20 nm. However, since doping is
found to effectively increase the carrier density and conductivity, the performance of iron-oxide
photoanode has been significantly improved. Dopants including Mg, Cu, Zn(p-type), Ti, Sn, Zr, Si, Ge(n-
type)
Fe site and donating carriers.

%4547 are well known for improving photoelectrochemical properties of iron-oxide by substituting

In addition to electronic modifications, structural manipulation has been applied to iron-oxide.
Aluminum is not directly involved in carrier donation, but Al doping helps iron-oxide crystal structures to
be directed into certain favorable way,*® *° for example reduced Fe-Fe distance which precipitates
hopping. Also, similar to TiO, cases, nanostructured iron-oxide improves photocarrier harvesting. Flake-

like nanocrystal(figure 1.15(a))*°, dendrite shape® or meta-stable phases®® were achieved by simply

31



doping Si during chemical vapor deposition growth. Other trials including iron-oxide coated
54, 55

nanonet(figure 1.15(b))*®* and 1D wires structures(figure 1.15(c)) were another approaches for
nanostructured iron-oxide.

Surface treatments were also demonstrated to affect the iron-oxide properties in various ways.
Fluoride treated iron-oxide experienced flat band potential shift,*® so no bias was necessary for water
splitting. Conventional, but still robust co-catalyzing method also helps to decrease onset potential.>* "8
By this way, high photocurrent more than 3 mA/cm? has been achieved by iridium-oxide decorated iron-

oxide(figure 1.15(d))*".

photocurrents

% dark currents

o8 1.0 1.2 14 1.6
VIV vs. RHE

Figure 1.15 Iron-oxide nanostructured photoanodes. (a) flake-like nanostructure, (b) silicide nanonets coated with
iron-oxide, (c) iron-oxide nanowires and (d) photoresponse of iridium-oxide co-catalyzed iron-oxide photoanode.

Cathode reaction requires much lower overpotential, so are readily achieved by inert metallic
electrodes. However, to practically replace high cost noble metals as well as to facilitate additional
potentials provided by photogenerated carriers, photocathodes are also explored by researchers. Although

photocathodes are also exposed to water environment, the hydrogen-evolving nature provides some

32



protection against corrosion mainly induced by oxygen. This allows more flexibility of materials choice.
For example, p-type silicon photocathodes decorated with platinum(figure 1.16(a)) successfully
demonstrated high current density more than 20 mA/cm®.>® Recently, cuprous-oxide photocathode with
thin zinc-oxide and titanium-oxide protection layer showed high performance(> 7 mA/cm?) as well as
good stability for extended operation time(figure 1.16(b))®.

Figure 1.16 Various photocathodes. (a) silicon wires photocathode catalyzed by platinum and (b) cuprous oxide
photocathode with protection layers.

The structures described above are fundamentally semiconductor-to-liquid junction. Semiconductor
mobile carriers are directly interacting with ions in the electrolyte. On the contrary, there are groups of
researches using the structure of photocell combined with electrolyzer. The photocell is made of
photovoltaic semiconductors. At each end of the photocell, current collectors(metallic electrodes) are
located and electrolysis catalysts are deposited on these electrodes. Sometimes, the current collectors
themselves are made of catalysts like platinum. In this structure, semiconductor photocells are fully
hidden under the electrodes. This approach prevents corrosion by semiconductor-to-liquid contact, thus
allows such semiconductors as silicon and 111-V semiconductors as shown in figure 1.17.°"°" Since high
performance photocells can be embedded, high photocurrent more than 13 mA/cm? has been achieved
using GalnP,/GaAs/Pt stack without the necessity of additional bias for full cell reaction.** Even with
multijunction amorphous silicon solar cell and platinum catalyst, 6 mA/cm?® current density or 7.8 %

solar-to-hydrogen conversion efficiency has been achieved.
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Figure 1.17 Photocell and electrolyzer structure. (a) suggested basic scheme, (b) I11-V semiconductor system and (c)

multijunction 111-V and silicon tandem cell structure.

The drawback of this structure is unavoidable loss by catalyst overpotential. In case of
semiconductor-to-liquid junction, upward(anode) or downward(cathode) band bending of semiconductors
contributes to decreased overpotential. However, in electrolyzer structure, at least one electrode has no
intimate contact between semiconductor and liquid, but catalyst or metal electrode makes contact with
liquid. Therefore, the unique current versus potential characteristic of the catalyst is inherited regardless

of the photocell. The high output of the photocell may overdrive the current curve resulting in high

photocurrent, but significant amount of this electric output is wasted to overdrive the overpotential.
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Chapter 2 Research outline

2.1 Overview

To pursue practical pathway toward recyclable hydrogen generation by water splitting, both high
efficiency photoanode and photocathode must be developed simultaneously. Due to simple reaction
nature, cathode reaction can be achieved at low overpotential using various common electrode materials
including metals and semiconductors. However, anode still needs a lot of improvement. Therefore, this
research particularly aims to fabricate and characterize high efficiency photoanode. In previous chapter,
the concept and general mechanism of semiconductor based solar water splitting were presented. In this
chapter, issues and plans on practical photoanode fabrication will be discussed ranging from materials
choice to physical construction.

For full cell reactions, the foremost consideration is energy band gap, since cell voltage must be
larger than 1.23 V. However, if only anode reaction is considered, this precondition can be released.
Therefore, using optimal materials and constructions for anode half cell reaction, this research will focus

on high efficiency semiconductor photoanode fabrication.

2.2 Materials choice

2.2.1 Silicon photoanode

Silicon is widely used for photovoltaic applications, since it can absorb wide range of solar spectrum
up to near infrared light. Also, high quality silicon of both crystalline and amorphous phase can be readily
prepared, which minimizes loss due to unwanted carrier recombination. The matured technologies as well
as abundance in earth crust can maintain production cost relatively low compared to other exotic
semiconductors. These all advantages make silicon an attractive option for photoelectrode.

However, silicon is thought to be unsuitable for use as a water splitting photoanode due to two
reasons. One is the high valence band edge position. As shown in figure 1.12, silicon valence band edge
locates higher than oxygen evolution potential, which prohibits holes from being transferred to water
molecule. Due to this fundamental problem, silicon has been generally used as secondary layer in tandem
cell instead of direct liquid junction. Other semiconductors, which have band alignment, are typically

deposited on silicon and exposed to liquid electrolyte.
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The key to resolve this problem is the unique pH response of silicon. Most of metal oxide
semiconductors show Nernst relation with respect to pH, that is, the flat band potential shifts -0.0591
VIpH. At the same time, water redox potential(both anode and cathode) shifts -0.0591 V/pH, too.
Therefore, the relative positions between semiconductor band edges and water redox level remain
unchanged regardless of pH. However, silicon behaves differently. lonic species tends to be adsorbed on
silicon and alters relative energy levels,®® which is not observed in other semiconductors. This
phenomenon induces lowered pH sensitivity in silicon than Nernst relation. In one research by Madou,*
the slope was measured to be about -0.03 V/pH in Fe(CN)s* based aqueous electrolyte. Another report”
in NaCl electrolyte says the slope reaches as high as 0.04 V/pH and decreases near the point of zero
charge. Although slopes vary slightly depending on electrolytes, they are flatter than Nernst relation. This
implies that the energy level mismatch between silicon valence band and oxygen evolution potential
would be decreasing at high pH. Considering photoanode operation is typically conducted at high pH for
better conversion activity,” it is very probable that silicon meets required band alignment at the operation
condition.

Second problem is the lack of catalytic functionality. Water oxidation requires high activation
potential due to its reaction complexity. However, in contrast to transition metals, silicon does not have
reconfigurable electron structure to hold high energy intermediate species. Rather, the surface is easily
encapsulated by passivation oxide. This cannot be solved by silicon itself, but necessitates another

catalyst layer. It will be discussed in the following section.

2.2.2 lron-oxide catalyst

As a photoanode material, iron-oxide, especially hematite(a-Fe,O3) is viewed as a promising
material due to its optimal band gap(2.1~2.2 eV), which covers about 40 % of solar spectrum, and low
valence band edge position. Also, iron-oxide has good chemical stability in wide range of pH as shown in
figure 2.1.”2 By introducing dopants, co-catalysts and compound alloys, its photoelectrochemical

properties are being improved as described in section 1.2.2.
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Figure 2.1 Iron oxide Pourbaix diagram.

However, it is still in question whether iron-oxide possesses good catalytic functionality. Although
not many, there are reports regarding the oxygen evolution performance of iron-oxide or its transition
metal compound oxides,”® which result in poor performance compared to nickel or cobalt based catalysts.
However, these relatively thick film configurations are likely suffered by the intrinsic problem of short

hole diffusion length. In reports®">’

in which doping and nanostructure were applied to minimize the loss
by short hole diffusion length, iron-oxide shows decent to good performance. Although co-catalyst helps
to improve performance, the performance improvement made by this co-catalyst decoration is not a
exceptionally remarkable. This implies that well engineered iron-oxide can show fairly acceptable
catalytic functionality among alternative catalysts group to noble metals.

Therefore, iron-oxide and silicon hybrid photoanode will be the base structure of this research. Since
it is believed that the photoresponse of silicon is better than iron-oxide, our priority would be to dedicate

the role of iron-oxide to catalysis. There are reports’*"’

about similar hybrid structure, which show that it
is possible but not enough to compete with other high performance photoanodes. To make a breakthrough,
we will conduct more in-depth investigation based on various parameters, which includes physical film
configuration as well as chemical compositions. Since doping is considered to enhance electrical

properties, titanium will be used as a dopant, which seems to work best among reported elements.*” "
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2.3 Silicon microfabrication

In this research, silicon substrate plays as the primary light absorption and photocarrier generation
layer. Also, all the electric transport is made through silicon layer. Therefore, while materials choice sets
the theoretical upper limit of photovoltaic process, performance loss is expected to stem mostly from non-
ideal aspects of silicon substrate. Fortunately, tremendous amount of researches has been conducted to
understand and improve electrical performances of silicon, and this is one of the most important reasons
silicon possesses the dominance in photocell applications.

First consideration is Schottky contact between silicon and metal wiring. On the silicon surface,
there are many dangling bonds and defect sites compared to crystalline body. Therefore, this inequality of
carrier density contributes to spontaneous band bending, like upward bending of n-type silicon and
downward bending of p-type silicon. Common metals used in metallic contact have relatively large
workfunctions.” Therefore, although it is easy to find good ohmic contact metals to p-type silicon, n-type
silicon usually forms Schottky contact. Therefore, we need additional potential to overcome this Schottky
barrier, which means loss of potential.

The most effective method to minimize Schottky behavior is to form shallow high doping layer.®
When the doping level is high enough, space charge region gets very thin, so carrier can readily tunnel the
barrier. To create shallow n+ doping, spin-on dopant will be used in this research. The process is simpler
than ion implantation, but very effective especially when high surface doping level is necessary.

Second consideration is light absorption of silicon substrate. Reflected light is directly the loss of
photogenerated carriers. Therefore, in photocell design, various structural solutions have been suggested
including antireflection layers and surface texturing. Unfortunately, since silicon surface should make a
intimate contact to liquid, it is hard to introduce antireflection layers. However, roughened surface may be
not only applicable, but beneficial in several aspects. One advantage is increased surface area, and as a
result, decreased current density per unit film area. As seen in Tafel equation, electrochemical current
density is exponentially affected by overpotential. Therefore, by decreasing current density, required
overpotential also decreases minimizing thermodynamic loss. Second advantage is the reduced carrier
diffusion path length. As Atwater, Lewis and coworkers proved,®® high aspect ratio wire structure
requires the path length on the order of wire diameter. Consequently, unwanted carrier recombination can
be reduced significantly. Also, this potentially allows low quality silicon usage whose diffusion length is
much shorter than high quality silicon, further reducing the production costs. In this respect, this research
will adopt a vertical wires array for silicon substrate. Various microfabrication techniques such as wet
chemical silicon etching and chemical vapor deposition will be discussed and conducted to create large

area and uniform silicon wires array.
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2.4 Experimental plan

Based on materials and structural considerations, this research aims to pursue high efficiency

photoanode fabrication using the cells in the following diagram.

Fe,0; thin film

n*shallow doping Silicon wires array

Figure 2.2 Cell structures in this research.

For the first step, experimental conditions for functional iron-oxide film deposition would be
searched. The ultimate structure in figure 2.2 requires conformal deposition of iron-oxide. Among many
deposition methods, atmospheric pressure chemical vapor deposition(CVD) satisfies this requirement
with simple experimental setup. This CVD iron-oxide will be on n-type silicon since holes are minority
carriers for photoanode reaction. Initially, flat and untreated n-type silicon will be used to measure
photoelectrochemical performance and to see feasibility. CVD film properties are very sensitive to
environment and deposition conditions. Therefore, film deposition, chemical characterization and
photoresponse measurement will be conducted in iterative manner.

Once iron-film is optimized, microfabricated silicon structure will replace untreated silicon substrate.
n* back doped silicon and/or vertical silicon wires array will be fabricated and applied to the photoanode
device for improved performance. Afterward, the observed phenomena will be explained via analytical

measurements and theoretical modeling.



Chapter 3 Silicon photoanode device fabrication

3.1 Overview

In this chapter, all the experimental setups including device fabrication processes will be described.
Section 3.2 summarizes most of the protocols except silicon wires array fabrication. In this research,
silicon wires array was fabricated by wet etching of silicon wafer. However, as a potentially cost-effective
method, CVD silicon wires growth is a noteworthy option. Therefore, section 3.3 will be dedicated to

silicon wires growth process both in wet etching and CVD growth.

3.2 Silicon and iron oxide hybrid photoelectrode fabrication

3.2.1 Substrate preparation

3.2.1.1 Plain silicon substrate

Silicon electrodes were made of 4” n-type phosphorous doped (100) direction silicon
wafer.(resistivity 5~25 Q-cm, thickness 500~550 um, Wafernet) Front surface of the wafer was first
protected by photoresist(S1805, Shipley) spun at 2000 rpm and 40 seconds, followed by dicing into 1 cm
by 1 cm pieces using diesaw(DAD-2H/6T, Disco Abrasive System). The pieces were cleaned in acetone,
isopropyl alcohol(IPA) and finally deionized water(DIW) with ultrasonic agitation to remove photoresist,
organic contaminants and silicon particles generated during dicing. Just before CVD, the native oxide was
etched by 1:10 hydrofluoric acid(HF, 49 % wt., J.T. Baker):DIW solution for 1 minute. For temporary

storage, these cleaned pieces were placed inside a nitrogen box.

3.2.1.2 Ohmic contact silicon substrate

The wafers with the same specification were used for ohmic n* back doping. The wafers were
cleaned by organic solvents and HF. Front surface was protected by spin-on glass(SOG, 1C1-200,
Futurrex). SOG was spun for 40 seconds at 3000 rpm, followed by baking at 100 °C, 60 seconds and
200 °C, 15 minutes. Spin-on dopant(SOD, P509, Filmtronics) was spun on backside of the wafer for 40
seconds at 3000 rpm. This wafer was baked for 15 minutes at 200 °C.

Dopant diffusion was conducted in an oxidation tube furnace(6” diameter, Lindberg) which consists

of three zones with measuring thermocouples. Gas flow was controlled by mass flow controllers(MFCs)
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to 6 liter per minute(Ipm) nitrogen and 2 Ipm oxygen. First, without wafer loading, the furnace was
ramped up to 600 C. Then, quartz wafer cassette was loaded in the furnace. Sample wafers were placed in
the center of the cassette, while 5 dummy wafers were place at both sides of the samples to prevent direct
gas flow to the samples. After loading, temperature was increased 100 °C every 5 minutes until 900 °C,
and maintained for 30 minutes. After the diffusion, furnace was cooled down to 600 °C by natural
cooling,(measured cooling rate about 18 °C/minute) and wafers were removed at this temperature.

After process, SOD and SOG were stripped by 1:4 HF:DIW solution for more than 10 minutes. If the
wafer was supposed to be used for flat substrate, the wafer was diced into 1 cm by 1 cm pieces with the
same process described in plain silicon substrate preparation. If the wafer was for wires array fabrication,

the full wafer was transferred to the next step.

3.2.1.3 Silicon wires array fabrication

Silicon wires array was fabricated by electroless chemical etching. To see the differences, both
untreated wafers and n* back doped wafers were used to fabricate the array. All the topics regarding

silicon wires array fabrication are presented in section 3.3 in details.

3.2.1.4 Other substrate

To measure catalytic effect of iron-oxide film, other metallic substrates were also prepared.

