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“Oui, mes amis, je crois que l'eau sera un jour employée comme
combustible, que I'hydrogéne et loxygéne, qui la constituent, utilisés
isolément ou simultanément, fourniront une source de chaleur et de
lumiere inépuisables et d'une intensité que la houille ne saurait avoir.
Un jour, les soutes des steamers et les tenders des locomotives, au lieu de
charbon, seront chargés de ces deux gax comprimés, qui brileront dans
les foyers avec une énorme puissance calorifique. Ainsi donc, rien &
craindre. Tant que cette terre sera habitée, elle fournira aux besoins de
ses habitants, et ils ne manqueront jamais ni de lumiere ni de chaleur,
pas plus qu’ils ne manqueront des productions des régnes végeétal,
minéral ou animal. Je crois donc que lorsque les gisements de houille
seront épuisés, on chauffera et on se chauffera avec de l'eau. L'eau est le

charbon de l'avenir.”

Jules Vernes, L’lle Mystérieuse, 1874






ABSTRACT

Motivated to revolutionize our today’s fossil fuels based energy production, my work
concentrated on the investigation of promising low-cost materials for
photoelectrochemical hydrogen production and photovoltaic electricity generation.
Hydrogen presents a fully scalable energy storage solution while photovoltaics have the
biggest potential for clean electricity generation. Both are combined in the hydrogen-
based economy that will be introduced in Chapter 1. A clear way to achieve this
revolutionary technological and societal goal is through fundamental understanding of the
complex electronic properties of the most promising low-cost semiconductors offering
strong visible light absorption. The modern fields of photoelectrochemical (PEC) water
splitting and photovoltaics have a lot in common: materials, scientific concepts and
theoretical background. In other words, their complementarity was a strong motivation

for the interdisciplinary work presented in this thesis.

The main focus in this thesis is on hematite (0--Fe>O3), which is a promising low-cost
material offering visible light absorption and the chemical robustness for
photoelectrochemical water oxidation. However, it has two major drawbacks: firstly, for a
semiconductor, hematite has extremely low electron and hole mobilities. This makes it
challenging to collect charges that are photo-generated deep within the hematite layer and
far away from the surface. Secondly, water oxidation appears to be limited by trap states

located in the mid band gap region.

Chapter 3 addresses these drawbacks showing that doping of hematite from the
underlayer, surface passivation from annealing treatments and/or overlayers are all key
parameters to consider for the design of more efficient iron oxide electrodes. By better
understanding the underlying principles of over- and underlayers, I was able to design
multilayered hematite photoanodes comprised of functional thin films to obtain a

significant reduction in the water oxidation overpotential.

Whereas hematite thin film electrodes were fabricated by ultrasonic spray pyrolysis in
Chapter 3, I introduce a new atomic layer deposition (ALD) route towards crystalline,
highly photoactive, phase pure and impurity-free hematite films in Chapter 4. With this
thin film model system I could precisely demonstrate that only the 10 nm thick space

charge region of hematite is photoactive, which presents a major challenge when



considering that around 60-70 nm are needed to achieve sufficient light absorption as
shown in Chapter 5. In light of this charge transport limitation, I propose and demonstrate
new host-guest electrode designs that would be indispensible for the realization of high
performance ALD hematite photoanodes. To complement these studies, I demonstrate in
Chapter 5 the basis for an optoelectronic modeling of the hematite PEC device that helps

identifying and eliminating major optical and electronic losses in the PEC cell.

In Chapter 6 my work on ALD SnO, as an electron selective layer (ESL) led to major
advances in low-cost flat hybrid organic-inorganic perovskite solar cells. The tin oxide
layer is found to resolve the problem of an energy band misalignment encountered with
the previously used ALD TiO, ESL in addition to stabilizing the photovoltaic
performance. Hysteresis-free solar conversion efficiencies of up to 18% have been
achieved for flat devices paving the way towards low-cost flat film perovskite solar cells
that will easily surpass the photovoltaic performance of polycrystalline silicon solar cells

in the near future.

Keywords: Photoelectrochemical water oxidation, hematite, ultrasonic spray pyrolysis,
atomic layer deposition (ALD), host-guest approach, electrochemical impedance
spectroscopy, trap states, doping, interfacial functional layers, optical constants, SnO,,

electron selective contacts, hybrid organic-inorganic perovskite solar cells



ZUSAMMENFASSUNG

Heutzutage basiert unsere Energieversorgung sehr stark auf der Verbrennung von fossilen
Energietragern. Meine Doktorarbeit fokussiert sich auf die Untersuchung und
Verbesserung zukunftsversprechender und kostengiinstiger Materialen fiir eine CO»-
neutrale Energieversorgung auf Basis von Solarenergie. Solarenergie muss zunéchst
umgewandelt und anschlieBend gespeichert werden. Fiir die Energieumwandlung stellen
Solarzellen eine der vielversprechendsten Kandidaten dar und ein Teil meines Doktorats
konzentrierte sich auf die Entwicklung neuartiger und effizienter Solarzellen — der
Perowskitsolarzellen. Der GrofBteil meines Doktorats beschiftigte sich jedoch mit der
Wasserstoffgewinnung durch Photolyse, die Sonnenenergie in Wasserstoff umwandelt
der dann gespeichert werden kann. Beide Forschungsfelder liegen eng beieinander und
ergidnzen sich daher — insbesondere Materialen, Konzepte und Arbeitstechniken
betreffend. Das Konzept einer Wasserstoffwirtschaft sowie die Grundlagen der Photolyse

werden in der Einleitung néher erdrtert.

Die Photolyse hat 2 Teilreaktionen und ich habe einen Schwerpunkt auf die
Wasseroxidation gesetzt. Dabei wihlte ich das kostengiinstige Hamatit (a-Fe,O3), das im
sichtbaren Bereich des Lichtes absorbiert und die ndtige chemische Stabilitdt aufweist,
Wasser photoelektrochemisch zu oxidieren. Allerdings hat Hamatit zwei entscheidende
Nachteile: erstens, fiir einen Halbleiter, ist die Ladungstrigermobilitit sehr niedrig. Dies
erschwert eine effiziente Extraktion photogenerierter Ladungstriger, insbesondere wenn
sie fern von der Himatitoberfliche erzeugt werden. Zweitens, die Uberspannung fiir die
Wasseroxidation héngt stark von Fallenzustdanden ab, die sich in der Mitte der Bandliicke

des Hamatits befinden und somit sehr aktive Rekombinationszentren bilden.

Kapitel 3 befasst sich mit dieser Problematik. Darin zeige ich, dass Hamatit durch eine
darunterliegende diinne hohervalente Oxidschicht dotiert werden kann und dass
Sintervorgénge sowie gezielte Oberflaichenbeschichtungen diese Rekombinationszentren
passivieren konnen. Mit Hilfe einer detaillierten Untersuchung dieser funktionellen
Diinnschichten, konnte ich eine mehrschichtige Hamatit-Photoanode entwerfen, die eine
deutlich niedrigere Uberspannung fiir Wasseroxidation aufweist, wodurch der

Gesamtprozess deutlich verbessert werden konnte.



Wihrend in Kapitel 3 die Hamatit Diinnfilmelektroden durch Ultraschall-Spriihpyrolyse
hergestellt wurden, schlage ich in Kapitel 4 eine neue Methode zur
Atomlagenabscheidung (ALD) von kristallinen, photoaktiven und kontaminationsfreien
Héamatitfilmen vor. In einer Untersuchung an diinnen Hamatitfilmen von prézise variierter
Schichtdicke konnte ich zeigen, dass nur eine 10 nm dicke Raumladungsschicht
photoaktiv ist. Dies stellt eine groBe Herausforderung dar, wenn man bedenkt, dass ein
60-70 nm dicker Hamatitfilm notig ist um fast alle Photonen mit einer Energie grosser der
Bandliicke zu absorbieren. Um dieses Dilemma zu umgehen, stelle ich Ansdtze vor,
10 nm diinne Héamatitfilme auf geeigneten elektronenleitenden Nanostrukturen
abzulagern. Dies garantiert eine verbesserte Lichtabsorption durch die Nanostruktur und

gleichzeitig eine gute Ladungstragerextraktion in der diinnen Hamatitschicht.

In Kapitel 5 werden die Grundlagen fiir eine optoelektronische Modellierung einer

Photolysezelle gelegt und optische Verluste identifiziert.

Kapitel 6 zeigt meine Arbeit an ALD SnO; Elektronenakzeptorschichten, die zu groB3en
Fortschritten im Wirkungsgrad der planaren organisch-anorganischen Perowskit-
Solarzellen fiihrte. Die Zinnoxidschicht half dabei das Problem einer Energiebarriere
zwischen den Leitungsbandern der Absorbers wund der konventionellen
Elektronenakzeptorschicht zu beheben. Hysterese-freie Solarumwandlungswirkungsgrade
von bis zu 18% wurden fiir planare Solarzellenkonfigurationen erreicht und ebnen den
Weg in Richtung kostengiinstiger flacher organisch-anorganischer Perowskit-Solarzellen,
die schon bald die Photovoltaik-Leistung von polykristallinen Silizium-Solarzellen

ubertreffen werden.

Stichworter: Photolyse, Héamatit, Ultraschall-Spriithpyrolyse, Atomlagenabscheidung
(ALD), Elektrochemische Impedanzspektroskopie, Rekombinationszentren, Dotierung,
Grenzflachenfunktionsschichten, optische Konstanten, SnO,, ladungselektive Kontakte,

hybride organisch-anorganische Perowskit-Solarzellen
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1 INTRODUCTION

1.1 WORLD ENERGY CONSUMPTION

In 2013, the world consumed 389 million TJ of energy, which is equivalent with an
energy consumption rate of 12.3 TW." Almost 80% of the energy was produced from
fossil fuels (oil, coal and natural gas) and only 7% originated from renewable sources
(hydro, wind, solar, geothermal, bioenergy) as shown in Figure 1.1a,b,c."? Oil clearly
dominates the transport sector (Figure 1.1d) as the major oil refining products are
gasoline, kerosene and diesel fuel. Coal with a share of more than 40% is the predominant

fuel for electricity generation (Figure 1.1b) especially for industrial use (Figure 1.1e).

(a) Coal (b) Nuclear (c)
11.5% 10.6%
] Renewables -
3.3%

Electricity 4 21. | Renewables

18% 4 (other than Hydro)
5.7%

Oil 3 Solar CSP
4.4% 0.5%

Biofuels & Waste Solar PV

Natural Gas 1299 10.6%
o 2%
15.1% Qeean  Geothermal
Non-Energy Use 5.9%
(d) Industry (e) 6.1% ()

8.4%

Non-Energy Use
16.2%
Transport

Other
11.6%

Transport
63.8%

Industrial & Non-renewable
Municipal Waste
0.6%

Figure 1.1 a) Fuel shares of the world final energy consumption of 389 million TJ in 2013. b) Fuel
shares of world electricity consumption of 23’332 TWh in 2013. c) Renewable energy shares
(excluding hydroelectric) for the world electricity consumption in 2013 (CSP = concentrated solar
power). d) Shares of world oil and e) coal consumption with “Other” including agriculture,
commercial and public services, residential, and non-specified others. f) Fuel shares of CO:
emissions in 2013 (32'190 Mt CO3) from fuel combustion excluding emissions from non-energy.
Adapted from references ' 2.

The conventional way of electricity generation is based on turbines driving an electric



INTRODUCTION 2

generator. In the case of coal, oil, nuclear, biomass, geothermal and solar thermal the
produced heat then evaporates water to run a steam turbine. Gas turbines use natural gas
combustion. Water turbines and wind turbines use hydro and wind power, respectively.
Although the working principle of a turbine using heat, wind or water to power the
electric generator is very similar, the outcome in terms of waste products is very different.
In 2013, the combustion of fossil fuels emitted 32190 Mt of CO, whereof 46% is allotted
to coal and almost 34% to oil (Figure 1.1f). CO, along with methane and other pollutant
gases persist in the atmosphere and absorb the solar infrared radiation that is reflected
from the earth’s surface. As in a greenhouse, the average temperature of the atmosphere
and the oceans increases leading to severe climate changes.” Hence, a timely
decarbonization of our energy generation is important. Although nuclear power is rather
CO; neutral, its radioactive waste has a major environmental impact persisting for
centuries and even longer.* A typical 1 GW nuclear power plant produces about 12 m® of
high-level (HLW) and 30 m’® of low- (LLW) and intermediate-level (ILW) radioactive
waste every year.” 6 Scaling to the 441 nuclear power plants installed worldwide in 2014
with a net capacity of 383 GW,” more than 4’200 m® of HLW and 10’600 m® of ILW and
LLW is produced yearly. In addition, HLW often has to be calcined with added sugar to
produce a more stable glass for long-term storage since it carries more than 95% of the
total radioactivity produced. This so called vitrification process runs at a very high energy
cost.® The largest producers worldwide of nuclear energy are the United States and

France.

Comparing CO, emissions between countries China (8°977.1 Mt), USA (5°119.7 Mt),
India (1°868.6 Mt), Russia (1°543.1 Mt) and Japan (1°235.1 Mt) have the biggest
obligation to reduce their emissions in the nearest future as, presently, they are the most
polluting countries worldwide and are responsible for almost 60% of our global CO;
emission. With currently 28% of our total global CO, emissions, China has a very central
role in the energy policy of the future. With 1.37 billion people (1/5 of the worlds
population) its demand for electricity represents % of the total globally produced
electricity and 76% of this electricity is produced from coal resulting in the above-
mentioned CO, emissions. However, China is producing also almost % of our global
hydroelectricity and invested a record $83.3 billion in renewable energy in 2014.° The
investment trend in renewables by China as well as Europe ($57.5 billion), USA (38.3

billion), Japan ($35.7 billion) and others is very promising for the decarbonization of our
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future energy supply.

1.2 THE SOLAR POTENTIAL

In 2014, wind ($99.5 billion) and solar ($149.6 billion) accounted for 92% of the overall
investment in renewable power and fuels, pointing to their great potential for a zero-
emission future. Indeed, the sun is the biggest renewable energy resource available to our
planet. In average, the earth receives a solar irradiation of 1366.1 W/m?, whereof about
50% are lost due to reflection and absorption in the atmosphere (clouds, aerosols etc.).
With a total land surface of 149 million km* (with only half receiving sunlight at any one
time), 183 million TJ are hitting the surface per hour. In view of our total annual energy
demand in 2013 (389 million TJ), this means that the sun could cover all our yearly
energy needs in about 2 Aours! Thus, harvesting even just a fraction of this clean

renewable energy is realistic given new technologies and societal/political changes.

Mankind has a big inertia towards drastic changes of habits. Using fossil fuels as energy
source has been very convenient due to easy storage and transportation combined with
their high energy density and low price. However, with limited fossil fuel stocks, global
warming, steady population growth (Np=7.1 billion people in 2013 compared to 6.1
billon in 2000) and the rising standard of living in developing countries, the energy

demand, E, will grow according to Equation (1.1).

E=pr‘jv';:x;ﬁ (1.1)
All of these arguments must be the driving force needed for an economic and
environmental revolution towards carbon neutral renewable energy supply. However, for
the realization of the jump from 7% to 100% supply from renewable energy resources, we
have to guarantee scalable storage and redistribution of energy. Photovoltaics can
produce electricity with the scalability that we need, but due to the intermittence in solar
irradiation, a constant, stable electricity supply is not possible without a viable storage
solution. Evidently, an insecure electricity supply is inacceptable — especially in the
industrial sector working 24/7 with high power demanding machines. Pumped-storage
hydropower is a good strategy used nowadays to buffer the electricity grid. Especially in
the United States, China and Europe pumped storage is well established and planned to be

expanded in the future. To date, there are approximately 270 pumped-storage power
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plants globally installed or about to be inaugurated in the next few years. With a total of
127 GW, it represents the highest capacity for energy storage to date.'” These numbers
are expected to double in the near future but even then, this represents only a small

fraction of energy needed to be stored once we transition to a solar driven economy.

1.3 A HYDROGEN ECONOMY

Fortunately, a hydrogen-based economy represents a scalable solution to the energy
storage and distribution problem we are facing. Hydrogen is one of the most abundant
elements on Earth and liquid hydrogen has the highest energy density of any fuel (Figure
1.2a) or battery (0.15 MJ/kg for lead acid and 0.5 MJ/kg for Li-lon batteries). It is a
transportable fuel that can be stored in small or TWh-quantities. For more than three
decades, NASA (Cap Canaveral, Florida, USA) has been storing safely and economically
~34°000 m’ of liquid hydrogen used to fuel their space shuttle launches (Figure 1.2b)."!
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Figure 1.2 Hydrogen fuel. a) Volumetric and gravimetric energy densities of some fuels. Taken from
reference 12. b) Liquid hydrogen stored at NASA.™

In a hydrogen economy (Figure 1.3), a smart grid distributes electricity produced from
renewable energy resources (sun, wind, water, geothermal and bioenergy). Excess
electricity is then converted by electrolysis to hydrogen that can be stored in different
forms such as compressed gas, liquid hydrogen, adsorbed hydrogen on, for example,
metal-organic-frameworks (MOFs) or as metal hydride. On demand, hydrogen can then

be reconverted in electricity via fuel cells. The hydrogen storage strategy would
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compensate for the intermittency of solar irradiation or wind power and allow for a stable
electricity grid. In addition, hydrogen can be directly produced with solar energy by
photoelectrochemical splitting of water and can supply a surplus of hydrogen to cover the
needs of our transportation system and chemical industry for example. Using a carbon
monoxide/hydrogen gas mixture (syngas) all kinds of carbohydrates needed for the
fabrication of polymers, cosmetics and prescription drugs for example can be synthesized
via the Fischer-Tropsch process. Using nitrogen and hydrogen the synthesis of ammonia
via the Haber-Bosch process is important for the fertilizer industry. Both are already
established key processes in today’s economy but the hydrogen is synthesized mainly via

methane steam reforming at high temperatures and is neither renewable, nor carbon-

neutral.

Renewable and carbon-neutral

electricity generation
— energy
~
y

l

Electrolysis § EIch:ri:jc ty
H, Excess g 3 .
S < Electricity
Electricity
Electricity
on Demand

H,O+Heat

Figure 1.3 Schematic representation of significant aspects of a hydrogen economy based on
renewable energy sources (wind, hydro, geothermal, waste, concentrated solar power (CSP), solar
photovoltaics, tidal, biomass) that produce energy injected as electricity in the grid. Excess
electricity can be stored in hydrogen produced cleanly by electrolysis. On demand, it can be
recombined with oxygen in a fuel cell to produce clean electricity. In addition, hydrogen can be
directly produced with solar energy by photoelectrochemical splitting of water and can supply a
surplus of hydrogen to cover the needs of our transportation system and chemical industry for
example.

Furthermore, the renewable hydrogen can also be distributed as a fuel for transportation.
In 2015, the system cost of an automotive fuel cell was around 55 $/kWhy,, which is 43%
lower than 2006." The price-determining factor is the pricy Pt-based catalyst. Thus,
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research towards low-cost catalysts using abundant materials is important, in order to
further decrease cost. Nowadays, vehicles with fuel cell technology mainly from Honda,
Hyundai, Daimler and BMW, are already on the market. Indeed, along with the decrease
in system cost, prices of fuel cell vehicles (Toyota Mirai, $58°333) have dramatically
decreased in recent years to rival that of battery-based electric vehicles (Tesla Model S,
$71°100). In the San Francisco bay area the bus company AC Transit (USA) already uses
12 fuel cell busses on hydrogen.'* With the new ionic compressor developed by the Linde
group (Germany), refueling of a vehicle with autonomy of approximately 500 km takes
only 3 minutes."> These short refueling times and high autonomies make a hydrogen fuel

infrastructure highly attractive.

