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Abstract

This thesis presents an integrated study of high efficiency prudemfor water splitting using
silicon and iroroxide. The fundamental limitations of silicon to water splitting applicatimere
overcome byan ultrathin ironroxide film stack andh pH-adjusted electrochemical environmelitwas
experimentally demonstied that this functional photoanotlasvery strong photoactivity exceeding the
performance ofpreviously reported systems A complete theoretical explanatios provided with
experimentakubstantiation

Two major obstacles dhe applicationof silicon to water splitting ardts high valence band edge
and the lack of catalytic functionality. The solution for band edge mismatch is to fatiigatrique pH
response of silicon with respect to electrolyte pld.opposedo thelow pH, ahigh pH electroly¢ allows
the silicon valence band edge lie locatal below the oxygen evolution potential, providing physical
platform forthe water oxidation reaction. In this platforitihe introduction of ahin irorroxide layer was
proved to effectively catalyze the anode reaction which is otherwise impossible. The very thin film
enables the separation of the two key functionghef photoelectrode: photocarrier generation and
catalysis. Since the ireoxide film has a very lowabsoption of incident light, phorocarriers are
generated irthe silicon layer, while the surface still maintains catalytic functionality. By this functional
separation, it was possible to overcome theilossrred by poor electronignd photovoltaic properties of
iron-oxide The thin semiconducting film also allows a space charge region to span beyond the catalyst
layer to silicon, inducinga large builtin potential to lowerthe required overpotential. Additional
improvement was madby 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 cuspet¢ntial slopes were steepdneesulting in current density as
high as 17 mA/crhat zero overpotential.

These results were obtained witio of the most abundant materiags)d as suckhows the prospect
of an efficient soladriven water splitting pathway. In addition, the compretiee theoretical
explanations will contribute to searchifay further systenimprovements
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Title: Associate Professor ddechanical Engineering arddedia Arts and Sciences
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Chapter 1 Chemical fuel and solar water splitting

1.1 Renewable chemicafuel

&Energy crisi®é became a word we hear on daily basifie vulnerability ofenergy resoue
pricegmostly fossil fuelshas been increased in last decaddthough there are debates about the origin,
reserves or speculatignit is obvious that the energies based on physicaimodites will be more
expensiveor even depletedih the future To overcome this appareanhd predictablerisis, there are
intense researches on alternative eieardflajor philosopliesbehind these approacheare sustainality
and ubiquitousnes® supply energy eternally with domestic resourddwerefore, natutly harvested
energies are thereferredforms such as solar, windnd geothermalenergies.These primary energy
resources are hard to be used as they are, but must be converted to useful and convenient secondary forms.
Also these atural energy sourseexist as low density forms in residential area, as a resalhetimes
requiringextreme environmenter maximizedefficiency. Solar energy facilities in desert or wind farms
off the seashore are good exampleae to these reasonslectricity is typically generatedn siteand

readilydistributedthroughgrid systemThen, why should we be bothered to deliver chemical eserg

1.1.1 Necessity of renewable chemical energy

Figure 1.1 shows primary energy use expectation by-esd sectoin United State$ 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, aridffenergies. A good example is
transportationwvhich accounts for more than 25% of total energy consion as shown in figure 1.1
Also, emergencyacilities, physically isolatednstallations and madle appliances require energy storage
media foroffline operatios. This means proper measures should be devised to compensate the demands

for offline operatiosin addition to online energies which are represented by eleciitysystem
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Following figure 1.2 shows a list of storage media and their specific energies.
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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 figurd.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,
bateries areappropriatdor portable appliances like electronics.

There are ongoing trials to extend the usage of batteries into more energy intensive applications such
as transportationln reality, manyvehiclesusing battery or hybrid powertrain are kgideveloped.
However, as shown ifigure 1.2, athoughresearches havedeveloped high specific energy batteries, still
their energy contents aneuchlower than conventionathemicalfuels, therefore the usage is limitdebr
example, modern passenger satypically generates well above 100 horse poodput which is about
75 kW. Considering laptops with well below 100 W specification, this is about three orders larger number.
This manifests thaturrent battery technologies cannot completely satisfygy demand®sf exemplified
ground transportatiorhis iseven moreroblematic 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 ofreplacingchemicalfuels with batteries is still premature in energy intensive fieRkstueling
is another issue in practical operation. While chemical fuel can be filled up within minutes, battery
recharging takes hours of continuous plugging. Long tegradation of battery increases the overall
operation costs, too.

Since grid systems and batteries cannot completely compensate the needfiinforenergy

applications, the development of renewable chemical fualiisdispensiblaask

1.1.2 Types and poduction methods of renewable chemical fuels

Potentially availablehemical fuels include hydrogen and synthetic hydrocatdgdrogen is one of
the most primitive chemical fuels. It is versatile, for example, as a burning gas, it can be directly fed into
combustion chambelOr, 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. Sintiguefied hydrogen requires extremely low temperature,
practical storage is compressed gas or alloyed phbaseigh chemical bonding. Former method
accompanies safety issue, and for latter solution, the techeskrg still in early stageTherefore, the

use ¢ hydrogenand the discussion of storage should be recksmadltaneously
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Another candidateis hydrocarbonliquid fuel, which includessynthetichydrocarbonand alcohols.

They are stable inormalconditions,and thevolume specificenergy is higher thaany other chemical
energies, minimizing the concern on storagewever, as we have experienced, the carbon contents emit
carbon dioxide, a major green house gas. Thereferwableapplication requirescarbon dioxide
captuing andrecyclingtechnologes, too.

In fact, synthetigorocesse®f hydrogen and hydrocarbdrave many aspects in common. Notably,
water splittingis in the core of the processes to generate hydrogen(or proton). Hydrocarbon is synthesized
by follow-up steps whie 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, elelgtsis, thermolysis and phugynthesis.

Electrolysis uses electricity to decompose water molecule into oxygen and hydvdigemhigh
enoughelectric potential is applied, anode oxidize water molecule into oxygen and proton, while cathode
reduces the proton into hydrog@etails will follow in sectionl.2) In thermolysi¢or thermochemical)
reaction® the liquid water is heatedypically abose 2000 °C, then intrinsic bonding of water is broken
resultingin various phases of hydrogen and oxygen atomic compounds including hydnotezule In
photosynthesiswater is decomposed by electron transgfmough photosystem | and Il withe help of
catalyst Most of the bio organismsubsequentlyproduces oxygen and proton compound(NADPH),
however those organisms containispecially designettydrogenasé or under cedin conditions, can
dominantlyproduce hydrogen

Above classification is based on the processes. However, the advantage of certain process is rather
dependant on thigpe of primary energy source. When it comes to solar energy which is overwhelmingly
abundanh and renewable than any other forms of energy sothieegomparison between electrolysis by
photovoltaic devices and photosynthesis by bio organisrpartgcularly popular but controversiallhe
complexity generally originates from how to calculatettadl investment and opportunity t@sHowever,
in the context of fundamental energy storage efficiency, photovoltaic system is said to have a clear
advantage over photosynthe$ialso, dthough solarthermahemicalproductionmight be competitive
with solarelectrolysis under certain reactighthe uncertainties in the intermetiigprocesses as well as
materials challenges against the extreme temperature generally gives advantage to electrolysis over
thermolysisln these considerations withéolar basetiechnologes, photovoltaicelectrolysis isstimated

to beeconomically more promising than other methods.
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1.1.3 Hydrogenfor hydrocarbon synthesis

In sectionl.1.2 the problem of hydrogen storage was briefly mentioned. Although hydrogen has
excellent mass specific energy, its low density gives hydralertitle of the worst volume specific
enery media Also, the explosive nature raises a safety concern for stofajens like hydrogen gritl®
cannot solve the fundantl problens, rather hamper the meaning as a portable faethis respect,
syntheticliquid hydrocarbormade of hydrogeis 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 productweydroa 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 organisthdn this case, without dedicated hydrogen
production process, the protons are directly usegtdwa biomass during photosynthesikhis kiofuel is
largely classified into bioethanol and diesel Bioethanol is mainly produced by fermentatiof sugar
rich plants, while biodiesel is produced by transesterification process of oil extracted fiach cilops
or microalgae. These bio processes, seemirgglgwable and environmentally friendly, raise continuous
debates about the effectiveness.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 beéderedguantitatively
there are a lot more issu@ghose metrics have not been established yet, such as the side effect of
plantation. Although microalgae may bdetter optioron these issues, scaled up application of biofuels
needs further investigatiat this moment.

Assuming there is ample supply of hydrogéime chemical process for synthetic fuels can be
implemented.Until now, the most successful and scalable method is Fidabesch(FT) method:™

Figure1.3"> **describeshe schematic diagram of the FT process.
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The chemical ingredient is syngas, that is, carbon monoxide and hydrogen. By controlling the
reaction environment, long hydragban chain(typically €1 C;s) can be synthesized. This process is
being commercially operated in countries like South Africa effectively producing about 800,000 barrels
of liquid hydrocarborper day.One of the important advantages of FT process iréeelom of carbon
source sinceit requires carbon monoxide which can be easily derived from various sources. Although
coal and natural gas are currently usedhasprimarycarbon sourcg many prospective carbon dioxide
recycling processes can be implettel to supply carbon monoxidfeln the mean timethere should be
viableand recyclablgath for hydrogen supplyvhich does not exist ye€urrently, hydrogen is obtained
by reforming carborontaining reources. However, the large amount of carbon dioxide generated as the
byproductof 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 9 can be enhanced, which makes FT process more ecorfimsdamplies that
renewable hydrogen generation can contribute to carbon neutral economy while still allowing the

consumption bhydrocarborfuels
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1.2 Overview of Dlar water splitting

1.2.1 Electrochemical water splitting mechanism

In this section, a fewgeneral electrochemical concepts, especially regarding semiconductor
electrochemistry>*’ will be presentegwhich are the basis for semiconductor solar water splitfihgn,

themechanisnfor this specific reactias water reduction andxidationwill be explainedn detail.

1.2.1.1 Electrochemistry at metallic and semiconducting electrodes

7777 /;r,z,g;wz//%;/'z,;; -

77777
Valence Band

—

Distance Distance

(al METAL bl SOLUTION (e} SEMICONDUCTOR

Figurel.4 Energymodels of metal, electrolyte and semiconductor

Figure 1.4 describesbasic energy modelof solid electrodes and liquid electrolyte. In solid
electrode, energy band isodeledfrom atomic energy levef ®lsolaid atoms have discrete levels of
energy. However, in solid phase, numerous atoms locate side by side, making overlapped energy levels.
Due to the Pauls exclusion principlethe overlapped energy levels can no longer possess their original
energies, butlightly shifted. This eventually forms pseudontinuous energgundle, called energy band.

The band normally occupied by valence electrons is called valence band, while generally unoccupied but
excited statesenergy bundle is called conduction band. Depending on mateataimic orbital, there
could be forbiddergap between tesevalence band and conduction batldhe gap is negative, that is,

if the two bands overlap, it is metallendalways conductig. In contrast if the gap is largely positive,
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typically more than 3 eV, it is insulatintn most of the conditiongpsulatordoesiit flow current. The set
of materials in between metal and insulator is called semiconditdb@comes conductive condihally.
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 modifidy doping exotic atoms which donate or accept electrons. The
energy level in which there ab® %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 positithsadjacent atomsTherefore,
only electros can travel through this atomic network. However, in liquid electrolyte, elect@amnot
travel. Instead, only ions can move atairy chargesThereforewhen the ionic species are brought into
contact withsolid interfaces like metal, they experience reduction or oxidatince the types of mobile
carriers must be converte@he tendency ofeductionand oxidation(redoxyaries dependg on ionic
species. Some ions show very strong oxidizing behavior, while others have strong rduinziaipr
This energetictendency is quantitativelyinigue on each redox coupleso can be expressed as a
correspondingelectric potential. This is called standard electle potential or redox potentideqoy). In
more precise view, the energy levelsaagedox couple are located slightly apart from each other, and are
also probabilisticfunctions. Therefore, the energy level of equilibrated prdinabs termed asedox

potential. Thissoundsconceptually very similar to Fermi level of solid electronics, and surprisingly, it is.

(a) ] I (b)

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



Figure 1.5" describes electrochemical reaction in a metal electrode. Assiiaimngjlevel of metal
electrode is lower than redox potentifilen the redox couple tendsilosed electrors to electrode. Since
themetallic surface hasigh carrier cacentrationthe carrier distribution of metal i@raltered. However,
in liquid side, the chemical reaction increases the number concentration of certain polar ions. This
inhomogenietycreates electric double layer, called Helmholtz double layer. Thinhtdlz layer makes
liquid version offispacechargeregiord in which electric fieldexists As a resultthe reaction continues
until Fermi level of metal and that of liquid(that is, redox potenéied) equilibrated

Semiconductor electrode has limitedrrier concentration, typically lower than electrolyteigon
concentratior{fFrom now on, unless specifieGsemiconductdidenotes nondegenerate semiconductor.)
Therefore, when semiconducteomes into contact with liquid electrolyte, initially the camsiare
exchangd. The relative position of redox potential aedergybands determines the directidtowever,
the semiconductor carriers are soon depleted. Similar to semiconductor to metal donthet,
semiconductor is formed band bending over widacepcharge regigrwhich is much wider than
Helmholtz layer thicknessThis reactioncontinues untilequilibrium at which carrier concentratisrof
electrode and liquidre equal, as described in figule6.'® Note the different mobile carriers of valence
band(hole) and conduction bgetkctron) Anode reaction is driven by semiconductor valence band,
while cathode reaction grivenby conduction bandrigurel.6 shows hole transfaverwhelms electron
transfer in Atype semiconductor. If additional potential is given to the semiconductor, the space charge
regioncanvanish. This potential is called flat band potengiglisthe casen solid junction andthe flat

band potential givethe information about semiconductor band quiggitions.

vB

(a) (b) (c)

Figure 1.6 Semiconductor electrod®nd electrolyte junction diagrar(a) before contact, (b) equilibrium and (c) flat
band condition.
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As vacuum is arbitrarily used asstandardenergy levein solid state physigsreference electrodes
can bechosen to set a standard sdaleconvenienceTypically, redox potentiabf stable redox couplis
chosen, such as normal hydrogen electrode(NHEyhich 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 figurk 7. Tablel.1describes selected redox potentials of well known redox cotfples.