25 mm by 25 mm indium tin oxide(ITO) coated glass sheet(Rs= 15 ~ 25 ohm / square, thickness 1.1
mm, Delta Technologies) was protected and diced into 1 cm by 1 cm pieces similar to silicon substrate.
Also, before iron-oxide deposition, acetone, IPA and DIW cleaning were conducted.

Platinum substrate was prepared on oxidized silicon wafer(4”, (100) n-type silicon with 200 nm
thermal oxide). On this wafer, 10 nm titanium and 20 nm platinum was deposited by sputtering

machine(Orion 5, AJA International). The wafer was cut into desired size pieces for sample preparation.

3.2.2 Iron-oxide film deposition

CVD setup is home built one as shown in figure 3.1, which adopts similar setups reported

elsewhere. &
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Figure 3.1 CVD setup, picture(left) and schematic diagram(right)

The setup is composed of two bubblers and three MFCs(1479A, MKS Instrument). Bubblers are
made of 20 ml glass vials with rubber septum. Gas inlet is 18 gauge syringe needle with ethyl vinyl
acetate tubing(0.03” 1.D., 0.09” O.D., Microline) extended to the bottom, while gas outlet is Tygon
tubing(0.25” 1.D., 0.375” O.D., Saint Gobain). At each bubbler, 10 ml of iron pentacarbonyl(Fe(CO)s,
Sigma-Aldrich) and 10 ml of titanium isopropoxide(TTIP, Ti(OCH(CHs),)s, Sigma-Aldrich) were
contained. Iron pentacarbonyl was chilled in cold water bath maintained at 5 °C and titanium
isopropoxide was in room temperature.(20 °C) The carrier gases were argon(iron pentacarbonyl) and
oxygen(titanium isopropoxide), respectively. The gas outlets from two bubblers were joined by another
oxygen line, and connected to a glass funnel(an enlarging glass adapter, 14/20 to 24/40). Gas flow rates
were changed to find optimal condition, which turns out to be 10 standard cubic centimeter per
minute(sccm) argon for iron pentacarbonyl, 250 sccm oxygen for titanium isopropoxide and 350 sccm
extra oxygen. For all the conditions, iron pentacarbonyl carrier flow rate was maintained the same,
however, titanium iropropoxide carrier flow rate was adjusted. In this case, extra oxygen flow rate was
also adjusted, so total flow rate was unchanged(610 sccm).

Deposition was made on a hotplate surface. To minimize temperature variation over the heated
surface, a dummy silicon wafer was placed on the hotplate. In the middle of this wafer was placed a glass

support, which is 25 mm wide square assembly of 1 mm thick slide glass sheets as shown in figure 3.2.
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Figure 3.2 Detailed picture near hotplace surface. Two temperature measurement points, glass support and plastic
wall.

Temperature measured by thermocouple is described in figure 3.2 and table 3.1. Due to airflow and
conduction in hotplate, the setting value and measured temperature show non negligible discrepancy. For
convenience, the experimental conditions will describe ‘setting temperature’. However, the real
temperature should read the corresponding measured value. Except the parametric studies about

temperature, all the samples were prepared at 250 °C setting temperature.

Setting temperature Measurement in point1  Measurement in point 2
250 180 173
270 193 187
290 203 202

Table 3.1 Measured temperature, unit °C.

Sample substrate was put in the center, and the funnel was placed over the glass support for
designated time. Typically, the deposition time was 10 minutes or less.

The whole setup was placed in a hood for safety reason since iron pentacarbonyl is toxic material. To
prevent the fluctuation by airflow, plastic wall was installed around the hotplate.
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3.2.3 Device fabrication

Sample substrates with iron-oxide film was wired and packaged by following processes. First, the
backside of silicon substrate was shortly(1 minute) cleaned by 1:10 HF:DIW solution. Right after this
cleaning, 7 nm aluminum and 50 nm silver were deposited in order using thermal evaporator. Silver wire
with 0.5 mm diameter was attached to the metal contact by silver paint(silver in MIBK, Ted Pella) and
dried for 30 minutes at 70 °C. Afterward, silver wire was insulated by Teflon tubing, and whole assembly
was placed in a slide glass sheet. Epoxy was used to encapsulate all the back and side area for insulation
from electrolyte except iron-oxide film surface. The epoxy was cured for more than 2 hours at 70 °C. To
remove organic contaminants, this device was cleaned by ozone(Aqua-6 ozone generator, A2Z Ozone)
for 10 minutes. Figure 3.3 shows the picture of completed device.

Electric contact to metallic surface could not be made on the back side. Instead, during iron-oxide
deposition, part of the substrate was masked by cover glass so metallic surface was exposed even after
iron-oxide deposition. Then, silver wire was attached to this exposed area with silver paint. Epoxy

encapsulation was similarly conducted around this sample.

Iron oxide

Silicon

Front Back

Figure 3.3 Completed device.
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3.2.4 Electrochemical setup

Four different electrolytes were prepared by in-situ pH measurement(SevenMulti, Mettler Toledo).
Highest pH was prepared by 1 M of sodium hydroxide(NaOH, Sigma-Aldrich) in deionized water.(18
ohm-cm) The measured pH was 13.8. Lower pH needs only tiny fraction of NaOH, but in this case,
solution conductivity might be significantly lower than 1 M NaOH. To guarantee conductance, buffer
solution was prepared using 0.5 M disodium hydrogen phosphate(Na,HPQO,4, Sigma-Aldrich), and titrated
by NaOH solution to make pH 12 and 10. The pH of intrinsic Na,HPO, solution is around pH=8~9.
Therefore, to make acidic buffer(pH=6), potassium dihydrogen phosphate(KH,PQO,4, Sigma-Aldrich) 0.5
M solution was prepared and titrated by NaOH solution. These solutes were chosen because they are inert
in our operation potential. Table 3.2 shows the summarized electrolyte contents.

pH NaOH [mol/L] Na;HPO4 [mol/L] KH2PO4 [mol/L]
6 >0 0 0.5

10 >0 0.5 0

12 >0 0.5 0

13.8 1 0 0

Table 3.2 Electrolyte contents

Teflon jar containing 200 ml of the buffer solution was used as electrochemical cell. Three

electrodes configuration was adopted for electrochemical measurement as shown in figure 3.4.
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Figure 3.4 Electrochemical configuration.

Our silicon photoanode was working electrode. Silver-silver chloride(Ag/AgCl) reference
electrode(Pine Instrument) and platinum wire were used as reference and counter electrode, respectively.
The three electrodes were connected to potentiostat which was controlled by PC. For general DC sweep
measurement, DY?2311 potentiostat(Digi-lvy) was used, while Reference600 potentiostat(Gamry) was
used for AC impedance measurement. This whole setup was placed under a solar simulator(Model 91194,
1300 W Xe source with AM 1.5G filter, Newport Oriel) calibrated to 100 mW/cm? using an NREL-
certified silicon reference cell equipped with a BK-7 window. The solar simulator was warmed up for
more than 15 minutes in advance to stabilize the output.

Unless specially mentioned, all linear sweeps were conducted from cathodic(negative) to
anodic(positive) potential at 50 mV/s rate. Also, no particular gas purging or stirring were conducted

except gas evolution measurement experiments.
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3.2.5 Materials characterization plan

Micrograph images were taken by scanning electron microscope(SEM, DB-235 dual beam machine,
FEI) with 45 degree stage tilting.

Crystallographic information was obtained from X-ray diffraction(XRD, PANalytical X’Pert PRO
MPD) with 45kV Cu ka source. Thin film signal was too weak to identify the meaningful signal.
Therefore, thicker film(about 360 nm thick) was particularly prepared for XRD measurement.

Chemical composition and atomic bonding information was analyzed by X-ray photoelectron
spectroscopy(XPS) measured by ESCALAB 250 XPS spectrometer(VG Scientifics) with 15 kV Al ko
source.

Electrical resistivity of iron-oxide film was measured by semiconductor analyzer with four-point

probes.

3.3 Silicon wires fabrication

Vertical silicon wires array plays a role as a substrate for photoanode catalyzed by iron-oxide. The
required wire diameter is not very small; from Atwater and colleagues’ research,® size range on the order
of micrometer is optimal, which can be readily reproduced by many patterning techniques.

In this research, wet electroless etching method will be adopted since it provides advantages such as
large area compatibility, relatively low contamination and fabrication easiness in our limited facilities.
However, alternative method can be a good candidate. Notably, using vapor-liquid-solid(VLS) CVD
method, high quality single crystal wires can be grown on selected area. Considering most of silicon
photocell cost attributes to single crystal wafer production, this VLS-CVD can be a cost-effective option.

Therefore, following two sections will cover these two fabrication methods. Section 3.3.1 will
describe the processes for wafer-scale vertical wires fabrication using wet chemical etching. This array
will be exclusively used in this research as the photoanode substrate. The next section, 3.3.2 is about
VLS-CVD wires fabrication. It is a separated project from photoanode fabrication, but the experimental
procedures will give a good intuition about CVD processes. Additionally, fabrication methods for highly
complex nanowire structures will be presented. In fact, complex 3-D structures could be beneficial to
photoanode since it increases light scattering as well as surface area. It is expected that the methods

provided here may contribute to the future photodevices directly or indirectly.
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3.3.1 Bulk array by wet etching

3.3.1.1 Metal assisted silicon etching

Metal assisted silicon etching is an electroless chemical reaction. When metal catalyst is making
intimate contact with silicon in electrolyte containing hydrogen peroxide(H,O,) and HF, cathode and

anode are locally formed and following chemical reactions occur:®

Cathode reaction(at metal):

H,0, + 2H* > 2H,0 + 2h"
2H" +2¢° > H, 1

Anode reaction:

Si +4h" + 4HF > SiF, + 4H"
SiF4 + 2HF - H,SiFs

Overall reaction:
Si + Hy0; + 6HF - 2H,0 + H,SiFg + Hy 1

Equation 3.1 Metal assisted chemical etching

As a result, the silicon area covered by metal catalyst is selectively etched. Commonly, such metals
as gold, platinum and silver work well in this reaction.

Using this method, many researches on patterned silicon wires arrays have been reported.
Conceptually, patterned metallic film is prepared on silicon substrate by random metal deposition,
nanosphere lithograph or photolithography. When this substrate is subjected to H,O,/HF solution, the
pattern is transferred to the silicon substrate. By adjusting elapsed etching time, the etching depth can be
controlled.*>"* This method is simple and scalable, and does not require complex facilities.

In this research, the metal film will be patterned with optical photolithography since it is more

reproducible in micrometer sized range than others.

3.3.1.2 Fabrication processes

3.3.1.2.1 Patterning

First, silicon wafer was cleaned by acetone, IPA and 1:10 HF:DIW before photolithography. This

wafer was dried for 10 minutes at 200 °C on hotplate. Shipley S1805 positive resist was spin-coated at
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500 rpm for 5 seconds followed by 5000 rpm for 35 seconds. Prebake was conducted for 1 minute on
115 °C hotplate. Typically, S1805 follows hexamethyldisilazane(HMDS) monolayer coating for good
adhesion. However, it was sometimes observed that HMDS still remains even after development. This is
problematic because there should be no barrier between silicon and metal catalyst. To prevent this
possibility, no HMDS was used in this process. This greatly reduced the adhesion between photoresist
and silicon substrate. Therefore, a careful handling was given to further processes, especially wet
processes.

Chrome mask has regular 1 um diameter circular dots pattern with 2 um center-to-center spacing.
The photoresist was exposed using mask aligner(MA-4 with 365 nm i-line lamp, Karl Suss) for 5 seconds,
which is about 50 mJ/cm? dose. For good contact, vacuum contact mode was selected. This exposed resist

was then developed by MF-321(Rohm and Haas) for 1 minute with gentle agitation.

Figure 3.5 Photolithography pattern

Figure 3.5 shows final patterns. The pattern integrity primarily depended on contact quality between
mask and substrate, and uniformity of incident light. Although special care was paid to the handling,
imperfect contact still happened due to dust particles and non-uniform photoresist layer(mainly air
bubbles during spin coating). The patterns were islands in bright mask. Therefore, when contact was not
good, light diffraction unintentionally exposed the center of patterns, resulting in volcanic shape.
However, these are not fundamental problems of photolithography. It is believed that better process

control eliminates this pattern non-uniformity issue.
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After development, oxygen plasma was used for descum, 100 W for 30 seconds. 30 nm gold film
was deposited by thermal evaporator and lifted-off in acetone with ultrasonic agitation, followed by IPA
and DIW cleaning. Final film pattern is given in figure 3.6.
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Figure 3.6 Lifted-off gold film

3.3.1.2.2 Wet etching

Etching reaction primarily occurs at the interface between metal catalyst and silicon. However, bare
silicon is also etched at very slow rate. In case of untreated silicon, this is not a problem, since silicon
wafer has uniform electric characteristic throughout the volume. On the contrary, n* back doped wafer has
very shallow doping layer(on the order of 10~100 nm). Thus, this layer must be protected before wet
etching, so a masking tape was affixed to the back side of wafer.

The patterned wafer with back side protection was immersed in etching solution containing 4.6 M
HF and 0.4 M H,0,. Typical 1 liter solution consists of 163 ml HF(49 % wt.), 40.8 ml H,0,(30 % wt., J.T.
Baker) and DIW for the remainder. In this etching condition, 30 minutes etching produces about 10 pm
high silicon wires array. When silver was used in a substitution for gold, etching was generally faster.
However, silver film frequently formed voids, so it was hard to maintain pattern integrity. Therefore, gold
was exclusively used for etching catalyst.

After silicon etching and cleaning in DIW, gold film was removed by gold etchant(TFA, Transene)
for 5 minutes and rinsed in DIW. Since evaporated gold film tends to have grain-like non-uniform shape,
there were narrow spines between wires. To remove these unwanted spines as well as contamination on

the silicon wires surface, the silicon substrate was etched in 50 % wt. potassium hydroxide(KOH, Sigma-
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Aldrich) solution at 40 °C for 15 seconds. During KOH etching, silicon back side was protected by
masking tape. Figure 3.7 shows the completed wires array.
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Figure 3.7 Silicon wires array after gold etching(left) and KOH etching(right)

3.3.2 Selective growth by chemical vapor deposition

CVD nanowire growth is a good alternative for nanostructure fabrication. The single crystal nature
of CVD grown semiconductors provides a cost-effective measure for high quality semiconductor platform
not only for solar devices™ % but various electronic components.®® ® In this section, bulk nanowire
growth mechanism and procedure will be presented first. This produces large area nanowires array which
is analogous to the array fabricated by wet etching in section 3.3.1. In addition, CVD allows very
selective growth. Therefore, in combination with secondary manipulation techniques, complex structure
fabrication methods will be introduced. The contents here could also be found in references.* %

3.3.2.1 Overview of CVD nanowire growth
3.3.2.1.1 Mechanism

There are a couple suggested mechanisms for CVD nanowire growth, however, with the focus of

silicon, it is mostly explained by vapor-liquid-solid(VLS) growth mechanism. Figure 3.8%" describes VLS
scheme.
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Figure 3.8 VLS nanowire growth mechanism.

VLS nanowire growth requires solid surface, catalyst and volatile chemical vapors. In high
temperature environment, the chemical vapors are decomposed on the solid surface, then the atomic
element is dissolved into the catalyst. The catalyst under eutectic alloy state is soon super-saturated by the
extrinsic element, therefore precipitates it as a form of crystalline solid. Once nucleation is initiated, that
becomes thermodynamically favorable point. Subsequently, further precipitation proceeds in the same
direction, making one dimensional(1D) wire shape.

For optimal VLS growth of nanowires, certain conditions must be satisfied. Since catalyst must be
stable liquid state throughout the growth process for continuous growth, it is ideal that there are not many
solid alloy states consist of catalyst and wire material. Otherwise, unintended precipitation or catalyst

poisoning could happen. Figure 3.9% shows the case of silicon and gold.
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Figure 3.9 Phase diagram of gold and silicon alloy, and silicon nanowire growth process with gold catalyst.

Silicon forms simple eutectic alloys with many metals, which makes it a popular choice for CVD
nanowire. Among those catalysts, gold is preferred due to its very low eutectic temperature, about 363 °C.
Low temperature is desirable because it prevents homogeneous decomposition of volatile chemical vapors
causing unintended deposition or nucleation. This improves the selectivity, resulting in nanowire growth
exclusively on catalyst sites.