1.4 WATER SPLITTING

In such an economy, renewable hydrogen would be produced with an excess of electricity
via electrolysis of water and/or more elegantly and potentially more cost-efficient via

direct photolysis.

Water electrolysis is the decomposition of water into hydrogen and oxygen. According to
thermodynamics given in Equation (1.2), the minimum free energy needed for this
splitting reaction is AG = +237.18 kJ/mol at 25 °C, which is equal to a required voltage of
1.23 V (=AG/nF for n=2 electrons with F being the Faraday constant).

kJ
mol-K

AG = AH; — TAS = 286.03-2 — 0.163 T[K] (1.2)

However, in practice, this voltage is not enough to split water. Overpotential losses at the
anode (M,), cathode (M.) and in solution due to ionic conductivity (M) have to be
considered such that the final applied voltage can be substantially higher than 1.23 V.
Given the correct energetics, the following processes can occur depending on whether the

reaction medium is alkaline or acidic:

Under alkaline conditions Under acidic conditions
Cathode (Reduction): 2H,0 + 2e~ - H, + 20H"~ 2H* +2¢~ > H,
Anode (Oxidation): 20H™ >0, + Hy0 + 2e” H,0 =20, + 2H* + 2e”

Total: H,0 > H, + %02
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In dark electrolysis, the energy needed is supplied by electricity (Figure 1.4a) that would
in the future be entirely generated by renewables and hence, is an attractive way to
produce carbon-neutral hydrogen. Indeed, even the photolysis community largely
discusses the advantages of a “PV-electrolysis” concept, especially after Luo et al.
recently demonstrated conversion efficiencies of 12.3% employing relatively inexpensive
and highly abundant materials.'® PV-electrolysis has the advantage that hydrogen
generation is decoupled from light absorption and hence theoretically higher solar-to-
hydrogen (STH) efficiencies are possible if for example triple-junction solar cells are

used. The efficiency is in this case simply the product of the separate process efficiencies:

Nstn = Npv X NElectrolyzer (1.3)

For a PV efficiency (npy) of 38% for triple-junction solar cells (non-concentrated) or 20%
for cheaper alternatives such as polycrystalline silicon or perovskite solar cells, and
typical electrolyzer efficiencies (Neecron-er) between 75-80%, STH efficiencies between
15-30% are realistic.'” More on the development in dark electrolysis as well as

R 18-22
corresponding life cycle assessments can be found elsewhere.

Photolysis is inspired by natural photosynthesis, which converts solar to chemical energy
by light absorbers (chlorophyll) that use their absorbed energy to generate electrons for
the reduction of CO, to energy dense sugars (Figure 1.4b). In analogy, direct photolysis
(Figure 1.4c) uses semiconductors to absorb sunlight for the generation of electrons and

holes used to drive the above reactions.

(a) (b) (c)

Electricity

-+

Hy

Potential

Cathode Anode

a0
Photo- S 3 Photo-
Membrane anode & & cathode

Figure 1.4 a) Principle of dark water electrolysis shown on the example of PEM (polymer electrolyte
membrane) electrolysis. b) Z-scheme type of natural photosynthesis as an inspiration for c) the
working principle of photoelectrochemical water splitting with a photoanode in tandem with a smaller
band gap photocathode.
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Photosynthesis uses pigments to absorb sunlight in the leaf. More specifically, the leaf
has two different types of chlorophyll dyes — chlorophyll a and b — absorbing visible light
of 700 nm and 680 nm, respectively (Figure 1.5a). With respect to the broad solar
spectrum shown in Figure 1.5b, this is a very narrow absorption region, meaning that
most of the energy rich visible light is not captured by the plant due to the limitation in
the absorption coefficient of its dyes. In an artificial solar energy conversion system, such
losses are unacceptable. For energy conversion efficiencies to be high, most of the visible
and infrared (IR) light has to be efficiently absorbed. Dye-sensitized solar cells have
shown to work efficiently with precisely engineered dyes adsorbed on mesoporous TiO,.
Thus, these devices were able to capture most of the visible light due to the modified
absorption coefficients of the synthetic dyes and the improved loading of these dyes on

the nanostructured Ti02.23 24
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Figure 1.5 a) Absorption spectra of chlorophyll a and b. In the visible region, chlorophyll a absorbs
around 700 nm and chlorophyll b around 680 nm as indicated also in Figure 1.4b. b) Solar
irradiation outside atmosphere (AM 0) and at the Earth’s surface (AM 1.5G, incident angle of 48 °)
after a reduction in the power of the solar radiation due to absorption (by water vapor, oxygen, CO2
and ozone), scattering and reflection in the atmosphere. More on specifics of solar irradiation can
be found elsewhere.?®

Besides strong visible light absorption, photoelectrode materials for PEC water splitting
have to fulfill several other important criteria such as efficient charge transport, natural
abundance of the constituent elements, low cost, non-toxicity and high stability under
water splitting conditions.”® The latter is very important to avoid corrosion/degradation
processes of the photoabsorbers. Semiconductors are excellent light absorbers and some
of them are chemically robust enough in alkaline or acidic media (necessary to increase
the ionic conductivity of the solution). Similar to the light absorption process in a dye

molecule, where an electron is excited from the highest occupied molecular orbital
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(HOMO) to the lowest unoccupied molecular orbital (LUMO) (Figure 1.6, center), an
electron can be excited from the valence band to the conduction band if the absorbed
energy exceeds the band gap energy (Figure 1.6, right). Hence, in order to absorb most of
the visible and near-IR irradiation (Figure 1.5b), small-band gap semiconductors are

desired.

2-atom Periodic crystal of

Single atom molecule a semiconductor

Conduction Band

20* = LUMO
Eq Band gap

oo AE
20 gy Hovo Valence Band
2 — 20 —gr— —
20

18 10 :#
1o

Figure 1.6 In a single atom the atomic orbitals are degenerate, meaning having equal energies (as
the 2p orbitals shown left). In a molecule atoms are close enough to energetically interact with each
other leading to a splitting in the energy of the molecular orbitals formed, which is a consequence of
the Pauli exclusion principle stating that a maximum of 2 electrons with spin states s** and s can
occupy one state (the spin states are represented by the blue arrows in up and down direction).
Electrons from each atomic orbital fill the molecular orbitals until the highest occupied molecular
orbital (HOMO). Upon light absorption of light with an energy bigger than AE, an electron from the
HOMO can be excited to the lowest unoccupied molecular orbital (LUMO). This excited state lasts
only a spit of a second (depending on the molecule). Projecting molecules of only a few atoms to
periodic crystals of N atoms, energetic coupling of all the atomic orbitals leads to a quasi-continuum
of states known as bands. The highest occupied band is the valence band and the lowest
unoccupied band is the conduction band. In a semiconductor the valence and conduction bands
are separated by a band gap with energy Eq. Depending on the band gap energy materials are
classified into metals (no band gap, bands overlap), semiconductors and insulators (Eq > 3 €V).

1.4.1 SEMICONDUCTOR FUNDAMENTALS

In this subchapter the concept of Fermi level will be introduced leaning on semiconductor
physics literature.”’” In thermal equilibrium, the number of electrons, n, in occupied
conduction-band levels is given by the density of conduction band states g.(E) multiplied

by the occupancy f(E), integrated over the conduction band (Equation (1.4)).
ne = J;. 9c(E) - f(E) dE (14)

The density of states is given by

ge(®) = 2l (15)
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with m being the effective mass of electrons in the conduction band. The probability of
occupying these states strongly depends on temperature and energy and is described by
the Fermi-Dirac function that can be approximated by a Boltzmann term for

E - Er >> 3kgT

E-E
1 F

f(E) = E-Ep e kT (1.6)

e kBT +1

where Er is the Fermi energy of electrons. Defining N¢ as the effective density of states

in the conduction band,

3
2nmgkpT\2
Ne(T) = 2 (22ED) . (1.7)
with M¢ being the number of minima in the conduction band. The number of electrons in

the conduction band is given by

_(Bc-EF)

ne =Ng(T)e k8T or E.—Ep=ksTln (Nf[—(:)) (1.8)

Similarly for the valence band holes, p,:

_(Ep-Ey)

Py = Nv(T) e kpT or EF - EV = kBTln (Nl;—(T)) . (1.9)
14

Subtraction of Equation (1.8) from (1.9) gives the Fermi level, which is the

electrochemical potential of charge carriers:

_ Ec+Ey kB;T ncNy
Ep=2CE 4 Sy (—vaC) (1.10)

For an intrinsic semiconductor (n. = p,), the Fermi level is located close to the middle of
the band gap as shown in Figure 1.7a, since the effective mass of electrons is very close

to the one of holes. For one minimum in the conduction band and with

Ny — (ﬂ)g (1.11)

N¢ mz

the Fermi level of an intrinsic semiconductor is given by

__ Ec+Ey |, 3kpT my
Ep = FXE Ty (mz) . (1.12)
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Figure 1.7 Schematic band diagram, density of states, Fermi-Dirac distribution, and carrier
concentrations for (a) intrinsic, (b) n-type, and (c) p-type semiconductors at thermal equilibrium. The
mass action law pn = n#is valid for all three cases. Taken from reference %7.

The intrinsic carrier concentration of semiconductors such as silicon and gallium arsenide
is very low at room temperature: Si (E;=1.1¢eV, n;j= 10" cm™), GaAs (Eg=1.4¢V,
n; = 3-10° cm™). However, one of the most important properties of a semiconductor is that
it can be doped with different types and concentrations of impurities to vary its resistivity.
When a semiconductor is doped with donor or acceptor impurities, impurity energy levels
are introduced that usually lie within the energy gap as shown in Figure 1.7b,c. A donor
impurity has a donor level at energy Ep, which is defined as being neutral if filled by an
electron, and positive if empty. Conversely, an acceptor level at energy E, is neutral if
empty and negative if filled by an electron. Depending on the impurity energy level and

the lattice temperature, not all dopants are necessarily ionized. The concentration of all
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donor impurities is defined as Np and of the ionized as Np' and similar for the acceptor

impurities Ny and N .

The total negative charges (electrons and ionized acceptors) have to be balanced by the

total positive charges (holes and ionized donors) to maintain charge neutrality:
Ni+p=N;y+n (1.13)

Due to the change in the carrier concentration upon doping with ionized donor impurities
(D < D' + ¢), the Fermi level shifts closer to the conduction band (Equation (1.10)) as
the carrier concentration of electrons exceeds that of holes (n. >> py) and vice versa for
doping with acceptor impurities resulting in n- and p-type semiconductors, respectively,

as illustrated in Figure 1.7b,c.

1.4.2 SEMICONDUCTOR-METAL JUNCTION

Semiconductors have to be contacted to extract the photogenerated charge carriers in
form of a current to either generate electricity as in a solar cell or just to shuttle electrons
from the photoanode to the photocathode where they recombine with the holes in the p-
type semiconductor (Figure 1.4c) while the minority carriers perform the water splitting
reactions. Hence, the energetics at the contact are very important. When a metal contacts
the semiconductor, the contact can either be ohmic (no potential barrier) or blocking due
to a so-called Schottky barrier that forms. Figure 1.8 illustrates both contact types for the
example of an n-type semiconductor. Helpful animations on solid-state junctions are

. 28
given elsewhere.

In order to allow electrons to pass from the semiconductor to the metal contact, their
work functions have to be well aligned. The work function, @, defines the energy
required to completely remove an electron from the material to an infinite point in the
vacuum and arrive there with zero energy. When the work function of the metal is smaller
(Fermi level energetically higher) than that of the semiconductor, electrons will first flow
from the metal to the conduction band of the semiconductor to lower their energy. For an
n-type semiconductor, this leads to a downwards bending of the conduction band

allowing electrons to pass this junction (Figure 1.8a).
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Figure 1.8 Formation of a) an ohmic contact or b) a Schottky barrier between the metal and the n-

type semiconductor.

If, however, the work function of the metal is larger than of the semiconductor, the
equilibration of the contacted system results in a Schottky barrier that hampers the
electrons to pass. Still, there is a probability of tunneling through such a potential barrier,

depending on the barrier thickness and height as well as on the electron effective mass as

illustrated in Figure 1.9 and given by Equation (1.14).
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Figure 1.9 Wave functions and electron energy for an electron tunneling through a rectangular

barrier.

The tunneling probability, 7}, decreases exponentially with barrier thickness d:

2mg(Eggrrier—E)
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1.4.3 SEMICONDUCTOR-ELECTROLYTE JUNCTIONS
1.4.3.1 IN THE DARK

Splitting water with a semiconductor photoelectrode needs a proper understanding of the
semiconductor-electrolyte junction in the dark and under illumination. Figure 1.10 shows
the change in band and Fermi level positions of an n-type semiconductor upon contact
with an electrolyte in the dark. Upon contact, electrons flow from the semiconductor to
the electrolyte to lower their chemical potential until equilibrium is reached (Er = Egredox)-
This results in an electron-depleted region of thickness Wsc (=space charge layer width)

in the semiconductor near the semiconductor-electrolyte junction and induces an electric

field, E.
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Figure 1.10 Energy band diagram of an n-type semiconductor a) before and b) after contact with an

electrolyte in the dark.

On the electrolyte side, negative ions adsorb at the semiconductor surface to
counterbalance the positive space charge (=ionized donor impurities) in the
semiconductor. A detailed view on the electrical double layer forming at this interface as
well as further details on the space charge region are given in Section 2.1.2 on impedance

spectroscopy.

1.4.3.2 UNDER ILLUMINATION

Upon light absorption an electron is excited from the valence into the conduction band

leaving behind a hole (= electron vacancy) in the valence band if the energy of light is
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higher than the band gap energy:
(1.15)

The additional electrons generated under light shift the Fermi level of electrons closer to
the conduction band, which is accompanied by a weaker band bending. Given that there
still persists an electric field, the just created charges can be separated: electrons flow
(energetically downhill) to the back contact while holes accumulate at the
semiconductor/electrolyte junction. This charge separation induces a gradient in the
concentration of holes from the junction to the bulk of the semiconductor leading to a
splitting of the Fermi energy into quasi Fermi levels for electrons, Er,, and holes, Er,, in

the space charge region as illustrated in Figure 1.11a.
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Figure 1.11 a) Ideal n-type semiconductor for standalone photoelectrochemical (PEC) water splitting
with well aligned conduction and valence bands and a large enough Fermi level splitting to drive the
water splitting reactions including the overpotentials at the cathode, 1., and the photoanode, 7n.. b)
An n-type semiconductor with an insufficiently high Fermi level of electrons (and conduction band)
and hence generates not enough photovoltage to drive both water splitting reactions. PEC water
splitting can only be realized in a voltage bias assisted mode.

For standalone water splitting, the photoabsorber should provide a photovoltage of
around 1.5V considering the reversible potential of 1.23 V and the sum of the
overpotentials (=1¢+1M,). Only few semiconductors have an energy band alignment that
matches the water splitting potentials. TiO, fulfills this requirement and was the first
material to be studied for solar water splitting in the early 1970’s.**° However, with a
band gap of ~3.2 eV corresponding to a maximum absorption wavelength of 387 nm, it

absorbs only a small fraction of solar irradiation resulting in a theoretical solar-to-
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hydrogen (STH) conversion efficiency of only 4%. Unfortunately, most of the low-cost
and stable” photoanode materials with band gaps between 1.5 and 2 eV have non-ideal
positions of their conduction and valence bands (see Section 1.4.4). In this case, a voltage
bias is needed to drive the reactions (Figure 1.11b). The bias voltage can be supplied by a
photocathode®™ or a solar cell**® in tandem with the photoanode. A detailed review
summarizes recent advances in photoelectrochemical tandem cells for solar water

splitting.*’

Another way of circumventing a non-ideal energy band alignment has been employed by
NREL in 2001 and still holds the record STH efficiency of 16.4%.*® The device is shown
in Figure 1.12. Instead of externally connecting a solar cell to the PEC system, a wireless
version of a solar cell tandem was applied using a double-junction GalnP,/GaAs tandem
photoanode. This configuration profits from the sum of the integrated photovoltages
generated by the GalnP,-np junction, V,,;, and the GaAs-np junction, V., that is

sufficiently high to achieve unassisted (= no voltage bias) water splitting.
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Figure 1.12 Schematic presentation of the components (left) and the energy band diagram (right) of
the record np-GalnP2/np-GaAs/Pt/KOH/Pt configuration for PEC water splitting. The band gap of
GalnP: is 1.8 eV and that of GaAs is 1.4 eV. Adapted from reference .

To the present time, immersing state-of-the-art multi-junction solar cells has proven to

achieve the highest solar-to-hydrogen conversion (STH) efficiencies (given by Equation

(1.16)) for photoelectrochemical (PEC) water splitting.***

* A semiconductor is generally stable against oxidation by photogenerated holes if this oxidation potential
lies lower than the valence band position or the O-/H-0 potential. Likewise, a material is generally stable
against reduction by photogenerated electrons if this reduction potential is higher than the conduction
band position or the H*/H2 potential.
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A
(123 V—Vpigs) X ]ph[glnz] X NF

Nsth = (1.16)

P [mW]
incident cm?2.

With 77 being the faradaic efficiency and Piycigens the incident solar irradiation.

1.4.4 CHOICE OF THE SEMICONDUCTOR

As the voltage necessary to drive the water splitting reaction is around 1.5-1.6 V
(depending on the overpotentials for water oxidation and reduction), it is challenging to
find a material that precisely straddles these potentials with its quasi Fermi level positions
and still broadly absorbs in the visible region (equivalent to a band gap of 1.5 -2 eV). On
the photoanode side, there are several semiconductors that absorb visible light as shown
in Figure 1.13. Though GaAs and GalnP, have demonstrated record efficiencies for PEC
water splitting (Figure 1.12), their production cost is too high for large-scale production.
Besides, they need to be protected from solution, as they are not stable in aqueous
media.*! Others such as silicon, indium and bismuth vanadates, sulphides, oxynitrides,
nitrides and hybrid organic-inorganic perovskites are not stable under water splitting
conditions. Besides, cadmium (in CdS and CdSe) and lead (in hybrid organic-inorganic

perovskites) are under RoHS (Restriction of Hazardous Substances) regulations.
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Figure 1.13 Band gaps and band positions of n-type semiconductors with band gaps between 1 eV
and 2.6 eV. Adapted from references 24 4244,

Though recent developments in protection layer engineering led to a significant

4547

stabilization of unstable materials, their stability would highly depend on the

production process. Minor production errors could create pinholes in the protection
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layer.48 Hence, inherently stable materials are more favorable for long-term installations.
Tungsten trioxide is stable in acidic medium but only absorbs the blue part of the visible
region (due to its band gap of 2.6 eV). However, the iron-based compounds such as
hematite and the ferrites are highly stable in neutral to alkaline medium. Furthermore,
their elements are highly earth-abundant as seen in Figure 1.14 and the compounds are

nontoxic. With band gaps of ~2.0 eV, they have the potential to reach STH conversion

. . 17, 49
efficiencies of up to 16.8% when used as the bottom photoabsorber.
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Figure 1.14 Relative abundance of elements in Earth's upper continental crust as a function of
atomic number, Z. Taken from reference .