I | I I Vacuum level
0 1 2 3 4 5

< > 4.44V (fixed)
I I Normal Hydrogen
Electrode (NHE)

2 1 0 1 2

—> «— 0.197V (fixed)

| | | Ag/AgCl electrode

-2 1 0 1 2
<€<——> 0.0591 x pH

Reversible Hydrogen

] Electrode (RHE)
-2 -1 0 1 2
€«——> 123V (fixed)
RHE Oxygen Evolution
Potential (OEP)
Figurel.7 NHE and energy scales

Half-reaction E° [V] Half-reaction E° [V]
Kr+e=K -2.93 Ca++ 2= Cd 0.4
Nat+e =Na -2.71 GeQ + 2H + 2= GeO + kD -0.37
Mg2+ + 2e- = Mg -2.36 CwO + HO + Z = 2Cu + 20H -0.37
Al3* + 3e = Al -1.68 In®+ 3e=1In -0.34
Tizt+ 2e = Ti -1.63 Niz* + 2e- = Ni -0.23
SiF&- + 4e = Si + 6F -1.37 HPO# + 2H* + 2e- = HPO3- + H,0 -0.23
TiO + 2H + 2e = Ti + BO -1.31 Si + 4H + de = SiH; -0.14
Mn2+ + 2e- = Mn -1.18 WOs + 6H + 6 = W + 3HO -0.09
S04 + 2e + H20 = SO8+ 20H -0.94 2H*+2e = He 0
SiQ + 4H + 4e = Si + 2HO -0.91 Cw++ 2e=Cu 0.34
Cr++2e=Cr -0.9 [Fe(CN)]? + e = [Fe(CN}]+ 0.36
TiO2* +2H* + 4e = Ti + HO -0.88 O + 2H:0 + % = 40H 0.4
2H,0 + 2 = Hp + 20H -0.83 Cu+e=Cu 0.52
Znet+2e=27n -0.76 I+ 2e =3I 0.54
Ga&*+3e = Ga -0.53 Fe* +e = Fer 0.77
Fe2t+ 2e = Fe -0.44 O + 4H + 4e = 2H0 1.23
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Cr++e =Cp* -0.42 Cb + 2e = 2Ct 1.36

Tablel.1 Redox potentialsV vs. NHE.

1.2.1.2 Water splitting reactions at anode and cathode

In tablel.1, two water splitting half reactioraepresented with their redox potensial

When H activity is 1(pH=0):

Cathode2H" + 26 @ Hy(g) (0 V vs. NHE)
Anode:O,(g) + 4H" + 462 2H,0 (1.23 V vs. NHE)

When OH activity is 1(pOH=0):

Cathode2H,0 + 2é2@ H,(g) + 20H (-0.827V vs. NHE)
Anode:0y(g) + 4€ + 2H,O0 240H (0.403V vs. NHE)

Equationl.1 Water splitting reactions

Vv

B
EE .2 e—

e
_/// 4H,0+4e > 4OH+2H, |
~ —_ L i

/ 4OH+4h* —» 2H,040,

Semiconductor Flectrolyte Metal electrode

Figurel.8 Water splitting diagna on energy level consideration

In ideal condition, we need two electrodes with 1.23 V potential differgigeee 1.8) Anode
donatesholes to water moleules, thereforeproduces oxygen gas and pratomheseprotors arereduced
at cathode by higr potentia{1.23 V) electrons

However, there are several nmealities in real operation. The first is thermodynamic I8$sedox

potentia) the reactions arim equilibrium so neteaction ratés zero. If smalperturbation from the redox
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potentialis applied tothis electrode either reduction or oxidatiorstarts to be enhanced, but the net
generation is still very smallhat is, the redox potential only describes the point one reastog to be
observable, but does not provide any clue of kinetics. Therefore, to achéanmgful current flow, we

need moredriving forc&l more potential than required redox potential should be added. This extra
potential is called overpotential. Then, corresponding cuyivaliitcell reaction)is formulated adTafel

equation

io: exchange current density
U charge transfer coefficient
z valence number

g: electron charge

k: Boltzmanris constant

T: temperature

d: overpotential

Equationl.2 Tafel equation

To enhancehe reactiors, anodepotential must be lowered(shifted toward positive potential)
precipitate hole transfer to electrolyt@hile cathodepotentialmust be raised(shifted toward negative
potential) forbetter electron transfer to electrolykégure 1.9 showsnet current, which is anodurrent
minus cathodicurrent,which is called ButleiVolmer equationas a function of overpotential for water

splitting reaction?
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Figure1.9 Current density vsoverpotential for watesplitting

Second consideration is the reaction compleXity.contrastto simple reactionan which only
electrons are exchangedome complex reactionsinvolve reconfiguration of chemical bonds, or
intermediate states. Although reactants and products are energetically stable, intermediate rpayducts
not be stable due tioigh energy bonding stateBherefore these types of reactiotsve high activation
potential which retardsoverall reaction. Water splitting anode reaction is one of the most difficult
reactions’® To extractproton one of the @H bond must be broken from water molecule which is very
stable. At the same time, two ofete O-H intermediate must be located in close distance(by
probabilistic chance), followed by @ bond. Finally, remaining hydrogen atoms leave from this
secondary intermediatdhis complex naturd electros and 4 protos cascadeeactions and physical
proximity limitation- makes anode reactiomboly graild of electrochenstry. This complexity inevitably
comes with high overpotential requirement resultingririrdrinsicloss. Thus, it is essential to introduce

catalyst.As described in figurd.1Q catalyst can form temporary bond with high energy intermediate,
effectivelylowering the free energy.

25



> =4

Figure1.10 Water splitting catalysisf anode reaction

Since catalyst nesdto make bridge with dangling bond of ionic species, transition metal
compound are preferred sinceheir electron configuratiomiare easily changed byatbital; generally a
transitions metal has several oxidation states. In addition, other factors such as lattice distance and crystal
direction also affect the activity. Typicallgoodcatalytic functionality has been shown in noble metals or
their compoundsncluding platinum, ruthenium and iridium. Recently, low cost cataljsive been

developed like cobalt phosph&té°and nickel boraté®

1.2.1.3 pH dependency

Although redox potentials aranique at a given conditioprthe values change with respect to
electrochemicaénvironment Indeed, reduction and oxidation are chemical reactemgshanging molar
concentrations of the participants changesrespondingchemical potential, whichresults in new

equilibrium point. This relationship is formulated asrist equation:
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E.eq: reduction potential

E%q standard reduction potential
R: universal gas constant

T: temperature

Z valence number

F: Faraday constant

&.q. chemical activity of reductant
a,x chemical activity of oxidant

Equationl.3 Nernst equation

The slope of RT/Rt standard condition is 0.05%1 and if a reaction follows redox potential change
of 0.0591 V per log concentration, it is said to follow Nernst relafiorcase of water redox reactions,
since oxygen and water concentration is assumed cortsiaptptonconcentrations the solevariableof
the reaction potential, whiatan be expressed by s in equatiod.4and figurel.11%’

Cathode2H" + 26 2 H,(g) (0 V vs. NHE)

E=0- 99%0g 1 - 00591pH
2 (a,.)
Anode:O,(g) + 4H" + 462 2H,0 (1.23 V vs. NHE)
E=123- 0'0591C"I)og 1 - =1.23- 0.0591pH
4 (a,.)

Equationl.4 Water redox potential in terms of pH
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Figure1.11 Water pourbaix diagram

1.2.1.4 Semiconductor photoelectrode

Photoresponsive semiconductors can genemtetovoltages Photoelectrodes are engineered
semiconductor cells to generate desired photovoltagest@msaipply this electricity to electrolyte.
Therefore, the first consideration is semiconductor energy band gap and band edge positions. As
described irsectionl.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, minimutmand gap of 1.9~2.0M&" is required.Since this is visible
wavelength rangen which majority of photocell researches d@oeusing seemingly photocells can be
readly implanted for photoelectrodes fabricatidtiowever, thenature ofelectrochemical operaticedds
more complexcriteriawhich are unnecessarg 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 wateratéztupotential.

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 environmestimit the spectrum of usable semiconductors.

28



20| 20, K120, SO, TIO, ZnS CdS CdSe GaP SIC S  MoS, WO, Fe,0,

~-1.0 CHE ¢ 9 v ]

T < ¢ l ' l

- | HoH
|:|EJ 1.0 | } 1 | .
Z 20 i 0%H,0
@ »

>

>

o 111][

50 34 32 30 36 24 17 225 30 11 175 28 23eV

Figure1.12 Various semiconductors band edge positions

Figure 1.12® lists band gap energies and band edge positionssetécted photovoltaic
semiconductors relative to the water redox potentl pH=0. High efficiency compound
semiconductors(ltV or 1I-VI) are typically prone tocorroson in water environment. Therefore unless
special protective layer is combined, long term ofenais easily compromisedn this reason, oxide
semiconductorhiave advantagdue to their exceptional stabilitjput in many cases, they are suffered
from inferior photovoltaic properties such as wide band gap or poor electrical characteristics

Since tis hard to satisfy all the requirementsingsingle semiconductor material, heterojunction or
tandem cellconstructionis currently preferredBased onthis heterojunction conceptesearchesave
been split intgohotacathodes anghotanodesOn each igle, optimum materials and structures are being

sought to maximize photocurrest half cell reaction.

1.2.2 Previousresearches

Since the landmark research of the Tithotocatalyst’ many efforts have beenrought intothe
performancamprovement of photoeletides. There are good reviews on various researches and topics
regarding photoelectrode fabricaticns® *** Here, some notable researches will be summarized.

For photoanode fabricatiotitanium oxide is still a popular material due to the chemictability.
However, its wide band gap, about 3.2 eV is a general problem since only ultrdigidlean be utilized.

To activate titanium dioxider its compound alloy like SrTifunder visible light, various catignwere
doped including/, Mn, Fe, Cr,SbandTa3**® Although these cations provide intermediate levels in the
forbidden band to allow visible light absorption, they also play as recombination centers which scavenge

excitedcarriers. To minimizehe adverse effect, fine control of doping level becomes very impoAant.
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an alternative method, anion dopihg® such as nitrogen and carbon was tried instead showed
improvement in visible light responses, which is believed to be less dftegtecombination.

Another issue in titanium dioxide is limited light absorpticepability Titanium dioxide suffers
from small absorption crossection In addition, the doping into titanium dioxide is typically difficult due
to low solubility, subsequentlyoverall light absorptioris low even though dopedn this problem,
nanostuctured Ti@can enhance the light absorption by light scattering inside the matrix, resulting in
increased absorption cressction. Also, photogenerated carriers amigd to travel short distance in the
range of the shortest length scale of the nanostructure, therefore the chances that carriers are scavenged by
recombinationcould be minimizedFor this purpose, researchers fabricated ;Ti@nostructtes with
cation oranion dopingfigure 1.13a) and (b). and showed improved photocatalytic responses compared
to their flat film counterpart®> “°In addition, nanostructured heterojunction photoanode using Wi®
also fabricated. In this case, thin Liflm was deposited on silicon nanowires aresy/in figurel.3(c),
which allows improved light absorption as well as expansion of usable solar spectheatefmjunction

combinedwith narrow band gap semicondac**

& (Vve AgragCh

Figurel.13 (a) TiO, nano structurgvith cation doping, (b) Ti@nanotubes with anion doping and (c) Ticatalyzed
silicon nanowires.
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Tungsten oxide(Wg) is anotherinteresting metal oxide semiconductdior photoanode It has
narrower band gap(about 2.8 eV) than titanium dioxdd#gough WG, has the limitation that it is stable
only at acidic condition, the nanocrystalline structiigere 1.14% showed impressive
photoelectrochemical respon&es™ with high incident photon to current efficiencgince WQ
conduction band edge locates below hydrogen reduction poteatiglem structures along with dye

sensitizedsolar celf* or silicon solar ceff were fabricated to achieve direct water cleavage.

Photocurrent (m.'\fcm:)

T
02 04 06 08 1.0 12 14 1.6

Potential (V vs RHE)

Figure1.14 WQO; film and photaesponse acidic environment.

Recently, iroroxide(:Fe:0;, hematite) attracts a great attention apraspectivephotoanode
material®® It has the narrowest band gabout 2.1 eV)among popular metal oxidgemiconductorsis
well as generally goodhemical stability except strong aci@ihe biggest problems its short hole
diffusion length; it is known that hole diffusion lengghonly about2~20 nm.However, since doping is
found to effectively increasehe carrier density and conductivity the peformance of iroroxide
photoanode has been significantly improv@dpants includindgig, Cu, Zn(p-type), Ti Sn Zr, Si, Ge(n

type)’sa 4547
Fe site and donating carriers.

are well known for improving photoelectrochemical properties of-axide by substituting

In addition to electronic modifications structuralmanipulationhas been applied to iresxide.
Aluminumis not directly involved ircarrier donationbut Al doping helps ironoxide crystaktructures to
be directed into certain favorable w8y for example reduced Fee distance which precipitates
hopping. Also, similar to Ti@cases, nanostructured iromide improves photocarrier harvesting. Flake

like nanocrystdfigure 1.15a))°, dendite shapg or metastable phaséswere achievecby simply
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doping Si during chemical vapor deposition growi@ther trials includingiron-oxide coated
54, 55

nanonet(figure 1.18§)*> and 1D wires structurgfigure 1.15c)) were another approaches for
nanostructured ircoxide.