The control of morphology is mainly conducted by catalyst and substrate. Since the catalyst size
determines the nanowire diameter as shown in figure 3.9, fine nanoparticles or nanopatterns are used for
well controlled nanowire array. Alternatively, thin catalyst film which dewets on the substrate can be used
for high density wires fabrication. Substrate determines the growth direction. There are energetically
favorable crystalline faces depending on materials and the size regime. If a substrate has matching crystal
structure, it leads to epitaxial growth. Figure 3.10%*" shows various nanowires grown epitaxially using
nanoparticles.
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Figure 3.10 Epitaxial nanowire growth. (a) Si nanowires on Si(111) surface, (b) GaP nanowires on Si(111) surface
and (c) GaAs nanowires on Ge(111) surface.

3.3.2.1.2 Complex system realization

Beyond photovoltaic applications, nanowires are also attracting a significant attention as a potential
nanoscale building block for future nanoscale devices or structures. The scaling effect has already been
proven in many nanoscale devices. However, if the structure can be extended from simple 1D shape to 3D
configuration, it would be ultimately possible to fabricate complex circuitry analogous biological neural
logic.’ In this path, beam processes provide usable toolkits since they enable 3D manipulation with
machining and deposition capabilities. Therefore, we demonstrated focused ion beam(FIB) based
nanowire complex structures by two approaches.

First method is nanowire bending by FIB direct irradiation. Implanted ions induce stresses on the
structure™®™*% followed by spontaneous bending. By changing the beam irradiation direction, complex
structures could be successfully demonstrated. Also, it was also expected that FIB deposited material may
induce stress on the structure. To demonstrate this hypothesis, FIB-CVD was used to deposit platinum on
the nanowire, and bending behavior was observed.

Second method is cascade branching. Although branching has been demonstrated,'**? the branch
points have been randomly defined, which hinders the deterministic structures fabrication. Therefore, we
used FIB to exactly pattern the branch point. Ideally, if direct FIB gold deposition is possible, simple
repetition of FIB catalyst deposition and nanowire growth can generate branched structures as illustrated
in figure 3.11. Although gold FIB-CVD has been demonstrated,™® the system is not commercially
available. Therefore, we adopted indirect method. Pre-grown silicon nanowires array was oxidized to

form thin protective oxide layer. Then, using FIB, branch points were defined by etching the oxide to
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expose silicon underlayer. Gold particles could be selectively deposited on these exposed silicon points
by galvanic displacement. These particles became the next catalytic points to grow secondary nanowires.

By repetition, several generations of parent/child pair were demonstrated.

Figure 3.11 Ideal FIB branching method. FIB deposition of catalyst followed by nanowire growth.

3.3.2.2 Experiments

3.3.2.2.1 Nanopattern generation

Gold nanodot patterns were created by e-beam lithography and gold lift-off. It started with substrate
preparation. Silicon wafer(4” n-type arsenic doping, (111) direction, resistivity 0.002~0.003 Q-cm,
thickness 500~550 um, Wafernet) was diced into 1 cm by 1 cm pieces by diesaw. These silicon pieces
served as the substrates. They were thoroughly cleaned by acetone, IPA and DIW with ultrasonic
agitation.

After cleaning, the substrate was dried, typically on 180 °C hotplate for more than 1 minute. Then,
poly(methyl methacrylate)(PMMA, 950 series, 3 % solid contents in chlorobenzene, Microchem) were
spun at 4000 rpm for 45 seconds. This spin-coated substrate was baked at 180 °C for 90 seconds.

E-beam lithography was conducted by SEM(XL-30, FEI) equipped with nanopattern generation
system(NPGS, Nabity). Patterns were drawn under the conditions of 30 kV acceleration voltage, 2000x
magnification, spot 1 and 350 uC/cm? dose. After patterning, the resist was developed by IPA:MIBK=3:1
developer for 60 seconds, and rinsed by IPA. To remove residual organic contaminants, descum was
performed by oxygen plasma cleaner for 10 seconds at 50 W. This substrate was loaded in metal

evaporator, and 60 nm gold film was deposited. The gold film was later lifted-off by acetone.
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3.3.2.2.2 Silicon nanowire growth by CVD

Silicon nanowires were grown by home-built atmospheric pressure CVD setup as described in figure
3.12.

Vent
Bubbler T
MFC1
e
MFC2
 re

A

- : x >
MFC3 . = : A
- re i

T Quartz tube
Nitrogen
Y

Liner(aluminatube) Sample Nitrogen >« i
1 I Pump

Hydrogen =

—>
T‘lT’ 2" Vent
Center

Figure 3.12 CVD nanowire growth setup. Upper picture captures the installation. Upper right is the picture of
chlorine trap. Bottom inset shows the details of sample loading. Prepared substrates are placed inside the alumina
tube, and this alumina tube is inserted to the quartz tube. Alumina tube center position is aligned with furnace center.

Silicon tetrachloride(SiCl,, Sigma-Aldrich) was used as silicon precursor, and hydrogen(99.999 %)
was used as carrier and dilution gas via MFCs. SiCl, was maintained to 5 °C in cold water bath, and all
the tubing from bubbler to reactor was wrapped by heating band to prevent precipitation of the precursor.
The bubbled precursor gas was fed into quartz tube(60 cm length and 1” O.D.) placed in a tube
furnace(Blue M, Lindberg). Venting port at the end of the quartz tube was connected to a glass flask filled
with calcium carbonate(CaCOj3, Sigma-Aldrich) solution to trap exhaust chlorine gas. Separately, a
vacuum pump was installed to quench the reaction quickly. When pump is operating, valves connected to

bubbler and trap were closed.
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One dummy and one sample substrates were placed in the liner(alumina tube, 6” length, 0.75” O.D.
and 0.5” I.D). The dummy substrate was in the center of the liner(and eventually, in the center of the
furnace) and sample substrate was 1 apart from dummy. This liner was inserted to the quartz tube, and
the tube was sealed by clamp. Afterward, the quartz tube was evacuated by pumping, followed by
hydrogen back-filling to atmospheric pressure. This process is to prevent oxidation during nanowire
growth.

The furnace was heated to 890 °C with the rate of 50 °C/minute while flowing 175 sccm hydrogen
through MFC3 in figure 3.12. MFC1 and MFC2 were set to 50 sccm and 15 sccm, respectively, and
stabilized before growth process. When the furnace temperature reached 890 °C, all gases from MFC1~3
were fed into the quartz tube and maintained for about 1 minute. The nanowire growth rate was typically
about 10 pum/minute. After the growth, the precursor supply was shut off, and the quartz tube was
evacuated by pump for about 30 seconds to quickly quench the growth. This was followed by hydrogen
back-filling through MFC3. When the pressure in the quartz tube reached to atmosphere(which takes
about 2 minutes in our setup), the backside venting port was open and the furnace was cooled down to
room temperature.

To maintain reliable CVD condition, which means repeatable epitaxial growth condition, quartz tube
was regularly cleaned by KOH solution. Also, after every cycle, alumina tube was cleaned by KOH, so
the environment nearby the sample was always consistent. Before the experimental cycle, at least one
dummy cycle was run to stabilize all the setup. Figure 3.13 shows the epitaxially grown
nanowires(toward (111) direction) prepared from catalysts array in section 3.3.2.2.1.

Figure 3.13 (left) Patterned catalyst array and (right) nanowires grown from catalysts array.
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3.3.2.2.3 Shape manipulation

Shape manipulation was conducted using FIB(dual beam machine, DB-235, FEI) patterning function
with 30 kV acceleration voltage, 10 pA aperture, 1 ps dwell time and 50 % overlap conditions. These
conditions were applied to all the ion beam irradiation experiments except platinum deposition whose

conditions were 30 kV acceleration voltage, 10 pA aperture, 0.4 us dwell time and 0 % overlap.

3.3.2.2.3.1 Direct FIB bending

Bending by high dose gallium implantation was conducted by drawing small ion beam pattern on the
nanowire sidewall. Unless specified, the default incident angle was 90 °, meaning the beam was
perpendicular to the nanowire. The ion beam pattern was single pixel width line of 0.5 um length. This
line length was determined to be slightly longer than the nanowire diameter, to prevent any misalignment
issue coming from the beam drift. The beam dose was altered by changing overall process time.

Low dose gallium implantation was conducted by raster scanning of the ion beam in large area. With
15000X magnification, the ion beam was irradiated for 30 seconds with 66.8 © of incident angle.

For platinum induced bending, gas injection system(GIS) containing methylcyclopentadienyl
trimethyl platinum((CHz)3(CHsCsH,4)Pt) was activated during ion beam patterning. Platinum patterns of
0.4 um by 0.2 pm rectangle were drawn on the side of the nanowires with the beam incidence angle of
66.8 © for 20 seconds. After platinum deposition on the wires, the substrate was annealed at 800~900 °C

for 30 minutes in argon atmosphere.

3.3.2.2.3.2 Consecutive branching

The nanowires array were cleaned by 1:10 HF:DIW solution for 2 minutes, TFA gold etchant for 2
minutes and again HF solution for 10 seconds to remove the gold catalyst used for primary nanowire
growth. Then, this substrate was oxidized in our tube furnace at 900 °C for 5 minutes with 200 sccm
oxygen flow. This formed 2~3 nm thin oxide film all over the substrate. This oxidized substrate was
loaded in FIB chamber and square patterns, typically 0.2~0.3 um size, were drawn on the sidewall of the
nanowires with 5.6 mC/cm? dose. Through this etching was exposed underlying silicon. Galvanic
displacement was conducted in 0.01 M of potassium gold(I11) chloride(KAuCl,, Sigma-Aldrich) solution.
This solution was dropped on the patterned substrate by pipet and maintained for 1 minute. The substrate
was then cleaned by IPA and quickly dried on a hot plate at 200 °C. This process created gold

nanoclusters selectively on the exposed silicon while the oxide layer served as a mask. IPA was used for
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cleaning, if possible, instead of DIW because it has lower surface tension so decreases the chance of
accidental breakage of the nanowires or detachment of gold nanoclusters. This treated substrate was
subject to secondary nanowire growth, and the overall cycle was repeated for the next generation.

For nanotube fabrication, the branched nanowires were oxidized for 60 minutes at 900 °C in oxygen
environment to form a thick oxide on the nanowires surface, making silicon-silicon dioxide core-shell
structure. After oxidation, small holes (0.1 um by 0.1 um square) were patterned near the tip of nanowire
branches to expose silicon core. Then, this substrate was placed in xenon difluoride(XeF,) isotropic
silicon etcher(ES-2000XM, SE Tech), and etched for 60 seconds and 3 cycles(total 180 seconds).

3.3.2.3 Fabricated structures

3.3.2.3.1 Direct FIB bending

Figure 3.14 shows the scheme and high magnification transmission electron microscope(TEM, JEM-

2010F, JEOL) images as well as energy dispersive X-ray spectroscopy(EDS) results.

(@) _ (b)

FIB

Silicon
nanowire
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Figure 3.14 (a) Direct FIB bending scheme, and (b) TEM images and EDS results showing silicon and gallium
distribution.

Along with deep cut shape, large distribution of amorphous silicon and implanted gallium is
observed. It is believed that the amorphous silicon, which derives from mechanical impact and
redeposition, experiences crystallization by large amount heat generated during implantation. This

* and the nanowire is subject to bending force toward beam

crystallization induces tensile stress,'
irradiation direction. And, by changing the line dose, the bending angle can be as large as beam incidence

angle(figure 3.15).
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Figure 3.15 Bending angle vs. beam dose plot.

Since both bending angle(by dose) and direction(by beam irradiation direction) can be controlled,

very complex bending structures could be successfully fabricated as shown in figure 3.16.

Figure 3.16 Nanowire bending SEM pictures. (a) Vertically grown silicon nanowires array. (b) Fully bent nanowires
with ion beam irradiation on the nanowire bases. lon beam was irradiated from the top-right direction on (from the
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left) the first and third nanowires, and from the bottom-left direction on the second and fourth nanowires. (c) Hook
shaped nanowires. First irradiation from top-right direction, followed by second irradiation from bottomleft direction.
(d) Spring shaped nanowire. 45° inclined line pattern was repeated several times on side view of nanowire. Scale
bars: (a)-(c) 5 um and (d) 2 um.

If the tensile stress induces bending in the beam incident direction, compressive stress may lead to
bending away from the beam direction. In this standpoint, we devised methods to change the stress mode
to compressive stress. One possible way is to implant interstitial gallium in the silicon matrix with a
minimal damage as possible. It is known that implanted gallium ion distribution can be expressed as a
combination of error functions, in which the peak locates near the incident surface.**> However, since
focused patterning makes a deep damage due to the local high dose, we conducted low dose raster
scanning in large area. Figure 3.17 shows (a) before and (b) after the raster scans that resulted in bending
away from the beam incident direction. This means that there would be a threshold dose in which the

tensile stress beats the compressive stress, consequently the bending direction reverses.

Figure 3.17 Low dose ion implantation (a) before and (b) after irradiation. Beam incidence from right side as
indicated by arrow in (b). Scale bars: 5 um.

Although dose control can select the bending direction, low-dose requirement for the compressive
stress limits the bending angle, allowing only small angle. Therefore, it is desirable to find an alternative
way to induce a strong compressive stress without making significant damage to the nanowire. In this
respect, it is notable that some of metallic silicides formed on silicon exert a compressive stress.**® Figure
3.18 shows the silicon nanowires after platinum deposition and annealing. Bending occurs away from
platinum deposition face due to the compressive stress occurred by platinum silicide. Because many
bending points can be defined before the nanowire really bends, this “programmable” bending will be

able to generate more complex structure, which is prohibited in high-dose implantation bending by
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geometric restrictions. Figure 3.18 depicts various bending shapes with different platinum deposition
points.

--

Figure 3.18 Platinum silicide bending. Scale bars: 2 um.

3.3.2.3.2 Consecutive branching

Galvanic displacement is an electroless plating method using two redox couples with large redox
potential difference.”"*? If the ionic species in solution has more positive redox potential compared to
silicon, that ion displaces silicon and is reduced. Since the reaction is species-specific, very localized gold

deposition is possible in wide range of pattern sizes as shown in figure 3.19.

Figure 3.19 Galvanic displacement demonstration on flat silicon surface with oxide mask. (a)-(d) FIB patterned
substrate, (e)-(h) after galvanic displacement, showing selective gold cluster deposition. Scale bars: (a)(e) 500 nm,

(b)-(d)(f)-(h) 1 pm.
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The fabrication processes are described in figure 3.20. On the oxidized wire, small hole was made by
FIB, and this substrate was subject to galvanic displacement solution to deposit gold catalyst on the
defined spot. From this catalyst, secondary wire was grown.

Figure 3.20 Branching procedure, (a) oxidized wires, (b) small hole made by FIB, (c) gold deposition by galvanic
displacement, (d) secondary wire growth and (e) gold and oxide etching. Scale bars: 5 um.

Figure 3.21 shows various shapes by combining or repeating the branching technique. Notably,
repeated cycles allow multiple parent/child pairs of nanowire branches as shown in figure 3.21(c).
Furthermore, figure 3.21(d) demonstrates that 3D interconnection like neural network is also possible by

ingenious design of the processes.
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Figure 3.21 Complex branch structures. (a) Multiple branches from single core, (b) three generations and (c) four
generations of child branches. (d) Interconnected branch structure. 1 and 2 branches growth followed by FIB etching
of seed points on 2 and bottom. 3 and 4 branches growth afterward. Scale bars: 5 um.

This nanowire branching method was further extended to branched nanotube fabrication in the

121 "Global oxidation created an oxide shell, while the inner silicon core

similar manner as reported before
was connected throughout the branched structure. After making a small hole on the oxide shell to expose
the silicon core(figure 3.22(a) and (b)), selective isotropic silicon etching was conducted to remove this
core(figure 3.22(c) and (d)). Etching gas penetrated through the silicon core up to the substrate. In figure
3.22(c), dark circular mark on the base shows etched silicon substrate, which makes it a free-standing
nanotube on a silica membrane. To see the hollow inside, each end of the backbone and branch were cut
by FIB as shown in figure 3.22(e) and (f). Since the shell thickness can be readily controlled by oxidation

time and temperature,'?

it would be possible to synthesize branched nanochannel with predetermined
diameter. Also, encapsulated hollow nanostructure may be fabricated by filling the etch hole with FIB-

CVD or ion-beam sculpting.'?®

64



Figure 3.22 Branched nanotube fabrication, (a) branched nanowire with thick oxide, (b) magnified view of (a) near
the backbone tip showing FIB etched hole, (c) after XeF, etching, (d) magnified view of (c) near the tip, (e)(f)
magnified views of (c) after FIB cutting. Scale bars: (a)(c) 5 um, (b)(d)(e)(f) 1 um.