Hematite (a-Fe,O3) has a well-aligned valence band maximum for water oxidation and it
fulfills almost all of the above-mentioned criteria for a suitable photoanode material.*®

However, it suffers from two major game-changing drawbacks:

Firstly, hematite’s extremely low mobility of electrons (u, = 1.6 102 cm” (Vs)' for Ti-
doped hematite at 300 K) and orders of magnitude lower for holes (x,=5.6 10° em?
(Vs)! for Mg-doped p-type hematite)’ is in stark contrast with mobilities found for
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example in silicon (x, = 100-1060 cm® (Vs)™; u, = 150-500 cm® (Vs)™" at 300 K) or GaAs
(i = 3000-8000 cm* (Vs)'; u, = 180-400 cm® (Vs)" at 300 K).™” The mobility is a
function of the mean free path, A, and the carrier effective mass, m,
_ qim
H= Tigrm® (1.17)
and is a determining parameter for the internal resistivity, p, and hence, the conductivity,

o, of a semiconductor given by

0 === q(unn + upp) (1.18)

This makes it extremely challenging to collect holes that are photo-generated within the
hematite layer (and far from the surface) especially when hematite is operated in water.
As thin films absorb only a small fraction of light depending on their absorption
coefficient,* a myriad of works have focused on photoelectrode designs aiming at

facilitating hole extraction at the hematite surface. Nanostructuring approaches have been

52-54
f

applied to either the semiconductor itsel or to an electron conductive host scaffold

coated by a thin layer of the hematite guest absorber™>*

as illustrated in Figure 1.15.

(@)

Figure 1.15 a) Thick film configuration most commonly employed for semiconductors with low
resistivities. In this configuration hematite will heavily suffer from its low conductivity so that charge
extraction will be inefficient. b) Cauliflower-nanostructured hematite (orange) on a FTO conductive
substrate (grey). Adapted from reference %°. ¢) Nanostructured electron conductive host scaffold
(grey particles) coated with a hematite thin film (orange) corresponds to the host-guest
configuration.

T For these materials, mobility decreases with increased carrier concentration. Values were taken for a
carrier concentration range of 10™-10'® cm-.

* The light penetration depth is defined as the inverse of the absorption coefficient (o). To absorb light up
to 620 nm (equal to 2 eV), hematite thickness has to be roughly 1 ym as will be shown in Section 5.3.2. This
is mainly due to the indirect band gap character in hematite: indirect transitions show rather weak light
absorption
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A nanostructured hematite photoanode design targets complete light absorption while
simultaneously providing a short pathway for holes to the semiconductor-liquid junction,
a combination that should result in higher photocurrents and better charge extraction

efficiencies.

Here lies the first motivation and challenge for the work presented in this thesis: The
objective to design a synthesis process that allows for a conformal and homogenous
coating of a nanostructured conductive host scaffold with a photoactive hematite thin
film. This work on hematite deposited by atomic layer deposition will be presented in

Chapter 4 and the deposition method introduced in Section 2.2.%°

The second major drawback encountered in hematite lies in its extremely fast electron-

hole recombination kinetics (some ps) that compete with the rather slow (up to 3 s) water

oxidation reaction step.’'

In general, there are 3 different types of recombination shown in Figure 1.16:

a) Band-to-band recombination that results in the emission of a photon and hence is

radiative

b) Auger recombination transferring the energy to another electron in the conduction
band

¢) Nonradiative trap-assisted recombination through single-level traps (2-step

process).
(a) (b) T ()
E
(—C £ 90 g Cf
1
hL) O trap
£
EV @ EV @ EV @

Figure 1.16 Recombination processes (the reverse are generation processes). (a) Band-to-band
radiative recombination. (b) Auger recombination transferring the energy to another electron in the
conduction band. (c) Nonradiative trap-assisted recombination through single-level traps (2-step
process). Taken from reference 4.

It was observed that hematite exhibits a deep donor level.®”*® In Chapter 3 this deep
trap level is identified and a method towards trap passivation will be presented. In the

final conclusion in Chapter 7 the nature, role and importance of these traps is discussed.
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2 THEORETICAL BACKGROUND FOR
METHODS APPLIED IN THIS WORK

2.1 IMPEDANCE SPECTROSCOPY

Electrochemical impedance spectroscopy is a widely used technique for investigation of
electrochemical processes at surfaces and interfaces." To extract the parameters of the
investigated system it is necessary to simulate and fit the data by an equivalent circuit

based on a physical model of the system.

2.1.1 MEASUREMENT PRINCIPLE

During the impedance experiment, the alternating current response, 1(t) (Equation (2.1)),
to a small sinusoidal voltage perturbation, V(t) (Equation (2.2)), is measured during a

frequency scan.
1(t) = Lye'@trd@) (2.1)
V(t) = Vyel@t (2.2)

From the voltage to current ratio at a certain angular frequency, w, the impedance, Z(w),

can be defined as:

V() Vet W iste) —is
Z(w) _E T ppel@t+s(@) T T emi8@) = |Z| e 8@ (2-3)

Applying the formula of Euler, the following is obtained from Equation (2.3):
Z(w) =1Z|cos(8(w)) — i|Z|sin(6(w)) = Z' — iZ" (2.4)

Equation (2.4) shows the two parts of impedance; the real, Z’, and the imaginary part, Z”~
in the way impedance data is represented in Nyquist diagrams (Figure 2.1 left). Other
useful graphical representations are Bode plots (Figure 2.1 right). They represent
impedance in terms of magnitude, |Z|, and phase angle, J, as functions of frequency on a

logarithmic scale.
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Figure 2.1 An example of a Nyquist plot (left) and Bode plots (right).

A phasor diagram nicely graphs the relationships among impedance, magnitude and

phase angle (Figure 2.2).

Re

Figure 2.2 Phasor diagram showing the relationships among impedance, Z, magnitude, |Z|, and
phase angle, 8. Z' = |Z|cos(8(w)), Z" = |Z|sin(8§(w)).

From Figure 2.2, the phase angle can be calculated according to Equation (2.5).
-
§ = arctan (Z—) (2.5)

The impedance for an ohmic resistor, Zg, is given by the resistance, R (Equation (2.6));

alternating current and voltage are in-phase (6 = arctan(0) = 0) in a pure ohmic circuit.
Zr=R (2.6)

In case of a capacitor, with a capacitance, C, the AC voltage lags the current by 90 °

(0 = arctan(-0) = - 90 °) and the impedance, Zc, is given by Equation (2.7).

1 1

Ze=— = —i— (2.7)
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2.1.2  SEMICONDUCTOR-ELECTROLYTE INTERFACE IN THE
DARK AND ITS EQUIVALENT CIRCUIT

A shown in Figure 1.10, upon contact of an n-type semiconductor with an electrolyte in
the dark, electrons flow from the semiconductor to the electrolyte to lower their chemical
potential until equilibrium is reached (Er = Epedox). This results in an electron-depleted
region of thickness Wsc (=space charge layer width) in the semiconductor near the
semiconductor-electrolyte junction. The electrostatic potential, V¢, in the space charge

layer entails a band bending since the potential contributes a term, —eyVsc, to the energy.
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Figure 2.3 Formation of an electrical double layer at the semiconductor-electrolyte junction. Top: A
schematic showing the depleted n-type semiconductor with a positively charged space-charge
layer. The positive charge is balanced by solvated anions in the electrolyte at the outer Helmholtz
plane (OHP) and in the Gouy-Chapman layer (GCL), both having an enriched concentration of
solvated anions compared to the bulk electrolyte. Directly at the interface the solvent molecules
(here H20) adsorb with aligned dipole moments at the semiconductor surface forming the inner
Helmholtz plane (IHP). Across the Helmholtz layer (HL) and the GCL a potential drop (Vu+Vac) is
obtained. Adapted from reference 2.

On the electrolyte side, the positive charge is balanced by solvated anions in the
electrolyte at the outer Helmholtz plane (OHP) and in the Gouy-Chapman layer (GCL),

both having an enriched concentration of negative charge compared to the bulk
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electrolyte. According to this model, directly at the interface the solvent molecules (here
H,0) adsorb with aligned dipole moments at the semiconductor surface forming the inner
Helmholtz plane (IHP). In solution, across the Helmholtz layer (HL) and the GCL also a

small potential drop (Vy+Vgc) is obtained.

The equivalent circuit for this ideal capacitive system would consist of a solution
resistance, Rsousion, N series with the two capacitances for each potential drop such that

the sum of the capacitances is

= (2.8)

Chuik Csc CH

The Helmholtz capacitance is usually assumed to be much bigger than the space charge
capacitance (Cy >> Csc) so that it becomes negligible in Equation (2.8). In parallel to the
capacitances a resistance describes the charge transfer between the electrode and the
electrolyte. The full equivalent circuit used for the fitting of impedance measurement data

acquired for a hematite/electrolyte system is shown in Figure 2.4.

Figure 2.4 Physical schematic of the equivalent circuit for a hematite/electrolyte interface in the dark.

In the real measurement, additional to the solution resistance are all other series
resistances due to e.g. cable and contact resistances contributing to the overall series
resistance, Rs. For the PEC cell depicted in Chapter 5 (Figure 5.1) a typical series

resistance of 25 Q was measured.

2.1.3 MOTT-SCHOTTKY ANALYSIS

Mott-Schottky plots are widely used for the extraction of the charge carrier density, Np,
and the flat band potential, Vr,, of the semiconductor. The latter allows estimating the
conduction band position. The experiment is based on the fact that changing the voltage

of the semiconductor artificially through the use of a potentiostat causes the
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semiconductor and redox couple Fermi levels to separate, and hence the level of band
bending owing to electron depletion in the semiconductor will change depending on the
applied voltage. When the applied voltage is such that there is no band bending, or charge
depletion (zero space charge), then the semiconductor is at its flat-band potential as

shown in Figure 2.5b.
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Figure 2.5 Semiconductor-liquid junction in the dark a) at equilibrium and b) upon voltage bias up to
its flat band potential.

Thus, this variation in the applied voltage will significantly change the capacitance of the
space charge layer and can be used for the extraction of the flat band position and the
charge carrier density of the employed semiconductor according to the Mott-Schottky

equation

e ) BT

Csc egrgoNp

with Csc/As being the surface area corrected space charge layer capacitance, € the
dielectric constant of the material and &) the vacuum permittivity. V is the applied
potential. The detailed derivation of the Mott-Schottky equation starting from the
Poisson-Boltzmann equation can be found in the Appendix. In practice, impedance
measurements are carried out in a broad potential range of interest and the results are
fitted to the equivalent circuit shown in Figure 2.4. The fitted capacitance is plotted
against the applied potential in a Mott-Schottky plot as shown in Figure 2.6. The charge

density is extracted from the slope of the linear region and the flat band potential can be
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calculated from the intercept at (A4s/ CSC)2 =0.

2 2
Cee’/em'F

eggNp

Applied Voltage / V

Figure 2.6 A typical Mott-Schottky plot of measured data (black circles) fitted in the linear region with
a linear fit (red line) that is used for the calculation of the charge carrier density from the slope and
the flat band potential from the intercept with the voltage axis at voltage V..

It was shown that linear Mott-Schottky plots can also be obtained when the Helmholtz
capacitance is significant and hence, the Mott-Schottky equation stays valid even for

highly doped materials.’

With the extracted charge carrier density and the flat band potential, the space charge

layer width can be calculated according to Equation (2.10).

2er
Wse = \/ B (Vbias - Vfb) (2-10)

eOND

2.2 ATOMIC LAYER DEPOSITION

Here, a summary of the most important characteristics of atomic layer deposition will be
briefly discussed. For more profound information I recommend review articles by the

group of Prof. Markku Leskeld and Prof. Steven M. George.*” ©

2.2.1 PRINCIPLE

Atomic layer deposition (ALD) belongs to the family of vapor deposition methods and is
a modification of chemical vapor deposition (CVD) where usually two reactants undergo
a chemical reaction either in the gas phase or at a substrate surface. In CVD both
precursors react instantly (or one precursor decomposes) once the necessary temperature

for the reaction is provided, whereas in ALD the highly reactive precursors react in two
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subsequent steps (half cycles) by saturating surface reactions and do not decompose. A

typical ALD cycle is shown in Figure 2.7 for Al,O; deposition.
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Figure 2.7 ALD deposition sequence shown on the example of AlOs formation with TMA
(trimethylaluminium) and water. 1. During the metal precursor (here: TMA) pulse TMA reacts with the
hydroxylated surface of a given substrate (chemisorption) in a saturating surface reaction. 2.
Purging with inert gas removes the unreacted precursor (TMA) and the reaction byproducts
(methane). 3. In the second half cycle during the water pulse water reacts with the surface until the
reaction is saturated. 4. Another purge prepares the surface for a subsequent cycle of Al2Os ALD.
Repeating this cycle for a number of times leads to a layer-by-layer growth of thin films.

Through the self-limiting growth mechanism of ALD, film thickness is adjustable with
atomic precision. Furthermore, since growth is surface controlled, coating porous
materials of high aspect ratio with precisely the same thickness is very straightforward in
ALD compared to alternative deposition methods such as sol-gel, physical vapor

deposition (PVD) and CVD (Figure 2.8).

Liquid phase Source Semi-surface Surface
process controlled controlled controlled
(sol-gel) gas phase gas phase gas phase

process process process
(PVD) (CvD) (ALD)

Figure 2.8 Coating thickness uniformity with different methods. Taken from reference 7.
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It is desirable (not required though) to have a so-called “ALD window” for the deposition
where the growth rate is more or less stable in a certain temperature range. In this
temperature window undesirable features such as low reactivity or condensation at too
low temperatures and decomposition or desorption of the precursors at too high
temperatures can be avoided (Figure 2.9). However, it does not confirm the self-
saturating character of the deposition, which requires monitoring the growth rate

dependence on the precursor pulse length.

>

Window

Growth per Cycle

Temperature

Figure 2.9 ALD temperature window.

The growth rate (commonly reported as “growth per cycle” in ALD) is rather low
compared to other deposition processes including CVD. It is even lower when the actual
deposition rate (thickness/time) is compared. However, this issue has been addressed in
recent years and the development of a reactor, designed for sequential deposition as
shown in Figure 2.10, could speed up the deposition process. For Al,Os; an actual
deposition rate of 1.2 nm/s has been demonstrated.® Beneq, which is one of the biggest
ALD construction companies worldwide, followed up on this approach and has built a
spatial ALD, the WCS 600, for roll-to-roll fabrication. It has a throughput of
400’000 m*/year (calculated for a film thickness of 25 nm assuming a growth rate of
roughly 1 A/cycle).’

Gas Gas Gas
Bearing TMA Bearing H,0 Bearing
exhaust

[T LTa

<4— Substrate —

Figure 2.10 Schematic drawing of the spatial ALD reactor concept, where TMA and water half-
reaction zones are separated by gas bearings. Moving the substrate underneath the reactor, the two
half-reactions will take place subsequently to form an Al.Os monolayer. Reprinted from reference 8.
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Therefore, with the spatial deposition approach and in view of the thicknesses of oxide
layers of only a few tens of nanometers used in microelectronics, solar cell fabrication

and water splitting, ALD absolutely represents a scalable fabrication method.

2.2.2 DEMAND ON PRECURSORS

ALD is widely used for the fabrication of oxide, nitride and metal thin films but also
processes for sulfides and ternary compounds have been developed.'™'" A recent review
by Blanquart ef al. covers the variety of precursors for thermal as well as for plasma
enhanced ALD.® Depending on the material to be fabricated, different hydrides are used
(H20, H,S, H3N) but also oxidizers such as oxygen, hydrogen peroxide and ozone are

employed for ALD of oxides.

In order to achieve reasonable deposition rates, precursors have to easily chemisorb on
the substrate surface or rapidly react with the surface groups. Different metal reactants
such as alkyls, halides, alkoxides, B-diketonates, cyclopentadienyls and alkyl amides are
commonly employed in ALD. The precursor chemistry is the key process in ALD and the
precursors can be gaseous, liquid or solid as long they are volatile enough and thermally
stable. Furthermore, the byproducts from the ALD reaction have to be volatile in order to
avoid physical vapor deposition of these byproducts that would contaminate the substrate
surface. Trimethylaluminium (TMA) is the most studied ALD precursor mainly for two
reasons: firstly, because Al,Oj; thin films have been of interest for microelectronics since
the 1970’s and secondly, because TMA is highly volatile, thermally stable and forms

gaseous methane as a byproduct. Hence, it represents the ideal precursor for ALD.

From my personal experience, reproducibility of the ALD process with precursors that
have to be heated higher than 100 °C to attain the desired vapor pressure is sometimes
difficult to maintain as thermal degradation in the precursor reservoir over the time of
several depositions becomes an issue. For example, precursors such as TMA, diethylzinc
and others that are volatile at room temperature, give the highest reproducibility. Also
tetrakis(dimethylamino)titanium(IV) (TDMAT) and the tin equivalent TDMASn give
very reliable depositions with precursor temperatures of 75 °C and 65 °C respectively.
However, tris(diethylamido)(tert-butylimido)tantalum(V) (TBTDET) and its niobium
equivalent, TBTDEN, suffer from partial degradation in the reservoir over time.

Especially the volatility of TBTDET poses major challenges.



METHODS 34

Decreasing Volatility
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In this work I will present a low-temperature ALD process to obtain crystalline, phase-
pure and  photoactive hematite films that are deposited  with
(dimethylaminomethyl)ferrocene (DMAMFc¢) and ozone. More details will be given in
Chapter 4.

DMAMFc

In summary Table 2.1, shows the advantages and drawbacks of ALD.

Table 2.1 Technical advantages and disadvantages of atomic layer deposition.

Advantages Disadvantages

Precise film thickness control on the atomic Low deposition rates

scale

Film homogeneity Dependence on the nature of the precursor
so that the choice of materials for ALD is

Conformity limited to precursor synthesis

Pinhole-free film deposition Usually films are amorphous as-grown

Precise doping control Expensive precursors for many materials

Though ALD was relatively recently introduced to the field of PEC water splitting, it has
already enhanced research progress quite rapidly due to its precise control of the many
parameters listed above. This makes it a valuable and powerful deposition technique for

innovative research.
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3 UNDERSTANDING THE ROLE OF
UNDERLAYERS AND OVERLAYERS IN
THIN FILM HEMATITE PHOTOANODES

This chapter is adapted from a peer-reviewed article by Ludmilla Steier, Isaac Herraiz-
Cardona, Sixto Gimenez, Francisco Fabregat-Santiago, Juan Bisquert, S. David Tilley and
Michael Gritzel published 2014 in Advanced Functional Materials.!

Recent research on photoanodes for photoelectrochemical water splitting has introduced
the concept of under- and overlayers for the activation of ultrathin hematite films. Their
effects on the photocatalytic behavior were clearly shown, however, the mechanism is
thus far not fully understood. Herein, I analyze the contribution of each layer by means of
electrochemical impedance spectroscopy, with the aim of obtaining a general
understanding of surface and interface modifications and their influence on the hematite
photoanode performance. This broad study shows that doping of hematite from the
underlayer, surface passivation from annealing treatments and an overlayer are key
parameters to consider for the design of more efficient iron oxide -electrodes.
Understanding the contribution of these layers enables a new design for ultrathin
photoactive hematite films. Employing a combination of a gallium oxide overlayer with
either niobium oxide or silicon oxide thin film underlayers is shown to achieve greatly
improved photocurrent onset potentials for the photoelectrochemical oxidation of water
using Co-Pi as a water oxidation catalyst. By better understanding the underlying
principles of over- and underlayers, I was able to design multilayered hematite
photoanodes comprised of functional thin films to obtain a significant reduction in water
oxidation overpotential, such that less voltage bias is needed to drive the reaction. These
encouraging results bode well for improving the efficiency of photoelectrochemical

tandem cells as shown in Figure 1.4.
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3.1 INTRODUCTION

3.1.1 THIN FILM HEMATITE AND THE USE OF FUNCTIONAL
LAYERS

Considering the mandatory criteria of a photoanode material for PEC water splitting—such
as a suitable band gap for the absorption of visible light, excellent aqueous stability,
natural abundance of the constituent elements, low cost and non-toxicity, hematite (c-
Fe,03) is a very attractive candidate. However, for water splitting to occur efficiently
with hematite, several processes must be addressed: facilitating majority charge carrier
(electron) conduction to the back contact, improving charge transfer of photogenerated
holes at the semiconductor-liquid junction (SCLJ), and passivating surface states, which
act to diminish the photovoltage delivered by the hematite through surface recombination
and/or band edge unpinning.” * Due to the disaccord between hematite’s short hole
diffusion length (2 - 4 nm)* and its two orders of magnitude larger absorption length, it is
desirable to use films of a few nanometer thickness to allow for the photogenerated holes
to reach the SCLJ before recombining with electrons. In order to provide a high surface
area for efficient light harvesting even with very thin absorber films, nanostructuring
approaches have been applied to either the semiconductor itself’ or to a host scaffold

covered by the o-Fe,O; guest absorber.® !