Surface treatments were also demonstrated to affect theoxide properties in various ways.
Fluoride treated iromxide experienced flat band potieh shift>® so no bias was necessary for water
splitting. Conventionalbut still robusto-catalyzing method also helps to decrease onset poténtial®
By thisway, high photocurrent more than 3 mAfchas been achiedeby iridiumroxide decorated iren

oxide(figure 1.15d))”".
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% dark currents

o8 1.0 1.2 14 1.6
VIV vs. RHE

Figure 1.15 Iron-oxide nanostructured photoanodés) flakelike nanostructure, (b) silicide nanonets coated with
iron-oxide, (c) ironoxide nanaviresand (d) photoresponse of iridiuaxide cocatalyzed iroroxide photoanode.

Cathode reaction requires much lower overpotentialargoreadily achieved by inerinetallic
electrodes. However, to practically replace high codilevmetak as well as to fatitate additional
potentials provided by photogenerated carriers, photocathodes are also expl@aseabghers. Although

photocathodes are also exposed to water environment, the hydrogeimg nature provides some
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protection against corrosianainly induced byoxygen.This allows more flexibility of materials choice.
For example, p-type silicon photocathodes decorated with platinfigure 1.16(a)) successfully

demonstrated high current density more than 20 mA7&mecently, cuprousxide photocathode with
thin zincoxide and titaniuroxide protection layeshowed high performance(> 7 mA/@mas well as

good stability for extended operation tiffigure 1.16(b)5’.

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

The structures described above are fundamentally semicondordiuid junction. Semiconductor
mobile carriers are directly interacting with icimsthe electrolyte On the contrary, there are groups of
researches using the structure of photocell condbiwéh electrolyzer. The photocell is made of
photovoltaic semiconductors. At each end of the photocell, current collectors(metallic electrodes) are
located and electrolysis catalysts aleposited on these electrod&metimes, the current collectors
themselves are made of catalysts like platinum.this structure, semiconductor photocells &urlty
hidden under the electrodekhis approactprevents corrosion by semiconductodiquid contact thus
allows suchsemiconductorss silicon and IHV semicaductorsas shown in figurd.17.°%°" Since high
performance photocells can be embedded, high photocunemtthan B mA/cn’ has beerachieved
using GalnR/GaAs/Pt stackwithout the necessity of additial bias for full cell reactiofi Even with
multijunction amorphous silicon solar celhd phtinum catalyst6 mA/cnt current density or 7.8 %
solarto-hydrogen conversion efficiency has been achieved.
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Figure1.17 Photocell and electrolyzer structufa) suggested basic scheme, (bMIsemiconductor system and (c)
multijunction IlI-V and silicon tandem cell structure.

The drawback of this structure is unavoidabtesss by catalyst overpotentialn case of
semiconducteto-liquid junction, upward(anode) or downward(cathode) band berafisgmiconductors
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, thainiquecurrent versus potentigharacteristiof the catalyst is inheritedegardless
of the photocell The high output of the photocathay overdrive the current curve resulting in high

photocurrent, busignificantamount of this electric output is wastecierdrive the overpotential.
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Chapter 2 Research outline

2.1 Overview

To pursuepractical pathway toward recyclabhgydrogen generatioby water splitting, both high
efficiency photoanode and photocathode must be developed simultandduslyto simplereaction
nature, cathode reactia@an be achieved &w overpotential using various commelectrodematerials
including metad and semiconductorsiowever, anode still needs a lot of improvemenherefore, this
research particularly aims to fabrieatnd characterize high efficiency photoanodeprevious chapter,
the concept and general mechanismsemiconductobasedsolar water splittingvere presentedln this
chapter, issueand planson practical photoanode fabrication will be discussed ranffiom materials
choice to physical construction.

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

on high efficiencysemiconductophotoanoddabrication.

2.2 Materials choice

2.2.1 Silicon photoanode

Silicon is widely used for photovoltaic applicatigsince it can absorb wide range of solar spectrum
up tonearinfraredlight. Also, high quality silicon of both crystalline and amorphous phase can be readily
prepared, which minimizdsss due to unwanted carrier recombinatidhe matured technologies well
as abundance in earttrust canmaintain production cost relatiye low comparedto other exotic
semiconductorsThese all advantagesake silicon an attractive option for photoelectrode

However, silicon is thought to be unsuitable for use as aewaplitting photoanode due tiwvo
reasons. One is the high valence band edge positioshown in figurel.12 silicon valence banddge
locates higher than oxygen evolution potential, which prahifiles from beingtransfered to water
molecule. Dued this fundamental problem, silicdras been generallysed as secondary layiartandem
cell instead of directiquid junction Other semiconductorsvhich haveband alignmentare typically

deposited on silicon arekposed to liquid electrolyte
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The keyto resolve this problem is the unique pEsponseof silicon. Most of metal oxide
semiconductors show Nernst relation with respect to thhit is,the flat band potential shift€.0591
V/pH. At the same time, water redox potential(both anode and catlstafes -0.0591 V/pH, too.
Therefore, the relative positions between semiconductor band edges and water redogmevel
unchangedegardless of pH. However, silicon behaves differently. lonic species tends to be adsorbed
silicon and altersrelative erergy leves,®® which is not observed in othesemiconductors. This
phenomenon induces lowered pH sensitivity in silicon than Neefation. In one research by Mad®u
the slopewas measuretb be about0.03 V/pH inFe(CN)* basedaqueouslectrolyte.Another reporf’
in NaCl electrolyte says the slope reaches as high as 0.04 V/pH and decreadhs paiat of zero
charge Although slopes vary slightly depending on electrolytethiey are flattethan Nernst relation. This
implies thatthe energy level mismatch between silicon valence band and oxygen evolution potential
would be decreasing at high pBonsidering photoanode operation is typically conducted at high pH for
better conversion activif§/ 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 dutitation
potential due to its reaction complexity. Wever, 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 oxidenis cannot be solved by silicon itself, boecessates another

catalyst layer. It will be discussedtimefollowing section.

2.2.2 Iron -oxide catalyst

As a photoanode materialionoxide, especially hematitEfFezog) is viewed as a promising
material due to its optimal band gap(2.1~2.2 eM)ijch covers abat 40 % of solar spectrum, and low
valence band edge position. Also, ifoxide has good chemical stability in wide ramf@H as sown in
figure 2.17® By introducing dopants, ecatalysts and compound alloys, its photoelectrochemical

properties are being improved@esscribed in sectioh.2.2
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Figure2.1 Iron oxide Pourbaix diagram

However, it is still in question whether ir@mxide possesses good catalytic functionality. Although
not many, there are reports regdjag the oxygen evolution performance of ioxide or its transition
metalcompoundoxides’® which result in poor performana®mparedo nickel or cobalt based catalysts.
However, these relatively thick film configurations are likely suffered by the intrinsic problem of short
hole diffusion lengthln reports™ >’ in which doping and nanostructure were applied to minimizéote
by short hole diffusion length, ireoxide shows decent to good performan&khough cacatalyst helps
to improve performance, te performance improvement made thys co-catalyst decoration isot a
exceptionally remarkableThis implies that well engineerediron-oxide can showfairly acceptable
catalytic functionalityamong alternative catalysts group to noble metals

Thereforejron-oxide and silicon hybrid photoanode will be the base structure of this research. Since
it is believed that the phatesponse of silicon is better than iroxide, our priority would be to dedicate
the role of iroroxide to catalysis. There are rep6fté aboutsimilar hybrid structure, which show that it
is possiblébut not enaigh to compete with other high performampt®toanodesto make a breakthrough,
we will conduct more irdepth investigation based on various parameters, which includes physical film
configuration as well as chemical compositions. Since doping is considerethance electrical

properties, titanium will be used as a dopant, which seems to woréirhesty reported elemerits’
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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 theoreticalipper limit ofphotovoltaicprocessperformance loss is expected to stem mostly from non
ideal aspects of silicoaubstrate. Fortunatelyremendous amount of researches has been conducted to
understand and improve electrical performances of siliandthis is one of the most imp@ant reasons
silicon possesses the dominance in photocell applications.

First considerationis Schottky contact between silicon and metal wiri@q the silicon surface,
there are many dangling bonds and defect sites compared to crystalline body. Therefore, this inequality of
carrier density contributeto spontaneous band bending, like upward bending-tfpe silicon and
downward bending of 4ype silicon. Common metals used in metallic contacvédaelatively large
workfunctiors.”® Therefore, although it is easy to find good ohmic contact metaldypepsilicon, rtype
silicon usually forms Schottky contadtherefore we need additical potential to overcome this Schottky
barrier, which means loss of potential.

The most effective method tminimize Schottkybehavioris to form shallow high doping lay&t.

When the doping level is high enough, spacegdaegion gets very thin, sarrier can readily tunnel the
barrier.To create shallow n+ doping, spam dopant will be used in this research. The process is simple
than ion implantationbut very effective especially when high surface doping levedéessary.

Second consideration is light absorption of silicon substrReflected light is directly the loss of
photogenerated carriers. Therefore, in photocell design, various structural solutions have been suggested
including anireflection layers andurface texturingUnfortunately, 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 sBeveralaspects. One advantage isreased surface areand as a
result, decreased current density per unit film area. As se&af@h equation, electrochemical current
density is exponentially affected by overpotential. Therefore, by decreasing current density, required
overpotential also decreases minimizitgrmodynamidoss. Second advantagetiee reduced carrier
diffusion path legth. As Atwater Lewis and coworkers prove?® high aspect ratio wire structure
requires the path length on the order of wire diameter. Consequently, unwanted @eorigsination 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 ¢ogtss respect, this research
will adopt avertical wires array for silicon substrate. Various microfabrication techniguelh as wet
chemical silicon etching and chemical vapor depositiihbe discussed and conducted to create large

area and uniformilicon wires array
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2.4 Experimental plan

Based on matials 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

Figure2.2 Cell structures in this research

For thefirst step, experimental conditions for functional woxide film deposition would be
searched. Té ultimate structure in figur2.2 requires conformal deposition of ir@xide. Among many
deposition methods, atmospheric pressure chemical vapor dep@¥h satisfiesthis requirement
with simple experimental setujphis CVD iron-oxide will be onn-type silicon since holes are minority
carriess for photoanodereaction. Initially, flat and untreated-type silicon will be used to measure
photoelectrocheril performanceand to see feasibilityCVD 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 ironfilm 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 performancéfterward, the observegphenomenawill be explained via analytical

measurements and theoretinaddeling
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Chapter 3 Silicon photoanode d evice 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 etchirigilicon wafer. However, as a potentially ceffective
method, CVD silicon wiregrowth 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 electrode were made of 4 n-type phosphorous dopedl100) direction silicon
wafer.(resistivity 5~25q-cm, thickness 500~55@m, Wafernej Front surface of thevafer was first
protected by photoresist(S1805, Shipley) spun at 2000 rpm and 40 seconds, followed biptdidingm
by 1 cm piecsusing diesaw(DAERH/6T, Disco Abrasive System)he piecesverecleaned in acetone,
isopropyl alcohdllPA) and finallydeionized watgbDIW) with ultrasonic agitation to remove photoresist,
organic contaminants and silicon particles generated during diiagbefore CVD, the native oxites
etched byl:10 hydrofluoric acid(HF, 496 wt., J.T. BakerpIW solutionfor 1 minute For temporay

storage, these cleaned pievaseplaced irsideanitrogen box.

3.2.1.2 Ohmic contactsilicon substrate

The wafers with the same specificatiorere used for ohmic hback doping.The wafers were
cleaned by organic solvenand HF. Front surfacavas protected by sphon glass(SOG, 1G200,
Futurrex) SOG was spun for 40 seconds at 3000 rpm, followedbbhking at100 °C, 60 seconds and
200°C, 15 minutes. Spion dopant(SOD, P509, Filmtronica)es spun on backsidaf the waferfor 40
seconds at 300@m. This wafewas baked for 15 minutes at 200.

Dopant diffusionwas conducted imn oxidation tubefurnacg6o diameter Lindberg)which consists

of three zones with measuring thermocoupleas flowwas controlled bymass flow controller8dFCs)
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to 6 liter per minute(lpm) nitrogen and 2 Ipm oxygdfirst, without wafer loading, the furnasesas
ramped up to 600 C. Then, quartz wafer casseseloaded in the furnace. Sample wafeeseplaced in
the center of the cassette, while 5 dummy walfiere place at both sides of the samples to prevent direct
gas flow to the samplegfter loading, temperatureras increased 100C every 5 minutes until 90TC,
and maintained for 30 minutes. After the diffusion, furna@s cooled down to 600C by natural
cooling,(measured cooling rate about°T@minute) and waferaere removed at this temperature.

After processSOD and SOGvere stripped byl:4 HF:DIW solution for more than 10 minutes. If the
waferwas supposed to be used for flat substrate, the wederdicel into 1 cm by 1 cm piesawith the
same process described in plain silicon substrate preparation. If thewaaftar wires array fabrication,

the full waferwas transferred to the next step.

3.2.1.3 Silicon wires array fabrication

Silicon wires arraywas fabricated by electroless chemical etchifig. see the differences, both
untreated wafers and’ mack doped wafersvere used to fabricate the array. All the topics regarding

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

3.2.1.4 Other substrate

To measure catalytic effect of iranxide film, other metallic substratesere also prepared.

25 mm by 25 mm indium tin oxide(ITO) coated glass qiket 15 ~ 25 ohm / squarthickness 1.1
mm, Delta Technologiesyvas protectedand diced into 1 cm by 1 cm pieces similar to silicon substrate.
Also, before iroroxide deposition, acetone, IPA and DIW cleanivege conducted.

Platinum substratevas preparedon oxidized siliconwafer(4o, (100) ntype silicon with 200 nm
thermal oxi&). On this wafer, 10 nm titanium and 20 nm platinunvas deposited by sputtering

machine(Orion 5, AJA Internationalfhe waferwas cut into desired size piec®r sample preparation.