As in the case of epitaxial nanowire growth from crystalline substrate, the nanowires grown from
parental nanowire also follows the crystal direction. Figure 3.23 illustrates three branches nanowires
structure and selected area electron diffraction(SAED) images taken by TEM(JEM-200CX, JEOL) for

each branch. All three branches have identical crystal structure and growth toward (111) direction.



Figure 3.23 TEM image of three branches structure. (Left insets, SAED patterns on each branch; right insets,
magnified junction images). Scale bars: 5 um for main image, 500 nm for right insets.

This epitaxial growth nature enables rational complexity by selecting appropriate crystalline
direction. In summary, without being compromised by randomness, our process demonstrated
deterministic 3D complex structure concept with the combination of CVD nanowire and beam

manipulation.
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Chapter 4 Results and discussion

4.1 lron-oxide film characterization

4.1.1 Morphology

Figure 4.1 shows SEM images of iron-oxide film, under the deposition condition of 10 sccm argon
for iron precursor, 250 sccm oxygen for titanium precursor and 350 sccm oxygen for dilution. Deposition
was conducted at 250 °C for 10 minutes(figure 4.1(a)) and 150 minutes(figure 4.1(b) and (c)),

respectively.

(c)

Figure 4.1 SEM image of deposited iron oxide film. (a) 10 minutes deposited film, (b) 150 minutes deposited film
and (c) magnified view of (b).

Nominal thicknesses of the films are about 20 nm and 300 nm. Therefore, the deposition rate does
not change during the deposition time window, which is about 2 nm/minute.

Iron oxide is generally known to be in polycrystalline phase. In figure 4.1(a), individual grain size
ranges from 5 to 20 nm. Seemingly, thicker film has much larger grains, ranging 100 to 200 nm. When
these grains are magnified, smaller grains-these will be called primary grains from now on- can be
observed but very hard to clearly distinguish each other since most of them are smoothly connected like

coalesced particles.
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Figure 4.2 SEM images of titanium isopropoxide (a) 100 sccm and (b)200 sccm at 270 C, (c) magnified view of (b).

By changing temperature, the grain shape changes. Figure 4.2 shows films grown at similar gas flow
but higher temperature(270 °C) than figure 4.1. The measured growth rate was about 8~9 nm/min. At this
higher deposition rate, the primary grains are more clearly observed as in figure 4.2(c), and this
contributes to the sharp edges of the grains. From this observation, it is believed that, although high
temperature is favorable condition for coalescence, deposition rate increases more rapidly than
coalescence rate. This also implies that the iron-oxide deposition lies in reaction limited regime at this

condition.

Figure 4.3 Dendrite structure deposited at higher temperature(about 415 °C) at 100 nm/min rate.
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Research conducted by Gréatzel and coworkers™ reveals the case of even higher temperature
deposition. Using the same iron-oxide precursor, dendrite structure is observed in figure 4.3 under the
conditions of 415 °C and 100 nm/min rate, which is consistent with our trend.

In the same research, the authors explains the advantage of this dendrite is shortened hole diffusion
path, in similar manner to nanowires. Therefore, our coalesced grains grown at low temperature are not
favorable structure. However, our film thickness is very thin, typically less than 20 nm. In this case, the
film thickness itself is comparable or even thinner than iron-oxide hole diffusion length. Consequently,

the coalesced grains would not levy a meaningful handicap.

4.1.2 Chemical composition

XPS measurement was used to quantify elemental composition of the iron-oxide film, and to identify
chemical bonding states. Figure 4.4(a) and (b) are elemental survey and Fe2p fine scan result from the
native film surface, and figure 4.4(c) and (d) are those after 20 second argon etching. Iron-oxide film was
deposited at the same conditions to figure 4.1, saying 10 sccm argon for iron pentacarbonyl, 250 sccn
oxygen for titanium isopropoxyde and 350 sccm extra oxygen at 250 °C for 10 minutes. All signals were
obtained from 400 pum spot.
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Figure 4.4 XPS results. (a) elemental survey and (b) Fe2p fine scan from native iron-oxide film, (c) elemental survey
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and (d) Fe2p fine scan from iron-oxide film after 20 second argon etching.

The measurement was conducted overseas, so the sample had been exposed to atmosphere for a long
time during shipping. In the mean time, organic species may adsorb on the film, which possibly changes
chemical composition of the surface since XPS signals are coming from the very surface, typically less

than 5 nm collection depths. High contents of carbon in figure 4.4(a) are thought to derive from these
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organic contaminants. Therefore, the surface was etched by argon for 20 seconds, and the subsequent

carbon-free elemental composition(figure 4.4(c)) looks like this:

Name At. %
Cls 2.49
Fe2p3 28.79
O1s 64.99
Ti2p 3.73

Table 4.1 Elemental composition of iron-oxide film

Notably, in this condition, iron shows atomic contents of 28.79 % and titanium 3.73 %. The relative
ratio, about 13 % titanium with respect to iron, is very high value. If this dopant is well activated, iron-
oxide, which is nondegenerate semiconductor, should have extremely high carrier density, turning it into
degenerate regime. However, the resistivity turns out on the order of 10° Q-cm. This means, although
titanium contents are high, dopant activation is very limited. Further details will be discussed in iron-
oxide electric property section 4.3.4.

This argon etching locally heats up the film, possibly changing the iron-oxide phase. Comparison
between figure 4.4(b) and figure 4.4(d) clearly depicts the shift of Fe2p satellite peak. On that account,
the signal from native iron-oxide film is thought to better represent the original iron-oxide phase.

Figure 4.5 is a comparison plot for iron oxidation states from reference.*** By comparing figure 4.4(b)
and figure 4.5, it is clear that our iron-oxide has Fe,Os characteristic, showing satellite peak near 720 eV.
Interestingly, figure 4.4(d), which describes the iron state after argon etching, reveals mixed signals of
several phases. Overall, the peaks shift to lower energy, and at least two different signals overlap for each
peak positions, with 728 and 723 eV for 2p 1/2, and 714 and 709 for 2p 3/2. It is hard to exactly identify
the corresponding phases, but at least, it is clear that iron oxidation state is changed to lower oxidation
value. This can be understood since annealing under vacuum or hydrogen environment is commonly used
reduction method. Considering the analyzed elemental survey in table 4.1, it is thought that original iron-
oxide film is in very oxygen-rich state. This may derive from oxygen environment during deposition

process, or water adsorption from atmosphere.
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Figure 4.5 Fe2p XPS binding energy according to Fe chemical compositions

4.1.3 Crystallographic analysis

Crystallographic information was obtained from XRD measurement. Thin iron-oxide film resulted in
too weak signal, which made it impossible to distinguish from background noise. Therefore, a thick film,
3 hours deposition or about 360 nm thickness, was prepared for XRD measurement.
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Figure 4.6 XRD measurement: (left) spectrum from 20 °to 70 °, (right) magnified view from 20 °to 60 °.

72



The sample was prepared on crystalline (100) silicon surface. Therefore, to minimize the strong
silicon peaks(figure 4.6(a)), the information was trimmed to narrower window, from 20 ° to 60 ° as

shown in figure 4.6(b). From references,"*"*

the iron-oxide peaks indicated as red arrows coincide with
hematite(a-Fe,O3). This is of no surprise since hematite is known to be stable phase in atmospheric
condition, and also our CVD condition is oxygen rich.

In the XRD plot, green arrows are silicon peaks. Although titanium contents are relatively high, no
distinguishable peaks of titanium or its compounds are observed. Therefore, it is believed that titanium is
uniformly dispersed instead of forming segregated domains. Additionally, there are a few unidentified
peaks indicated as asterisks. These do not correspond to any of iron or titanium compounds. However,
their very narrow full width half maximum(FWHM) implies that they may not come from iron or
titanium oxide film since this film tends to have small polycrystalline microstructure as shown in SEM

images. Therefore, it is very likely that these originate from silicon substrate.

4.2 Photocurrent measurement on plain silicon photoanode

In previous section, iron-oxide films were characterized under standard deposition conditions. In
section 4.2, photoanode will be fabricated on plain silicon substrate, which experiences no special
treatment except cleaning. Therefore, the intrinsic responses of silicon and iron-oxide photoanode as well

as parametric studies on film or electrochemical variations will be presented.

4.2.1 Photocurrent by film thickness

The first step is to verify the photoresponse of bare silicon. Figure 4.7 shows dark and illuminated
current of silicon without any iron-oxide deposition, showing no photoresponse of bare silicon. The

sample had 10 minutes deposited iron-oxide film(~20 nm) and was measured at pH=13.8.
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Figure 4.7 Bare silicon photoresponse, 20 nm iron-oxide film at pH=13.8.

Figure 4.8 depicts the photocurrent at pH=13.8 from silicon photoanode with thick(200 nm) iron-
oxide film whose titanium precursor flow rate varied from 50 to 150 sccm.
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Figure 4.8 Photoresponses of thick iron-oxide films. Two samples with dopant flow rate of 50 sccm and 150 sccm,
respectively. (right) SEM image of the thick film sample. 30 minutes deposition at 270 °C.

The devices do show photoresponses with onset potential of 0.7~0.8 V vs. RHE. At zero

overpotential(1.23 V vs. RHE), the current density reaches 0.2~0.4 mA/cm? When this result is compared
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to previously reported iron-oxide photoresponse on metallic surface in figure 4.9,> similar pattern of
current evolution is observed. That is, at a similar level of onset potential, current begins to increase with
a large slope, followed by modest plateau in the potential range from 0.8~2.0 V vs. RHE. Therefore, it is
assumed that the photocurrents observed in these samples attribute to photocarriers generated mostly in
iron-oxide films. However, the current density is much lower than figure 4.9.

Actually, our thick iron-oxide and silicon device is a heterojunction structure in which recombination
junction exists. The number concentration of holes generated in silicon and electrons generated in iron-
oxide must be balanced, otherwise, the current is limited by lower concentration carriers. If ideally
designed, this heterojunction device produces higher circuit voltage and lower current than single cell, but
overall equivalent or better light harvesting capability. However, photovoltaic performance of iron-oxide
is not as efficient as silicon because its short diffusion length easily scavenges generated carriers,
decreasing collectable carrier concentration. Since one layer is much poorer than the other, the
heterojunction devices of silicon and iron-oxide semiconductors likely perform poorer than standalone

silicon photovoltaic devices.
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Figure 4.9 Photocurrent at dendrite iron-oxide photoanode

Consequently, our trial comes down to avoid heterojunction, but facilitate silicon as an exclusive
light absorption material. To achieve this, very thin film must be deposited. Figure 4.10 plots
photocurrents from iron-oxide films deposited at the same conditions(250 sccm titanium precursor, 10
minutes deposition time) but deposition temperatures(250~290 °C). Since our condition is reaction

limited regime, temperature control impacts greatly on thickness. Figure 4.10(left) plots both illuminated
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and dark current on all samples. Apparently, dark currents remain near zero throughout the potential
range. For simplicity, only illuminated currents will be plotted unless specified.
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Figure 4.10 Photocurrent of iron-oxide films deposited at different temperatures(250, 270 and 290 °C) with 250

sccm Ti precursor flow rate. Measurement at pH=13.8. (left) illuminated and dark currents and (right) illuminated
currents only.

Surprisingly, at 250 °C, very high photocurrent was observed. At gentle overpotential, on the order
of 10 mA/cm? current density was easily achieved. There is a notable transition between 250 °C
film(about 20 nm) and 270 °C film(about 80~90 nm). To see more precise picture, it is necessary to
deposit films with thickness in the range of 20~90 nm. However, temperature sensitivity of deposition
rate makes it hard to control. Also, different temperatures possibly lead to different film characteristics.
Therefore, using slow deposition rate at a fixed temperature(250 °C, 2 nm/min), time was instead
controlled to prepare finely controlled film thickness.
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Figure 4.11 Photocurrent of iron-oxide films at different deposition time(5 to 30 minutes). (a) full scale plot and (b)
magnified plot near 1 V vs. RHE.

Figure 4.11(a) shows results of 5, 10, 20 and 30 minutes deposited films, that is, 10, 20, 40 and 60
nm thickness. Consistently, thicker films yield lower photocurrent at a given potential, or require high
overpotentials for a designated current density. This performance aggravation becomes obvious on 30
minutes(60 nm) film with observable inflection in slope. Therefore, it is believed that the photoresponse
experiences a major change of mechanism in the film thickness of 60~80 nm, although the physical and
chemical differences between films grown at 250 °C and 270 °C may induce some variation.

Seemingly, the photocurrents begin their onset at and after 1.1 V vs. RHE. However, when figure
4.11(a) is magnified as in figure 4.11(b) near the onset potential, ‘real’ onset starts at 0.8 V vs. RHE,
resembling isolated iron-oxide photoanode.*® ** *" 1?8 This initial photocurrent is proportional to iron-
oxide film thickness, which is opposite to macroscopic trend. It is understood that iron-oxide photocarrier
generation increases according to film thickness to some extent, typically to a few hundreds of
nanometers due to long absorption depth.*?® And, this plot manifests the existence of heterojunction, even
though weak. However, the current level at this potential is negligibly small, so soon overwhelmed by
major current starting from 1.1 V vs. RHE.
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Figure 4.12 Photocurrent of iron-oxide films of very thin deposition, pH=12.

In previous experiments, qualitatively, thinner film shows better performance. By decreasing the
thickness more, figure 4.12 is plotted for films ranging from 1 to 10 minutes deposition. From this plot,
photocurrent continues to increase till 3 minutes film, and saturate from this point on.

Note that 1 and 3 minutes are so short time that it is hard to say the CVD process reaches to stable
deposition rate. Therefore, unless deposited in the same batch, films frequently show inconsistent
performance. In this reason, 5 minutes(10 nm) film will be regarded as the thinnest film with reliably
reproducible characteristic.
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4.2.2 Photocurrent by chemical composition
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Figure 4.13 Photoresponse of iron-oxide films at different doping compositions.(dopant gas flow rate) Doped
samples with 10 minutes deposition and undoped sample with 5 minutes deposition. Measurement at pH=13.8.

Titanium contents were varied and corresponding photoresponses are presented in figure 4.13.
Titanium precursor gas flow rate changed from 0 to 250 sccm, while substrate temperature was
maintained to 250 °C. Deposition time for titanium doped samples was 10 minutes and iron-oxide only
sample was 5 minutes.

The photocurrents increase with titanium precursor flow rate. Although non-doped iron-oxide shows
photoresponse, the operational potential far exceeds practical operation limit, compared to other doped
samples. Therefore, titanium doping seems to play an important role to decrease overpotential. Generally,
titanium doping is intended to improve photoresponse of iron-oxide. However, considering the expected
effect is to improve electrical property, doping should also be beneficial to catalytic performance, since
iron-oxide is also a current flow channel between electrolyte and silicon.

Here, 250 sccm is the maximum flow rate in our small bubbling system, so further increase couldn’t
be tested. Seeing titanium content plays an important role, it was questionable whether pure titanium
oxide film can catalyst the reaction. As a simple check, a titanium oxide film was deposited on silicon;
iron precursor was removed and only titanium precursor was supplied at 250 °C. Two deposition times,

10 and 30 minutes samples were prepared and measured at pH=13.8 as in figure 4.14(a) and (b).
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Figure 4.14 (a) Photocurrent comparison of Ti doped iron-oxide and pure titanium-oxide with different thickness, (b)
magnified plot of (a), (c) photocurrent of samples with titanium-oxide interlayer between iron-oxide and silicon, thin

and thick(about 10 seconds and 10 minutes TTIP flow before iron pentacarbonyl initiation, respectively), (a)(b)
measured at pH=13.8 and (c) at pH=10.

Only with titanium-oxide, no meaningful photocurrent was detected. Although the titanium-oxide is
not an optimized film, it seems obvious that titanium alone cannot catalyze the anode reaction. Indeed, it
is a supporting element for iron-oxide functioning.