So far, the successful realization of the host-guest approach is hampered by the low
photo-activity of thin hematite layers in contact with the supporting electrode surface.®
Ultrathin hematite films prepared by different techniques like ultrasonic spray pyrolysis
(USP), atmospheric pressure chemical vapor deposition (APCVD) and atomic layer
deposition (ALD) on a F:SnO, (FTO) glass electrode have served as a model system to
further investigate the carrier dynamics of hematite in contact with an aqueous

electrolyte.' ™"

Particularly, regarding ALD hematite, the importance of surface states
governing the charge transfer kinetics for water photo-oxidation has been recognized. A
physical model of Fe,O; explicitly including charge transfer through a surface state has
successfully explained the mechanism of water photo-oxidation in this system.'* '
Similar results have been obtained with APCVD hematite.'® '’ This information is
essential to investigate and ameliorate the design of interfaces. Previous studies have

shown that in the presence of underlayers such as SiOx,]8 TiO, and szOs19 as well as
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Sn0,”° or Ga,05*', the photo-activity of thin hematite photoanodes was increased. On the
other hand, focusing on the semiconductor/electrolyte interface, catalysts such as Co-Pi**
and 1r0,'® % as well as functional overlayers such as Al,03, Ga,0O3 and In,O3; were shown

2423 This improvement in the

to succeed in shifting the onset to more negative potentials.
photocurrent onset potential is a key aspect to enable unassisted water splitting using
tandem configurations®® and therefore it is crucial to understand its nature. The function

22,25,2 .
d** %27 and it was

of overlayers for hematite photoanodes has been extensively debate
recently suggested that the role of these layers lies in the extension of the space charge

region by surface state passivation rather than in surface catalysis.”

Herein I aim at further elucidating the effect of performance-enhancing underlayers and
overlayers by a mechanistic study using electrochemical impedance spectroscopy (EIS)
and physical modeling. I focus on thin hematite films employing a SiOx or an Nb,Os
underlayer and a Ga,O; overlayer prepared by spray pyrolysis, atomic later deposition

181924 1t is shown that the combination of the

and chemical bath deposition, respectively.
underlayers with a Ga,0; overlayer yields a favorable shift in photocurrent onset
potential towards 0.8 V versus the reversible hydrogen electrode (RHE), indicating an
increase in the photovoltage that can be extracted from iron oxide for water oxidation.
Furthermore, I apply Co-Pi as a water oxidation catalyst to further reduce the

overpotential for water oxidation approaching the flat band potential of hematite.

3.1.2 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY FOR PEC
WATER SPLITTING WITH PHOTOANODES

The physical model employed is conveyed by the equivalent circuit shown in Figure 3.1a
and was detailed in previous studies."” " Under illumination, the circuit consists of a
capacitance of the bulk hematite, Cyy, in parallel with a resistance related to the rate of
trapping holes in surface states, Riap, and a RC unit consisting of a charge transfer
resistance from the surface states, R uap., in parallel with a capacitance of the surface
states, Ciap. In all the samples tested in the present study, the photocurrent onset is
coincident with the peak of the surface state capacitance and a valley for the charge
transfer resistance from this surface state, Reip. As an illustrative example, Figure 3.1c
shows the results for an USP Fe,Os3 sample. This behavior clearly indicates that efficient

hole transfer depends on surface states in USP hematite.
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Figure 3.1 Physical equivalent circuit model employed under illumination (a) and in the dark (b) for
photoelectrochemical water splitting with hematite. (c) Representative plot of a USP Fe:Os
photoanode showing that the photocurrent onset is coincident with the Cuap peak and the Rottap
valley. This behavior has been systematically observed for all the samples analyzed in the present
study.

The trap capacitance, Cyap, Was extracted by fitting the experimental impedance spectra
under illumination to the physical model detailed in Figure 3.1a using Constant Phase
Elements (CPE) accounting for the non-ideal behavior of the capacitance. The impedance

of the CPE can be written as:

1

4= Qawr 31)
In order to extract the trap capacitance, the Brug equation®® was used:
1/n
Q
Ctrap = 1 7 3.2)
((Rs"'Rtrap) +Rc_t%trap)

In the dark, the surface state is not identified and the equivalent circuit employed consists
of a simple RC circuit (Figure 3.1b) used for the Mott—Schottky (MS) analysis herein. As
described in Section 2.1.3, plotting the surface area corrected space charge capacitance,

(Cbulk
As

), versus the applied potential, V, according to Equation (2.9), the flat band

potential, Vg, as well as the charge carrier density, Np, can be extracted from a linear fit
of the linear region in a MS plot. Here, a dielectric constant of hematite of 32 was used as

reported earlier.'>*

With the extracted charge carrier density and the flat band potential, the space charge

layer width can be calculated according to Equation (2.10).
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3.2 EXPERIMENTAL

3.2.1 SUBSTRATE CLEANING

All samples were prepared on high temperature resistant alumino-borosilicate glass
coated with fluorine-doped tin oxide (FTO) serving as a transparent conducting oxide
(10 x 10 cmz, 10 Q, Solaronix, cut into 1.25 cm x 3.4 cm substrates). The substrates were
cleaned by successive ultra-sonication for 15 min with acetone, soap, water and

2-propanol as previously reported.'®

3.2.2 DEPOSITION OF UNDERLAYERS

2 nm thick Nb,Os, Ga;O3; and Al,Oj; layers were deposited on the FTO by atomic layer
deposition using a Savannah 100 instrument (Cambridge Nanotechnology). For Nb,Os,
(tert-butylimido)tris(diethylamino)niobium (TBTDEN, Digital Specialty Chemicals,
99.8%) and bidistilled water (AppliChem) were pulsed into a nitrogen flow (20 sccm,
Carbagas, 99.9999% purity) at 150 °C with exposure times of 10 s, resulting in a growth
rate of 0.56 A/cycle, estimated from ellipsometry measurements on a Si-wafer Ga,Os,
was deposited using tris(dimethylamido)gallium(III) (98%, Aldrich) held at 130 °C and
bidistilled water held at room temperature. The precursors were pulsed into a nitrogen
flow of 10 sccm and exposed for 30 s to the FTO heated to 150 °C. The growth rate of the
Ga,0O; layer was estimated to be 1 A/cycle on a Si-wafer by ellipsometry. For Al,Os,
trimethylaluminium and water were pulsed into a nitrogen flow of 10 sccm and exposed
for 30 s to the FTO heated to 150 °C. The growth rate of the A[,O; layer was estimated to
be 1.7 A/cycle on a Si-wafer.

A silicon oxide underlayer was deposited at a surface temperature of 370 °C by spray
pyrolysis (2 ml/sample of a 10 Vol.-% tetracthoxysilane (99.999%, Aldrich) solution in
ethanol (99.9%, Fluka)).

3.2.3 USP OF IRON OXIDE

Iron oxide was deposited on cleaned FTO (or FTO coated by the underlayer) by
ultrasonic spray pyrolysis (USP) at a surface temperature of 415 °C (10 mM Fe(acac);
(99.9%) solution; 1 ml every 30s, 12 ml/min). After deposition was complete, the
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samples were held at 415 °C for 1 min prior to cooling down to room temperature.
Annealed samples were heated in air or argon to 500 °C for 2 h with a heating and

cooling rate of 10 °C/min.

3.2.4 OVERLAYER DEPOSITION

A gallium oxide layer was deposited by chemical bath deposition (CBD) (10 mM
Ga(NOs); X x HyO (x=6, 9), 1 M Urea, 78 - 83 °C). 15 minutes after Urea addition the
samples were rinsed with distilled water and annealed in air at 550 °C for 1 h together

with their control samples (without Ga,03).

ALD of Ga,Os was performed under the same conditions as the Ga,O3 for the underlayer.

3.2.5 CATALYST DEPOSITION

Co-Pi was photo-clectrodeposited under AM 1.5G simulated sunlight at 0.4V vs.
Ag/AgCl, KClI (sat’d) for 1000 s in a Co>" enriched phosphate buffer solution (0.5 mM
Co(NOs3), x 6 HyO in 0.1 M potassium phosphate buffer, pH 7).

3.2.6 PHOTOCURRENT-VOLTAGE MEASUREMENTS

Photocurrent measurements were performed in 1 M NaOH aqueous solution (pH 13.6)
using a three-electrode configuration, with a Pt wire counter electrode and an Ag/AgCl,
KCI (sat’d) reference electrode. Simulated sunlight was generated from a 450 W xenon
lamp (Osram, ozone free) passed through a KG3 filter (3 mm, Schott) with a measured
intensity equivalent to standard AM 1.5G sunlight (100 mWem™, spectrally corrected) at
the sample face masked to 0.5 cm®. Without a catalyst, the potential was swept in positive
direction at a scan rate of 20 mV s (after it was proven that the sweeps did not differ
from scans at lower scan rates). In the presence of Co-Pi, cyclovoltammogramms were
taken at a scan rate of 1 mV/s. Higher scan rates showed capacitive behavior (and a more

negative potential onset due to the capacitive current).
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3.2.7 IMPEDANCE MEASUREMENTS

Impedance measurements for Mott-Schottky analysis were carried out in the dark with
the same three-electrode cell in 1 M NaOH solution. Full impedance spectra were
measured with a SP-300 (BioLogic Science Instruments) at frequencies from 1 MHz to
0.1 Hz with a sinusoidal potential perturbation of 25 mV. The range of the bias potential
was equal to that of the photocurrent measurements (0.6 — 1.7 V vs. RHE). The
capacitance was extracted from the fit to the equivalent circuit shown in Figure 3.3b using

Zview (Scribner Associates).

Impedance spectra under illumination were acquired with a FRA equipped PGSTAT-30
potentiostat from Autolab. The electrodes were illuminated using a 300 W Xe lamp,
where the light intensity was adjusted with a thermopile to 100 mW cm™. EIS
measurements were carried out by applying a 20 mV AC signal and scanning in a

frequency range between 100 kHz and 50 mHz, at different applied bias.
All potentials have been referenced to the reversible hydrogen electrode (RHE):

VRHE = VAg/AgCl +0.197 V+0.059 V - pH.

3.2.8 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) data were collected by Axis Ultra (Kratos
analytical, Manchester, UK) under ultra-high vacuum condition (<10® Torr), using a
monochromatic Al K, X-ray source (1486.6¢V), in the laboratory of Chemical
Metallurgy at EPFL. The source power was maintained at 150 W (10 mA, 15 kV). The
emitted photoelectrons were sampled from a square area of 750350 um. Gold (Au 4f72)
and copper (Cu 2psp) lines at 84.0 eV and 932.6 eV, respectively, were used for
calibration, and the adventitious carbon 1s peak at 285 eV as an internal standard to

compensate for any charging effects.

3.2.9 SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy (SEM) secondary electron images were acquired with a

Merlin microscope (Zeiss).
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3.3 RESULTS

I first focus on the electrochemical contribution of the SiOyx or the Nb,Os underlayers to

the activation of hematite photoanodes before exploring the role of the Ga,0; overlayer.

3.3.1 ROLE OF THE UNDERLAYER IN HEMATITE THIN FILM
PHOTOANODES

Figure 3.2 shows typical current density—voltage (J-V) curves and their corresponding
MS plots of as prepared (a-b) and air-annealed (c-d) thin hematite films employing
Nb,Os, SiOy or no underlayer.
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Figure 3.2 Current Density-Voltage curves (left) and Mott-Schottky measurements (right) of hematite
photoanodes employing an Nb:Os (blue), a SiOx (green) or no underlayer (black) compared in an
“as prepared” state (a-b) and after 2 h of annealing in air at 500 °C (c-d). J-V measurements were
obtained in the dark (dashed lines) and under AM 1.5G simulated solar illumination (100 mW cm,
solid lines). The corresponding MS measurements were carried out in the dark. The electrolyte was
1M NaOH (pH 13.6).

Due to space charge layer limitations, these samples were chosen to be thicker for EIS
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measurements (approximately 30 nm) and therefore the enhancement of photoactivity due
to the employed underlayer compared to ultrathin hematite films (where these underlayers
revive the photoelectrical performance of the photoanodes) is less dramatic.'™ " The
photocurrent plateau is remarkably higher for the underlayer treated hematite samples and
has been attributed to a change in film morphology in the case of a SiOy underlayer'® and
to a hole blocking effect in the case of the Nb,Os underlayer.” In addition to these
observations, here, I find a doping contribution from these underlayers (obtained from
MS analysis). Representative results of the MS analysis based on at least 3 samples of
each kind are summarized in Table 3.1.

Table 3.1 Representative results for flat band potential, Ers, charge carrier concentration, Np, and
space charge width, Wsc (at 1.23 V), from EIS measurements in the dark. Sample thicknesses varied
between approximately 19 nm or 30 nm but Wsc did not exceed film thickness.

no Nb2Os SiOx
underlayer underlayer underlayer
Ers / V vs. RHE 0.60 0.45 0.46
As-prepared No /10" cm® 3.00 6.53 7.27
Wsc / nm 8.63 6.50 6.14
Ers / V vs. RHE 0.51 0.54 0.60
Air-annealed No /10" cm™ 1.31 1.27 1.22
Wsc / nm 13.9 13.8 13.6
Ers / V vs. RHE 0.25 0.32
Ar-annealed Np/ 10" cm? 4.50 8.70
Wsc / nm 8.78 6.08

It is also directly visible from the slope of the MS plots shown in Figure 3.2b that the
SiOy and the Nb,Os layers have a higher charge carrier density and serve as doping agents

for hematite according to the following proposed defect mechanisms:

Fe,03
Nb,Os ——= 2 Nbg, +3 0, + 0, (3.3)
Nbg, = Nbj, +2 el (3.4)
; Fey03 . 1
280, — 2Sie +30, + 50, (3.5)
Sipe = Sipe + €l (3.6)

Charge carrier concentrations increase by a factor of 2 when an underlayer is present

(Np = 7-10" em™). Ultrathin hematite films (approximately 10-15 nm) employing these



ROLE OF INTERFACIAL LAYERS IN USP HEMATITE PHOTOANODES 46

underlayers also measured in the context of this work even show a three times higher
donor density (Np = 2.0-10*° cm™), which can be attributed to gradient doping from the
underlayer with a stronger doped region near the underlayer. XPS measurements
confirmed the presence of the dopant atoms at the hematite surface in thicker (>30 nm)

samples, where the underlying substrate is not seen (Figure 3.3).
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Figure 3.3 a) X-ray Photoelectron spectrum of thin (<10 nm) hematite films deposited on Nb2Os
(2 nm thick) coated F:SnO:2 (borosilicate glass). b) X-ray Photoelectron spectrum of a thick (>30 nm)
hematite photoanode. ¢c) Comparison of the Nb 3d doublets detected in the thin (black) and the
thick hematite photoanode before (light blue) and after annealing (red).

The increase in electron density in doped hematite films is correlated with an increase in
the photocurrent plateaus (Figure 3.2a). The calculated space charge layer width, Wsc,
(Equation (2.10)) is several nanometers shorter for the Nb- and Si-doped samples than for
the samples without an underlayer (Figure 3.4). Thus, the higher photocurrents can be

explained by a stronger band bending in the surface region of the film, and therefore
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improved charge separation in the space charge layer, which leads to reduced

recombination at the hematite surface.
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Figure 3.4 Calculated space charge layer width versus applied potential for as prepared (filled
triangles) and air-annealed samples (hollow circles) employing an Nb2Os (blue), a SiOx (green) or no
underlayer (black). Flat band potential and charge carrier density data was taken from Table 3.1.

The contribution of the doping effect is especially visible in ultrathin hematite
photoanodes while the influence on film morphology and/or surface state passivation®
becomes predominant in thicker hematite films if the doping level is sufficiently high to
allow for high conductivity. Figure 3.5a shows the influence of the Nb,Os underlayer
compared to Al,O; and Ga,Os underlayers (all underlayers 2 nm thick) on the J-V
performance of approximately 10 nm hematite photoanodes. It is observed that the
underlayers with a 3-valent cation (AI’" and Ga’") improve slightly the photocurrent of
the completely inactive hematite anode (black) most likely due to their influence on the
uniformity of the grown hematite film. However, Nb,Os clearly revives the hematite
electrode of the same thickness due to its doping effect. The thickness is confirmed by
absorptance measurements in Figure 3.5b. With USP as deposition technique, it cannot be
excluded that Nb,Os also has a morphological influence on the hematite film formation,
though it is not the predominant effect in thin films. It is likely that the “dead-layer-
effect” is overcome for Nb,Os due to the introduction of band bending in the ultrathin
(10 nm) hematite layer. For thicker hematite films of approximately 30 nm thickness,
which exceed the thickness where the so-called “dead layer effect” is seen, the Ga,Os;
underlayer shows a more negative onset potential than the Nb,Os underlayer while

maintaining the same photocurrent plateau (Figure 3.5c¢).
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Figure 3.5 J-V performance of ultrathin hematite anodes (approximately 10 nm) employing a Ga»0s
(orange), Al20s (green) and Nb20s (blue) or no underlayer (black) and b) their corresponding
absorptance spectra. C) J-V measurements of equivalent thicker hematite anodes (approximately
30 nm). J-V measurements were obtained in the dark (dashed lines) and under AM 1.5G simulated
solar illumination (100 mWcm2, solid lines). The electrolyte was 1 M NaOH (pH 13.6).

This phenomenon points to a surface state passivation effect that is dominating the onset

potential,30

and is consistent with the results obtained in Figure 3.2c where the Nb,Os
treated film improves its photocurrent onset potential after air-annealing, but suffers from
a decreased photocurrent plateau due to a decreased conductivity (Figure 3.2d). The same
effect is observed for the SiOy underlayer (compare Figure 3.2a and c). The effect of
annealing on surface state passivation is further analyzed in the context of our Ga,O;

overlayer.