3.2.2 Iron -oxide film deposition

CVD setup is home built onas shown in fiure 3.1, which adopts similar setups reported

elsewhergt &
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Figure3.1 CVD setup, picture(left) and schematic dag(right)

The setup iscomposed of two bubblers and thig€Cs(1479A, MKS Instrument). Bubbleese
made of 20 ml glass vials with rubber septum. Gas inlet is 18 gauge syringe needle with ethyl vinyl
acetate tubing(0.@31.D., 0.0 O.D., Microline) extendedto the bottom, while gas outlet is Tygon
tubing(0.2® 1.D., 0.37% O.D., Saint Gobain)At each bubbler, 10 ml of iron pentacarbonyl(Fe(£0O)
SigmaAldrich) and 10ml of titanium isopropoxidd(TIP, Ti(OCH(CHs),)s, SigmaAldrich) were
contained. lon pentacarbonywas chilled in cold water bath maintaidh at5 °C and titanium
isopropoxidewas in room temperatuf@0 °C) The carrier gasewere argon(iron pentacarbonyl) and
oxygen(titanium isopropoxide), respectively. The gas outlets from two bubideejoined by another
oxygen line, anadtonnectedo a glass funnéhn enlargingglassadapter, 14/20 to 24/40%as 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 carrlw rate was maintained the same,
however, titanium iropropoxide carrier flow rates adjusted. In this case, extra oxygen flow rats
also adjustedso total flow ratevas unchanged(610 sccm)

Depositionwas made on a hotplate surface. To minimize gerature variation over the heated
surface, a dummy silicon waferas placed on the hotplatin the middle of this wafewas placed a glass

support, which i25 mm widesquare assembly of 1 mm thick slide glass sheets as shown inFigure
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Figure 3.2 Detailed picture near hotplace surface. Two temperature measurement points, glass support and plastic
wall.

Temperature measured byermocouplds described in figur8.2 and table3.1 Due to airflow and
conduction in hotplate, the setting value and measured temperature show non negligible discrepancy. For
convenience, the experimental conditions wdiéscribe ésetting temperatur@ However, the real
temperature should read the corresfinpg measured valueExcept the parametric studies about

temperature, all the samples were prepar@b@tC setting temperature.

Setting temperature Measurement in point 1  Measurement in point 2
250 180 173
270 193 187
290 203 202

Table3.1 Measured temperatyrenit °C.

Sample substrat&vas put in the center, and the funnekas placed over the glass support for
designated timeTypically, the deposition timevas 10 minutes or less.

The wholesetupwas placed irmhood for safety reason since iron pentacarbonyl is toxic material. To
prevent thdluctuation byairflow, plastic wallwas installed around the hotplate.
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3.2.3 Device fabrication

Sample substrates with iraxide film was wired andpackaged by following processes. Firsie t
backside ofsilicon substratewas shortly(1 minute) cleaned by 1:10 PRV solution. Right after this
cleaning,7 nm aluminum and 50 nm silverere deposited in ordeusing thermal evaporatoBilver wire
with 0.5 mm diametemwas attached to the metal contact by silver paint(silver in MIBK, Ted Pella) and
dried for 30 minuteat 70°C. Afterward, silver wirewas insulated byl'eflon tubing, and wholassembly
wasplaced in a slide glass sheEpoxywas used to erapsulate all the back and side area for insulation
from electrolyte except irenxide film surfaceThe epoxy was cured for more than 2 hours at@.0To
remove organic contaminants, this dewvieas cleaned by ozone(Agiaozone generator, A2Z Ozone)
for 10 minutesFigure 3.3 shows thgicture ofcompletedievice.

Electric contact to metallic surfac®uld notbe made on the back side. Insteddring ironoxide
deposition part of the substrat@as masked by cover glass so metallic surfa@s exposed en after
iron-oxide deposition. Then, silver wireas attached to this exposed area with silver paint. Epoxy

encapsulationvas similarly conducted around this sample.

Iron oxide

Silicon

Aluminum
Silver —_—

Front

Figure3.3 Completeddevice.
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3.2.4 Electrochemical setup

Four different &ctrolytes were preparedby in-situ pH measureme(®evenMulti, Mettler Toledo)
Highest pHwas prepared by 1 M of sodium hydroxide(NaOH, Sigft@rich) in deionized water.(18
ohmcm) The measured pMas 13.8. Lower pHheeds only tiny fraction of NaOH, but in this case,
solution conductivity might be significantly lower than 1 M NaOH. To guarantee conductance, buffer
solutionwasprepared using 0.5 M disodium hydrogen phosphat&{R@&,, SigmaAldrich), and titrated
by NaOH solution to make pH 12 and Ithe pH of intrinsicNaHPQO, solution is around pH=8~9.
Therefore, tomakeacidic buffer(pH=6), potassium dihydrogen phosphKtd¢PQ,, SigmaAldrich) 0.5
M solution was prepared and tiied by NaOH solutionThesesolutes werechosen becaugbey arenert
in our operation potential.able3.2 shows the summarized electrolyte contents.

pH NaOH [molL] NaHPQ, [mol/L ] KHPQ; [mol/L ]
6 >0 0 0.5

10 >0 0.5

12 >0 0.5

13.8 1 0

Table3.2 Electrolyte contents

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

electrodes configuratiowas adoptedor electrochemical measuremerst shown in figre 3.4.
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Figure3.4 Electrochemical configuration

Our silicon photoanode was working electrode. Silvesilver chloridéAg/AgCl) reference
electrode(Pine Instrument) apthtinum wirewere used as reference and counter electrogspectively.
The three electrodesere connected to potentiostathich wascontrolled by PC. For general DC sweep
measurementDY2311 potentiostaiigi-lvy) was used while Reference60(potentiostgiGamry) was
usal for AC impedance measuremerihis whole setupvas placed undessolar simulator(Model 91194,
1300 W Xe source with AM 1.5G filter, Newport Oriel) calibrated to 100 m\WW/asing an NREE
certified silicon reference cell equipped with a BKvindow. The solarsimulatorwas warmed up for
more than 15 minutéa advancdo stabilize the output.

Unless specially mentioned, alinear sweep were conducted from cathodicegative) to
anodi¢positive) potentialat 50 mV/s rate Also, no particular gas purgg or stirringwere conducted

except gas evolution measurement experiments.
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3.2.5 Materials characterization plan

Micrograph imagesvere taken byscanning electron microscdi®=M, DB-235 dual beam machine,
FEI) with 45 degree stage tilting.

Crystallographic informationvas obtained from Xay diffraction(XRD, PANalytical X&ert PRO
MPD) with 45kV Cu KJ source. Thin film signawas too weak to identifythe meaningful signal
Therefore, thicker filtabout 360 nm thickyvas particularly prepared for XRD measurement.

Chemical composition and atomic bamgl information was analyzed by »ay photoelectron
spectroscopy(PS) measured by ESCALAB 250 XPS spectrometer(VG Scientifics) with 15 kVUAI k
source.

Electrical resistivig of iron-oxide film was measured bgemiconductor analyzewxith four-point

probes.

3.3 Silicon wires fabrication

Vertical silicon wires array plays a role as a substrate for photoanode catalyzed-byidenThe
requiredwire diameteiis not very smallfrom Atwater and colleaguésesearci? size range on therder
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 dalrication easiness in our limited facilities.
However, alternative method can be a good candidate. Notailyg vaporliquid-solid(VLS) CVD
method, high quality single crystal wires can be grown on selected area. Considering most of silicon
photocell ost attributes taingle crystal wafeproduction this VLS CVD can be a costffective option.

Therefore, following twosectionswill cover these twofabrication methods.Section 3.3.1 will
describe the processes for waseale vertical wires fabricatiomsing wet chemical etchind@ his array
will be exclusively used in this research as the photoanode substnat@eXt section, 3.3.B about
VLS-CVD wires fabrication. It is a separated project from photoanode fabricatiothebexperimental
procedure will give a good intuition about CVD processes. Additiondiypricationmethods fohighly
complex nanowire structuresill be presented. In fact, complex3B structurescould bebeneficial to
photoanode since it increases ligltatteringas well as grface arealt 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 silicoretching

Metal assisted silicon etching is an electroless chemical reaction. Wekh catalyst is making
intimate contact with silicon in electrolyte containing hydrogen peroxige{Hand HF, cathode and

anodeare locallyformedand following chemical reactiorcur®®

Cathode reaction(at metal):

H,O, + 2|‘FA 2H,0O + h*
2H + 26 A H, 9

Anode reaction:

Si+ A"+ 4HFA SiF, + 4H"
SiF, + 2HFA H,SiFs

Overall reaction:
Si+ HO, + 6HFA 2H;0 + H,SiFs + Hy ¥

Equation3.1 Metal assisted chemical etching

As a result, the silicoarea covered bgnetal catalyst is selectively etchéommonly, such metals
as gold, platinum and silver work well in this reaction.

Using this method, manyesearches omatterned silicon wires arrays have beeported®”®
Conceptually, patterned metallic filns prepared on silicon substrate by random metal deposition,
nanosphere lithograph or photolithography. When this substrate is subjecte@.tbifHsolution, the
pattern istransferred to the silicon substrate. By adjusgtapsedetching time, the etching depth can be
controlled*" **This method is simpland scalableand does not require complex facilities.

In this research, thenetal film will be patterned with optical photolithograptsince it is more

reproducible in micrometer sized rarthan othes.

3.3.1.2 Fabrication processes

3.3.1.2.1 Patterning

First, dlicon waferwas cleaned byacetone, IPAand 1:10 HF:DIW before photolithographyThis
waferwas dried for 10 minutes at 20@ on hotplate Shipley S1805 positive resigias spincoatedat
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500 rpmfor 5 seconddollowed by 5000 rpm for35 secondsPrebakewas conducted for 1 minute on
115 °C hotplate.Typically, S1805 followshexamethyldisilazarfelMDS) monolayercoating for good
adhesion. However, was sometimes observed that HMDS still remains even dé&eelopmentThis is
problematic because there should be no barrier between silicon and metal catalyst. To prevent this
possibility, no HMDSwas used in this process. This greatly reduttee adhesion between photoresist
and silicon substrate. Therefore, a careful handivag given to further processes, especially wet
processes.

Chrome mask tsregular 1em diameter circular dots pattern witheth centetto-center spacing.
The photoresistvasexposed using mask aligner(MAwith 365 nm iline lamp Karl Suss) for 5 secosd
which is about 50 mJ/chuose.For goodcontat, vacuum contact modeas selectedThis exposed resist

was thendeveloped by MFB21(Rohm and Haas) for 1 minwéth gentle agitation

Figure3.5 Photolithography pattern

Figure3.5 shows final patterns. The pattern integrity primarily degeh contact quality between
mask and substrate, amdiformity of incident light. Although special camgas paid to thehandling,
imperfect contact still hgpered due to dust particles and naniform photoresist layer(mainly air
bubbles during spin coatingyhe patternsvereislands in bright maskTherefore, when contact was not
good, light diffraction unintentionally exposé the center of patterns, resulting in volcanic shape.
However, thesare not fundamental problemsf photolithography It is believed that better process
control eliminateghis pattern noruniformity issue.
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After developnent, oxygen plasmaas used for decum, 100 Wfor 30 seconds. 30 nm gold film
was deposited by thermal evaporator and |Htdidin acetonewith ultrasonic agitation, followed by IPA
and DIW cleaningFinal film pattern is given in figurd.6.
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Figure3.6 Lifted-off gold film

3.3.1.2.2 Wet etching

Etching reactionprimarily occursat the interface between metal catalyst and silietowever, bare
silicon isalsoetched at very slow rate. In case of untreated silicon, this is notokeprosince silicon
wafer has uniform electric characteristic throughout the volume. Qeotiteary n” back doped wafer has
very shallowdoping layer(on the order of 10~100 nmihus, this layer must be protected before wet
etching, so a masking tapes affixed to the back side of wafer.

The patterned wafewith back side protectiowas immersed in etching solution containing 4.6 M
HF and 0.4 M HO,. Typical 1 liter solution consists of 163 ml HF(49 % wt.), 40.8 O30 % wt., J.T.
Baker) and DIW forthe remainderln this etching condition, 30 minutes etching produces abowsini0
high silicon wires array. When silvevas used ina substitution for gold, etchingvas generally faster.
However, silver filmfrequentlyformedvoids, so itwas hard to maitain pattern integrity. Therefore, gold
was exclusively used for etching catalyst.

After silicon etchingand cleaning in DIWgold film was removed by gold etchant(TFA, Transene)
for 5 minutes and rinsed in DIW. Since evaporated gold film tends to maielige non-uniform shape,
therewere narrow spinebetween wiresTo removetheseunwantedspines as well asontaminatioron

the silicon wires surfagehe siliconsubstratavas etchedn 50 % wt.potassium hydroxide(KOH, Sigma
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Aldrich) solution at 40°C for 15 secondsDuring KOH etching, silicon back sideas protected by
masking tapefrigure3.7 shows the completed wires array.
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Figure3.7 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@steffective measure for high quality semiconductor platform
not only for solar devic&s ° but various electronic componerits® In this section,bulk nanowire
growth mechanism angrocedurewill be presented first. This produces large area nanowires array which
is analogous to the array fabricated by wet etching in section 3r8.dddition, CVD allows very
selective growth. Threfore, in combination with secondary manipulation techniquasptex structure

fabrication methosiwill be introducedThe contents here could also boerid in reference¥: %

3.3.2.1 Overview of CVD nanowire growth
3.3.2.1.1 Mechanism

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

silicon, it is mostly explained by vaptiguid-solid(VLS) growth mechanism. FiguBeg8’’ describes VLS
scheme.
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Figure3.8 VLS nanowire growth mechanism

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

For optimalVLS growth of nanowirescertain conditions must be satisfie®ince 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 matef@herwise, unintended precipitation or catalyst

poisoning could happen. FiguBe9® shows the case of silicand gold.
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Figure3.9 Phase diagram of gold and silicon allayd silicon nanowire growth procesih gold catalyst.