Finally, titanium-oxide film was deposited as a interlayer between iron-oxide(doped with titanium)
and silicon. Initially, only titanium isopropoxide carrier was turned on while iron pentacarbonyl carrier
was off. After designated time(delay time), iron pentacarbonyl carrier was turned on and deposited for 10
minutes. For thin and thick interlayer deposition, the delay time was set to 10 seconds and 10 minutes.
The result in figure 4.14(c) indicates that when the interlayer is very thin, the original characteristic is
maintained. However, as the interlayer gets thicker, photoresponse decreases. From this observation, it is
believed that very thin interlayer may be added for the purpose of silicon protection or adhesion
promotion without disturbing the device characteristics.
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4.2.3 Annealing effect

Typically, CVD film experiences improvements in various properties after high temperature
annealing because polycrystalline film is sintered to form larger domain. This contributes improved
electrical and mechanical properties. Also, dopant usually requires activation process, which is high
temperature annealing. Therefore, we conducted an annealing of iron-oxide film(20 nm thick) deposited
with 250 sccm titanium doping.
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0.0304 — 1 hour annealing
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Figure 4.15 Photocurrent measurement after iron-oxide film annealing

Figure 4.15 illustrates the illuminated photoresponses of the sample before and after annealing at
580 °C for 1 hour in argon environment. This temperature was chosen to prevent reduction, rather
promote hematite transition. ** Clearly, the activity of the photoanode disappeared after the annealing,
which is opposite to other research.’® A couple possibilities can be suggested to explain this observation.

First is silicide formation. At elevated temperature(~600 C), silicon-rich iron silicon(B-FeSi2) can be
formed.™®® Even at room temperature, when bulk Fe-Si system exists, silicide formation has been
reported.”®® Since our iron-oxide is very thin, it is possible that iron-oxide is fully depleted once
silicidation is initiated.

Second is the iron-oxide phase change. The XPS result implies that our iron-oxide film is very
vulnerable to external stimulation, and easily changes its phase. From a report,** it is assumed that iron-
oxide is prone to reduction at high temperature compared to other oxides like TiO,. On this account,

instead of argon, annealing under oxygen atmosphere was tried, but shows no big difference. Rather than
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chemical composition, structural changes could be more plausible cause. It has been reported that lattice
parameter in ‘c’ direction changes by thermal treatment.’®" '** Although this is beneficial to optical
property by red-shift, catalytic functionality might be hampered by the structural change.

Finally, titanium might be overly activated, so iron-oxide becomes degenerate semiconductor. In
spite of large titanium content, it is believed that only tiny fraction of titanium is electrically activated.
However, at elevated temperature, it is possible that significant portion of titanium might be activated so
donate carriers. Further details about this issue will be discussed in section 4.3.4.

Since annealing was proven to aggravate the performance, no annealing was conducted for later
experiments.

4.2.4 Photocurrent by solution pH
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Figure 4.16 Photocurrent of iron-oxide film deposited for 10 minutes. Measured at different pH. (a) all pH values, (b)
excluding pH=6, (c) cyclic voltammetry of (b).
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Photoresponses were measured at different pH using identical samples, silicon photoanode with 10
minutes deposition iron-oxide with 250 sccm titanium doping. Figure 4.16 describes photoresponse at
pH=6, 10, 12 and 13.8, respectively, showing steep slope at higher pH. From a literature,” it is explained
that increased concentration of OH™ group effectively traps hole from the electrode surface fast enough,
therefore resultant carrier-to-ion transfer rate increases. This implies high pH operation is beneficial for
our photoanode operation.

However, practical consideration is the electrode stability. Although iron-oxide itself is stable in this

pH and potential range, " silicon electrode can be attacked by hydroxyl ions by following reactions.*** ¥’

Si + 20H - Si(OH),** + 2e”
Si(OH),*" + 20H - Si(OH), + 2¢
Si(OH), + 4e” + 4H,0 > Si(OH)¢* + 2H,

Equation 4.1 Silicon etching in basic solution.

Although iron-oxide film may play a role as a protection layer, the very thin film may not completely
protect the underlying silicon. Consequently, in addition to other protection methods, it is desirable to
operate at low pH, so low pH response is also ponderable. In this reason, later experiments will
characterize photoanode performances both at pH 13.8 and 12.

About this issue, if the photoelectrode is compatible with (111) directed silicon, the substrate
stability could be improved greatly. Following figure 4.17 compares the performance of (100) and (111)
silicon with the same iron-oxide film, indicating no difference in photoresponse. Simple metric yields 2~3
order of etching resistance in basic solution. Further discussion about operation stability will be in section
45.1,
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Figure 4.17 Photoresponse comparison of (100) and (111) oriented silicon substrate.

4.3 Analytical investigation of photocurrent origin

In section 4.2, high photocurrent was observed in silicon based photoanode. Bare silicon is not
compatible with anode reaction as shown in figure 4.7, however when catalyzed by iron-oxide, the
reaction seems to work with a good performance. In this section, the working mechanism of silicon

photoanode will be explored using various analytical measurements and theories.

4.3.1 Light absorption by iron-oxide film

First step is to clarify the origin of photocarriers. In our earlier discussion, 200 nm film was defined
as ‘thick’, while 10 nm was defined as ‘thin’. The criteria must be whether the carrier generation by iron-
oxide is large enough to contribute obvious heterojunction characteristic. Although absorbed light cannot
be directly translated into photocarrier generation, these two are closely related. Therefore, calculating
light absorption by iron-oxide film is a good starting point.

Light absorption of planar iron-oxide film on silicon substrate was calculated from 400 nm to 700
nm wavelength. Figure 4.18(a) draws the model and equation 4.2 list the formula used in the

calculation.**® Fitted materials’ data(refractive index) is provided in Appendix 6.1.
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Figure 4.18 Light absorption model and calculated results.
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Equation 4.2 Formulas for light absorption calculation.
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From figure 4.18(b)~(d), light absorption near iron-oxide band gap(~560 nm) decreases over
200~300 nm range. Thin films like 10 and 20 nm absorb less than 10~20 % of incident light, while 200
nm film can absorb as much as 80 % of light. Experimentally,’® a 31 nm iron-oxide photoanode showed
only about 0.15 mA/cm? of photocurrent compared to the previous result(about 3 mA/cm?) of thicker film
reported by the same group. Therefore, it should be possible to call 10~20 nm or less film as ‘thin film’.
This is consistent with the very small current onset driven by thin iron-oxide photocarriers in figure
4.11(b).

4.3.2 Incident Photon to Current Efficiency(IPCE)

In section 4.3.1, it was shown that the majority of the photocarriers are not coming from iron-oxide.
Then, it looks obvious that silicon is the primary light absorption layer. To verify the silicon photocarrier
generation as well as the performance of silicon photoelectrode, incident photon to current
efficiency(IPCE) was measured.

Measurement conditions were 1.6 V vs. RHE at pH=12 using 10 minutes deposition sample. Initially,
photocurrent at each wavelength was measured by a quantum efficiency measurement system(QEX7, PV
Measurements) and potentiostat(Reference600, Gamry). Scanning was set to 10 nm step with 5 second
measurement without chopping.

To calculate IPCE, we need reflectance information. Our sample is immersed in electrolyte,
consequently, there are two reflection interfaces, air-to-water and water-to-substrate(Figure 4.19(a)). This
reflection cannot be directly measured by the spectrometer due to the water environment. Instead, we
decided to adopt a theoretical calculation with the model used for the light absorption calculation.
However, it was uncertain whether this model can reliably predict reflectance. To verify the validity of
this model, we did following comparison.

First, the reflectance at the air-to-substrate interface was calculated by the model.(Actually, air to
substrate interface consists of two interfaces: air-to-iron oxide and iron oxide-to-silicon. The model does
consider these two combined effects. For convenience, it will be called a single interface.) At the same
time, the sample’s reflectance in the air environment was measured using UV-VIS-NIR
spectrophotometer(Lambda 950, PerkinElmer, with Thorlab POl coating silver mirror). Then, these two
results were compared as in Figure 4.19(b), which shows general coincidence below 1050 nm. This
indicates that the model can be reliably applied to calculate reflectance.

After confirming the validity, we calculated the reflected and transmitted light intensity in a water

environment as plotted in figure 4.19(c). The computation details are summarized in Appendix 6.2.
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Figure 4.19 IPCE calculation (a) reflectance model, (b) reference data comparing modeled and measured ait-to-
substrate reflectance, (c) calculated air-to-water and water-to-substrate reflectance, and resultant light intensity on
immersed substrate, (d) measured EQE and calculated IPCE.

Measured external quantum efficiency(EQE) is the black line in figure 4.19(d), and IPCE(red line) is
calculated using EQE and light intensity data in figure 4.19(c). It is worth pointing two observations. First
is the light absorption in wide wavelength range. Quantum efficiency drops around 1000 nm, which
corresponds to silicon band gap energy of 1.12 eV(A = 1109 nm). This clearly demonstrates that the
carrier generation dominantly happens in silicon. Note that short wavelength performance(400~600 nm)
is slightly poorer than long wavelength performance. Typically, photovoltaic semiconductors including

silicon devices show higher performance at short wavelength. In our case, thin iron-oxide top layer
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absorbs 10~20 % of short wavelength spectrum, which may be the reason of slight loss of incident light.
If thinner iron-oxide film is used, some of this loss could be recovered.

Second point is the high IPCE numeric values in wide wavelength range. We gave up heterojunction
of iron-oxide and silicon due to the assumption of low photoconversion efficiency in oxide semiconductor.
Reported iron-oxide IPCE as shown in figure 4.20,>" which is from one of the highest performance iron-
oxide photoanodes, supports this assumption. At very short wavelength, IPCE reaches as high as 50 %.
However, although the iron-oxide band gap of 2.2 eV is regarded ideal for visible light absorption, the
absorption edge is not sharp. Instead, IPCE gradually decreases, so in the highest energy solar spectrum
range, 400~550 nm, IPCE is merely 35 % or less. Then, energy equivalent band-gap of iron-oxide is
wider than its nominal 2.2 eV value. On the contrary, our silicon device maintains 60~70 % of IPCE over

the usable spectrum ranges. This is clear evidence of single cell silicon device advantage.
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Figure 4.20 IPCE measurement of iron-oxide film.

4.3.3 Catalytic effect of iron-oxide

Since photocarriers are generated by silicon, the role of iron-oxide should be catalysis of water
oxidation. Thus, the catalytic functionality of iron-oxide was further evaluated in controlled conditions.

First evaluation is the relationship between catalysis and light absorption. When iron-oxide sits on
silicon surface, its intrinsic catalytic functionality is mixed with photovoltaic performance of the cell.
Therefore, to eliminate photocarriers effect, iron-oxide was deposited on metallic ITO substrate for 10
minutes(~20 nm), and the current density was measured with and without light illumination at pH=13.8 as

in figure 4.21(a) and (b). Regardless of the light illumination, the current curves were identical. This
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implies that light absorption is so negligible that the catalytic functionality of this thin iron-oxide film is
independent of illumination in this metallic substrate.

Next, iron-oxide(20 nm, 10 minutes deposition) and platinum(5 nm by sputtering) were deposited on
ITO substrate respectively and their dark currents were recorded as described in figure 4.21(c) and (d).
Compared to bare ITO substrate, both platinum and iron-oxide possess catalytic functionality. Relative
comparison between these two catalysts reveals that iron-oxide performs better than platinum. In similar
comparison of figure 4.21(e) where iron-oxide was deposited on platinum substrate, iron-oxide sample
again showed better catalytic effect than bare platinum substrate. Similar level of onset potential(1.6 ~ 1.7
V vs. RHE) has been reported in dark current experiments elsewhere.*** 14

Differences on substrates were observed when iron-oxide films were deposited on different types of
substrates. Three different cases are drawn in figure 4.21(f) — that is, iron-oxide on ITO substrate, iron-
oxide on platinum and iron-oxide on silicon. All iron-oxide films were deposited at the same conditions
for 10 minutes. Former two are the values of dark measurements, which are identical to illuminated
measurements, and the latter is illuminated measurement. Notably, from zero to decent overpotential
region,(1.23~2.0 V vs. RHE) silicon electrode outperformed platinum and ITO substrates. Since
conductive surfaces have much higher carrier density than silicon, the current in this potential region is
believed to be controlled by reaction rate rather than absolute carrier density. Later at high potential
region, metallic surfaces perform better than silicon substrate because the number concentration of silicon
photocarriers is limited, so the carriers are depleted at certain point. But this potential is far beyond
practical operation potential.

From this observation, it is thought that, although iron-oxide is a decent catalyst for water oxidation,
the high photocurrent in our photoanode does not originate solely from iron-oxide functionality. Similarly,
silicon alone cannot provide high photoresponse when combined with other catalysts except iron-oxide as

in figure 4.21(g). Rather, there seems to be a synergic interaction between iron-oxide and silicon.
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Figure 4.21 Catalytic effect comparison. (a) photoresponse comparison, 20nm iron-oxide on ITO substrate, (b)
magnified figure of (a), (c) different catalysts on ITO substrate, bare ITO, iron-oxide(20 nm) and platinum(5 nm)
deposited ITO measured at pH=13.8, (d) same experiment of (c) measured in pH=12, (e) iron-oxide catalysis
comparison, bare platinum substrate and iron-oxide(20 nm) deposited platinum substrate, (f) substrate comparison,
iron-oxide(20 nm) deposition on ITO, silicon and platinum substrate, (g) catalyst comparison on silicon substrate,
golf(5 nm), platinum(5 nm) and iron-oxide(20 nm) on silicon substrate. Measurement conditions: (a)(b)(c)(e)(f)
pH=13.8, (d)(g) pH=12, all silicon substrates under illuminated condition, all metallic substrates under dark
condition except (a).

4.3.4 Electronic property of iron-oxide film

The differences of substrate, metallic or semiconducting, made a significant difference of
performance in section 4.3.3. Therefore, the reaction mechanisms of two different types of electrodes,
metal electrode and semiconductor electrode were analyzed. Before doing this analysis, the electronic
property of iron-oxide must be identified for the following reason.

The circuit consists of a serial connection of silicon, iron-oxide and electrolyte. Depending on iron-
oxide coverage on silicon surface, there could be direct contact between electrolyte and silicon, and it is
very probable because polycrystalline film with less than 10 nm thickness cannot cover the underlying
layer without voids. However, no current exchange is observed in silicon and electrolyte direct junction.

Therefore, at any case, current must flow through silicon, iron-oxide and electrolyte path(figure 4.22).

Figure 4.22 Schematic diagram of silicon, iron-oxide and electrolyte junction.

If we are supposed to apply semiconductor electrode scheme between silicon and electrolyte, iron-
oxide must not be metallic or degenerate. Otherwise, no space charge is allowed in iron-oxide, and Fermi
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level is pinned in the iron-oxide. However, considering very high titanium content, which is about 4 %, it
is also possible that our iron-oxide falls in degenerate regime.

The most straightforward method is to measure Hall voltage, by which we can calculate carrier
density. For Hall measurement, 300 nm film(150 minutes deposition) was prepared on oxidized silicon
substrate, followed by 30 nm gold evaporation at four corners of the substrate as electrode contacts.
Unfortunately, this sample could not provide meaningful signal from Hall measurement. As an alternative

approach, we calculated resistivity using four point I-V measurement as shown in figure 4.23.

2.5E-01

y = 2.36E+09x - 2.42E-02

2.0E-01

1.5E-01

1.0E-01

Voift2-3) (V)

5.0E-02

0.0E+00
OE+0 2E-11 4E-11 6E-11 8E-11 1E-10

1.4 (A)
Resistance = 2.36*10° Q > Sheet resistance = 10.7*10° Q/sq. =2 Resistivity = 3.21*10° Q-cm
where L/W = 4.532 and film thickness = 300 nm

Figure 4.23 Iron oxide film I-V curve.

Considering the thickness, film resistivity is estimated to be about 3*10°> Q-cm. From references,**"
12 this is very close to intrinsic iron-oxide resistivity. In another reference,* iron-oxide(hematite) film
with resistivity of about 1 Q-cm shows carrier concentration of 10'°~10"" cm™. Therefore, our iron-oxide
should have much lower carrier density, meaning it is clearly in nondegenerate semiconductor regime.

If the dopants are properly activated, carrier density of 10'®~10%° cm™ is easily observed.’® 4
However, in this case, the activation requires high temperature annealing. For example, titanium is known
to necessitate as high as 800 °C temperature.**" *** Since our deposition temperature is merely 200 °C or
less with no extra annealing, the portion of activated titanium must be significantly lower than the

nominal 4 % content. Still, it is uncertain whether there is another role of titanium in iron-oxide matrix
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except doping. If doping is the only contribution, proper titanium activation without losing degenerate

nature is expected to improve the catalytic performance.