The extracted charge carrier density from the MS plots takes both doping effects into
account: the n-doping from the oxide underlayers (when present) as well as the n-doping
of hematite by oxygen vacancies. The latter’s influence on the doping level is visible in
annealing experiments performed in air (bottom part of Figure 3.2). Figure 3.2d shows
that all three samples suffer from a severe decrease in doping density and equilibrate
around practically the same value of Np~ 1.3 - 10" cm™. Again, the decrease in charge
carrier density and the increase in the space charge layer width correlate with a lower
plateau current (200 zA cm™ decrease for the samples employing an underlayer and
100 zA cm™ decrease for the standard hematite, Figure 3.2c). I hypothesized that the
decrease in charge carrier concentration was due to filling of oxygen vacancies by oxygen
during the air-annealing process. I therefore carried out annealing experiments under
argon atmosphere. Indeed, the data shown in Figure 3.6 demonstrate oxygen-dependent
photoanode behavior. In contrast to the air-annealed hematite samples where the charge

carrier concentration and photocurrent plateau are decreased, annealing in argon
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atmosphere results in a higher carrier concentration as seen in the MS plots for samples

both without and with extrinsic doping from an underlayer (Figure 3.6b and (d)

respectively).
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Figure 3.6 J-V curves (left) and MS measurements (right) of thin hematite photoanodes employing
no underlayer (a-b) or a 2 nm Nb2Os underlayer (c-d) measured after annealing in air (light blue) or
in argon (red) and compared to the as prepared samples (black) of approximately 19 nm thick.
Photocurrent was measured under AM 1.5G simulated solar illumination (100 mWcm-?). Dark current
measurements are shown in dashed lines ((a) and (c)). MS measurements were carried out in the

dark. The electrolyte was 1 M NaOH (pH 13.6).

In the case of a hematite film without any foreign dopant, this behavior can be explained

by the defect equilibrium formed by oxygen vacancies, (V) (Equation (3.7)). The degree

of doping by oxygen vacancies in hematite is known to be dependent on oxygen partial

pressure according to ng « p;f resulting from applying the mass action law on the

following equilibrium equation:

1 Fe;03
502 + V,+ 2 & 0y

(3.7)
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The annealing in argon therefore forms additional oxygen vacancies due to the reduced
oxygen partial pressure, while annealing in air fills the vacancies that are normally
present. Comparing the resulting J—V curves with the results obtained from MS analysis,
the same correlation is observed in the sense that the more highly doped film in the case
of argon annealing shows a higher photocurrent plateau compared to the non-annealed
and air-annealed samples. However, it seems that the oxygen vacancies are a mixed
blessing in the sense that they increase the plateau current but increase the voltage onset

for photo-oxidation of water as well.

In the case of Nb- or Si-doped hematite the defect equilibrium during annealing in air

involves formation of cation vacancies according to Equation (3.8):
1 , Fe203 2
502 + 26 [—= 00 + EVFQ (38)

During the annealing process in air, oxygen can be incorporated as O” in the hematite
lattice (Op). The excess oxygen in the lattice created in this manner is then compensated
by cation vacancies, (Vz, ), according to Equation (3.8). Cation vacancies are surrounded
by anions and therefore are strong recombination centers for holes resulting in lower
photocurrents in the J-V measurements (Figure 3.6¢). In the case of annealing in oxygen-
free atmosphere at temperatures that allow ion mobility, the hematite film is further
doped from the underlayer, as this doping is sensitive to the oxygen partial pressure
(Equations (3.3) —(3.6)). Hence, the increase in charge carrier concentration after
annealing in argon atmosphere (red circles in Figure 3.6d) is resulting from additional
electronic doping from the underlayer. These results show the tunable intrinsic doping
level of hematite to be kept in mind for the preparation of standardized hematite thin

films prepared by different deposition techniques.

3.3.2 ROLE OF GALLIUM OXIDE OVERLAYER IN HEMATITE THIN
FILM PHOTOANODES

In the following I aimed at further improving the photocurrent onset potential and chose
Ga0s as an abundant material previously reported to give a remarkable shift towards
more negative potentials.’** Ga,O; was deposited as an overlayer onto the annecaled
samples by chemical bath deposition (CBD) as well as by atomic layer deposition (ALD)

followed by annealing in air (as post-annealing in argon deteriorated the anode
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performance and no annealing induced resistive photocurrent curves). The morphology of

Ga,03; overlayers is shown in Figure 3.7a,b,e.
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Figure 3.7 (a) Cross-sectional and (b) top-view SEM images of the CBD Ga»Os structure on a (barely
visible) ultrathin (approximately 16 nm) hematite layer deposited on FTO glass. ¢) J-V curves of Nb-
doped hematite photoanodes employing no overlayer (black), a CBD Ga:=0s overlayer (orange) or a
30 nm thick ALD Ga:Os (light green). d) J-V comparison with very thin films of ALD Ga20s. ) Cross-
sectional SEM of a USP thin film hematite photoanode coated with 30 nm Ga:20s by ALD. f) Cyclic
voltammogram (CV) under light chopping of a CBD Ga-Os film on Tec15 glass. The inset shows a
magnification of the same CV. Neither a catalytic nor a photocatalytic effect is seen. All samples
were heated to 550 °C after Ga20s deposition together with the control sample without any
underlayer and measured under AM 1.5G solar irradiation (100 mWem?) with a KG3 filter with a UV-
cut-off at 300 nm (solid lines) and in the dark (dotted lines) in 1 M NaOH.
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CBD Ga,03 shows trunk formation with trunks on the order of 150 — 300 nm depending
on deposition time. ALD Ga,0O3 shows a uniform coating of 30 nm in thickness. Both,
thick Ga,0soverlayers deposited either by CBD or by ALD shift the photocurrent onset
potential 200 mV more negative (Figure 3.7c). This shift is not visible with only a few
nanometers of Ga,O; (Figure 3.7d). Furthermore, omitting the annealing treatment, the
electrodes with the Ga,Os overlayer deposited either by ALD or CBD showed resistive J—
V behavior. This observation supports the hypothesis that the hematite surface must be
exposed to the solution and that the annealing process is mandatory to form cracks in the
ALD as well as in the CBD grown Ga,0; overlayers, and that suppression of the back
reaction at the SCLJ is not the predominant mechanism of the CBD-Ga,0; overlayer (as

opposed to what was reported for Al,05> and SnO,”' on hematite nanoparticles).

To exclude any catalytic effect caused by the thick Ga,0; layers, I deposited Ga,0;
directly onto FTO glass, omitting the hematite layer. The results shown in Figure 3.7f
confirm that neither catalytic nor photocatalytic effects were observed for Ga,0;
deposited on F:SnO, (Tecl5) glass. As seen in Figure 3.7c, upon addition of the Ga,0s
overlayer the photocurrent onset potential is shifted by 200 mV, reaching 0.8 V vs.
RHE. Such onset potentials have been obtained by using a catalyst’> or by employing
alternative structures such as buried p-n homo-'* or hetero-junction hematite
photoanodes'? for improved band bending and better charge extraction. Also high
temperature treatments have shown improved photocurrent onset potentials that were

attributed to surface state passivation.*’

Now, the question of the role of the thick Ga,Os overlayer rises and is investigated in
Figure 3.8. Light-chopping experiments performed with these photoanodes show that
Ga,Os remarkably suppresses transient peaks especially in the photocurrent onset region
(Figure 3.8a). The reduction of the photocurrent transients is either observed with water
oxidation catalysts that have better charge-transfer properties than hematite, or in case of
surface state passivation. As any photocatalytic effect of the Ga,Os itself was excluded
(Figure 3.7f), the assumption of surface passivation was investigated. Figure 3.8b shows
the density of surface states (DOS) at a given potential measured under illumination. The

DOS was extracted from the trap capacitance, Cyrp, using Equation (3.9)

Cerap = q - DOS (3.9)
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where Cyap was extracted from the equivalent circuit presented in Figure 3.l1a using

Equation (3.2).
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Figure 3.8 a) Light chopping experiments of fresh (blue) and air-annealed (black) 30 nm thick Nb-
doped hematite photoanodes as well as air-annealed Nb-doped hematite employing a CBD Ga=0s
overlayer (orange). (b) Potential dependent density of surface states (DOS) curves extracted from
Ctrap for the samples in (a). A Lorentzian fit for each sample guides the eye. (c) Corresponding
charge transfer resistance from the surface states, Recttrap, shows a minimized resistance at earlier
applied potentials in presence of a Ga20s overlayer. (d) MS plots of the air-annealed samples shown
in (a) measured in the dark. The electrolyte was 1 M NaOH (pH 13.6).

From the density of surface states representation it is shown that surface passivation is

evident for air-annealed samples (black hollow circles) and then further passivation is

observed in the presence of a Ga,Oj; overlayer (orange hollow squares). Interestingly, the

potential position of the DOS peaks changes (along with the photocurrent onset) from

1.25 Vryg for the fresh sample§ to 1.02 V for the air-annealed sample and 0.94 V in the

case of a Ga,0s overlayer after annealing. The shift of the DOS maxima in Figure 3.8b

after air-annealing (blue hollow triangles compared to black hollow circles) coincides

§1.35 Vree for as-prepared hematite electrodes with no underlayer (Data not shown here).
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with the approximately 200 mV photocurrent onset potential shift observed in Figure 3.8a
(blue and black curves) as well as in Figure 3.6¢ (light blue compared to black line). This
relation is illustrated in Figure 3.9. The onset of photocurrent occurs as soon as half of the
surface states are emptied of electrons. When the surface states are empty, surface
recombination of the trapped electrons with holes from the valence band is decreased and
hence, the hole transfer across the hematite/electrolyte interface is facilitated. Therefore,
the onset of the photocurrent is observed. Once the surface states are completely emptied,
a change in the photocurrent-voltage slope is observed and the photocurrent starts
plateauing. Surface states located energetically higher, allow for an earlier photocurrent
onset potential as they are emptied at less applied bias and the photocurrent plateau
region is reached at more negative potentials too. The change in density and energetic
position of these states is most likely due to the decrease in oxygen vacancies at the
surface during annealing in ambient air as is confirmed by our MS experiments (Figure

3.6).

0.4

Voltage
Bias

EoH-/0,

Potential /V vs. RHE

Jproe  Trap States

Figure 3.9 Energetic alignment of the trap states and the photocurrent curves (Jrrowo) for Nb-doped
hematite photoanodes before (black) and after air-annealing (blue). The data is taken from Figure
3.8b and Figure 3.6¢ for direct comparison. Also indicated is the measured flat band potential, Er,
and the quasi-Fermi level of electrons, Ern, under illumination.

With a Ga,O; overlayer, a subsequent surface state passivation (orange squares in Figure
3.8b) as well as an additional 200 mV shift in photocurrent onset towards more negative
potentials (Figure 3.8a) is observed. Again, part of this shift can be correlated with the
shift of the energetic position of the DOS maxima of approximately 100 mV after Ga,O3
deposition. This behavior is also correlated to the shift of the minimum of the charge
transfer resistance (Reiuap) @s shown in Figure 3.8c, clearly indicating that the trap state is

dominating the hole transfer kinetics for water oxidation, and that the effect of the Ga,0;
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overlayer is affecting the energetic distribution of the trap state. With the MS analysis in
Figure 3.8d, I ruled out any potential shift that would be caused by a shift of hematite’s
flat band potential which is in good agreement with previous studies.”’ The surface state
passivation could result from a decreased oxygen vacancy concentration at the hematite
surface by the Ga,Os overlayer that is less prone to oxygen vacancy formation than Fe,O3

itself.

3.3.3 COMBINATION OF INTERFACIAL LAYERS WITH AN
ABUNDANT CATALYST

Finally, I sought to further improve the photocurrent onset potential through the addition
of a water oxidation catalyst to our multilayer hematite photoanodes. As the hematite
surface was only accessible through cracks in the GayO; overlayer,
photoelectrodeposition was the most efficient technique to deposit the catalyst (spin-
coating of catalysts, for example, was unsuccessful). Thus, I photoelectrodeposited Co-Pi
onto the Nb-doped hematite photoanode (with Ga,0O; overlayer) and could indeed obtain
an additional 100 mV shift in the onset potential to more negative than 0.75 V vs. RHE
(Figure 3.10a). Co-Pi photo-electrodeposition on a control Nb-doped hematite electrode
without our Ga,Os overlayer showed a 150 mV more positive photocurrent onset

potential as seen in Figure 3.10b which is in good agreement with the literature.*
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Figure 3.10 Photocurrent measurements of Nb-doped hematite thin films a) employing a CBD grown
Ga20s overlayer with (black) and without (orange) a Co-Pi photo-electrodeposited catalyst
compared to b) the control Nb-doped hematite electrode annealed in air at 500 °C without the
Ga20s3 overlayer before (blue) and after Co-Pi photo-electrodeposition (black). c¢) Influence of the
scan rate on the measured photocurrent onset potential. Cyclovoltammetric scans were carried out
with simulated AM 1.5G (100 mWcm) light and were illuminated from the FTO side. The electrolyte
was 1 M NaOH (pH 13.6).
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It should be noted here, that higher scan rates showed capacitive behavior and a more
negative potential onset due to the capacitive current (Figure 3.10c). Hence, it was
important to scan slowly to obtain the same photocurrent onset potential for both scan

directions that represents the real photocurrent onset potential.

With this electrode design, the overpotential for water oxidation was substantially
lowered, and a mere 200 mV of bias relative to the flat band is required for the
photocurrent onset (Vig = 0.54 V vs. RHE for air-annealed Nb-doped thin hematite films
(Table 3.1)).

3.4 CONCLUSIONS

Using impedance spectroscopy analysis and physical modeling, I could show that doping
from underlayers into hematite thin films prepared by ultrasonic spray pyrolysis plays an
important role in their performance, in addition to the influence of the underlayers on film
growth and suppression of electron-hole recombination at the FTO/SC interface as
already reported. Both the Nb,Os and the SiOx underlayers that were investigated herein
induce an increase in n-doping in the hematite film. The increase in electron density is
correlated with an increase in the photocurrent plateaus of the doped films. This is
attributed to a stronger electric field in the surface region caused by stronger band
bending in the thinner space charge layer enabling better charge separation and reduced

recombination at the hematite/solution interface.

Furthermore, I showed that hematite, which tends to be n-doped by oxygen vacancies, is
sensitive to the annealing environment. Oxygen present in the atmosphere tends to fill
oxygen vacancies during the annealing process leading to a decrease in the photocurrent
plateau. It was shown that annealing in oxygen-free atmosphere increases the carrier
concentration in the film most probably due to subsequent doping from the underlayer
increasing the photocurrent plateau. Additionally, annealing Nb-doped hematite films to
500 °C or 550 °C in air shifts the photocurrent onset to more negative potentials, which

was attributed to surface state passivation.

Finally, I have shed light on the nature of the favorable photocurrent onset potential shift
when adding a Ga,0s overlayer. There seem to be two causes for this 200 mV shift. First,
the energetic position of the trap states shifts 100 mV negatively, which can partially

explain the observed potential shift. Second, the absolute value of the peak in the density
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of surface together with the photocurrent transient experiments clearly indicate that
passivation of surface states takes place, enabling a greater photovoltage to be extracted

from the iron oxide.

In summary, this study provides insights into two major concepts to improve the catalytic
performance of thin hematite films for photo-electrochemical water splitting. Firstly, the
conductivity of hematite and band bending dominate the increase in the photocurrent
plateau, while the photocurrent onset potential is dominated by surface state passivation

(Figure 3.11).

Hematite Thin Films
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Figure 3.11 lllustration of the mechanisms dominating the photocurrent plateau (blue) and the
photocurrent onset potential (red) in a J-V curve of thin fiim hematite photoanodes for
photoelectrochemical water splitting.

As an example of these two concepts a novel multilayered hematite thin film photoanode
design employing Nb,Os and/or SiOy underlayers combined with the Ga,Os overlayer
was developed. An onset potential of 0.8 V vs. RHE without any water oxidation catalyst
was first reached and shifted more negative than 0.75 V vs. RHE with Co-Pi as a catalyst,
while maintaining a high photocurrent plateau and using cheap, abundant and non-toxic

materials.
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The short hole diffusion length in hematite demands the use of thin
films for efficient charge extraction. To guarantee full light absorption,

however, thick films of the photoabsorber material are necessary.

Look deep into nature and you will understand everything better”

Albert Einstein said.

So how did nature overcome similar limitations? Not necessary to
search on the nanoscale — just look around - at the trees that grow tall
and branched to allow a maximum of leaves to absorb sunlight and you

will identify the idea of the branched tree structure carrying its leaves.

A similar scaffold is needed for the hematite photoabsorber.

Ultrasonic spray pyrolysis is a useful technique to investigate thin
hematite films on flat substrates as a model system but is not capable of
homaogenously coating a nanostructured scaffold. With atomic layer
deposition (ALD), however, a conductive scaffold/photoabsorber design
is possible and full light absorption can be reconciled with maximum

charge extraction.






4 LOW-TEMPERATURE ALD OF
CRYSTALLINE AND PHOTOACTIVE
ULTRATHIN HEMATITE FILMS FOR
SOLAR WATER SPLITTING

This chapter is adapted from a peer-reviewed article by Ludmilla Steier, Jingshan Luo, Marcel
Schreier, Matthew 1. Mayer, Timo Sajavaara and Michael Gritzel published 2015 in ACS
Nano.!

In this chapter, I first present the design and construction of my atomic layer deposition
(ALD) setup and then, introduce a low-temperature ALD route to deposit phase pure,
crystalline and highly photoactive hematite (a-Fe,O3) films at 230 °C without the need
for post-annealing. Prior to the elaboration of this method, the majority of ALD hematite
routes required annealing treatments at more than 500 °C to obtain a photoactive film.
However, this high-temperature treatment would for example not be possible in the
fabrication of a p-n junction. With transmission electron microscopy I demonstrate
homogenous and conformal deposition of crystalline hematite on a high aspect ratio
nanostructured substrate. These as-deposited o-Fe,O; films are investigated as
photoanodes for photoelectrochemical water oxidation and found to be highly
photoactive. Combined with a TiO, underlayer and a low-cost Ni(OH), catalyst, hematite
films of less than 10 nm in thickness reached photocurrent densities of 0.3 mA cm™ at
1.23 V vs. RHE and a photocurrent onset potential of less than 0.9 V vs. RHE, previously
unseen for films this thin and without high temperature annealing. Furthermore, in a
thickness-dependent photoelectrochemical analysis, I identify that a hematite thickness of
only 10 nm vyields the highest internal quantum efficiency when using a suitable
underlayer such as TiO, that induces doping of the hematite film and reduces
electron/hole recombination at the back contact. It is shown that at high bias potentials,
photocurrent density and quantum efficiency proportionally increase with light absorption
in hematite films thinner than 10 nm and are limited by the space charge layer width in
thicker films. Thus, I propose to focus on 10 nm thick hematite films for future

developments on suitable nanostructured conductive scaffolds.
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4.1 THE SIGNIFICANCE OF ALD FOR HEMATITE
PHOTOANODES

Apart from being a well-explored material in gas-sensors’ and Li-Ion batteries,” *
hematite (0-Fe;Os3) is also one of the very few truly stable semiconductor materials for
photoelectrochemical (PEC) water oxidation™ ® that does not require any protection layer
engineering.” With a suitable band gap of 2 eV and a well-positioned valence band for
water oxidation, it is an appealing material for solar water splitting — especially because it
fulfills the major requirements for industrial production by being earth-abundant, non-

toxic, and inexpensive.

However, the application of hematite as a photoanode for water splitting is hampered by
sluggish electron transport via polaron hopping8 and short carrier lifetimes.” '° These
charge transport limitations force the photoanode design towards thin films deposited on
high surface area nanostructured conductive scaffolds.''" In such a nanostructured
photoanode design, recombination losses within the thin absorber material are minimized
while light absorption is adaptable by the adjustment of the nanostructure thickness.
Though thin hematite films deposited by, for example, ultrasonic spray pyrolysis have

415 this method is incapable of

reached high photoactivities on flat substrates,
homogenously depositing within a mesoporous structure. For this purpose atomic layer
deposition (ALD) is ideal as it can deposit uniform and conformal films onto high aspect
ratio nanostructures.'® ALD of transition metal oxides has first been demonstrated using
metal acetamidinates as precursors,'’ soon followed up by the deposition of hematite
using Fe(thd)s/0s," " Fey(0'Bu)s/H,0™ *' and Fe(Cp)»/O,.2 Unfortunately, these
approaches suffered from low growth rates, commercially unavailable precursors and/or
from elevated deposition temperatures. Martinson ef al. introduced a Fe(Cp),/Os ALD
process at 200 °C with a growth rate of 0.14 nm/cycle matching the rate of the high
temperature deposition with Fe(Cp),/O, and being much faster than with the

2. 24 Recently, the deposition temperature has

oxygen/ozone mixture introduced earlier.
been decreased to as low as 150 °C using fert-butyl ferrocene and O, plasma.”> However,
these as-deposited iron oxide films are amorphous and require high temperature annealing
to crystallize, a step which greatly increases the energy demand for synthesis and will
hinder its application on substrates or scaffolds not compatible with high temperatures.