Silicon forms simple eutectic alloys with many metals, which makes it a popular ¢bpi€&D
nanowire. Among those catalysts, gold is preferred due to its very low eutectic temperature, about 363
Low temperature is desirable because it prevents homogeneous decomposition of volatile chemical vapors
causing unirended deposition arucleation. This improves the selectivity, resulting in nanowire growth
exclusively on catalyst sites.

The control of morphology is mainly conducted by catalyst and substrate. Sincatahest size
determines th@anowire diameteas shown in figur&.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 etigrgetica
favorable crystalline faces depending on materials and the size regime. If a substrate has matching crystal

structure, itleads toepitaxialgrowth Figure3.10%'° 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 applicationsamowires arelso attracting a significant attention as a potential
nanoscale building block for future nanoscale devices or strucflinesscaling effechas already been
proven in manyanccaledevices. Howevelif the structure can bextendedrom simple 1D shapet3D
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 manipuitation
machining and deposition capabilitie¥herefore, v demonstrate focused ion beam(FIB) based
nanowire complex structures by two approaches.

First method is nanowire bending by FIB direct irradiation. Implanted ilmtuce stresses on the
structuré®*% followed by spontaneous bending. By changing the beam irradiation direction, complex
structures could be successfully demonstraiésh, it wasalsoexpected thafEIB deposited materiahay
induce stress on the structuii® demonstrate this hypothesis, RI®’D was used to deposit platinum on
the nanowireand bendindehaviorwas observed.

Second method is cascade branchisighough branching &s been demonstrat&f!*? the branch
pointshave beemandonty defined, which hinders the tministicstructures fabrication. Therefore, we
used FIB to exactly pattern the branch poldeally, if direct FIB gold deposition is possible, simple
repetition of FIB catalyst deposition and nanowire growth can genbrahcled structurs as illustrated
in figure 3.11 Although gold FIB-CVD has been demonstrat®d,the system is not commercially
available. Therefore, we adopted indirect meth@@-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. Gojhrticlescould be selectively deposited @imese exposed silicon points
by galvanic displacementThese particles became the next catalytic points to grow secondary nanowires.

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

Figure3.11 Ideal FIB branhing 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 Hyeam lithography and gold Kff. It started with substrate
preparation.Silicon waferdo n-type arsenic doping(111) direction,resistivity 0.002~0.003q-cm,
thicknessb00~550em, 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 DIWtrastnial
agitation.

After cleaning, the substrate was dried, typically on i@Motplate 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. T¢pincoated substrate was baked at 18®or 90 seconds.

E-beam lithography was conducted by SEM{3Q, FEI) equipped with nanopattern generation
system(NPGS, NabityPatterns were drawn under the conditions of 30 kV acceleration voltage, 2000x
magnification, spot 1 and 350C/cnt dose. After patterning, the resist was developed by IPBK#B:1
developer for 60 seconds, and rinsed by IFA.remove residual organic contaminants, descum was
performed by oxygen plasma cleaner for 10 seconds at 50Hi¥.substrate was loaded in metal

evaporator, and 60 nm gold film was deposited. The gold film was laterdiftdxy acetone.
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3.3.2.2.2 Silicon nanowire growth by CVD

Silicon nanowires were grown by horbeilt atmospheric pressuf@vD setup as described in figure
3.12.
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Figure 3.12 CVD nanowire growth setupUpper picture captures the installation. Upper right is the picture of
chlorine trap. Bottom inset shows the details of sample loading. Prepared substratesedrangpide the alumina
tube, and this alumina tube is inserted to the quartz tube. Alumina tube center josiiggmedwith furnace center.

Silicon tetrachloride(SiGJ SigmaAldrich) was used as silicon precursor, and hydr@@@m899 %)
was used as carrier and dilution gés MFCs SiCl, was maintained to 3C 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 quantze@0 cm length andlo O.D.) placed ina tube
furnacéBlue M, Lindberg).Venting port at the end of the quartz tube was connected to a glass flask filled
with calcium carbonate(CaGOSigmaAldrich) solution to trap exhaust chlorine gaseparately, a
vacuum pump was installed to quench the reaction quit¥hen 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(aluminadtigoeit!é, 0.7 O.D.
and 0.% I.D). The dummy suktrate was in the center of the liner(and eventually, in the center of the
furnacg and sample substrate wasdpart from dummyThis liner was inserted to the quartz tubad
the tube was sealed by clamifterward, the quartz tube was evacuated by pumping, followed by
hydrogen backilling to atmospheric pressure. This process is to prevent oxidation during nanowire
growth.

The furnace was heated to 83D with the rate of 50C/minute while flowing 175 acm hydrogen
through MFC3 in figure3.12 MFC1 and MFC2 were set to 50 sccm and 15 saespectively, and
stabilized before growth process. When the furnace temperature reachz] 8d@ases from MFC1~3
were fed into the quartz tube and maintainedafsout 1 minute. The nanowiggowth rate was typically
about 10em/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 growtlwadfisllowed byhydrogen
backfilling throughMFC3. When the pressure in the quartz tube reached to atmosphere(which takes
about 2 minutes in our setup), the backside venting port was open afulndeewas cooled down to
room temperature.

To maintain reliable CVD conditigwwhichmeans repeatable epitaxial growth conditiguartz 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, a least on
dummy cycle was run to stabilize all the setupigure 3.13 shows the epitaxially grown
nanowiregtoward (111) directionprepared from catalysts arraysection3.3.2.2.1

Figure3.13 (left) Patternedtatalyst array andifjht) nanowires grown from catalysts array.
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3.3.2.2.3 Shape manipulation

Shape manipulation was conducted using FIB(dual beam machir23®B-El)patterningfunction
with 30 kV acceleration voltage, 10 pA apertutees dwell time and 50 % overlap conditiofthese
conditions were applied to all the ion beam irradiation experiments except platinum deposition whose

conditions were 30 kV acceleration voltage, 10 pA aperturesDdivell time and 0 % overlap.

3.3.2.2.3.1Direct FIBbending

Bending byhigh dosegallium implantation was conducted by drawing small ion beam pattern on the
nanowire sidewall. Unless specified, the default incident angle wa§ @teaning the beam was
perpendicular to the nanowire. The ion beam patternsiveige pixel width line of 0.8m 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 dosegallium implantation was conducted by raster scanning of the ion beam in large area. With
15000X magnification, the ion beam was irradiated for 30 seconds withi 66i8cident angle.

For platinum induced bending, gas injection system(GiShtaining médiylcyclopentadienyl
trimethyl platinum((CH)s(CHsCsH,4)Pt) was activated during ion beam patterniR@tinum @tterrs of
0.4em by 0.2 em rectanglewere drawn on the side of the nanowires with ltkam incidencangleof
66.8° for 20 seconds. After platinum deposition the wiresthe substrate was annealed@0~900°C

for 30 minutes in argon atmosphere.

3.3.2.2.3.2Consecutive 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 substrateawoxidized in our tube furnace at 90C for 5 minutes with 200 sccm
oxygen flow. This formed 2~3 nm thin oxide film all over thabstrate This oxidized substrate was
loaded in FIB chamber and square patterns, typically 0.2+0.8ize, were drawn on the sidewall of the
nanowires with 5.6 mC/ctdose. Through this etching was exposemhderlying silicon. Galvanic
displacement was conducted in 0.01 M of potassium gold(lll) chloride(KAS@maAldrich) solution.

This solution was dropped on the patterned substrate by pipet and maintained for 1 minute. The substrate
was then cleanedby IPA and quickly dried on a hot plate at 20Q. This process createdold

nanoclusters selectively on the exposed silicon while the oxide layer served as #Pasits used for

58



cleaning, if possible, instead of DIW because it has lower surface temsidacseases 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, theamched nanowires were oxidized for 60 uteésat 900°C in oxygen
environment to form a thick oxide on the nanowires surface, making sfiioon dioxide coreshell
structure. After oxidation, small holes (&fn by O0. 1 em squar @dtipoipanavirepatt er
branchesto expose silicon core. Then, this substrate was placed in xenon difluorige (Xeffopic
silicon etcher(ES2000XM, SE Tech), and etched for Gfcendsand 3 cycles(total 18@&sonds3.

3.3.2.3 Fabricated structures

3.3.2.3.1 Direct FIB bending

Figure3.14shows the scheme and high magnification transmission electron microscope(TEM, JEM

2010F, JEOL) images as well as energy dispebsivay spectroscopy(EDS) results.

(a)

FIB

Silicon
nanowire

Ga

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 imptanted gallium is
observed. It isbelieved that the amorphous silicon, hich derives from mechanical impact and
redeposition, experiences crystallization by large amount heat generated during implantation. This
crystallization induce tensile stres§* and the nanowire is subject to bending force toward beam
irradiation directionAnd, by changing the line dose, the bending angle can be as large as beam incidence
angle(figure3.15.
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Figure3.15Bending 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 ir3fifure

Figure3.16 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-tightafirection on (from the
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left) the first and third nanowires, drfirom the bottoreft direction on the second and fourth nanowires. (c) Hook
shaped nanowires. First irradiation from-taght direction, followed by second irradiation from bottomleft direction.
(d) Spring shaped nanowire. 45° inclined line pattern vepeated several times on side view of nanowire. Scale
bars: (a)(c) 5emand (d) Zzm.

If the tensile stress induces bending in the beam incident direction, compressivenardsad to
bending away from the beam direction. In this standpoint, we etbwigethods 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 expreased
combination 6 error functions, in which the peak locates near the incident suffaglewever, since
focused patterningnakes a deep damage due to the local high dose, we conducted low dose raster
scanning in largarea Figure3.17 shows(a) before andb) after the raster scans that resulted in bending
away from the beam incident direction. This means that there wouddtheeshold 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 baksem.

Although dose control can select the bending direction;dose requirement for the compressive
stress limitghe bending angleallowing only small angleTherefore, 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 &atran silicon exert a compressive stré&gigure
3.18 shows the silicon nanowires aftplatinum deposition andnnealing. Bending occurs away from
platinum deposition face due to the compressive stessarredby platinum silicide. Because many
bending points can be defined before the nanowir

able to generate more complex structure, which is prohibited inddgl implantation bending by
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geometric restrictions. iGure 3.18 depict various bending shapes with different platinum deposition

points.

--

Figure3.18 Platinum silicide bending. Scale ba?sm.

3.3.2.3.2 Consecutive branching

Galvanicdisplacements an electroless plating method using two redox couples with large redox
potential differencé™?° If the ionic species in solutionas more positive redox potent@mpared to
silicon, that ion displaces silicon and is reduced. Since the reaction is sgeitc, very localized gold

depogtion is possibleén wide range of pattern sizas shown in figur8.19.

Figure 3.19 Galvanic displacement demonstration on flat silicon surface with oxide masgkl) (B)B patterned
substrate, (efh) after galvanic displacement, showing selective gold cluster deposition. Scale bars: (a)(e) 500 nm,
(b)-(d)(f)-(h) Lem.
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Thefabricationprocesses amescribed in figur&.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 wgeowthand (e) gold and oxide etchirfgcale bars: 5m.

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 in3f@(m®.
Furthermore, figure.21(d) demonstrates that 3D interconnection likeraknetwork 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 lnches. (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 afteGeatd.bars: §m.

This nanowire branching method was further extended to branched nanotubatitabrin the
similar manner as reported bef6feGlobal oxidationcreatedan oxide shejlwhile the inner silicon core
was connected throughout the branched structure. After making a smadhhible oxideshellto expose
the silicon cordfgure 3.22@) and p)), selective isotropic silicon etching was conducted to remove this
corefigure 3.22() and (¢l)). Etching gas penetrated through the silicon core up to the substrigren
3.22(), dark circularmark on the base shows etched silicon substrate, which makes itstafideng
nanotube on a silica membrane. To see the hollow inside, each end of the backbone and branch were cut
by FIB as shown ifiigure3.22€) and {). Since the shell thickness caa teadily controlled by oxidation
time and temperaturd? it would be possible to synthesize branched nanochannel with predetermined
diameter Also, encapsulated hollow nanostructumay be fabricatedy filling the etch hole with FIB

CVD or ion-beam sculpting®
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Figure3.22 Branched nanotube fabricatiof@) branched nanowire with thick oxidéb) magnified view of(a) near
the backbone tip showing FIB etched hdlg after Xek etching (d) magnified view of (c) near the tige)(f)
magnified views of (c) after FIB cutting. Scale barg(da) 5 )@E)@)f) 1€ .

As in the case of epitaxial hanowigeowth from crystalline substrate, the nanowires grown from
parental nanowire also follows the crystal directibigure 3.23 illustrates three branches nanowires
structure and selected area electron diffraction(SAED) images taken by TENQIEBK, JEOL) for

each banch. 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). Scddaiss. 5 em f or main i mage, 500 nm for right

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

manipulation.
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Chapter 4 Results and discussion

4.1 Iron-oxide film characterization

4.1.1 Morphology

Figure4.1 shows SEM images of ireoxide film, under thedepositioncondition of10 sccm argon
for iron precursor 250 sccm oxygen for titanium precursor and 350 sccm oxygen for dilution. Deposition
was conductedat 250 °C for 10 minuteffigure 4.1(a))and 150 minteqfigure 4.1(b) and (c))

respectively.

(c)

Figure4.1 SEM image of deposited iron oxide filrta) 10 minutes deposited film, (b) 150 minutieposited film
and (c) magnified view of (b).

Nominal thicknesssof the films are about 20 nm and 300 nm. Therefore, the deposition rate does
notchangeduring the deposition time windgwvhich is about 2 nm/minute.