4.3.5 Flat band potential of photoanode

To establish semiconductor electrode and electrolyte junction model, the last piece of missing
information is the band edge positions of our photoanode in electrolyte. Compared to other semiconductor
materials, silicon band edge position is rather obscure because it does not follow Nernst relation.
Although there are some published values,” the deviation is large. Also, we need other conditions such as
solution pH, solutes and substrate doping level. Considering all these factors, it is necessary to measure
the flat band potential of our photoelectrode, and calculate the band edge positions.

For flat band potential measurement, devices were made of n* back doped silicon substrates to
minimize the effect of Schottky space charge region. Iron-oxide films were prepared for various thickness
of 0, 6, 10 and 20 nm,(0, 3, 5 and 10 minutes deposition) and three different pH electrolytes(10, 12 and
13.8) were also prepared. Potentiostat(Reference600, Gamry) environment was configured to draw Mott-
Schottky plot. Fluctuation voltage was set to 5 mV rms. Potential scan started from 0.5 V vs. Ag/AgCl to
cathodic direction.(End points vary on samples, typically -0.8 ~ -0.9 V vs. Ag/AgClI) Operation frequency
was 20 and 50 kHz, which gave almost identical values. All measurements were conducted after 5
minutes open circuit delay under dark environment. For analysis, a model with series connection of a

resistor and a capacitor was adopted.
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Figure 4.24 Flat band potential. (a) flat band potential vs. film thickness at each pH, (b) flat band potential vs
each film thickness, (c)~(f) Mott-Schottky plot of various thickness film at pH=13.8.
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Deposition time [s] Flat band potential [mV vs. Ag/AgCl] Avg, slope [mV/pH]

(Thickness [nm]) pH 10 pH 12 pH 13.8
0(0) -465 -490 -520 -14.47
3(6) -425 -480 -530 -27.63
5(10) -530 -525 -545 -3.94
10 (20) -720 -780 -830 -28.95

Table 4.2 Slope and flat band potential data

Figure 4.24(a) illustrates flat band potential vs. film thickness plot. Notably, when the iron-oxide is
thin(< 10 nm), flat band potential remains similar to bare silicon value, around -0.5 V vs. Ag/AgCI. 20
nm films show rapid shifts of flat band potential. From figure 4.24(b) of flat band potential vs. pH, the
slope is -10~-30 mV/pH excluding rather erratic 5 minutes samples. As predicted, the slope of all samples
including the thickest 20 nm sample is much smaller than Nernst relation, -59 mV/pH as shown in table
4.2. Figure 4.24(c)~(f) show the Mott-Schottky diagrams of four different film thickness samples at
pH=13.8.

From this observation, it is thought that the electronic characteristics of the electrodes are governed
by silicon characteristic when iron-oxide film, which follows Nernst relation,”® is thin. This is also
consistent with our intention to facilitate silicon as photovoltaic semiconductor but to suppress iron-

oxide’s involvement in photovoltaic process.

4.3.6 Energy band model

From the information we collected so far, junction energy band diagram can be drawn. Silicon has
flat band potential of about -0.5 V vs. Ag/AgCl, and its carrier density is estimated to be about 2.0*10™

cm™® from silicon Mott-Schottky plot, which corresponds to 22 Q-cm in equation 4.3.°
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1 2 kT
2~ 7|V Ve ——
C..” AN kgA q

sC

q=1.6*10"C

x = 11.68 for silicon

g0 = 8.85*10™ F/cm

A=1cm?

V = applied voltage

Veg = flat band potential

kT/q=0.026 V

Ns = carrier density of space charge region

Example: From measured data at pH=13.8:
C?=5.76%10" F?

V =-0.398 V vs. Ag/AgClI

Vg =-0.52 V vs. Ag/AgCI

Then, Ny = 2.0%10™ cm™, which correspond to 22 Q-cm

Equation 4.3 Relationship of space charge capacity and flat band potential, induced from Poisson’s equation and
Mott-Schottky equation.

E, —E =kT|n[&]
n.

n; = 1.45*10" cm®

No = Nsc

KT = 0.026 eV

Ef = Fermi energy level

E; = intrinsic level

Ei—E =0.25eV

Veg =-0.52 V vs. Ag/AgCI

Eq = 1.12 eV (silicon band gap)

E. =-0.83 V vs. Ag/AgCI (silicon conduction band edge)
E, =0.29 V vs. Ag/AgCI (silicon valence band edge)
OEP=0.2174 V vs. Ag/AgCl at pH=13.8

Equation 4.4 Calculation of various energy levels and band edge positions
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Figure 4.25 Silicon band edge positions and water oxidation potential

From the calculation of equation 4.4, conduction and valence band edge of silicon locate at -0.83 V
vs. Ag/AgCl and 0.29 V vs. Ag/AgCl, respectively. By the way, OEP at pH=13.8 is 0.22 V vs. Ag/AgCl.
Figure 4.25 draws the relative positions of all these energy levels. Note that these reconstructed silicon
band edge positions are numerically similar to those reported previously.'*

If the electrode-electrolyte junction is in thermal equilibrium, Fermi level of silicon and oxygen

evolution potential become continuous. The resultant junction diagram looks like figure 4.26.
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(a) (b)

Potential gain

v

Figure 4.26 Energy band model of the junction. (a) before and (b) after equilibrium.

Indeed, OEP locates higher(more cathodic) than silicon valence band edge. Therefore, energetically,
oxygen evolution reaction must happen in silicon and electrolyte junction. However, it is believed that the
lack of catalytic functionality of silicon prohibits the procession of the reaction. If proper catalyst like
iron-oxide is introduced, now the charge carriers can pass through the junction.

Another important part is the band bending in semiconductor. First, consider the junction of iron-
oxide and electrolyte. From Poisson’s equation(equation 4.5), the space charge region width can be

calculated.

V, =qN_x,* / 2xg,

V, = surface barrier [V]

q=16*10"C

Ns. = density of positive charge in the space charge layer, a.k.a. doping level
Xo = depletion thickness [cm]

x = dielectric constant

€0 = vacuum permittivity = 8.85*10* F/m = 8.85*10™* F/cm

Iron oxide example:
Vs=0.7V

k=60

N = 1¥10"° cm™®
Xo = 680 nm

Equation 4.5 Poisson’s equation and calculated space charge thickness in iron-oxide
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Since we don’t know the Fermi level of our iron-oxide, it was estimated from known flat band

potential.(-0.6 V vs. standard calomel electrode(SCE))**’

Then, the surface barrier(difference between
iron-oxide Fermi level and OEP) is about 0.7 V. When iron-oxide carrier concentration is assumed about
10" cm® with dielectric constant about 60,** **® space charge region thickness is about 680 nm. In fact,
our iron-oxide has much lower carrier concentration, which means even thicker space charge region.
Definitely, this is much thicker than iron-oxide physical thickness. Therefore, the potential drop by iron-
oxide is negligible, and most of the space charge region appears in silicon instead. This induces steep
upward bending in silicon energy band structure, so provides potential gain as indicated in figure 4.26.
This built-in potential is believed the reason silicon substrate performs better than metallic surface. On the
contrary, in metallic substrate, the energy level is not altered, because of ample carrier population.

Therefore, the driving force is simply the difference between metals’ Fermi energy and OEP which

cannot readily exceed the silicon-electrolyte junction built-in potential.

4.3.7 Tafel analysis

Based on semiconductor-electrolyte junction model, the observed photoresponses can be explained
by electrochemical anaylsis. Following figures are log-normal plots of thickness and pH variations.

Commonly, current-potential curves start with linear profiles, but soon saturates in log-normal plots.
The linear evolution can be explained by Tafel relation in equation 1.2. That is, initially the current is
limited by reaction rate since there are enough carriers to sustain the low current level. However, as
current increases, it enters to transport limited regime. In metal electrode, the limiting factor is mass
transfer in electrolyte, however, in semiconductor electrode, carriers in semiconductor are depleted earlier
than mass transport. This eventually induces fully saturated current value, in our silicon photoanode,
about 30~40 mA/cm?.
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Figure 4.27 (a), (b) Thickness varied photoresponses plots. (a) linear and (b) log-normal. (c), (d) thickness varies
photoresponses plots (c) linear and (d) log-normal. (a)(b) 10 minutes deposition film, (c)(d) at pH=12.

In figure 4.27(a) and (b), samples have the same film thickness, but measurement pH changes.
Figure 4.27(b) shows same slope among different pH, which means charge transfer coefficients are all the
same. Since charge transfer coefficient represents the kinetics of electrochemical reaction, this implies
that pH change only induces the overpotential, but no change of physical mechanism.

On the other hand, in the figure 4.27(c) and (d) which plot different thickness films at constant pH,
slopes change according to film thickness. Thicker film shows more gradual slope, meaning lagging in
current evolution with respect to potential. This changing slope, or charge transfer coefficient, means film
thickness does affect the electrochemical kinetics. However, considering the surface characteristic of the
electrode does not change with thickness, it should be more reasonable to assume that the carrier transport
through the iron-oxide film is affected. As seen in flat band potential, film thickness, even though small,

changes the band structure of the hybrid photoanode. More importantly, there is a loss occurred by current
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path length through high resistivity iron-oxide film. Therefore, the carrier transport characteristic is

thought to be modified by film thickness, resulting in altered electrochemical responses.

4.4 Photoresponse improvement by silicon microfabrication

Until previous section, various parametric studies were conducted mostly on iron-oxide film
conditions and electrochemical environment. While chemical reactions are mediated by iron-oxide,
photocarriers are generated and transported in silicon substrate. Therefore, device performance relies on
the photovoltaic characteristics of silicon, which stresses the importance of silicon manipulation.

Although a rapid current evolution demonstrates a high potential in iron-oxide and silicon
photoanode, the photocurrent at zero overpotential(1.23 V vs. RHE) is still low, which is believed to
originate from high onset potential. In our silicon device, there are several obvious loss factors. Using
well known microfabrication techniques as discussed in section 2.3, an improvement of photoresponse

was pursued.

4.4.1 Improvement by silicon wires array

Silicon wires array was fabricated as described in section 3.3. Using the same CVD setup, iron-oxide

film was deposited as seen in figure 4.28.
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Figure 4.28 Silicon wires array with iron-oxide film deposition, (first row) side view and (second row) top view,
(third row) bare silicon wire surface for comparison.

Figures in 4.28 first and third row compare the wire surface morphology with and without iron-oxide
film. The film was deposited on 8~10 um long silicon wires array for 10 minutes. The deposition
rate(about 1 nm/min) is slower than flat substrate, estimated half of the flat substrate deposition rate.
Figures in 4.28 first row are the observed images from the side, and those in second row are images taken
from the top after FIB cutting of wires. Notably, it is very hard to see polycrystalline grains, but surface is
generally smooth with random corrugations. In previous film morphology analysis, fast deposition rate
produces more rough and spiny shape, while low deposition results in more rounded and coalesced shape.

Therefore, the smooth surface is believed to attribute to the slow deposition rate on the sidewall.
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Figure 4.29 Measured photocurrents of iron-oxide and silicon wires array compared to flat silicon substrate. Fiat
5min and wire 10min with 10 nm iron-oxide films, flat 10min and wire 20min with 20 nm iron-oxide films.

Figure 4.29 illustrates the measured photocurrents of two different film thickness wires and flat
silicon photoanodes at pH=13.8. In terms of current density at zero overpotential(1.23 V vs. RHE) with
10nm iron-oxide film, wires array showed 3.44 mA/cm?, while flat substrate showed 1.84 mA/cm?. The
improvement is mainly achieved by steeper slope. Although both of the photoanodes have similar onset
potential, about 1.1 V vs. RHE, wires array experiences faster current increase than flat substrate. This
trend is also observed in 20 nm film on wires array and flat substrate.

Although wires fabrication changes the slope under the same iron-oxide film thickness, this
observation may not be related to electrochemical charge transfer coefficient. In section 4.3.7, the slope
changed according to iron-oxide thickness, but under identical light absorption and carriers generation.
However, in wires case, there are no fundamental changes in solid and liquid junction structure. Rather,
light absorption is improved by reduced reflection. Also, photogenerated carriers can easily travel to the
silicon surface in wires array. Therefore, it is estimated that the carrier density which participates in

chemical reaction are higher than that of flat substrate. This should contribute to improved photocurrent.

4.4.2 Improvement by ohmic contact

To eliminate parasitic loss from Schottky contact, a shallow n* back doping was made on silicon
substrate. After the treatment, the sheet resistance dropped to 12~14 Q/sq., which is comparable with

metallic surface. Using this substrate, photoanodes were fabricated both in flat and wires configuration.
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Figure 4.30(a) shows the photoresponse of n* doped silicon without iron-oxide. Obviously, there is
no photoresponse, which means the treatment does not make any modification on the junction
characteristic between silicon and electrolyte.

Figure 4.30(b) depicts all the measured photocurrents from photoanodes with different iron-oxide
thickness and pH. Comparisons with the same samples except ohmic contact are illustrated in figure
4.30(c)~(f). The biggest improvements were made on thin iron-oxide film photoanodes. As shown in
figure 4.30(c) and (d) of 5 minutes(10 nm) film, high photocurrent of 12.2 mA/cm?(pH=13.8) and 4.34
mA/cm?(pH=12) were recorded at zero overpotential(1.23 V vs. RHE), which exceeds any previous
reports on photoanode current density.

Interesting observation is the case of 10 minutes(20 nm) films. In this case, no shift was observed
when compared to Schottky contact(untreated) substrate. This was common both in pH=13.8 and 12. It is
rather unexpected result since the Schottky barrier is universal regardless of the iron-oxide film thickness.
One possible explanation is the contribution of Schottky barrier to overall losses. The photoelectrodes
have intrinsic loss occurred by the carrier transport through iron-oxide film, and this increases with the
film thickness. If we re-think figure 4.12, the gain by decreasing the iron-oxide film thickness is rapidly
decaying beyond 5 minutes(10 nm) point.(Assuming the atmospheric pressure CVD process requires
stabilization time, very short deposition like 1 or 3 minutes is likely thinner than 2 or 6 nm.) In fact, 5
minutes deposition sample has almost reached the maximum achievable limit. Consequently, in 5 minutes
deposition sample, the loss by iron-oxide film transport is relatively small. Since most of the loss is
coming from Schottky junction, the ohmic contact greatly improves the photoresponses. In contrast, iron-

oxide transport loss may be so dominant in thicker film as to render the loss by Schottky barrier.
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Figure 4.30 Photocurrents of flat substrate with ohmic contact. (a) comparison between n+ silicon substrate without
iron-oxide film and plain silicon substrate with iron-oxide film, (b) photoresponses of n+ silicon based photoanodes
at different pH and iron-oxide film thickness, (c)~(f) comparison of n+ silicon photoanodes with plain silicon
photoanode, (c) and (d) 5 minutes iron-oxide deposition samples measured at pH=12 and 13.8, (e) and (f) 10
minutes iron-oxide deposition samples measured at pH=12 and 13.8.
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Finally, the n* ohmic contact substrate was applied to silicon wires array fabrication, followed by
iron-oxide film deposition. Figure 4.31 shows the results of 10 minutes film deposition at pH=12 and 13.8.
At zero overpotential, photocurrents of 4.81 mA/cm? and 17.27 mA/cm? were achieved.
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Figure 4.31 Photocurrents of silicon wire photoanodes with 10 nm thick iron-oxide films.

4.4.3 Quantitative evaluation of presented system

It was shown that iron-oxide catalyzed silicon photoanode possesses a high photocurrent generation
potential. Since our device is based on half-cell reaction which is lacking full photocell bias for cathode
reaction, it is rather difficult to quantitatively compare the overall performance with previous reports. The
difference of photovoltaic cells, which result in different circuit voltages and cathode compensation
requirements, hinders the standardization.

Therefore, the component performances, electrolysis efficiency and zero overpotential current
density, will be first evaluated and compared with relevant researches. Then, the solar-to-chemical
conversion efficiency will be calculated under idealized conditions. Finally, based on this conversion
efficiency, the production cost will be estimated.

4.4.3.1 Electrolysis efficiency comparison with ruthenium-oxide

The total conversion efficiency is determined by photocell and electrolysis performance. Major
improvement in our structure lies in the electrolysis process at the photoanode-electrolyte interface.

Figure 4.32(a)® **° describes the potential variation with galvanostatic current density at various
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hydrogen and oxygen electrodes in 1M HCIO,. The electrodes include RuO,, which is one of the best

electrolysis catalyst, and platinum. In figure 4.32(b), our silicon photoanodes responses with n* doping

and flat or wire configurations are illustrated. These two plots are drawn into the same scale, and merged

as shown in figure 4.32(c).