Meanwhile, a very interesting route for photoactive hematite films in their as-deposited
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state has been introduced using FeCl; and water.”® As observed in earlier studies,2 FeCls
induces island growth resulting in crystalline Fe,Os. At deposition temperatures around
235 °C, however, y—Fe,O3 and high Cl contamination were observed in the as-grown

films — the latter being responsible for the decrease in photoactivity after annealing.

Here, 1 present a novel low-temperature ALD route towards highly photoactive,
crystalline, homogenous and pure hematite films in their as-grown state using N,N-
(dimethylaminomethyl)ferrocene (DMAMFc) and ozone. DMAMFc was introduced
recently as a suitable hematite precursor at temperatures between 325 —450 °C with
growth rates around 0.14 nm/cycle, similar to the growth characteristics obtained with
ferrocene.”’ In the ALD process described herein, I was able to decrease the growth
temperature to 230 °C and control the dose of the precursors to form phase-pure and
crystalline hematite films in situ with extremely low levels of carbon contamination.
These hematite films show photoelectrochemical activities that are remarkable for films
this thin (<10 nm) and without any high-temperature processing step. Avoiding high
temperature annealing, hematite could be explored in pn junction configurations for water

splitting without the risk of destroying the junction with a high-temperature treatment.

4.2 METHODS

4.2.1 CONSTRUCTION OF THE ALD-SETUP

Iron contamination in ALD grown films for photoelectrochemical and photovoltaic
devices is often undesired especially in the field of high efficiency research. To
circumvent this issue, I decided to construct an ALD setup that would be dedicated to the
deposition of hematite. To avoid cross-contamination and to offer high flexibility in ALD
recipes, I chose a “shower-head” design with three 3 separate precursor lines for the iron
precursor (Fe-Line), for other wide band gap metal oxide precursors (M-Line) and a
separate line for the oxidizer (O-Line) as shown in Figure 4.1a. Separating the pathway of
the oxidizer from the metal precursor pathway has also the advantage of low oxide
deposition in the lines. Nevertheless, to allow for an easy dismantling of the ALD for
cleaning, I used '4” VCR Swagelok connectors with metal o-rings that enable leak-free
reassembling. All 3 lines can be heated separately up to 450 °C and are equipped with 7

thermocouples (Type K) to control and check the temperature at several positions. Two
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more thermocouples control and check the temperature of the hotplate. The hotplate
consists of a resistive heating cartridge made of Kanthal (FeCrAl alloy, CMT Rickenbach
SA, Switzerland) embedded in a heat insulator ceramic and covered with a
100 mm x 100 mm x 10 mm aluminum nitride ceramic plate (170 Wm'K™', Ceramtec,
Germany). AIN is the ideal material for hotplates in corrosive environments as it is
conducting heat almost as well as copper metal®® and is chemically much more robust.
Even under harsh oxidizing conditions such as ozone exposure in the ALD chamber, an
ALOs; passivation layer forms and protects the AIN bulk material at moderate

temperatures (<700 °C).%
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Figure 4.1 a) Schematic representation of the home-built ALD setup with a “shower-head” design
with 3 separate precursor lines for iron precursors (Fe-Line), for other wide band gap metal oxide
precursors such as TiOz2 and SnO2(M-Line) and a separate line for the oxidizer (O-Line). The setup
is equipped with an ozone generator and a power supply for the heating of the hotplate, the
precursor cylinders and lines. b) Cross-sectional exploded view of the ALD chamber with its
components. The ensemble of ceramic, resistive heating element and AIN ceramic form the hotplate
of the chamber.

To prevent deformation of the heating element and electrical shorts during deposition, I
deposited an insulating layer of 200 nm Al,O; by ALD (Figure 4.2a). With this
modification, the hotplate could be used as designed up to 500 °C.

To prevent smooth samples like Si wafer sliding off the hotplate during deposition and to

rapidly cool down the hotplate in between depositions, I designed a stainless steel frame
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that could pass through compressed air for cooling (Figure 4.2b).

Figure 4.2 a) Designed resistive heating made of Kanthal insulated with 200 nm of Al.Os by ALD
leading to the purple-bluish color. b) Bottom of the ALD chamber with the hotplate embedded in a
stainless steel frame that keeps the samples from sliding off the hotplate and enables air-flow inside
the frame to accelerate cooling of the hotplate if needed.

In addition, the diffuser (Figure 4.1b) filled with glass beads prevented a displacement of

samples on the hotplate even during strong ozone pulses.

For the precursor supply, compatibility with a Savannah 100 ALD apparatus (Cambridge
Nanotech) already in use in our laboratory had to be maintained. Hence, I chose the same
precursor cylinders from Swagelok to have a collection of precursors for both ALDs.
Most of the ALD metal precursors have to be heated to attain the desired vapor pressure.
In view of the fabrication delay and cost of commercial heating jackets by for example
BriskHeat®, low-cost custom heating jackets were fabricated in-house as shown in
Figure 4.3. The cylinder was wrapped in a thin glass fiber cloth and enclosed in a metal
grid to give the jacket shape. Then a heating cord (Horst, Germany) was curled around
the metal grid and a thermocouple (Type K) fixated to contact the metal cylinder inside
the jacket. The heating cord was wrapped in a 0.8 cm thick heat insulating glass fiber
layer (Horst, Germany) and covered with a second more robust glass fiber cloth (Horst,
Germany). A heat resistive glass fiber tape (Horst, Germany) kept the jacket closed. Due
to the tape and the thick glass fiber insulation, the heating of the jackets were limited to a

maximum temperature of 200 °C.
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Figure 4.3 Fabrication steps of custom heating jackets for the ALD precursor cylinders. The cylinder
is wrapped in a thin glass fiber cloth and enclosed in a metal grid to give the jacket shape. Then a
heating cord is curled around the metal grid and a thermocouple (type K) is fixated to contact the
metal cylinder inside the jacket. The heating cord is insulated by a 0.8 cm thick glass fiber layer and
wrapped in a second more robust glass fiber cloth. A heat resistive (up to 200 °C) glass fiber tape
keeps the jacket closed.

From the cylinder, the precursor is pulsed through a 3-way ALD valve (Swagelok) into a
stream of the inert carrier gas that can be either nitrogen or argon in this ALD (the carrier
gas lines were omitted in the drawing of Figure 4.1a). The electro-pneumatic solenoid
(held under 7 bar of compressed air) enables a precise pulsing with a minimum pulse time

of 0.01 s.

The ALD is operated by a powerful Labview software developed in-house in
collaboration with Frédéric Gumy (EPFL). Via a real-time CompactRio (National
Instruments) it controls the air solenoids (24 VDC) of 7 ALD valves and of a stop valve
(Genesis Angle Inline Valve, KF 25, Nor-Cal, USA), the mass flow controller for the
carrier gas (Type 1479B01312CR1BM, MKS Instruments, Germany), the pressure gauge
(APGX-H-NW16, Edwards), the power supply for the heating (custom made by Patrick
Favre and Frédéric Gumy) and the ozone generator (AC-2015, InUSA Corp., USA). A

screenshot of the interface is shown in Figure 4.4.
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Figure 4.4 Screenshot of the interface of the ALD software that controls ALD heating, precursor
pulsing, carrier gas flow and the ozone generator via a real-time module. The software also reads all
temperatures measured by the thermocouples and the chamber pressure via the pressure gage.

4.2.2 ALD OF THE UNDERLAYER

Tetrakis(dimethylamino)titanium (TDMAT, Sigma Aldrich) and pure H,O were used as
precursors to deposit TiO, on F:SnO, substrates in the same ALD setup at 170 °C and a
Ns flow of 5 sccm. TDMAT was held at 75 °C and H,O at room temperature. The growth

rate was 0.06 nm/cycle as measured by ellipsometry on a Si-wafer.

4.2.3 ELLIPSOMETRY

Film thicknesses, refractive index (n) and extinction coefficient (k) parameters of the
ALD Fe,0; and TiO; layers were evaluated using spectroscopic ellipsometry (Sopra GES
SE, France). The range of photo energies used in the study was between 250—890 nm. I
fitted the obtained spectra using a Tauc-Lorentz dispersion law (WinElli II software) and
extracted the thickness of the deposited layers. Fe,O; was analyzed on Si wafer substrates
and on quartz glass substrates. Importantly, no difference in the dispersion law could be
observed between the as-deposited and annealed Fe,O; films indicating that the as-

deposited films are pure hematite.
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4.2.4 TOF-ERDA

In the TOF-ERDA measurements a beam of 7.5 MeV *>CI** ions was used as described
elsewhere.® The high depth resolution was obtained by tilting the sample so that the

angle between the incident beam and sample surface was 4—6 degrees.

4.2.5 ELECTRON MICROSCOPY

TEM measurements were carried out with a Technai Osiris (FEI, USA) with a built-in
EDX unit. Secondary electron images were acquired with a Merlin microscope equipped

with an EDX detector (Zeiss).

4.2.6 X-RAY DIFFRACTION

XRD Data was recorded using an X’Pert MPD PRO (Panalytical) X-ray diffractometer
equipped with a ceramic tube (Cu anode, A=1.54060 A), a secondary graphite (002)
monochromator and a RTMS X’Celerator detector (1D-mode, Panalytical).
Measurements were carried out in the Bragg-Brentano geometry. The automatic
divergence slit and antiscatter slit were adjusted to 0.982 and scans were carried out from

20 =32.5°t0 39.0 ° at a rate of 0.003 ° min"' using a step size of 0.03 °.

4.2.7 RAMAN SPECTROSCOPY

Raman spectra were obtained with a confocal Raman microscope XploRa Plus (Horiba,

USA), where the excitation line was provided by an Nd:YAG (doubled) laser (532 nm).

4.2.8 SYNTHESIS OF THE NANOWIRE SCAFFOLD

The TiO, nanowire arrays on F:SnO, substrate were synthesized by a hydrothermal
method modified from previous report.’’. In a typical process, the F:SnO, substrates were
first cleaned with Deconex and deionized water for 15 min, sequentially, and then dried
with compressed air. The precursor was prepared by adding 2.5 ml titanium butoxide to a
well-mixed solution of 90 ml HCI and 90 ml H,O. Then the whole mixture was stirred
until the solution became clear. After that, the mixture was poured into a Teflon-liner

stainless steel autoclave with the F:SnO, substrates placed at an angle against the wall
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with the conductive side facing down. The hydrothermal growth was conducted at 150 °C
for 6 h in an electric oven. After that, the samples were rinsed with deionized water and

dried with compressed air.

4.2.9 CATALYST DEPOSITION

A Ni(OH), catalyst was deposited by dipping the samples for 5 min in 1 M NaOH
solution, then 3 min in 0.3 M Ni(NOs), aqueous solution and a third time in 1 M NaOH
for a few seconds. All solutions were kept at room temperature. Subsequently, the

samples were rinsed with deionized water and dried in an air stream.

4.2.10 PHOTOELECTROCHEMICAL CHARACTERIZATION

Photoelectrochemical measurements were performed in 1 M NaOH aqueous solution (pH
13.6) using a three-electrode configuration, with a Pt wire counter electrode and a
Ag/AgCl, KCI (sat’d) reference electrode. Simulated sunlight was generated from a
450 W xenon lamp (Osram, ozone free) passed through a KG3 filter (3 mm, Schott) with
a measured intensity equivalent to standard AM 1.5G sunlight (100 mWcm™, spectrally
corrected) at the sample surface masked to 0.5 cm?. IPCE measurements were carried out
in the same solution and three-electrode configuration described above. The photoanode
potential was fixed at 1.53 V vs. RHE and the photocurrent was measured while
illuminating with monochromatic light of varying wavelength. The light originated from
a 300 W Xe lamp passed through a single grating monochromator. The device
photocurrent at each wavelength was compared to the photocurrent on a calibrated Si
diode to determine the IPCE. EIS measurements were carried out in the dark with the
same three-electrode cell in 1 M NaOH solution. Full impedance spectra were measured
with a SP-200 (BioLogic Science Instruments) at frequencies from 1 MHz to 0.1 Hz with
a sinusoidal potential perturbation of 25 mV. The range of the bias potential was
0.6-1.7 V vs. RHE. The capacitance was extracted from the fitting according to the
standard RC circuit shown in Figure 2.4 fitted with Zview (Scribner Associates). Charge
carrier density, Np, was extracted from the slope of the linear region in a Mott-Schottky

plot according to Equation (2.9) with a surface area corrected for roughness by a factor of

1.26 as obtained from Figure 4.5. The space charge layer width, Wgc, was calculated
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according to Equation (2.10). All potentials have been referenced to the reversible

hydrogen electrode (RHE) by the expression: Vrug = Vagager +0.197 V +0.059 V - pH.

a)

nm

pm

1212 nm

Figure 4.5 a) Atomic force micrograph of a F:SnO. substrate (TCO22-15, Solaronix SA, Switzerland)
coated with 8 nm of ALD hematite. In an exemplary area of 250 x 250 nm, a ratio of the actual
scanned area to the projected area was found to be 1.26. b) SEM cross-section micrograph of a
F:SnO: substrate shows a roughness factor of 1.2 which is in good agreement with the results
obtained from AFM.

4.2.11 UV-VIS MEASUREMENTS

For absorption measurements, samples were rinsed with ethanol and water and dried with
compressed air to assure a dust free area. Then, they were sandwiched between two
quartz slides that had been wetted with a droplet of water to obtain the following
assembly: quartz-water-sample-water-quartz to mimic the PEC conditions. Inserting this
sandwiched assembly in the beam path of the integrating sphere of the UV-3600
spectrometer (Shimadzu Scientific Instruments, USA), direct transmission and diffuse as
well as total reflectance were measured under front (electrode-electrolyte) or back
illumination (substrate-electrolyte). Absorptance was calculated with respect to the FTO

blank as previously proposed.'*
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4.3 RESULTS

4.3.1 THOUGHTS BEHIND THE CHOICE OF PRECURSORS AND
SUBSTRATE PREPARATION

I chose N, N-(dimethylaminomethyl)ferrocene (DMAMFc¢) as the iron precursor as it is a
commercially available (98%+, Alfa Aesar or 96%, Sigma Aldrich), inexpensive and easy
to handle liquid with a boiling point of 92 °C at 0.5 mmHg (0.7 mbar). As the base
pressure in the ALD chamber was around 0.5 mbar under 20 sccm of N, flow, the
DMAMFc stainless steel bubbler was heated to 90 °C. Temperatures up to 148 °C also
gave homogenous iron oxide growth albeit with reduced photoactivity as seen in Figure

4.6.
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Figure 4.6 Current Density-Voltage curves under chopped illumination of as grown hematite films
deposited on TiO2 coated F:SnO. varying the precursor temperature from 90 °C to 148 °C. Film
characteristics are given in Table 1. Measurements were carried out with simulated AM 1.5G
(100 mWem-2) light with a scan rate of 10 mV/s in 1 M NaOH (pH 13.6).

The oxidation state of iron in hematite is Fe’", but in the ferrocene precursor the iron is in
its Fe*" state. Hence, it needs a strong oxidizer during the ALD process to oxidize Fe** to
Fe’". The most commonly used oxidizers for thermal ALD are oxygen, hydrogen
peroxide and ozone. Their oxidation strength follows the electrochemical potential listed
in Table 4.1. For ALD of hematite I chose ozone, as it is the strongest oxidizer. In the
ozone generator AC-2025 (IN USA Inc., United States) fed with oxygen gas (99.9995%

pure, Carbagas) a relatively high ozone concentration of 13% in O, could be reached.
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Table 4.1 Oxidation strength of the most commonly used oxidizing precursors for thermal ALD.

Oxidizer Electrochemical Potential / V
Oxygen 1.23

Hydrogen Peroxide 1.78
Ozone 2.08

In order to allow for pinhole-free and homogenous flat hematite films on FTO (F:SnO;)
glass (TCO22-15, Solaronix SA, Switzerland), the substrates were first wiped with
acetone and then cleaned for 10 min in piranha solution (H2SO4/H,O, = 3:1) prior to
loading into the ALD. The piranha solution oxidizes any organics present and provides a

clean and hydrophilic surface.

4.3.2 GROWTH CHARACTERISTICS OF HEMATITE

A highly optimized ALD to directly formed phase pure and highly photoactive hematite
during the deposition is presented herein. ALD was performed in exposure mode,
employing the sequence [DMAMFc-Pulse/Exposure/Purge//Os-Pulse/Exposure/Purge]
with pulse times fixed at 0.02 s for DMAMFc and 0.01 s for ozone while varying the
exposure time of each. Because the Fe-precursor needs a certain time to re-establish its
vapor pressure, the duration of one cycle was adjusted to 180 s. Growth characteristics of
hematite ALD at 230 °C were investigated ex-sifu by ellipsometry measurements on Si
substrates and are presented in Figure 4.7. A thin layer of ALD TiO, was deposited onto
Si to mimic the substrates for most of the other depositions used in this study. In Figure
4.7a,b growth saturation is observed for both precursor exposures. A constant growth rate
of 0.25 + 0.01 A/cycle was calculated from the slope in Figure 4.7c, when using chamber
and precursor temperatures of 230 °C and 90 °C, respectively. I found that higher growth
rates up to 0.4 A/cycle could be achieved by elevating the temperature of the precursor to
increase its vapor pressure (Figure 4.7d), but heating the precursor higher than 125 °C led
to films with decreased photoactivity (Figure 4.6). Thus, I continued to operate in a sub-

saturation regime, where the saturation is limited by the precursor amount.
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Figure 4.7 Growth characteristics of Fe203s deposited at 230 °C with DMAMFc¢ and Os as measured
by ellipsometry. Saturated growth demonstrated for a) DMAMFc in a 0.02s/Xs/(90-X)s//0.01s/70s/20s
mode and b) Oz exposure times in a 0.02s/70s/20s//0.01s/Xs/(90-X)s mode. Dashed lines represent
a Langmuir type fit. ¢) Linear growth of Fe.Os with number of cycles for 0.02s/70s/20s//0.01s/70s/20s
mode. Dashed line represents the linear fit. d) Growth rate dependence on the precursor
temperature varying from the standard 90°C as presented in a)c) to 148°C in a
0.02s/70s/20s//0.01s/70s/20s mode.

4.3.3 HEMATITE FILM PURITY

To exclude that the photoactivity is affected by carbon contamination at elevated
precursor temperatures, time-of-flight coupled elastic recoil detection analysis (TOF-
ERDA) was performed on samples deposited at three different precursor temperatures on
Si substrates coated with a thin TiO, layer (1.5 nm) or bare Si. TOF-ERDA results are

given in Figure 4.8 for four different hematite samples that are detailed in Table 4.2.
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Figure 4.8 TOF-ERDA results. a) Time of flight signals of all detected elements in sample 1. Single
carbon atoms are detected showing the very low contamination in the hematite fim. b)
Corresponding concentration depth profile of sample 1 obtained from (a). The depth profile of Fe
was obtained from the scattered °Cl beam. The small hump around 125 - 10" at. cm? is due to
scattering from Ti instead of Fe. The inset zooms on the C and Ti concentration. c)-e) Concentration
depth profiles of samples 2-4. Sample 4 did not have a TiO2 underlayer and no Ti was detected.