Iron oxide is generally known to be in polycrystalline phase. In figut&), individual grain size
ranges from 5 to 20 nm. Seemingly, thicker film has much larger grains, ranging 100 to 20Mhem.
these grains are magnifiedmaller grainghese will be called primary grainfom now onr can be
observed but very hard to clearly distinguish each other since most of them are smoothly connected like

coalescegbarticles
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Figure4.2 SEM images of titaniunsbpropoxidga) 100 sccm an@)200 sccm at 270 ,Gc) magnified view of (b).

By changing temperaturéhe grain shape changes. Figdr2shows films grown at similar gas flow
but higher temperature(27C) than figure4.1 The measured growth rateas ébout 8~9 nm/minAt this
higher deposition rate, the primary grains are more clearly observed as in 4i@og and this
contributes to the sharp edges of the grains. From this observation, it is believed that, although high
temperature is favorableondition for coalescence, deposition rate increasese mapidly than
coalescence rat&his also implies that the ireoxide deposition lies imeaction limited regime at this

condition.

Figure4.3 Dendrte structure deposited at higher tempergalreut 415 C) at 100 nm/min rate
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Research conducted by #&rel and coworker$ revealsthe case of even higher temperature
deposition. Using the same iraxxide precursor, dendrite structure is observed in figuBaunder the
conditions of 415C and 100 nm/min ratevhich is consistarwith ourtrend

In the same researcthe authors expins the advantage tiis dendrite is shortened hole diffusion
path, in similar manner to nanowirekherefore, our coalesced grains grown at low temperaturecare
favorable structure. Howeveour film thickness is very thin, typicallless than 20 nmn this case, the
film thickness itself is comparable or even thinner than-owide hok diffusion length Consequently,

the coalesced graingould not levy a meaningful handicap.

4.1.2 Chemical canposition

XPS measurememtas used to quantify elementalmposition of the iroroxide film, and to identify
chemical bonding stadeFigure4.4@) and (b) are elemental survey and Fe2p fine scan result from the
native film surface, and figur&.4(c) and (d) are those after 20 second argon etchimigroxide film was
deposited at the same conditions to figdrg saying 10 sccm argon for iron pentacarbonyl, 250 sccn
oxygen for titanium isopropoxyde and 350 sccm extra oxygen at@5%0r 10 minutesAll signalswere
obtained from 40@m spot.
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Figure4.4 XPS resits. (a) elemental survey and (b) Fe2p fine scan from nativeoiiole film, (c) elemental survey
and (d) Fe2p fine scan from iraxide film after 20 second argon etching.

The measurementas conducted overseas, so the sample had been exposed to atmosphere for a long

time during shipping. In the mean tinmganic speciemay alsorbon the film which possiblychanges

chemical compotion of the surfacesince XPS signals are coming from thery surface, typically less

than 5 nm collection depthsligh contents of carbon in figuse4(a) are thought talerive from tlese
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organic contaminantsCherefore,the surface was etched by argon for 20 seconds, and the subsequent

carbonfree elemental composition(figude4(c)) looks like this:

Name At. %
Cils 2.49
Fe2p3 28.79
O1ls 64.99
Ti2p 3.73

Table4.1 Elemental composition of ireaxide 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 semiconductorukhbave extremely high carrier densityrningit into
degenerate regime. However, the resistivity turns out on the order af-¢®. This means, although
titanium contents are high, dopant activation is very limited. Further details will be discossed i
oxide electric property sectigh3.4

This argon etching locally heats up the filpossibly changing the iremxide phase. Comparison
between figuret.4(b) and figured.4(d) clearly depicts the shift of Fe2p satellite pe@k. that account
the sgnal from native iroroxide film is thought tdetterrepresent the original ireoxide phase.

Figure4.5is acomparison plofor iron oxidation states from referent&By comparing figuret.4(b)
and figured.5, it is clear that our iroioxide has Fgs; characteristic, showing satellite peak near 720 eV.
Interestingly, figured4.4(d), which describes the iron state after argon etching, reveals mixedssifnal
severalphases. 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 i8/Rard to exactly identify
the corresponding phases, butiesst 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 methodConsideringhe analyzed elemental survey in taldld, it is thought that aginal iron-
oxide film is in very oxygenrich state.This may derive from oxygen environment during deposition

process, or water adsorptinom atmospheg.
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Figure4.5 Fe2p XPS binding energy accordingi®chemicalcompositions

4.1.3 Crystallographic analysis

Crystallographic informatiowas obtained from XRD measurement. Thin kaxide film resulted in
too weak signal, which nae it impossible to distinguish from background noise. Therefore, a thick film,
3 hours depositioor about360 nm thicknessyas prepared for XRD measurement.

(200)
T i l Silicon (220) (311)

Intensity [A.U.]
1
Intensity [A.U.]

I

I
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Figure4.6 XRD measurement: (left) spectrumiind20° to 70°, (right) magnified view from 20 to 60 °.
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The samplewas prepared on crystallinL00) silicon surface. Therefore, to minimize the strong
silicon peaks(figure4.6(a)), the informationwas trimmed to narrower window, from 20to 60 ° as
shown in figure4.6(b). From reference$>'?’ the ironoxide peaks indicated as red arroweéncide with
hematite()Fe;05). 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 relatgghyndi
distinguishable peaks of titanium or its compouadsobserved. Therefore, it is believed that titanium is
uniformly dispersed instead of forming segregated domaidditionally, there are a few unidentified
peaks indicated as asteriskhese danot correspond to any of iron or titanium compourtdewever,
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 polycrystalhimerostructure as shown in SEM

images.Therefore, it is verjikely that these originate from silicmubstrate.

4.2 Photocurrent measurement on plain silicorphotoanode

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

as parametric studies on film or electrocheahivariatiors will be presented.

4.2.1 Photocurrent by film thickness

The first step is to verify the photoresponse of bare silicon. Figgurehows dak and illuminated
current of silicon without any ireoxide depositionshowingno photoresponse of bardi®n. The

sample had 10 minutes deposited ioxide film(~20 nm) and was measured at pH=13.8.
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Figure4.7 Bare silicon photorespons20 nm iroroxide film at pH=13.8.

Figure 4.8 depicts the photocurrent at pH3:8 from silicon photoanode with thick(200 nm) iron
oxide film whose titanium precursor flow rate varfeom 50 to 150 sccm
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Figure4.8 Photorespnses of thick iroroxide films Two samples with dopant flow rate of 50 sccm and 150 sccm,
respectively(right) SEM image of the thick film sampl80 minutes deposition at 27C.

The devicesdo show photoresponses with onset potential of 0.7~0.8 VRKE. At zero

overpotential(1.23 V vs. RHE), the current density reaches 0.2~0.4 rhAkfmen this result is compared
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to previously reported irenxide photoresponsen metallic surfacén figure 4.9 similar pattern of
current evolution i®bserved. That is, at a similar level of onset potential, current begins to inaidase
alarge slope, followed bynodest plateau in the potential range from 0.8~2.0 V vs. RIHErefore, it is
assumed that the photocurrents observed in these saatiplaste to photocarriers generated mostly in
iron-oxide films. However, the current density is much lower than figude

Actually, our thick ironoxide and silicon device is a heterojunction structure in which recombination
junction exists. The numbepicentration of holes generated in silicon and electrons generated-in iron
oxide must be balanceatherwise, the current is limited by lower concentration carriérgdeally
designed, this heterojunction device produces higher circuit vadtadjewer current than single celbut
overall equivalent or better light harvesting capability. Howepkotovoltaic performancef iron-oxide
is not as efficient as silicon because its short diffusion lemgtbily scavenges generated carriers,
decreasing collgable carrier concentratiorSince one layer is much poorer than the othbg
heterojunction devices of silicon amgn-oxide semiconductors likely perform poorer thetandalone

silicon photovoltaicdevices.
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Figure4.9 Photocurrent at dendrite irevxide photoanode

Consequently, our trial comes down to avoid heterojunction, but facilitate silicon as an exclusive
light absorption material. To achieve this, very thin filmust be depositedFigure 4.10 plots
photocurrents from irowxide films deposited at the same conditions(250 sccm titanium precursor, 10
minutes deposition time) but deposition tempera@&0~290°C). Since our condition is reaction

limited regime, temperature control pacts greatly on thicknessSigure 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.

0.035+ ——250C, illuminate 0.035+ g?gg
——250C, dark —
g 0.030+ 270C, illuminate m 00304 290C
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§ 0.0251 290C, illuminate § 0.025+
> 0.020- 290C, dark > 0.020
B ®
§ 0015 $ 0015
° : T © Y]
G 0010+ g 0.010-
5 5
O 0.005 O 0.005-
0.000+ —_— 0.000 - e
_0005 T T T T T T T T '0005 T T T T T T T T
05 00 05 1.0 15 20 25 30 35 40 05 00 05 10 15 20 25 30 35 40

Potential [V vs. RHE] Potential [V vs RHE]

Figure 4.10 Photocurrent of iroroxide films deposited at different temperat2&®, 270 and 290C) with 250

sccm Ti precursor flow ratdMeasurement at pH=13.8eft) illuminated and dark currents and (right) illuminated
currents only.

Surprisingly, at 250C, very high photocurrentas observedAt gentle overpotentiaipn the order
of 10 mA/cnf cument densitywas easily achievedThere is a notable transitiobetween 250°C
film(about 20 nm) and 270C 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 contr@\so, dfferent temperatures possibly lead to different film characteristics.
Therefore using slow depositionrate at a fixed temperatuf250 °C, 2 nm/min) time was instead
controlled toprepardinely controlled film thickness
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Figure4.11 Photocurrent of iromoxide films at differentepositiontime(5 to 30 minutes)(a) full scale plot and (b)
magnified plot near 1 V vs. RHE.

Figure4.11(a) shows results of 5, 10, 20 and 30 minutes deposited films, tH4t, i20, 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 obseable inflection in slopeTherefore, it is believed that the photoresponse
experiences a major change of mechanism in the film thickness of 60~80 nm, al®pbirsical and
chemicaldifferences betweefiims grown at 250C and 270 C mayinducesomevariation.

Seemingly, the photocurrents begin their onset at and after 1.1 V vs. RHE. However, when figure
4.11(a) is magnified as in figurd.11(b) near the onset potentiggeab onsetstarts at 0.8 V vs. RHE,
resembling isolated ireoxide photoanod&. ** " ®This initial photocurrent is proportional to iron
oxide film thickness, which is opposite macroscopitrend. It is understood that irayxide photocarrier
generation increases according fibn thickness to some extent, typically to a few hundreds of
nanometerslue to long absorption deptf! And, this plotmanifests the existence béterojunctio, even

thoudh weak However,the current level at this potential is negligibly small, so soon overwhelmed by
major current starting from 1.1 V vs. RHE.

77



0.025 — 1min

0.020

0.015

0.010

Current density [A/lcm2]

0.005 -

0.000

T T T
0.6 0.8 1.0 1.2 1.4 1.6 1.8
Potential [V vs RHE]

Figure4.12 Photocurrent of irooxide filmsof very thin depositionpH=12

In previousexperiments qualitatively, thinner film shows better performance. By decreasing the
thickness more, figurd.12is plotted for films ranging from 1 to 10 minutes depositierom 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 shme batch, films frequently show inconsistent
performanceln this reason, 5 minutes(10 nm) film will be regarded as the thiriih@stvith reliably
reprodudble characteristic
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4.2.2 Photocurrent by chemical composition
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Figure 4.13 Photoresponse of ireoxide films at different dopingcompositios.(dopant gas flow ratelPoped
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 id.figure
Titanium precursor gas flow ratehange from 0 to 250 sccm, whilesubstrate temperature was
maintained to 250C. Deposition time for titanium doped sampleas 10 minutes and iroxide only
samplewas 5 minutes.

The photocurrents increase with titanium precursor flow fdtbough nondoped iroroxide shows
photoresponse, theperationalpotentialfar exceeds practical operation limtompared to other doped
samples.Therefore, titanium doping seentsplay an important roléo decrease overpotenti@enerally,
titanium doping is intended to improve photoresponse ofdaxdde. Howevergconsideringthe expected
effect is to improveelectricalproperty,dopingshouldalsobe beneficial to catalytic performannce
iron-oxide is also a current flow channel between electrolyte and silicon.

Here, 250 sccm is the maximum flow rate in our small bubbling systerfurther increase couldn
be tested. Seeing titamn contentplays an important rolet was questionable whether pure titanium
oxide film can catalyst the reactioAs a simple check, a titanium oxide film was deposited on silicon;
iron precursor was removed and only titanium precursor was su@l2s0°C. Two deposition times,

10 and 30 minutes samples were prepared and measured & @his-in figured.14(a) and (b)
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Figure4.14 (a) Photocurrentomparisorof Ti doped iroroxide and pure titanim-oxide with different thicknesgb)
magnified plotof (a), (c) photocurrent of samples with titankaxide interlayer between ireoxide and silicon, thin

and thick(about 10 seconds and 10 minutes TTIP flow before iron pentacarbonyl initiation, repe¢ay(b)
measured at pH=13.8 and &)pH=10.

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

Finally, titaniumoxide film was deposited as a interlayer between-axide(doped with titanium)
and silicon. Initially, only titanium isopropoxide carrier was turned on while iron pentacarbonyt carrie
was off. After designated time(delay time), iron pentacarbonyl carrier was turned depositedor 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 thahen 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 silimmtecpan or adhesion
promotionwithout 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
electricaland mechanical properties. Also, dopant usually reguagivation process, which is high
temperature annealing. Therefore, we conducted an annealing -@Xidmfilm(20 nm thick)deposited
with 250 sccm titanium doping.

0.0354 —— no annealing

0.0304 — 1 hour annealing
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Figure4.15 Photocurrent measurement after kmxide film annealing

Figure 4.15 illustrates the illuminated photoresposs# the sample before and after annealing at
580 °C for 1 hourin argon environmentThis temperature was chosen to prevent reduction, rather
promote hematite transitidA> **°Clearly, theactivity of the photoanode disappeared after the annealing
whichis opposite to other researtl A couple possibilitiesan be suggested explain thisobservation

First is silicide formation. At elevated tempera{tt®00 C) silicon-rich iron siliconp-FeSi2) ca be
formed'® Even at room temperature, when bulk-Fiesystem exists, silicide formation has been
reported:®® Since our iroroxide is very thin, it ispossiblethat ironoxide is fully depleted once
silicidationis initiated.