(a) 100 .“L )€ T (b) 0.1
\ — Hz and Oz Evolution n+, C\:al
4 | Erinim I 1M HGIO _ n+, Wire
\ —_— at Various Electrodes (o]
Bl g
0 4 X 0014
5 ‘ > ]
g 2
i c
£ [}
s ©
il =
! | 2 1E-34
W oo sured, 2.3 pm RuO2 8 ]
/ ® Jozquiescent, 2.3 ym RuO2
)/ & Joz quiescent, unoptimized RuOz
i
2 /
01 a5 0’ b 1300 1500 1700 1900 2100 1E-4 T T T
E, millivolts vs observed E'ne 1.0 15 2.0
Potential [V vs. RHE]
3
100 NI, 3
(c) \%‘; LI
a \ -
4
] 7
\ /
10 ﬂﬁ‘\‘ /t
§ w /
£ \
E i /
|
1 w
0.1 y L i
200 o ©T 1300 1900 1700 1900

2100
E, millivolts vs observed E‘hz

Figure 4.32 (a) Potential variation with galvanostatic current density at various hydrogen or oxygen electrodes in 1
M HCIQ,, (b) iron-oxide catalyzed silicon photoanode photoresponses with n* doping and flat(5 minutes iron oxide
deposition) or wire(10 minutes deposition) configuration at pH=13.8, (c) scaled and merged plot of (a) and (b).

Electrolysis efficiency can be expressed as following equation.

Ehno
EOZ o EHZ

77e|ectro|ysis -

Equation 4.6 Electrolysis efficiency
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Since Ey.0 = 1.23 V, the denominator of equation 4.6 is the width of figure 4.32(c) plots. Assuming
common cathode, the electrolysis efficiency of iron-oxide catalyzed silicon photoanode exceeds that of
RuO, as much as 29 %(at 1 mA/cm?) and 24%(at 10 mA/cm?). Of course, our silicon photoanode
eventually needs tandem cell to compensate cathode potential, which will lower the ‘only-silicon’ anode
response to some extent. Therefore, above calculation is upper limit of performance improvement we can

expect.

4.4.3.2 Zero overpotential current density comparison with iron-oxide photoanode

Iron-oxide photoanode is a good comparison example because the required cathode potential
compensation is very similar to silicon as shown in figure 4.25(about 0.2 ~ 0.4 V). Given the same
infrastructure requirement, it would be meaningful to compare zero overpotential current density between
these two materials.

According to report by Gréatzel and coworkers,*

iridium-oxide decorated iron-oxide photoanode
produces 3.01 mA/cm? current density at 1.23 V vs. RHE while our flat configuration iron-oxide/silicon
photoanode produces 12.2 mA/cm? Nominally, our device shows 405 % of iron-oxide photocurrent.
However, iron-oxide has about twice wider band gap than silicon, meaning roughly twice higher voltage
output is expected. Therefore, in terms of output power, iron-oxide catalyzed silicon photoanode possess
about 203 % of performance, or 103 % advantage over iron-oxide photoanode.

Iron-oxide photoanode has more flexibility in construction since wide range of wavelength
spectrum(> 560 nm) is still available for narrower band gap semiconductors of tandem cell. Nevertheless,

above calculation shows higher fill factor of silicon device compared to oxide semiconductor.

4.4.3.3 Zero overpotential current density comparison with silicon photoanode

The most analogous structure to our photoanode is electrocatalyst deposited silicon photoelectrode
system. However, most of these structures have metallic interlayer between water and silicon, either as
current collecting layer or metallic catalyst. As pointed in section 4.3.4, since the Fermi level of metal is
pinned, favorable upward band bending like section 4.3.6 is hard to expect in general materials set. For
example, two researches of silicon photoanode have been reported using cobalt phosphate(Co-Pi) catalyst
on silicon solar cells.®® " In spite of good catalytic functionality of Co-Pi, the zero overpotential current

density is much smaller than our result.

108



In this respect, a recent report by Mclntyre and coworkers®

with iridium catalyzed silicon
photoanode provides a very close comparison with our iron-oxide catalyzed silicon photoanode due to
structural and electronic similarities. Since iridium is a conductive metal, silicon cannot communicate
with water directly. However, the intrinsic electronic properties of iridium make fairly analogous situation.
First, barrier height between n-type silicon and iridium(about 0.9 eV™") can be compared with 0.7~0.8 V
built-in potential of silicon/iron-oxide photoanode. Also, Fermi level of iridium(-5.2 eV vs. vacuum) is
similar to silicon valence band edge position(-5 eV vs. vacuum). Due to the electronic similarity, the
performance likely relies on catalytic functionality.

At NaOH 1 M condition, about 9 mA/cm? was recorded. Considering our 12.2 mA/cm? result of flat
substrate at the same condition, iron-oxide/silicon photoanode have about 36 % advantage. Note that
Mclntyre group reported high performance at acidic condition, which implies that iridium favors acidic
environment(which is incompatible with iron-oxide, see figure 2.1) while iron-oxide favors basic
environment as shown in figure 4.16. Again, iron-oxide has superior advantage in practical application

over iridium which is the rarest element in earth crust.

4.4.3.4 Overall solar-to-chemical conversion efficiency

Since present device is based on half cell reaction and the cathode potential is supplemented by
potentiostat, explicit solar-to-chemical conversion efficiency is hard to calculate. However, by abrupt
simplifications and assumptions, reasonable metric will be calculated in this section.

First assumption is that cathode reaction needs no overpotential, that is, 0 V vs. RHE. It is known
that many high efficiency cathode can be operated at less than 0.1 V of overpotential. Therefore, this
assumption may not significantly violate the real situation.

Second assumption is that the Faraday efficiency, which means the conversion efficiency between
charges and electrochemical species, is 100 % for both anode and cathode reactions.

The maximum photocurrent of crystalline silicon with 1.1 eV band gap is known about 43 mA/cm?
under 1 sun irradiation condition.™®® From the theoretical calculation by Shockley and Queisser,*? the
ultimate solar-to-electric conversion efficiency is 29 % for 1.1 eV band gap semiconductor. Therefore,
when 43 mA/cm? is harvested from photovoltaic device, the conversion efficiency corresponds to 29 %.
In our photoelectrochemical process, the ideal current collection condition is when the electrode potential
is in the theoretical limit, that is, 1.23 V vs. RHE. The ratio between current density at 1.23 V vs. RHE

and 43 mA/cm? implies the portion of charges transferred to electrochemical reaction among all available
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carriers generated by incident sun light. In summary, equation 4.7 deduces the solar-to-chemical

conversion efficiency based on above logics.

_ Current densityat1.23V vs. RHE
7 43mA/cm?

Equation 4.7 Solar-to-chemical conversion efficiency in silicon photoanode for water oxidation reaction.

x 29%

The maximum current density obtained from present devices is 17.27 mA/cm? at 1.23 V vs. RHE on

photoanode with wires array and n* shallow doping. In this case, the calculated efficiency is 11.6 %.

4.4.3.5 Estimated hydrogen production cost

Compared to photovoltaic systems designed for electricity harvesting, photoelectrochemical(PEC)
systems require further infrastructures enabling water circulation and gas collection. Therefore, the capital
structure is typically more complex and expensive than simple photovoltaic systems. Based on a

h153

researc coordinated by U.S. Department of Energy, hydrogen production cost of 10.36 $/kg was

estimated under following copper indium gallium selenide(CIGS) planar photovoltaic system:

10 years of transparent window/PEC cell life
CIGS/Ge cell

PEC cell cost about 153 $/m?

10% solar-to-hydrogen efficiency

All relevant liquid/gas treatment subcomponents

Facility capacity of 1000 kg hydrogen per day

Note that this calculation is based on idealized and hypothetic system. Although CIGS photovoltaic
system has been proved, its photoelectrochemical operation has not yet demonstrated. Therefore above
calculation excludes electrochemical feasibility. On the contrary, our metric is based on experimental
observations, which may provide more realistic prediction.

Using the calculated efficiency 11.6 % of presented iron-oxide/silicon photoelectrode, the hydrogen
production cost is estimated about 8.93 $/kg. This assumes that the production cost of the two different

cells, iron-oxide/silicon and CIGS/Ge, are identical.
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If mass specific energy(hydrogen:gasoline = 2.8:1) and gasoline density(0.7 kg/L) are used to make a
direct comparison of gasoline equivalent price, 1 kg hydrogen corresponds to 4 L or 1.06 gallon of
gasoline. This is about 2~3 times higher than gasoline retail price in U.S.(about 4 $/gallon) as of mid
2011 and U.S. DOE’s hydrogen price goal, 2~3 $/kg."* Future improvement of conversion efficiency as
well as materials processing will potentially reduce this predicted hydrogen production cost.

4.5 Practical issues in operation

4.5.1 Oxygen evolution verification

We showed a high photocurrent evolution from our iron-oxide catalyzed silicon photoanode. Ideally,
it is necessary to calculate the Faradaic efficiency by measuring the amount of evolved oxygen and
hydrogen. However, due to the limited facilities, it was impossible to quantify. However, at least, it is
desirable to verify that the reaction is producing oxygen and hydrogen. Therefore, we first provide
indirect proofs that the current are not being evolved by other possible side reactions including etching or
oxidation of electrode. Also, qualitative measurement of evolved gas by gas chromatography will be

presented.

45.1.1 Silicon oxidation

Silicon may experience anodic oxidation under anodic bias. However, our operation potential is
merely 1~2 V vs. cathode potential, which is much lower than practical anodic oxidation.*® Also, silicon
oxidation makes an insulating layer(silicon hydroxide) which passivates the surface. Although this oxide
might be dissolved in chemical reaction,**® corresponding current is very small. Therefore, our continuous

high current operation disproves the anodic oxidation of silicon.

4.5.1.2 Silicon etching

Bare silicon had no photoreactivity(figure 4.33(a)). Also, (111) silicon and (100) silicon with iron
oxide film showed no difference in performance(figure 4.33(b)). Considering (111) silicon has 2~3 order
slower etching rate than (100) silicon, the same photocurrent cannot be sustained by silicon etching.

Finally, let’s assume silicon is dissolved by the Si > Si** + 4e” reaction. The surface area of the

silicon wires array with 1 um diameter, 10 pm height and 2 um pitch is 9 times the area of flat substrate.
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Therefore, for unit cell(lcm by 1cm substrate), it is 9 cm?® If this surface is etched as much as 500 nm
deep, the wires must be completely gone. Corresponding silicon volume(4.5*10™ cm®) can be converted
to charge(14.4 coulomb) using density(2.33 g/cm®) and molecular weight(28 g/mol). If current density is
5 mA/cm?, it takes 2885 seconds(48 minutes).
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Figure 4.33 Silicon etching disproof. (a) bare silicon photoresponse, (b) photoresponse comparison between Si(111)
and Si(100) samples, (c) current vs. time curve for silicon wires array photoanode, (d) SEM image of silicon wires
array after the operation of (c).

Figure 4.33(c) and (d) show the results after 65 minutes operation at 5.5 mA/cm?. The wires array
showed no physical damage at all as illustrated in Figure 4.33(d). Note that in Figure 4.33(c), the peaks
are artifacts when new measurement cycles starts at every 1300 seconds.
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4.5.1.3 Iron-oxide etching

Iron-oxide etching is mediated by proton and chlorine ions, which is the reason of high-pH
stability.”" Therefore, it is assumed that our high pH and chlorine-free operation condition may not harm
the iron-oxide film. This was experimentally proven in the similar manner to silicon etching calculation.
We know iron oxide film thickness, therefore are able to calculate the atomic population and
corresponding charge. Considering 20 nm Fe,O; film experiences Fe > Fe** + 3e™ dissolution, 10
mA/cm? current can be maintained only for 1.3 seconds as calculated in figure 4.34. Our operating time

was orders of magnitude longer than 1.3 seconds.
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Volume: 2e-6 cm?
Charge by Fe3*:0.0131C

Figure 4.34 Iron-oxide etching disproof.

45.1.4 Gas chromatography

Figure 4.35 shows the picture of gas evolution measurement setup. The electrochemical cell is H-
shape quartz tube with separation frit, which is made of porous glass coated with Nafion for selective
permeation of proton. One side of the cell contains Ag/AgCI reference electrode and platinum mesh
cathode, and the other side has our photoanode. The photoanode is prepared from plain(no n* back doping)
flat silicon substrate with 10 minutes iron-oxide deposition. At each side of the cell, 100 ml of pH=11
electrolyte was filled. Electrode potential was controlled by potentiostat(AutoLab PGSTAT128N,
Metrohm), and 300 W Xe Arc lamp(Model 66902, Thermo Oriel) was used for light source.

The experiment was conducted in this order. First, all electrodes and electrolyte were placed in each
cell, and the cells were tightly encapsulated by rubber septum cap. Under dark condition without bias,
both cells were purged by argon for two hours. After purging, the gas content of each cell was captured
by glass syringe, and analyzed by gas chromatography tool(7890A, Agilent). Then, with the light on, 0.6
V vs. Ag/AgCl potential was applied for two hours. Measured current density was 1.2 mA/cm?. Upon

completion, the gas contents were analyzed again, and compared with the initial data.
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Figure 4.35 Gas chromatography setup.
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Figure 4.36 Gas evolution before and after the experiment.

Figure 4.36 shows the analyzed gas contents before and after the operation. Due to the contamination
by small leakage or during transport, quantitative comparison was impossible.(See the N, contents, which
is not supposed to be inside.) However, seeing the initial and final results of cathode, it is estimated that
the O,/N, = 0.3~0.4 is the ratio of ambient air. Considering this background contamination, the final
result of anode shows net oxygen generation since the portion of oxygen becomes higher than ambient air.

Hydrogen evolution in cathode is obvious from the plot.

4.5.2 Long term operation

For practical application of inorganic photoelectrode, long term stability must be verified. Since DC

sweep only takes a few minutes, longer operation was tested with predetermined potential for hours.
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Three flat photoanodes and one wires array photoanode(all 10 minutes iron-oxide deposition) were
operated with different electrode potentials for 3900 seconds at pH=12, and the current vs. time curves
are plotted in figure 4.37.
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Figure 4.37 Stability comparison of 3900 seconds operations. (a)~(c) 10 minute iron-oxide on flat, plain(no n*
contact) silicon devices with different potential, (d) 10 minute iron-oxide on wires array, plain silicon device.

Notable characteristic of the profiles is the gradual increase of photocurrent in flat silicon
photoanodes. It is still unclear why the current increase happens. However, from this observation, low
current density is less affected by this unknown instability. The highest potential sample(figure 4.37(a))
shows initial current of 10 mA/cm? and reaches ~15 mA/cm? after 3900 seconds, but is still in transient
process. However, the lowest potential sample(figure 4.37(c)) soon reaches steady state current density of
~1.4 mA/cm?. Initially, this current increase was thought as a process of stabilization. However, in such a
case, samples with large current density should reach the steady state earlier than samples with small
current density. In this respect, this current increase is likely a detrimental process.

One possible explanation is a kind of electromigration. From our investigation, iron-oxide is not
chemically etched in our operational environment. However, when the current density is large, physical
detachment of the film could happen. Electromigration is the analogical phenomenon in solid state
electronics, in which high current repeatedly stimulates atoms by momentum and eventually induces
physical migration. If similar process may happen in iron-oxide film, the surface atoms are gradually
detached and the film gets thinner. Since thin film performs better, the current may increase to some

extent.
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If current density decreases, the migration will be suppressed. In other words, very large surface area,
subsequently very low current density per unit film area should be beneficial. Wires array or other
textured surface satisfies this condition. As seen in figure 4.37(d) again, photoanode fabricated on silicon
wires array shows stable operation throughout the operation window even though its current density is
high. For this sample, the actual current density per film area(0.6 mA/cm? film) is less than half of that of
the lowest current flat film.(1.4 mA/cm? film) That is, surface texturing helps not only improved
photoresponse but also operation stability.

The films on flat substrates cannot be thinned indefinitely. It is more reasonable to think that the film
will be delaminated if the thickness reaches certain critical value. To test this assumption, flat silicon
photoanodes with 5 minutes(10 nm) iron-oxide film were prepared and operated for a long time until

obvious failure is observed. Figure 4.38 shows current vs. time plot of one of the samples.
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Figure 4.38 4 hours operation at pH=12.

The current reached maximum at about 6000 second point, then started to decay gradually. Test
was continued for four hours, and the sample was investigated. However, no physical damages were

found from this sample.
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Figure 4.39 10 hours operation, failure mode. (a) current vs. time curve, (b) visual damage, (c) and (d) SEM images
of (b).