Table 4.2 Film composition (Fe/O ratio) and carbon contamination (C) of hematite thin films
deposited by DMAMFc/Os ALD on either TiO2 coated silicon or bare silicon at different precursor
temperatures, Tpec resulting in slightly different thicknesses, d, for 300 cycles. Films were measured
with TOF-ERDA in their as-deposited state and the atom percentages were extracted from the flat
plateau region of the Fe concentration (Figures b-e).

Sample 1 2 3 4
Substrate TiO2/Si TiO2/Si TiO2/Si Si
Toree/ °C 90 125 148 148

d/nm 8.9 10.3 11.6 11.8
Fe/O ratio 2:.2.96 2:3.14 2:3.0 2:2.96
Clat. % 0.2+0.1 0.3+0.2 0.3+0.1 0.2+0.1

TOF-ERDA is a powerful technique for depth profiling light elements such as C, H and O
in a film containing heavy atoms. Its detection limit is on the order of 0.1 at.%, or

1-10" at. cm™ as an areal density for thin films.”> Table 4.2 shows that the carbon
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concentration in all four samples is extremely low (~0.2 at.%) and just in the range of the
detection limit of TOF-ERDA. Indeed, only trace carbon is observed in the raw TOF-
ERDA data, primarily occurring at the hematite surface (at zero depth in Figure 4.8b-e). It
should be noted that the given values represent upper estimates for carbon concentration
in the film. No other elements except for H, Ti from the underlayer and Si from the
substrate were detected. The hydrogen content is as low as the carbon content and most
hydrogen is found to be on the surface. Furthermore, Fe/O ratios of about 2:3 were
measured in all four samples confirming direct ALD of Fe,Os at 230 °C. Profiting from
the very high detection limit of TOF-ERDA, I could show that this low-temperature ALD
process forms remarkably pure Fe,O; films with negligible contamination from
byproducts of the low-cost metal-organic precursor. The low level of carbon
contamination is most likely achieved due to the use of ozone in the ALD process that

successfully oxidizes carbon residues formed during the deposition.

4.3.4 CRYSTALLINITY AND PHASE PURITY

To examine the quality of the ALD films and their coating characteristics, hematite was
deposited onto vertically aligned crystalline TiO, nanowires (NWs) of 1 — 2 um in length
(aspect ratio of ~13-25) grown hydrothermally on F:SnO, substrates.’”**> Though from
the point of view of band alignment, TiO; is not suitable for hematite, here, these rutile
TiO, NWs are supposed to mimic a nanostructured F:SnO, substrate (rutile), that would
be the optimal material for a highly conductive nanostructured scaffold. Figure 4.9a
shows the cross-sectional scanning electron microscopy (SEM) image of these TiO, NWs
coated with a thin layer of ALD-deposited Fe,Os. The energy-dispersive X-ray
spectroscopy (EDX) element mapping shown in Figure 4.9b confirms the homogenous
coverage by Fe,Os throughout the entire sample. However, in SEM-EDX, the X-rays are
detected from a large interaction volume within the material, and hence, the spatial
resolution is only on the order of a few microns.** Therefore, I further investigated the
quality of the Fe,Os thin film deposition on a single TiO, NW by scanning transmission
electron microscopy (STEM) coupled with EDX analysis. Elemental mapping on a single
nanowire shows complete and conformal coverage with a hematite film of constant

thickness (Figure 4.9d-f).
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Figure 4.9 a) Cross-sectional SEM and b) SEM-EDX images of TiO2 NWs grown on F:SnO:2 and
coated with 300 cycles of Fe:Os in the 0.02s/70s/20s//0.01s/70s/20s mode at a precursor
temperature of 90 °C. c) Bright-field-TEM image of a single TiO> NW coated with Fe20s. d)-f) STEM-
EDX elemental mapping of titanium, iron and oxygen of the wire shown in c).

High-resolution TEM images taken at the edge of the same nanowires confirm the
crystalline nature of the as-deposited (Figure 4.10a) and post-annealed hematite films
(Figure 4.10b). The film thicknesses were found to be in excellent agreement with that
measured by ellipsometry and UV-vis absorption spectroscopy on planar substrates —
indicating that there is a sufficient amount of the precursor to homogeneously cover a
nanostructure despite the limitation in dose time. From the micrographs it can be
observed that the Fe,Os deposition is highly uniform leading to crystalline films with a
low degree of roughness. The Fe,O3 film growth seems to follow a Stranski—Krastanov
growth mechanism where a layer-by-layer growth is competing with nucleation and grain
formation in contrast to a Volmer-Weber type mechanism where grain formation is
predominant, as was observed for hematite ALD with FeCl; and water.”® In Figure 4.10,
layer-by-layer growth is predominant showing only a few grains formed (indicated by red

arrows). The grain size is on the same scale as the film thickness. Additionally, no grain
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boundaries perpendicular to the substrate, which could act as charge transport barriers

across the film could be observed in the micrographs.

Figure 4.10 HR-TEM bright-field images of the Fe20s-TiO: interface of a) as-deposited and b) Fe20s

annealed at 500 °C for 30 min in air.

The crystallinity of the as-deposited hematite was investigated by X-ray diffraction on
films with a thickness of ~20 nm (Figure 4.11), confirming the presence of crystalline

Fe,O3 grown on TiO,-coated F:SnO; substrates.

Intensity / a.u.

annealed in Oy

as deposited
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Figure 4.11 X-ray diffraction analysis of as deposited (red) and oxygen annealed hematite films
(blue) compared to the F:SnO: substrate coated with 1.5 nm of TiO2 (black).

Phase determination was carried out by Raman spectroscopy which is able to distinctly

differentiate between iron oxide phases such as hematite, maghemite and magnetite.35
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Figure 4.12 shows the Raman spectra of the substrate material and the hematite samples
in their as-deposited and annealed states compared to the reference spectrum of hematite
(RRUFF ID R050300).***” The Raman spectra of annealed and as-deposited ALD films
are essentially identical and can be well matched with hematite’s reference spectrum,
confirming that the as-deposited ALD films are phase-pure hematite and do not undergo

phase transitions after annealing in oxygen at 500 °C.

hematite reference
annealed in Oy
as deposited

substrate

Intensity / a.u.

200 400 600 800 1000 1200 1400

Raman shift / cm”’

Figure 4.12 Raman spectra of as-deposited (red) and oxygen annealed (blue) ALD hematite films
compared to a hematite reference spectrum (black, RRUFF ID R050300). The substrate was F:SnO-
coated with 1.5 nm TiOz (grey).

4.3.5 PHOTOELECTROCHEMICAL PERFORMANCE OF AS-
DEPOSITED ALD-HEMATITE FILMS

The data presented thus far confirms the low-temperature ALD of pure and crystalline
hematite films with very good aspect ratio coverage within a nanostructured scaffold
material. To investigate their intrinsic photoelectrochemical performance, I deposited
hematite films on F:SnO, substrates coated with a 1.5 nm TiO, underlayer. The presence
of TiO; is motivated by previous work on hematite thin films using functional layers such
as SiOz,15 SnOz,38 TiO; or Nb,Os' that prevent electron-hole recombination at the back
contact and serve as dopant sources, thereby enhancing the photoelectrochemical
performance of thin film hematite photoelectrodes.”® Hematite films of different
thicknesses were deposited at a precursor temperature of 90 °C and deposition
temperature of 230 °C. Directly after deposition, without any further processing, these
films show comparably26 high photoactivities of up to 0.7 mA cm? and 0.5 mA cm™ at
1.53 V vs. RHE with and without the use of an underlayer, respectively (Figure 4.13a,b).
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Figure 4.13 Thickness dependent photoelectrochemical analysis on as-deposited hematite thin film
photoanodes deposited by DMAMFc/Os ALD. Samples were illuminated from the F:SnO: side and
measured in 1 M NaOH (pH 13.6). a) Photocurrent density-voltage curves of films deposited on TiO2
(1.5nm) coated and b) bare F:SnO. substrates. c) Wavelength dependent absorptance
measurements of hematite films of different thicknesses employing a TiO2 underlayer and d) without
an underlayer. e) Photocurrent densities of films deposited on TiO2 (1.5 nm) coated F:SnO:
substrates extracted at 1.53V and 1.63Vvs. RHE from J-V measurements shown in (a).
Absorptance was taken at a wavelength of 400 nm from the measurements in (c). f) Photocurrent
densities of films deposited on F:SnO. substrates extracted at 1.63Vvs. RHE from J-V
measurements in (b). Absorptance was taken at a wavelength of 400 nm from the measurements in

().

For this study, film thicknesses were similar for samples with and without an underlayer
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as seen in the absorptance spectra (Figure 4.13c.d). This allows for a direct and precise
comparison thanks to the precision of ALD. When omitting the use of an underlayer,
thicker films are necessary to reach similar photocurrents. For example, only 6 nm
hematite deposited on TiO;-coated F:SnQO; is sufficient to reach the same photoactivity as
a 12 nm film deposited on bare F:SnO,. This trend has been observed in previous studies
where the underlayer strongly enhanced the photoactivity of thin hematite films due to
hole blocking and doping.* * Furthermore, a linear increase in photocurrent is observed
for film thicknesses up to 10 nm when a TiO, underlayer is present (Figure 4.13¢) and up
to 12 nm without the underlayer (Figure 4.13f). This linear increase goes in hand with a
linear increase in absorptance of these films. Interestingly, for thicker films, the
photocurrent plateaus even though thicker films absorb proportionally more light. In the
case of hematite films deposited on a TiO, layer, the photocurrent even decreases for
films as thick as 20 nm approaching the highest photocurrents of the films without any
underlayer. Moving towards 3D nanostructured electrode designs, it is crucial to use thin
hematite films that are entirely photoactive such that the maximum photocurrent can be
extracted from the thinnest possible films to avoid parasitic light absorption. With the aim
to find the thinnest and most efficient hematite film, Figure 4.14 shows an extensive
thickness dependent study for hematite films in the range of 6 — 20 nm employing a TiO,
underlayer. The absorbed photon-to-electron conversion efficiency (APCE) is a useful
metric to quantify the efficiency of the thin films. In order to see a thickness dependent
trend in the quantum efficiencies, values at 400 nm (which is around the absorption
maximum of hematite) were extracted from the wavelength dependent quantum
efficiency spectra shown in Figure 4.14a,b and plotted against the film thickness (Figure
4.14¢). The incident photon-to-current efficiency, IPCE, confirms the observed trend in
photocurrent in Figure 4.13e reaching a plateau at 10 nm. The APCE, which relates the
generated current to the amount of absorbed photons, is found to peak at a hematite
thickness of 10 nm. Thus, I can conclude that the optimal film thickness, meaning the
thinnest hematite film with minimal parasitic absorption, is on the order of 10 nm. To
further investigate why that is the case, I performed a Mott-Schottky analysis on the same
batch of samples used for the photocurrent, absorptance and quantum efficiency studies.
From Figure 4.14d, 1 obtained a flat band potential of Vpg=0.4V vs. RHE and a
thickness dependent charge carrier density profile (Figure 4.14¢).
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Figure 4.14 Thickness dependent photoelectrochemical analysis on as-deposited hematite thin film
photoanodes deposited by DMAMFc/Os ALD. Samples were illuminated from the F:SnO: side and
measured in 1M NaOH (pH 13.6). a) IPCE measured at 1.53 V vs. RHE and b) APCE for different
thicknesses of hematite calculated from the IPCE in a) and the absorptance data in Figure 4.13c. c)
Quantum efficiencies measured at 1.53V vs. RHE and 400 nm. d) Mott-Schottky analysis of
impedance measurements carried out in the dark. The electrode area was corrected for the
roughness of the F:SnO. substrate that was obtained from AFM measurements and cross-sectional
SEM images shown in Figure 4.5. The linear region was fitted to extract the flat band potential (Vrs)
and the charge carrier density (Nb). e) Charge carrier density extracted from the analysis in d) for
different film thicknesses of hematite. The charge carrier density range for hematite films without an
underlayer is indicated in blue. f) Space charge layer width calculated from the flat band potential
and charge carrier densities extracted from (d) according to Equation (2.10).
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The charge carrier concentration, Np, decreases with increasing hematite thickness as
dopants diffuse from the underlayer in the hematite film. At thicknesses exceeding 10 nm,
Np approaches values measured for my ALD hematite samples without an underlayer,
indicating that the Ti dopant diffusion is restricted to the first 10 nm from the underlayer.
This would explain the decrease in IPCE for the 20 nm samples and the similar value
obtained for samples with and without TiO, underlayer (Figure 4.13e,f). The calculated
space charge layer width, Wsc, is shown in Figure 4.14f. The electric field increases with
applied potential, reaching a maximum width of 10-12 nm at 1.53 V vs. RHE. For films
in the range of 10-14 nm, the space charge region covers 90-80% of the film at high bias
potentials. For a 20 nm thick film, the space charge region represents only 60% of the
total thickness. Only 60% of such a film has an electric field for efficient transport and
separation of charges. In the other 40%, carriers are likely lost to recombination. Indeed,
films thicker than 10 nm absorb a higher number of photons, they are unable to convert
them into additional photocurrent since the carriers photo-generated deep within the film

cannot reach the surface before recombining with electrons.

Comparing again these ALD hematite films with and without underlayers, the minimum
thickness to obtain the maximum possible thin film performance increases to 12 nm when
no underlayer is used. The presence of an underlayer is found to effectively reduce the
buffer layer of hematite needed to block holes generated close to the back contact from
recombining at the F:SnO,/hematite interface. The maximum photocurrent at high bias
potentials remains almost 30% lower as compared to the TiO, modified hematite films.
Thickness-dependent charge collection efficiencies on ALD grown hematite films have
previously pointed to an optimal hematite thickness of around 20 nm.*"** Here, however,
I demonstrate optimal film thicknesses of 10 nm and 12 nm for thin hematite films with
and without an underlayer, respectively, that still show comparable or improved

photocurrent density plateaus as well as IPCEs.*" 4

This improved performance is
believed to originate from a better F:SnO,/hematite interface due to the slow formation of
crystalline hematite during the ALD process and an even better interface when a
functional layer such as TiO; is introduced. Furthermore, these ALD hematite films show
higher charge carrier densities compared to previous literature (Np=7-10"® cm™).*®

Higher carrier densities increase the conductivity of the film, and hence may minimize

the impact of recombination processes due to an improved charge transport.
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To improve the photocurrent onset potential of the as-deposited hematite films high-
temperature annealing is usually explored in the literature. Also these ALD hematite films
show a shift in photocurrent onset potential of negative 200 mV (Figure a compare black
and blue curves) after annealing in oxygen at 500 °C for 30 min. However, a high-
temperature annealing step results in a systematic decrease in photocurrent at higher
applied potentials. I found that a similar improvement of the onset potential could be
obtained by deposition of a Ni(OH), surface catalyst by a simple room-temperature dip-
coating process, thereby reaching even slightly better photocurrent onset potentials
compared to the 500 °C annealed sample without requiring the thermal treatment (Figure
4.15a). This suggests that the late onset of the as-deposited films is mostly a result of the
surface, which may feature dangling bonds or surface defects, which affect the
semiconductor-liquid junction, forming surface states. The presence of surface states
pinned to a certain potential was observed earlier and is also supported by the data in the
inset in Figure 4.14f, where a space charge layer of 5 nm is present at low potentials but
no photocurrent is observed before 1.2 V as seen in Figure 4.13a. After catalyst loading,
the photocurrent onset potential shifts 300 mV more negative leading to excellent
photocurrent densities of 0.3 mA ¢cm™ at 1.23 V vs. RHE and 0.7 mA cm™ at 1.53 V vs.
RHE for hematite films of only 8 nm in thickness without the need for post-annealing
(Figure 4.15a, compare black and red curves). I found that alternative techniques such as
electrodeposition®® and chemical bath deposition'” led to strong darkening of the
electrode due to deposition of a thick catalyst layer even if very short deposition times
were used. Interestingly, the photocurrent of an 8 nm thin film could be enhanced by the
Ni(OH), catalyst to reach photocurrent densities demonstrated for 10-14 nm thick
hematite films herein. Such photocurrents had not thus far been obtained for such thin
ALD hematite films grown at low-temperature. The as-deposited catalyst layer is found to
increase the absorption of the photoanode by only 1% (Figure 4.15b). Furthermore, this
catalyst treatment on low-temperature as-deposited hematite films yields photocurrent
onset potentials that have previously been achieved only on catalyst-treated annealed
hematite films.** Omitting the high-temperature annealing step allows to maintain higher
photocurrent plateaus, likely due to a preservation of the charge carrier density

distribution in the film.
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Figure 4.15 a) Current density—potential curves under chopped illumination of as-deposited ALD
hematite without any modification (black) and with a Ni(OH). catalyst treatment (red) compared to
the unmodified high temperature annealed hematite photoanode (blue). Measurements were carried
out with simulated AM 1.5G (100 mWcm) light with a scan rate of 10 mV/s for the unmodified and
1 mV/s for the catalyst treated photoanodes. The samples were illuminated from the F:SnO: side.
The electrolyte was 1 M NaOH (pH 13.6). b) Absorptance of the as-deposited ALD hematite film
before (black) and after a Ni catalyst treatment (red) for light hitting first the glass surface (back
side) or the hematite/catalyst surfaces (front side). Absorptance calculated after T. Hisatomi et al.'*

The advantages of achieving the deposition of a highly active thin-film hematite
photoanode without exceeding 230 °C in the synthetic steps are at least twofold. First, the
energy required for synthesis of active and phase pure material can be significantly
reduced, which is important for optimizing the cost and scalability of the technology.
Second, the lower temperature opens the possibility of depositing onto a broader range of
heat-sensitive substrates, such as onto polymer-based substrates to construct flexible
devices, or onto other photoabsorber devices in the construction of multi-junction

tandems for driving complete water splitting.

4.3.6 EXAMPLES OF HOST-GUEST HEMATITE PHOTOANODES

The ALD method for hematite thin films is exemplified by fabrication of high-aspect
ratio host-guest photoanodes. Three different approaches will be outlined in the following

and the results analyzed, compared and evaluated.