Second is theron-oxide phase chang&he XPS result implies that our ir@xide film is very
vulnerable to external stimulation, and easily changes its phes®. a report>* it is assumed that iren
oxide is prone to reduction at high temperature compared to othersdikieleTiO,. On this account,

instead of argon, annealing under oxygen atmosphere was tried, but shows no big difRatrecehan
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chemical composition, structural changes could be more plausible cause. It has been reported that lattice
parameter indd direction changes by thermal treatm&ht.*®> Although this is beneficial to optical
property by reekhift, catalytic functionality might be hampered by the structural change.

Finally, titanium might be overly activated, so iromide becomes degenerate semiconductor. In
spite of large titanium content, it is believed that only firaction of titanium is electrically activated.
However, atlevatedtemperature, it is possibthat significant portion of titanium might be activated so
donate carriers. Further detagllsout this issuwiill be discussed in secticgh3.4

Sinceannealing was proven to aggravate the performance, no anneagcpnducted for later
experiments.

4.2.4 Photocurrent by solution pH
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Figure4.16 Photocurrent of iromoxide film deposited for 10 minutesleasuredat different pH (a) all pH values(b)
excluding pH=6 (c) cyclic voltammetry of (b).
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Photoresponsesere measured at different pH using identical sasgiéicon photoanode with 10
minutes deposition ireoxide with 250 sccm titanium dopingd=igure 4.16 describes photoresponse at
pH=6, 10, 12 and 13.8, respectivehowingsteepslope at higher pHrrom a literature!* it is explained
thatincreased concentration @H group effectively traps hole from the electrode surface fast enough,
therefore resultant carri¢o-ion transfer rate increases. This implies high pH operation is beneficial for
our photoanode operation.

However, practical consideration is the electrathbility. Although ironoxide itself is stable in this

pH and potential rang@ silicon electrode can be attacked by hydroxyl ibpgollowing reactiong®® **’

Si+ 20H A Si(OH)*" + 26
Si(OH)** + 20H A Si(OH), + 2¢
Si(OH), + 4€ + 4H,0 A Si(OH)* + 2H,

Equatiord.1 Silicon etching in bas solution.

Although irorroxide film may play a role as a protection laytee very thin film may not completely
protect the underlying silicorConsequently, in addition to other protection meshatlis desirable to
operate at low pHso low pH response is also ponderabife this reason, later experiments will
characterize photoanode performanigethat pH 13.8and 12.

About this issuejf the photoelectrode is compatible with (111) directed silicon, the substrate
stability could be improved greatly. Following figu4el7 compares the performance of (100) and (111)
silicon with the same irooxide film, indicating no difference in phot@gonseSimple metric yields 2~3
orderof etching resistancia basic solutionFurther discussion about operation stability will be in section
451
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Figure4.17 Photoresponse corapson of (100) and (111) oriented silicon substrate

4.3 Analytical investigation of photocurrent origin

In section 4.2, high photocurremtas observed in silicon based photoandlare silicon is not
compatible with anode reacticess shown in figuret.7, however when catalyzed by iraxide, the
reaction seems to wonkith a good performancedn this sectionthe working mechanism of silicon

photoanode will be explored using various analytical measurements and theories.

4.3.1 Light absorption by iron-oxide film

First stepis to clarify the origin of photocarrieri our earlier discussion, 200 nm film was defined
asd@hickg while 10 nm was defined @thind The criteria must be whether the carrier generation by iron
oxide is large enough to contribusbviousheterojunction characteristic. Although absorbed light cannot
be directly translated into photocarrigeneration these two are closely related. Therefore, calculating
light absorption by iroroxide filmis a good starting point.

Light absorption of plaar ironroxide film on silicon substrate was calculated from 400 nm to 700
nm wavelength. Figurel.18a) draws the model and equati@gh2 list the formula used in the

calculation** Fitted materialddata(refractive index) is provided in Appen@ix.
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Figure4.18 Light absorption model and calculated results
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From figure 4.18(b)~(d) light absorptionnear iron-oxide band gap660 nm) decreasesver
200~300 nm rangd&hin 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 ligitperimentally:* a 31 nmiron-oxide photoanodehowed
only about 0.15 mA/cAof photocurrent compared the previous result(about 3 mA/énof thicker film
reported by the same graupherefore, it should be possible to call 10~20 nm or less fildhas filma
This is consistent with the very small curretset driven bythin iron-oxide photocarriers in figure
4.11(b).

4.3.2 Incident Photon to Current Efficiency(IPCE)

In section4.3.1, it was shown that the majority of the photocarriers are not coming froraxiae
Then, it looks obvious that silicon is theimary light absorption layer. To verify the silicon photocarrier
generation as well as the performance of silicpimotoelectrode, incident photon to current
efficiency(IPCE) was measured.

Measurement conditions were 1.6 V vs. RHE at pH=12 using 10 esimlgposition sample. Initially,
photocurrent at each wavelength was measured by a quantum efficiency measurement system(QEX7, PV
Measurements) and potentiostat(Reference600, Ga®cghning was set to 10 nm step with 5 second
measuremenwithout chopping

To calculate IPCE, we need reflectance information. Ourpkans immersed in electrolyte
consequently, there are two reflection interfacestawater and wateto-substrate(Figurd.19a)). This
reflection cannot be directly measured by Hpectrometer 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 they \alidit
this model, we did following comparison.

First, the reflectance at the #irsubstrate interface was calculated by the m@detually, air to
substrate interface consists of two interfacestairon oxide and iron oxidéo-silicon. The model does
consider these two combined effects. For convenience, it will be called a single interface.) At the same
ti me, t he s amp | d@h@& sair eneirbnment twasn measurdad nusing -M\5-NIR
spectrophotometer(Lamb®®0, PerkinElmerwith Thorlab P01 coatm silver mirro). Then, these two
results were compared as in Figutd9b), 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 thefleeted and transmitted light intensity in a water

environment as plotted figure4.19c). The computation details are summarized in Appefdix
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Figure 4.19 IPCE calculation (a) reflectance model, (b) reference data compacdgledand measured aio-
substrate reflectance, (c) calculatedtaiwater and wateto-substrate reflectance, and resultant light intensity on
immersed substrate, (d) measured EQ#& @alculated IPCE.

Measured external quantum efficiency(EQE) is the black line in figurgd), and IPCEred line)is
calculated using EQE and light intensity data in fighu¥3(c). It is worth poining two observations. First
is the light absorptiorin wide wavelength rangeQuantum efficiency drops around 1000 nm, which
corresponds to silicon band gap energyldf2 eVé-= 1109 nm) This clearly demonstrates that the
carrier generation dominantly happens in silicon. Note that short wavelength EeTé@(@00~600 nm)
is dightly poorer than longvavelength performance. Typicallphotovoltaic semiconductors including

silicon devices show higheperformance ashort wavelength.In our case, thin iroxide top layer
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absorbs 10~20 % of short wavelengpeatrum, whichmay bethe reason of slight lossf incident light
If thinner iron-oxide film is used, some of this loss could be recovered.

Second point is the high IPGiimericvaluesin wide wavelength rang&Ve gave up heterojunction
of iron-oxide and silicordue tothe assumption of low photoconversion efficiency in oxide semiconductor.
Reported iroroxide IPCE as shown in figu#e2Q>’ which is fromone ofthe highest performance iron
oxide photoanodg supports this assumption. At very short wavelength, IPCE reaches as high as 50 %.
However, although th&on-oxide band gap of 2.2 eV iegardeddeal for visible light absorption, the
absorption edge is not sharp. Instead, IPCE graddallyease soin the highesenergysolar spectrum
range, 400~550 nm, IPCE is merely 35 % or |18$g&n, energy equivalent baigdp of ironoxide is
wider than its nominal 2.2 eV valu®n the contrary, our silicon device maintains 60~70 % of IPCE over

the usable spectrum rangé@sis is clearvidenceof single cellsilicon device advantage.
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Figure4.20 IPCE measurement of ireaxide film.

4.3.3 Catalytic effect of iron-oxide

Since photocarriers are generated by silicon, the role ofoxaie should be catalysis of water
oxidation. Thus, the catalytfanctionality of iroroxide wadurtherevaluated ircontrolledconditions.

First evaluation is the relationship between catalysis and light absondfiven iroroxide sits on
silicon surface, its intrinsic catalytic functionality msixed with photovolte performance of the cell.
Therefore,to eliminate photocarriers effedgton-oxide was deposited ometallic ITO substrate for 10
minutes(~20 nm), and treurrent densityvas measured with and without light illumination at pH=13.8 as

in figure 4.21(a) ard (b). Regardless of the light illumination, the current curves weratichd. This
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implies thatlight absorption is so negligible thtite catalytic functionality of thishin iron-oxide filmis
independent oflumination in this metallic substrate

Next, ironoxide(20 nm, 10 minutes depositioahd platinun®d nm by sputteringjvere deposited on
ITO substrateespectively and their dark currents were recorded as descritbigpliie 4.21(c) and (d)
Compared to bare IT@Gubstrate both platinum and ireoxide possess catalytic functality. Relative
comparison between these two catalysts reveals thabkide performs better than platinum. In similar
comparison offigure 4.21(e) where ironoxide was deposited on platinum substrate,-oride sample
again showed better catalytic effect thmmeplatinumsubstrateSimilar level of onset potential(1.6 ~ 1.7
V vs. RHE)has beemeported in dark current experiments elsewH&ré?°

Differenceson substrates/iere observed when ireaxide films weredeposited on different types of
substrates. fAiree different caseare drawn infigure 4.21(f) 1 that is, iroroxide on ITOsubstratgiron
oxide on platinum and irenxide on silicon All iron-oxide films were deposited at the same conditions
for 10 minutes. Former two are the values of dark measuresyemhich are identical to illuminated
measuremest and the latter is illuminated measurement. Notably, from zero to decent overpotential
region(123~2.0 V vs. RHE)silicon electrode outperformed platinumdanTO substrates. Since
conductive surfaces havauchhigher carrier density than silicon, the current in this potential region is
believed to be controlled by reaction rate rather than absolute carrier démsdy at high potential
region, metallic sdaces perform better than silicon substrate because the number concentration of silicon
photocarriersis limited, so the carriers ar@lepleted at certain point. But this potential is far beyond
practical operation potential.

From this observation, it ifibught that, although ireoxideis adecent catakt for water oxidation
the high photocurrent in our photoanode does not originate solely froroxide functionality Similarly,
silicon alonecannot provide high photoresponse when combined with ottialysts except ireoxide as

in figure 4.21¢). Rather, there seems to beyaergicinteraction between ireoxide and silicon
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Figure 4.21 Catalytic effect comparison(a) photoresponse comparisonn@0ironoxide on ITO substrate, (b)
magnifiedfigure of (a), (c) different catalysts on ITO substrate, bare ITO,ixdde(20 nm) and platinum(5 nm)
deposited ITOmeasured at pH=13.4d) same experiment of (c) measured in pH=E},iron-oxide catalysis
comparison, bare platinum substrate and-oride(20 nm) deposited platinum substrafg s@bstrate comparison,
iron-oxide(20 nm) deposition on ITO, silicon and platinum substrgjecdtalyst comparison on silicon substrate,
golf(5 nm), platinum(5 nmpand iroroxide(20 nm) on silicon substrat®leasurement conditionga)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 substratemetallic or semiconducting, made a significant difference of
performance irsection4.3.3. Thereforethe reaction mechanisms of two different typéslectrodes,
metal electrode and semiconductor electradee analyzedBefore doing this analysis, the electronic
property of ironoxide must be identified for the following reason.

The circuit consists of a serial connection of silicon, Hoxide and electrolyteDepending on iron
oxide coverage on silicon surface, there cdagddirect 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 observsilidon and electrolytéirectjunction.

Thereforeat any casesurrent must flow throughilicon, ironoxide and electrolyte paffiigure 4.22)

Figure4.22 Schematic diagram of silicon, iraxide and electrolyte junction

If we are supposed to appbemiconductoelectrode schembetween silicon and electrolyte, iron
oxide must not be metallic or degenerate. Otherwise, no space charge is allowegiidieomand Fermi
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level is pinnedn the iroroxide.However, considerip very high titanium content, which is about 4 %, it
is also pasiblethat our iroroxide 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 filt{0 minutes deposition) was prepaiad oxidized silicon
substrate, followed by 30 nm gold evaporation at four corners of the substrate as electrode contact
Unfortunately, this sample could not provide meaningful signal from Hall measurement. As rRetisker

approach, we calculated resistivitgingfour point IV measurement as shown in figy3

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*2@ C Sheet resistance = 10.7°19/sq.C Resistivity = 3.21*18q-cm
where L/W = 4.532 and film thickness = 300 nm

Figure4.23Iron oxide flm |-V curve

Consideringthe thickness, film resistivity is estimated to be about 3t1@&m. From reference¥’™
2 this is very close to intrinsic ireaxide resistivity. In anotherreferencé;” iron-oxide(hematite) film
with resistivity of about I -cm shows carrier concentration of'$010'" cm®. Therefore, our iromxide
should have much lower carrier density, meaning it is clearly in nondegenerate semiconductor regime.