Figure 4.39 is the result of another sample. The current maximum was reached at about 2000
seconds. However, to induce prominent damage, the operation condition was maintained for 36000
seconds(10 hours). At this point, the current dropped to about 20 % of the maximum value. This time, the
damage of the film was visually observable. Electron microscope images of figure 4.39(c) and (d) clearly
describes that film delamination occurred in this sample.

The two samples of figure 4.38 and figure 4.39 show different critical point. This randomness was
still found in another trial, too. It is believed that the delamination point depends on the adhesion strength
of the iron-oxide film and silicon substrate. There are many factors which affect the adhesion. For
example, if silicon substrate has barrier oxide under the iron-oxide film, the adhesion is significantly
compromised. Although HF etching was conducted before film deposition, there were time gaps between
HF etching and film deposition from tens of minutes to hours, which varies among samples. Factors like
this may affect the adhesion, resulting in inconsistency of critical points.

117



Chapter 5 Concluding remarks

5.1 Conclusion of iron-oxide catalyzed silicon photoanode

Currently, the search for alternative energy sources is being intensified. However, in contrast to
electricity generation, there is no leading answer for renewable chemical energy. We suggested that
hydrogen deserves to be a potential renewable chemical energy source not only for the value of pure form
like burning gas or fuel cell, but also for core ingredient of artificial hydrocarbon synthesis. This can be
justified only when mass production of hydrogen becomes affordable. Our search for high performance
photoelectrode system started to meet this requirement and provide a viable option. Although inorganic
photoelectrochemical system is known to be better option than biological production,® its performance
still needs a lot of improvements. For this purpose, we explored novel materials set and structures, silicon
photoanode catalyzed by iron-oxide thin film to efficiently split water molecules into oxygen and
hydrogen.

Thin iron-oxide film was deposited on silicon substrate by low temperature atmospheric pressure
CVD to catalyze oxygen evolution reaction. When iron-oxide film was sufficiently thin, around 10 nm or
less, otherwise nonresponsive silicon photoanode showed a high photocurrent at a decent overpotential.
Parametric studies revealed that the photoresponses become effective when (1) iron-oxide film is thin, (2)
titanium content is high and (3) operation pH is high. From further analytical investigations, it was
learned that photocarriers are solely generated by silicon while the role of iron-oxide is limited to catalyst.
The catalytic functionality of standalone iron-oxide is fairly good, but not exceptionally outstanding.
However, the performance is greatly boosted when combined with semiconducting silicon substrate. The
reason is believed that iron-oxide can catalyze silicon surface without disturbing favorable upward band
bending nature of silicon at the electrolyte junction.

Since silicon became the performance-determining factor of our photoelectrode, we adopted silicon
microfabrication techniques including ohmic contact formation on the silicon backside and vertical wires
array fabrication. By these measures, the onset potentials were decreased and the current-potential slope
became steeper, resulting in high current density as high as 17 mA/cm? at zero overpotential. Extended
time operation revealed oxygen evolution, but also film delamination issue. However, the film stability is

believed to be an engineering problem in which practical solutions are being suggested.

Through this research, we made four notable contributions.
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1. The possibility of silicon

Silicon has been the most popular solar cell material. Although silicon photocathode has been
conceptually demonstrated, silicon photoanode has not been successful due to the energy band mismatch.
In this research, it was shown that silicon can be used for photoanode with the help of appropriate catalyst
and pH control. Along with the proven cost-to-performance metric of silicon, this allows the use of vast

knowledge of silicon, which precipitates future related researches.

2. Inexpensive materials set
The list of all the materials used in this research includes silicon, iron and titanium which are the
most abundant and affordable materials in earth crust(figure 5.1). This will be further benefitted by the

intense researches on low cost silicon production.
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Figure 5.1 Abundance of elements in earth’s crust.(from Wikipedia.org,
http://en.wikipedia.org/wiki/Abundance_of elements_in_Earth%27s_crust, last verified on June 16, 2011)

3. High performance
This research achieved high photocurrent at anode reaction at zero overpotential. Although the open
circuit voltage would be low due to narrow band gap of silicon, the current density of 17 mA/cm? is at

least 5 to 10 times larger than currently popular photoanodes using metal oxide semiconductors with 2~3
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eV band gap. This should present higher fill factor than these low conversion efficiency semiconductors.
Even when compared to similar photoanodes using silicon but different catalysts and constructions,

present devices’ performance surpassed most of the previous results.

4. Theoretical background for the search of further improved system

An energy band model was suggested based on theoretical and experimental analysis. Silicon has
ideal band edge alignment in our operation conditions since oxygen evolution potential is aligned with
valence band edge. Also, semiconducting catalyst(iron-oxide) plays an effective catalytic function. From
this point, plenty of variations are possible: different catalysts, different substrates, other substrate
treatments and so on. We established a platform from which further improved systems could be

developed.

5.2 Suggested future works

Through this research, a few future works were identified. In this section, these points will be listed,

and suggested directions will be presented, too.

5.2.1 Silicon microstructure optimization

In this research, simple vertical silicon wires array was tried. Recent studies revealed that the
performance of silicon wires photovoltaic device can be further improved by more precise manipulations
of the structure. For example, particle decoration and array configurations could be facilitated to enhance
light harvesting capability.®? Simple strategies including wires length adjustment and light incidence angle
modification can be adopted for better silicon efficiency.

Alternative method to wires array is roughened surface. Wires array fabrication needs several steps
of processes which raise the overall cost. As a simpler measure, roughened surface with random bumps
are usually adopted to reduce light reflection in commercial flat silicon solar cell. This will be easily

applied to photoelectrode fabrication, too.

5.2.2 Silicon protection

Although our silicon photoanode showed fairly acceptable stability in our operation window, silicon

will be eventually etched in highly basic solution. Using etch-resistive crystal surface like Si(111) might
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be a simple solution extending the life time effectively 2~3 orders than Si(100) substrate without
sacrificing the performance as in section 4.2.4.

Another method is active protection layer of silicon surface. About this issue, a literature'® reported
that surface alkylation gives a good stability on silicon surface for a long time. Our thin polycrystalline
film is thought to have small voids on silicon surface, and this exposed silicon would be attacked first.
Therefore, surface treatment like methylation or hydrophobic coating of the bottom area could elongate
the lifetime.

Finding out protective film of entire device would be challenging, but most effective method.
Recently, very thin silicon oxide and titanium oxide films were proved to protect silicon photoanode with

iridium catalyst for more than 24 hours.™

5.2.3 lron-oxide film stabilization

In our observation, iron-oxide film experiences a gradual detachment from the host surface. Our
suspicion comes to the atomic detachment induced by current momentum, similar phenomenon to
electromigration in solid state materials. Easiest resolution is to decrease current density per film area as
shown in our wires array experiment. The surface area can be more increased by corrugate film surface
like dendrite structure.™

It is also necessary to add the film more mechanical strength in molecular scale. Sintering is one of
the widely used methods for this purpose. Although our annealing failed to reproduce catalytic
functionality, this is believed to be a result of insufficient optimization. Addition of other atomic contents
which promote film stability is another measure worth considering.

Finally, the adhesion between iron-oxide film and silicon determines the delamination point. Again,
complete removal of native oxide on silicon should be required to prevent weak adhesion. Another

possibility is to introduce appropriate adhesion promoting interlayer between silicon and iron-oxide.

5.2.4 Cathode potential compensation

The photoanode fabricated in this research works on half cell reaction. Since the band gap of silicon
is 1.12 eV, which is smaller than water redox potential difference,(1.23 V) we do need potential
compensation for cathode reaction.

159, 160

Already, there are models for this kind of architecture, as in figure 5.2. In summary, a photocell

or photocathode is stacked with our photoanode and the energy bands of this entire cell straddle the water
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redox potential. Therefore, the cathode electrode must have band alignment for hydrogen evolution. In
contrast to anode, many cathodes have been developed with high performance, which exceeds the current
density of our photoanode at zero overpotential.

This stacked photodevice can be located either upstream or downstream of our photoanode.
Considering our device uses narrow band gap material(silicon), it is desirable to install the wide band gap

cathode stack upstream of our device. The conceptual design is drawn in figure 5.2(c).

(a) (b) "

Photoanode

e

A< 600 nm
Sun light

Figure 5.2 Cathode potential compensated full cell devices. (a) multijunction photoelectrode with semiconductor-
liquid junction, (b) dye sensitized solar cell supported photoanode, (c) suggested model.
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5.2.5 New photoanode materials search

In this research, single crystal silicon was used as the light absorption layer. Although crystalline
silicon is the dominant material for solar cell, silicon accounts for the majority of cell cost and the
development of low cost silicon wafer alternatives is a practical challenge. Analogously to solar cell, the
crystalline silicon is likely the issue in photoanode. Therefore, it is desirable to search alternative
photoanode materials with competitive cost.

Silicon photoanode produces high photocurrent due to the large built-in potential in semiconductor to
liquid junction. This comes from the matching position of semiconductor valence band and oxygen
evolution potential. Therefore, semiconductors with valence band near 1.23 V vs. RHE would be
appropriate. In this standpoint, it is believed that amorphous silicon(a-Si) and cuprous oxide(Cu,0)®
might be good candidates.

5.2.6 New catalysts search

Although iron-oxide showed a good catalytic functionality in our experiment, it is not believed ‘the

best’ catalyst available. From researches,® > 7

when iron-oxide was decorated or compounded with
certain components, the performance improved, occasionally, greatly. We have limitation that the catalyst
must be semiconducting or nearly insulating with low doping density, but not too low to transfer the
carriers. Since there are many transition metal oxides with semiconducting properties, it is very probable
that catalyst with better activity could be found, especially, in the group of cobalt, nickel and iridium

oxides.
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Chapter 6 Appendix

6.1 Light absorption calculation

To calculate light absorption by formulas in equation 4.2, refractive index values must be obtained

first.

Iron-oxide: reference®®
Silicon: Filmetrics refractive index data base (http://www.filmetrics.com/refractive-index-
database/Si/Silicon, last verified on June 16, 2011)

Water: reference’®

For calculation, the data were appropriately fitted and plotted in figure 6.1.

(a) iron-oxide n

n = pl*x® + p2*x* + p3*x® + pa*x* + p5*x + p6

pl=1.432%10"
p2 =4.671*10™°
p3=5.671%¥10"
p4 =-3.067*10"
p5 = 6.605*107
p6 = -7.245*10”

22 r r r r r
400 500 600 700 800 900 1000

Wavelength [nm]
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(b) iron-oxide k
k = p1*exp[-{(x-p2)/p3}’] + pa*exp[-{(x-p5)/p6}’]

pl=0.4974

p2 =394

p3 =142

p4 = 6.735*10"
p5 = -2.841*10"
p6 = 5299

0.7 T T T T T

r r r r r
400 500 600 700 800 900 1000
Wavelength [nm]

(c) silicon n

5.6 T T T T T
n = pl*exp(p2*x) + p3*exp (p4*x)
pl =198

p2 =-0.012

p3=3.96

p4 =-8.192*10"

36 r r r r r
400 500 600 700 800 900 1000
Wavelength [nm]
(d) water n
5.6 T T T T T

n= p1*x6 + p2*x5 + p3*x4 + p4*x3 + p5*x2 + p6*x + p7

pl=1.951*10"°
p2 =-9.029%10™"
p3=1.737*10"
p4 =-1.785%10°
p5 = 1.04*10"
p6 = -3.297*10°
p7 = 1.821

3.6
400 500 600 700 800 900 1000

Wavelength [nm]
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Figure 6.1 Fitted refractive index.

Using this information, the light absorptance was calculated by following MATLAB codes.

for u=1:300
x=399+u; %wavelength lambda

%Water

pl=1.951e-018;

p2=-9.029e-015;

p3=1.737e-011;

p4=-1.785e-008;

p5=1.04e-005;

p6=-0.003297;

p7=1.821;
Ni=p1*x"6+p2*xA5+p3*xN4+p4*xA3+p5*xA2+p6*Xx+p7;

%lron oxide

p11=1.432e-013;

pl12=-4.671e-010;

p13=5.671e-007;

p14=-0.0003067;

p15=0.06605;

p16=-0.07245;
n=pl1*x"5+p12*x " 4+p13*x"3+p14*x 2+p15*x+p16;

p21=0.4974;

p22=394;

p23=142;

p24=6.735e+011;

p25=-2.841e+004;

p26=5299;

k=p21*exp(-((x-p22)/p23)"2) + p24*exp(-((x-p25)/p26)"2);

%Silicon

p31=198;

p32=-0.012;

p33=3.96;

p34=-8.192e-005;
ns=p31*exp(p32*x)+p33*exp(p34*x);

%definitions

d=20; %film thickness(nm)
q0=2*3.1416/x;

del=g0*d;
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m=n+k*i;
ri=(ni-m)/(ni+m);
lambda(u)=x;
gamma=exp(i*m*del);

%iron oxide/silicon

rs=(ns-m)/(ns+m);
rbar=(ri-rs*(abs(gamma))*2)/(1-ri*rs*(abs(gamma))*2);
tbar=(1+ri)*(1-rs)*gamma*exp(-i*ns*del)/(1-ri*rs*(abs(gamma)”2));
A(u)=1-(abs(rbar))*2-ns/ni*(abs(tbar)*2);

end

plot(lambda, A)

6.2 Light reflection at the interface for IPCE calculation

For IPCE calculation, the same materials data and formulas to section 6.1 were used. Following are
the MATLAB codes for the reflections(air/substrate, air/water and water/substrate) and light intensity at
substrate.

for u=1:800
x=399+u; %wavelength lambda

%Water

p1=1.951e-018;

p2=-9.029e-015;

p3=1.737e-011;

p4=-1.785e-008;

p5=1.04e-005;

p6=-0.003297;

p7=1.821;
Ni=p1*xA6+p2*XA5+p3* XA 4+p4*xA3+p5*XA2+p6*x+p7;

%lron oxide

pl11=1.432e-013;

pl2=-4.671e-010;

p13=5.671e-007;

p14=-0.0003067;

p15=0.06605;

p16=-0.07245;
N=pl1*x"5+p12*x " 4+p13*x"3+p14*x 2+p15*x+p16;
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p21=0.4974;
p22=394;

p23=142;

p24=6.735e+011;

p25=-2.841e+004;

p26=5299;
k=p21*exp(-((x-p22)/p23)"2) + p24*exp(-((x-p25)/p26)"2);

%Silicon

p31=198;

p32=-0.012;

p33=3.96;

p34=-8.192e-005;
ns=p31*exp(p32*x)+p33*exp(p34*x);

%Air
nAir=1;

%definitions

d=20; %film thickness(nm)
q0=2*3.1416/x;

del=g0*d;

m=n+k*i;

ri=(ni-m)/(ni+m); %water incidence
rAir=(nAir-m)/(nAir+m); %air incidence
lambda(u)=x;

gamma=exp(i*m*del);

%air/water
Rairwater(u)=((ni-nAir)/(ni+nAir))"2;

%water/iron oxide/silicon

rs=(ns-m)/(ns+m);
rbar=(ri-rs*(abs(gamma))*2)/(1-ri*rs*(abs(gamma))*2);
tbar=(1+ri)*(1-rs)*gamma*exp(-i*ns*del)/(1-ri*rs*(abs(gamma)”2));
Awatersub(u)=1-(abs(rbar))*2-ns/ni*(abs(tbar)”2);
Rwatersub(u)=(abs(rbar))*2;

%air/iron oxide/silicon

rs=(ns-m)/(ns+m);
rbar=(rAir-rs*(abs(gamma))"2)/(1-rAir*rs*(abs(gamma))”2);
tbar=(1+rAir)*(1-rs)*gamma*exp(-i*ns*del)/(1-rAir*rs*(abs(gamma)*2));
Aairsub(u)=1-(abs(rbar))*2-ns/ni*(abs(tbar)*2);
Rairsub(u)=(abs(rbar))"2;

%final incident light intensity to substrate
Isub(u)=(1-Rairwater(u))*(1-Rwatersub(u));
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end

plot(lambda, Rairsub)
ylabel('Reflectance, Air/Sub')
figure

plot(lambda, Rwatersub)
ylabel('Reflectance, Water/Sub')
figure

plot(lambda, Rairwater)
ylabel('Reflectance, Air/Water')
figure

plot(lambda, Isub)
ylabel('Intensity(max=1) at substrate')
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