If the dopants are properly activated, carrier density df~10?° cm? is easily observet
However, in this case, the activation requires high temperature annealing. For example, titanium is known
to necessitate as high as 8@ temperaturé®® ***Since our deposition temperature is merely 200
less with no extra annealing, the portion of activated titanium must be significantly lower than the

nominal 4 % contentStill, it is uncertain whether there is another role of titanium in-o®ide matrix
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except doping. If doping is the only contritmut, 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 modelagheiece of missing
information is the band edge positswof our photoanode in electrolyt€ompared to other semiconductor
materials, silicon band edge position is rather obscure because it does not follow Nernst relation.
Although there are some pigiied valueg® 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 madé béck dged silicon substrateso
minimize the effect o6chottkyspace charge regiolton-oxide films were prepared for various thickness
of 0, 6, 10 and 20 njf0, 3, 5 and 10 minutes depositiand three different pH electrolytes(10, 12 and
13.8) were also ppared.Potentiostat(Reference600, Gamry) environment was configured to draw Mott
Schottky plot. Fluctuation voltage was set to 5 mV rms. Potential scan started from 0.80/AgCl to
cathodic direction.(End points vary on samples, typicdllg ~-0.9V vs. Ag/AgC) Operation frequency
was 20 and50 kHz which gave almost identical value&ll measurements were conducted after 5
minutes open circuit delay under dark environmé&iot:. analysis, a model with series connection of a

resistor and a capacitor was adopted.
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Figure4.24 Flat band potentiala) flat band potential vs. film thickness at each pH, (b) flat band potentidfi\at. p
each film thickness, (c)~(f) Mechottky plot of various thickness film at pH=13.8.
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Deposition time [s] Flat band potential [mVvs. Ag/AgC] 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

Table4.2 Slope and flat band potential data

Figure4.24a) illustrates flat band potential vs. film thickness plot. Notably, when theokmle is
thin(< 10 nm), flat band potentiaémains similar to bare silicon valuground-0.5 V vs. Ag/AgCl. 20
nm films show rapid shifts of flat band potential. Frogufie 4.24(b) of flat band potential vs. pH, the
slope is=10~30 mV/pH excluding rather erratic 5 minutes samplespredicted, the slops all samples
including the thickest 20 nm sampemuch smaller than Nernst relatioh9 mV/pHas shown in table
4.2. Figure 4.24c)~(f) show the MotSchottky diagrams of four different film thickness samples at
pH=13.8.

From this observation, it is thought that the electronic characteristics of the elsetredeverned
by silicon characteristic wheimon-oxide film, which follows Nernst relatioff is thin. This is also
consistent with outntention to facilitate silicon as photovoltaic semiconductor but to suppress iron

oxideks involvemenin 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 abou.5 V vs.Ag/AgCl, and its carrier density is estimated to be abdiitlp*

cm’® from silicon MottSchottky plotwhich correspnds to 22y -cm inequation 4.3°
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q=1.610"C

9= 11.68 for silicon

(% =8.8510™ F/cm

A=1cnf

V = applied voltage

Veg = flat band potential

kT/g=0.026 V

Nsc = carrier density of space charge region

Example:From measured datt pH=13.8:
C?=576*10"F?

V =-0.308V vs. Ag/AgCI

Veg =-0.52 V vs. Ag/AgCl

Then,Ns. = 2.0%10" cm?®, which correspond t82 q -cm

Equation4.3 Relationship of space charge capacity and flat band potential, induced from Boegoatiorand
Mott-Schottkyequation

QOO

E -E= kﬂ@%

n = 1.45*10° cm®

No = Nsc

kT=0.026 eV

E: = Fermi energy level
E; = intrinsic level

Eii E=0.25eV

Veg =-0.52 V vs. Ag/AgCI

Eg = 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/ vs. Ag/AgClat pH=13.8

Equation4.4 Calculation of various energy levels and band edge positions

96



Vacuum  NHE pH=0 pH=14
N A

2H* +2e" <> H,

35 kL 10 L
0-0.0591 x pH (V vs. NHE)

40 L -05 | -1
45 L 00 L
0, + 4H* + 4e- <> 2H,0
0-0.0591 x pH + 1.23 (V vs. NHE)
50 L 05 L i
Si
5.5 L 1.0 L
60 L 15 |
i Flat band condition
65 | 20 L o-Fe,03
E. =7
70 L 25 L 0.31
B —
0.25
E, — 0.52
0.56 S Ag/AgCl
------- OEP
E, =—

Figure4.25 Silicon band edge positiorend water oxidation potential

From the calculation of equati@h4, conduction and valence band edge of silicon locat6.& V
vs. Ag/AgCland0.29V vs. Ag/AgCl, respectivelyBy the way,OEPat pH=13.8 i9.22 V vs. Ag/AgCl
Figure4.25draws the relative positions of all these energy lewtse that these reconstructed silicon
band edge positions are numerically similar to those reported previdusly.

If the eled¢rodeelectrolyte junction is in thermatquilibrium, Fermi level of silicon and oxygen
evolution potentiabecome continuoud he resultant junction diagram looks like figdr@6
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(a) (b)

Potential gain

v

Figure4.26 Energy bandnodel of the junction(a) before and (b) after equilibrium.

Indeed, OEP locates higher(more cathodic) than silicon valence bandredgefore, 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 cdiiayst
iron-oxide s introduced, now the charge carsiean pass through the junction.

Another important part is the band bending in semiconduEiwst, considerthe junction of iron
oxide and electrolyte. From Pois$enequatiofequation 4.5)the space charge region widcan be

calculated.

V, =N, /24 ¢

V; = surface barrier [V]

q=1.610"*C

Nsc = density of positive charge in the space charge laykra.doping level
%o = depletion thickness [cm]

8 = dielectric constant

(& = vacuum permittivity = 8.88.0™ F/m = 8.8510™* F/cm

Iron oxideexample
V=07V

9=60

Nsc = 1*10'® cmi®

Xo = 680nm

Equation4.5 Poissoi@s equation and calculated space charge thicknass-oxide
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Since we dodé know the Fermi level obur iron-oxide, it was estimatedrom known flat band

potential(-0.6 V vs.standard calomel electro®gB)""’

Then, the surface barr{gifference between

iron-oxide Fermi level and OER3 about 0.7 VWhen iroroxide carrier concentration is assumed about

10 cm® with dielectric constant about 667 “**space charge region thickness is at@80nm. In fact,

our ironoxide hasmuch lower carrier concentration, which meavwen thicker space charge region.

Definitely, this is much thicker than iremxide physical thickness. Therefore, the potential drop by iron

oxide is negligible, and most of the space charge region appesilcdm instead This induces steep

upward bending in silicon energy band structure, so provides potential gain as indicated iA.fi§ure

This built-in potentialis believed the reason silicon substrate performs better than metallic sOnficitre

contrary, n metallic substrate, the energy level is not altered, because of ample carrier population.
Therefore, the driving force is simply the diffe

cannot readily exceed the silicetectrolyte junction bilt-in potential.

4.3.7 Tafel analysis

Based orsemiconductaeelectrolyte junctiormodel,the observed photoresponses can be explained
by electrochemical anaylsis. Following figures aremogmal plots of thickness and pH variations.

Commonly, currenpotental curves start with linear profiles, but soon saturates inégal 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 sustalovtheurrent 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 masdransport. This eventually induces fully saturated current value, in our silicon photoanode,
about 30~40 mA/cf
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Figure4.27 (a), (b) Thickness varied photoresponses plots. (a) linear and ¢(bptogl.(c), (d) thickness varies
photoresponses plots (c) linear and (d}hmgmal.(a)(b) 10 minutes deposition film, (c)(d) at pH=12.

In figure 4.27a) and (b),samples have the sanfigm thickness but measurement pH changes.
Figure4.27b) shows samslopeamong differenpH, which means charge transfer coefficients are all the
same. Since charge transfer coefficient represents the kinetics of electrochemical reaction, this implies
thatpH change only induces the overpotential, but no change of physicanigoh

On the other hand, in the figu#e27c) and (d) which plot different thickness films at constant pH,
slopeschange according to film thicknesBhicker film shows more gradual slope, meaning lagging in
current evolution with respect to potentighis 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 reasoraddeante thahe carrier transport
through the iroroxide film is affectedAs seen in flat band potential, film thickness, even though small,

changes the band structure of the hybrid photoarMdee importantly there is a lossccurredoy current
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path length through high resistivity ironoxide film. Therefore, the carrier transport characteristic is

thought to benodified by film thickness, resulting in alteretéctrochemicatesponses.

4.4 Photoresponse improvement by silicon microfabrication

Until previous section, various parametric studies were conducted mostly ocoxiden film
conditions and electrochemical environmeWthile chemical reactions are mediated by ioxide,
photocarriers are generated @rmhsportedn silicon substrate. Therefordeviceperformance relies on
the photovoltaic characteristics silicon, which stresses the importance of silicon manipulation.

Although a rapid current evolution demonstrates a high potential inokime and silicon
photoanode, the photocurrent at zero overpotential(1.23 V vs. RHE) is still low, which is believed to
originate from high onset potentidh our silicon device, there are seveoéliousloss factors. Using
well known microfabrication tecfiques as discusddn section 2.3 an improvement of photoresponse

waspursued.

4.4.1 Improvement by silicon wires array

Silicon wires array was fabricated as described in se8ti@rsing the same CVD setup, iroxide

film was deposited as seen in figy8
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Figure 4.28 Silicon wires array with iroroxide film deposition (first row) side view and (second row) top view,
(third row) bare silicon wire surface for comparison.

Figures in4.28 first and third rovcompare thavire surfacemorphology with and without ireoxide
film. The film was deposited on 8~1fm long silicon wires array for 10 minutes. The deposition
rate(about 1 nm/min) is slower than flat substrate, estunaalf of the flat substrate deposition rate.
Figures in4.28 first rowarethe observed images from the side, #rake in second roare images taken
from the top after FIRutting of wires.Notably, it is very hard to see polycrystalline grains, but surface is
generally smooth with random corrugaisoIn previous film morphology analysis, fast deposition rate
produces more rough and spiny shape, while low deposition resuftsrérroundeéndcoalesced shape.

Therefore, the smooth surface is believed to attribute to the slow deposition ratesiciez!.
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Figure 4.29 Measured photocurrents iron-oxide and silicon wires arragompared to flat silicon substrateiat
5min and wire 10min with 10 nm ireoxide films, flat 10min and wire 20min with 20 nm iromide films.

Figure 4.29 illustrates the measured photocurrentstveo different film thicknesswires and flat
silicon photoanodeat pH=13.8. In termsof curent density at zero overpotential(1.23 V vs. Rk\Eh
10nm ironoxide film, wires array showe@.44 mA/cn?, while flat substrate showed 1.84A/cn?. The
improvementis mainly achievedby steepeislope.Although both of the photoanodes have simdaset
potential, about 1.1 V vs. RHEvires array experiences faster current increase than flat substrate. This
trend is also observed in 20nfilm on wires array and flat substrate.

Although wires fabrication changes the slope under the sameoxida film thickness, this
observation may not be relatedelectrochemicatharge transfer coefficientn section4.3.7, the slope
changedaccording toiron-oxide thickness, but under identical light absorption and carriers generation.
However, in wires case¢hereare no fundamental changes in solid égdid junction structure. Rather,
light absorptionis improved by reduced reflection. Also, photogenerated carriers can easily travel to the
silicon surfacein wires array Therefore, it is estimated that the carrdensity whichparticipatesin

chemical reaction are hightttan that of flat substrat&his should contribute to improved photocurrent.

4.4.2 Improvement by ohmic contact

To eliminate parasitic loss from Schottky contact, a shallbwatk doping was madenasilicon
substrate After the treatment, the sheet resistance dropped to 1§+dg), which is comparable with

metallic surfaceUsing this substrate, photoanodes were fabricated both in flat and wires configuration.
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Figure4.30(a) showsthe photoresponse of doped silicorwithout 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 4.3Qb) depicts all themeasuredphotocurrents from photoanodes with different {omxide
thickness and pH. Comparisowith the samesamples excepphmic contact aréllustratedin figure
4.30c)~(f). The biggest improvements were made on thin-oride film photoanodes. As shown in
figure4.30(c) and (d)of 5 minutes(10 nm) filmhigh photocurrent of 12.2 mA/cpH=13.8) and 4.34
mA/cnf(pH=12) were recorded at zero overpotential(1.23 V vs. RHE), which exceeds any previous
reports on photoanode current density.

Interesting observatiois 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 regardiessrofroxide film thickness.

One possible explanation is the contribution of Schottky barrier to overall losses. The photoelectrodes
have intrinsic los®ccurredby the carrier transport through irexide film, and this increases with the

film thickness. If we rethink figure 4.12, the gain by decreasing the {oxde 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 minuteskislyf 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 iroride film transport is relatively small. Since most of the loss is
coming fom 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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Figure4.30 Photocurrents of flat substrate withric contact(a) comparison between n+ silicon substrate without
iron-oxide film and plain silicon substrate with iraxide film, (b) photoresponses of n+ silicon based photoanodes
at different pH and iroxide film thickness, (c)~(f) comparison of n+ silicon photoanodes with plain silicon
photoanode, (c) and (d) 5 minutes koxide depositionsamples measureat pH=12 andl3.8, (e) and (f) 10
minutes iroroxide deposition samples measured at pH=12 and 13.8.
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Finally, the i ohmic contact substrate was applied to silicon wires array fabrication, followed by
iron-oxide film deposition. Figurd.31shows the results of 10 minutes film deposition at pH=12 and 13.8.

At zero overpotential, photocurrents of 4.81 mAand 17.27 mA/chwereachieved.

Figure4.31 Photocurrents of silicon wire photoanodes with 10 nm thickadde films.

4.4.3 Quantitative evaluation of presentedsystem

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

Therefore, the component performangeslectrolyss efficiency and zero overpotential current
density, will be first evaluated and compared with relevant researches. Then, th®-sbkimical
conversion efficiency will becalculatedunder idealized conditions. Finally, based ors #tonversion

efficiency, theproductioncost will beestimated

4.4.3.1 Electrolysis efficiency comparison withruthenium-oxide

The total conversion efficiency is determined by photocell and electrolysis performifajer
improvement inour structure lies in the electrolysis process at the photoagled&olyte interface.

Figure 4.32(&) **° describes the potential variationith galvanostatic current density at various
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