TiO, nanowire array

The TiO, nanowires (NWs) demonstrated as a scaffold material in Figure 4.9 were
specifically chosen given a) their single-crystal rutile structure that could mimic the FTO

crystal structure as FTO would be the optimal material for a highly conductive
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nanostructured scaffold and b) these single crystal nanowires were easily delaminated
from the FTO substrate for TEM analysis. However, given the conduction band offset
between rutile TiO, and hematite, a Schottky barrier contact is formed which would
hinder injection from the Fe,Os into the host TiO,. With that said, covering the inactive
nanowire with a TCO shell could make this nanostructure a useful template for high
aspect ratio transparent conductive oxide (TCO) deposition. Indeed, SnO;, which has a
well-aligned conduction band with hematite does not grow in such high density nanowire
array so it needs a template be used as high surface area host material. It is very difficult
to hydrothermally grow micron thick high aspect ratio SnO, nanostructures and examples
in literature are sparse.”™ * Different procedures to fabricate SnO, nanosheets were tested
but did not result in good photoelectrochemical performance. Figure 4.16a-c show the

fabrication details of this TiO,-core/TCO-shell architecture.

a) b) c)
1. ALD
ALD TCO SnO,
—_— —_—
2. ALD
Fe,04
TiO, NW +55 nm TCO *25nm Sn0,

+ 10 nm Fe,O4

Figure 4.16 Host-guest nanowire architecture. Top: Schematic representation of the fabrication
method for a hematite photoanode based on a TCO-coated nanowire array. a) A rutile TiO2
nanowire is b) coated with 55 nm TCO and subsequently with ¢) 2.5 nm SnO2 and 10 nm hematite
by ALD. Middle: SEM micrographs of the d) TiO2 nanowire array deposited using 2.1 mL titanium
butoxide. e) TCO-coated TiO2 nanowire array from d). f) Photograph of a typical ALD hematite thin
film on FTO glass (left) compared to the host-guest architecture shown in c) (right). In the middle the
TiO2 nanowire array from d) is shown.
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The TiO, NWs, which I grew sparser to avoid a formation of a compact blocking TiO,
layer at the FTO surface, were coated by a recently developed ALD based TCO. This
TCO with conductivities up to 300 S/cm was 55 nm thick and was deposited in a
conformal manner on the TiO, NW template. SEM images in Figure 4.16d and ¢ show
the TiO, nanowire array before and after TCO ALD respectively. The thickness of the
TCO layer was chosen to be thick enough as to minimize the sheet resistance of the
coated nanowire. After the deposition of the TCO layer, I deposited a 2.5 nm thick SnO,
interfacial layer serving as hole blocking layer as well as a doping source for the hematite
thin film as discussed before. Finally, the TCO-covered NWs were coated with hematite
by ALD as described before. The resulting hematite host-guest photoelectrode is pictured
in in Figure 4.16f (right) next to a flat hematite film (left) and the blank TiO, NW array.
The photoelectrochemical performance is shown in Figure 4.17. Figure 4.17a shows the
current density-potential curves under chopped illumination for as-deposited ALD

hematite on the TiO,-NW-TCO array compared to a flat FTO substrate.
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Figure 4.17 Current density—potential curves under chopped illumination of a) as-deposited and b)
annealed ALD hematite on a flat FTO substrate (red) and the TiO>-NW-TCO array (blue). c) Current
density—potential curves and d) reflectance measurements of the TiO2-NW-TCO-hematite electrode
from both illumination directions: electrolyte/hematite (blue) and electrolyte/FTO-glass (black).
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The nanostructured photoanode shows an earlier photocurrent onset, however, the
increase in current density is found to be minor compared to the flat film photoanode
shown in red. Interestingly, after annealing at 500 °C in air, the nanostructured
photoanode maintains its current density at high potentials compared to the unannealed
sample whereas the flat thin film photoanode suffers from the typical decrease in plateau
photocurrent as seen also in Figure 4.15. Another point worth noting is that the dark
current of both samples (flat and nanostructured) decreases upon calcination at 500 °C
such that the photocurrent is approaching a plateau for the annealed films. Comparing the
photocurrent at 1.23 Vryg, the TiO,-NW-TCO nanostructure reaches a photocurrent very
similar to the flat film and hence, did not give the desired advantage of higher current
densities at the water oxidation potential. Figure 4.17c compares the photocurrent
densities of the nanostructured photoanode under different illumination directions: firstly,
from the electrolyte/hematite interface and secondly, from the glass-substrate direction.
Both illumination directions result in very similar current-density-potential profiles with
the only difference that illumination from the electrolyte/hematite interface results in
slightly improved photocurrent at high applied potentials. Figure 4.17d shows however,
that this difference in photocurrent on the order of 10% is caused by reflection losses that

are also 10% higher for the glass backside.

Clearly, the photocurrent response of this type of host-guest photoelectrode did not scale
with the increased surface area, which infers that there might be a combination of
bottleneck-characteristics for this nanostructure leading to the weak photoelectrochemical

performance. These might include:

1. Since the core TiO, nanowire is electrochemically inactive, the final projected
active area that is in direct contact with the FTO covered substrate is drastically

reduced.

2. Though many of the nanowires are well aligned perpendicularly to the substrate,
the majority are growing significantly tilted. In the most extreme scenario, where
the nanowire is strongly tilted, light absorption will be comparable to that of only

two superimposed thin hematite films.

3. The recombination within the TCO and at the TCO/TiO; interface might lead to

considerable losses.
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Inverse opal architecture

A more promising host-guest architecture is the inverse opal (IOP) nanostructure.’
Compared to the nanowires that grow always with the same height of 1.4 um on average
(independent precursor concentration in solution) the inverse opal nanostructure is
adaptable both in thickness and porosity. The surface area is highly increased and the
opals can be grown in a highly ordered manner that could result in beneficial photonic
properties or in a disordered structure to enhance light scattering within the inverse opal

scaffold.

In collaboration with Dr. Philippe Labouchére and Dr. Nicolas Tétreault inverse opal
scaffolds were prepared starting from PMMA spheres as shown in Figure 4.18a-d. In
summary, a dispersion of PMMA spheres (&2 500 nm) in isopropanol was doctor bladed
on a FTO substrate to form a disordered opal template. Then, 27 nm of SnO, were
deposited within the opal template pores by ALD. Then the top SnO; layer was removed
by reactive ion etching (RIE) to reveal the underlying PMMA template to enable its
vaporization during the subsequent heat treatment at 500 °C and avoid cracks. Finally, I
deposited a thin interfacial layer of either Nb,Os or TiO, by ALD followed by ALD of
hematite. The cross-sectional SEM view in Figure 4.18e shows a 6 um thick IOP
structure that is highly disordered. The cross-sectional view (Figure 4.18f) of the SnO,
IOP coated with hematite shows the detailed multilayer stack through some broken
spheres. Subtracting the total wall thickness from the SnO, thickness yielded an estimated
hematite thickness between 5-8 nm. The photoelectrochemical performance of the IOP
structured hematite photoanodes employing Nb,Os or TiO, interfacial layers is compared
to the flat film performance with the same interfacial layers in Figure 4.18g. Firstly, a
doubling of the photocurrent density is achieved with the IOP structured hematite
photoanode employing a Nb,Os interfacial layer, whereas the photocurrent density of the
equivalent IOP structure employing a TiO, interfacial layer is comparable to the
performance of a flat film with either of these interfacial layers. Based on the results
obtained in Chapter 3 and in this chapter, this strongly suggests that the Nb>* from the
Nb,Os interfacial layer is necessary to dope the SnO, (while at the same time doping the
hematite) and enhance its conductivity. The equivalent Ti*" is not able to n-dope tin
oxide. Also in this IOP nanostructure, illumination from the glass side yields lower
photocurrent responses for either of the interfacial layers. This is most likely due to

similar reflectance losses as shown in Figure 4.17d for the nanowire scaffold.
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Figure 4.18 Characteristics of a hematite host-guest photoanode employing the inverse opal
architecture. a)-d) Schematic representation of the fabrication method for the 3D inverse opal host-
guest structure made by sequential atomic layer depositions of the host (SnOz) and photoabsorber
(Fe=03) layers. SEM images of the I0P-hematite photoanode in e) cross-sectional and f) detailed
view. The Fe20s layer was on the order of 5-8 nm making it difficult to see on the micrographs. The
thickness of the SnO2 ALD layer deposited on the PMMA spheres was measured to be 27 nm. The
thickness of the hematite was estimated from more detailed SEM images on open spheres with
exposed |IOP wall cross-sections subtracting the thickness of the SnO: layer from the measured
thickness of the IOP wall. Current density-potential curves of annealed hematite photoanodes with
Nb20s and TiO: interfacial layers comparing the effects of g) nanostructure and h) illumination
direction on the photoelectrochemical performance.

The result achieved in this study compares very well to what has been reported by Riha et

al. with ALD hematite or by others with alternative deposition techniques of hematite.”"”
53



LOW-TEMPERATURE ALD OF PHOTOACTIVE HEMATITE FILMS 92

Since the scaffold material has to be conductive enough to transport the electrons
efficiently to the back contact without major recombination losses at the interface with
hematite, highly conducting transparent oxides would be more suitable than surface
doped SnO,. Hence, my most recent research was focusing on ITO (Sn:In,Os) IOPs
fabricated by the group of Prof. Erwin Reisner.® The first results on the
photoelectrochemical response of the ITO IOP structured hematite photoanode compared
to the flat thin film photoanode are shown in Figure 4.19a. I used a 2.5 nm SnO;
interfacial layer sandwiched between the ITO and hematite. The photocurrent onset of the
as-deposited hematite films compares very well to the annealed SnO, IOP structures in
the previous study and the photocurrent exceeds 1 mA/cm® at potentials higher than
1.4 Vrug. These results are very promising and are subject to optimization at the moment.
The reflection of this IOP scaffold seems to be reduced (but is still present) compared to
the SnO, I0Ps, which might result from the granular feature of the ITO as seen in Figure
4.19b.
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Figure 4.19 a) Current density-potential curves under chopped illumination of as-deposited ALD
hematite films on an ITO-IOP scaffold illuminated from the glass side (black) or from the hematite
side (blue) and compared to the flat hematite film on FTO (red). b) SEM micrographs of the ITO |IOP
scaffold reprinted from reference 4.

4.4 CONCLUSIONS

In this work I demonstrated a new ALD route producing conformal, smooth, crystalline
and phase pure hematite films at 230 °C in a fully low-temperature process. It was shown
that ALD using DMAMFc and ozone as precursors produces hematite films with
exceptionally low levels of carbon contamination (below 0.2 at.%). These high quality

films are ideal to study the material's properties on flat model systems and to directly
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transfer the knowledge to nanostructured host-guest devices. Applying a TiO, underlayer
as a dopant source and as a hole blocking layer, a hematite film thickness of only 10 nm
was identified as the maximum path length for efficient charge collection, reaching
photocurrent densities of up to 0.8 mA cm™. Such high photocurrents have so far not been
demonstrated for hematite films this thin. We found that for films thicker than 10 nm the
photoelectrochemical performance was limited by the space charge layer width, while for
thinner films, light absorption was the limiting factor. Even without the use of an
underlayer, hematite film thicknesses of only 12 nm are sufficient to reach photocurrents
comparable with those reported in literature for films almost twice as thick. Efficient
charge transport is most likely facilitated by the crystalline and ordered nature of the as-
grown hematite films and a better interface between the F:SnO, and the hematite film due
to my ALD process. Combined with a low-cost Ni(OH), catalyst deposited via a facile
dip-coating method, the need for an annealing step was successfully avoided, enabling a
synthesis process of Fe,O3; which at no point exceeds 230 °C. The development of this
low-temperature method can be expected to broaden the application variety of hematite as
it could for example be used in pn junction configurations with preserved junction

interface.

Going towards nanostructured hematite photoanodes is shown not to be straightforward in
order to achieve photocurrent responses linearly proportional with increased surface area.
With that said a 6 um thick inverse opal nanostructure gives current densities
approaching 2 mA/cm?— about double the photocurrent density of a thin hematite film in
a flat electrode configuration. It would be helpful to be able to predict the optical and
electronic losses when going from a flat thin film to a nanostructured and much more
complicated system. The inverse opals structure yielded so far the best results and is
hence, the most promising for future host-guest architectures with hematite. Inverse opals
have been widely developed in the field of photonic crystals and host-guest materials,
which means there is a vast array of detailed fabrication procedures available
encompassing the fabrication of a wide range of functional optical and electronic
materials. Thus the IOP scaffold is greatly appealing for future research on affordable

high efficiency photoelectrochemical water splitting.
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5 QUANTITATIVE ANALYSIS OF
OPTICAL LOSSES IN
PHOTOELECTROCHEMICAL CELLS
BASED ON HEMATITE PHOTOANODES

This chapter is based on the work in collaboration with Peter Cendula, Paolo Losio and Jiirgen
Schubmacher from Institute of Computational Physics, ZHAW, Winterthur. I was working on
the experimental characterization of the hematite photoanodes and the FTO substrate by means
of ellipsometry, UV-Vis spectroscopy, TEM analysis and PEC analysis. The ZHAW Team
developed the optical model of light propagation through the coherent and incoherent layers in the
PEC cell.

The optical losses in a photoelectrochemical (PEC) cell play a substantial role in
achieving high overall solar-to-hydrogen conversion efficiencies, but their quantitative
analysis is sparse partially because the optical losses cannot be measured directly in an
experiment and their quantification requires accurate knowledge of the optical constants
of all individual layers. In this work, a detailed analysis of the optical losses of a typical
PEC cell is presented. Based on spectroscopic measurements, an optical model of both
coherent and incoherent layers is developed. The optical model is verified for hematite
photoanodes fabricated by atomic layer deposition (ALD). The optical model is a
valuable tool for detailed optical loss analysis of a PEC cell and prerequisite for a coupled

optoelectronic model of a PEC device.



PEC OPTICAL MODELING 100

5.1 INTRODUCTION

5.1.1 BACKGROUND OF PEC OPTICAL MODELING

Since the band edges of hematite and most of the absorbers used in photoelectrochemical
(PEC) water splitting, do not straddle the water reduction and oxidation electrochemical
potentials, unassisted water splitting would only be possible in a dual light absorber
design.'” In such a design, light absorption of the two semiconductors has to be
optimized and parasitic optical losses outside of the semiconductors have to be minimized
in order to achieve the highest quantum efficiencies. As experimental methods cannot
provide direct access to the absorptances in the individual layers of a PEC cell, optical
modeling (OM) is a powerful tool to analyze the wavelength-dependent absorptance of
each layer. Contrary to other solar cell technologies, only few reports can be found in the
literature on the modeling and quantification of optical losses in a typical PEC cell.*® Han
et al. optimized quantum efficiencies for PEC water splitting for a BiVO, photoanode in
tandem with amorphous silicon double junction solar cells.>® Furthermore, Déscher et al.
studied the effect of light absorption in aqueous electrolytes of different thicknesses on
the solar-to-hydrogen (STH) efficiency limitations."® Though light absorption in the
electrolyte layer was extensively studied in that study, absorption by other layers of the
PEC cell was not taken into account. Some recent studies focused on the hematite layer
and reported on the increase in light absorption in the absorber by light trapping through
back-reflectors'’ or nanocone arrays.'?> So far, literature on modeling of fluid flow,
electrochemistry or charge transport in PEC water splitting is based only on simple

Lambert-Beer light absorption, thereby neglecting coherence in thin films*'® or

disregarding optical processes completely.'” '®

This chapter focuses on the optical characterization of hematite thin films deposited by
atomic layer deposition as a basis for the development of a model of light propagation in
a PEC cell, which is capable of quantifying optical losses in all layers present in a typical
PEC cell. Light propagation is described in coherent layers (thickness comparable to the
wavelength of light) with the transfer-matrix method" and in incoherent layers (thickness
larger than the wavelength of light) by ray-tracing geometrical optics.*’ To obtain a good
overlap of the simulated and measured results with the optical model, an accurate and

detailed optical characterization of the individual layers is essential. Therefore, the first
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step in this work is to extract all wavelength-dependent refractive indices and extinction
coefficients from spectroscopic ellipsometry and UV-Vis spectroscopy measurements and
then to implement them in the optical model in the second step. The proper
parameterization of the optical constants is confirmed with the ability of the optical model
to reproduce the UV-Vis responses of various samples. After this validation, the optical
model is applied to calculate spectrally resolved optical losses in the PEC cell and to
obtain total integrated optical losses by reflection, transmission and absorption outside of
the semiconductor. The charge generation rate from the OM shows limitations of the

Lambert-Beer law and can be used in coupled optoelectronic PEC models.

5.1.2 THEORY OF OPTICAL MODELING

In a typical PEC cell as shown on the right of Figure 5.1, light is interacting with multiple
layers of different optical properties. First the light is passing through a quartz window of

4 mm in width.

PEC Cell Configuration PEC Cell
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Figure 5.1 Schematic of the light path through a typical photoelectrochemical (PEC) cell (shown in
cross-sectional view). The sequence of layers (quartz/water/electrode/water/quartz) represents the
sequence during a PEC measurement. This “PEC cell configuration” was used for all UV-Vis
measurements and simulations in this work. Thicknesses of the layers are scaled for the purpose of
presentation.

Then it traverses a 0.4 mm thick electrolyte layer. Although water oxidation with
hematite photoanodes is usually tested in alkaline aqueous electrolytes such as NaOH,
here, all UV-vis measurements were performed with pure water to avoid crystallization of
NaOH in the thin water layer. Hence, optical properties of the actual electrolyte are
assumed to be equal to those of water.”' After having passed the quartz window and the

electrolyte, light is hitting the electrode surface and is partially or fully absorbed by the
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photoactive layers. The optical model accounts for both illumination directions that are

shown in Figure 5.1.
a) Hematite/FTO illumination direction
b) FTO/hematite illumination direction

In case (a), light impinges first on the photo-absorber (here hematite) and then passes the
FTO substrate. In case (b), light passes first the FTO-substrate before reaching the photo-
absorber. All layers shown in Figure 5.1 are included during optical modeling with

accurate complex index of refraction
1 (A) = n (D) + ik (1) (5.1)

where n; and k; are the wavelength dependent refractive indices and extinction
coefficients of layer I respectively. The n and k values of each layer cannot be extracted
directly but rather have to be calculated indirectly from the dielectric constant & that

consists of the real (&) and imaginary part (&) according to Equation (5.2).
g () = &y (D) + ig; (1) = A (1) (5.2)

Once the dielectric constants are extracted from ellipsometry measurements, n and k data

of each layer can be calculated using Equations (5.3) and (5.4).
&1 (D) =nf(A) —ki(D) (5.3)
&1 () = 2n(Dk,(4) . (5.4)

The wavelength dependent absorption coefficient a(A) of layer | is computed from the
extinction coefficient by

41k (A)

a(4) = p

(5.5)

The optical model treats light propagation and absorption in coherent layers with the
transfer-matrix method, calculating the propagation of the electric field in the multilayer
stack by matrix operations derived from Fresnel equations of all interfaces in the cell.”
Optical propagation in incoherent layers is described by following geometric light rays
and their reflections and transmissions (including attenuation in absorbing media) in the

multilayer cell recursively until their intensity drops below a certain threshold. The
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energy conservation is fulfilled during optical modeling and it holds
Reoe D) + X Ai(D) + Tiore (1) =1 (5.6)

where Ry is the total reflectance, 4; denotes absorptance of layer / and T is the total
transmittance.'” ** The rough/porous layer is described with the Bruggemann effective

. . .23
medium approximation

nZ-n2 nb n

p nZ+2n 2+( _p) =0 (57)

ng +2n

where medium a is enclosed in medium b with fraction p (porosity) and the resulting
effective medium has an effective refractive index n.. The presented optical losses can be
quantified also in terms of photocurrent, if ideal conversion of every photon to separated
electron-hole pair is assumed. The photocurrent loss by reflection, transmission and
absorption is calculated by integrating the product of Ry, Tt and 4; with the incident
spectral photon flux ¢(A) [s' m™?] of AM 1.5G illumination

UroJapir} = € i Reot(), A1), Teor (D} ¢(A) dA (5.8)

where e = 1.602-10™" C is the electronic charge.

Here, I present a the optical characterization of each layer in the PEC cell shown in
Figure 5.1, as a basis for the development of an optical model to account for all optical
losses in a PEC device. Identifying the optical losses in the PEC system will help
minimizing losses in the final photocurrent of the PEC device and allow for a proper

calculation of current matched dual-absorber tandem devices.

5.2 METHODS

5.2.1 TRANSMISSION ELECTRON MICROSCOPY

TEM measurements of the FTO substrate (TCO22-15, Solaronix SA, Switzerland) were
carried out on a Technai Osiris (FEI, USA) with a built-in EDX unit. To avoid charging
of the sample, a thick Au layer was sputtered using a DP650 (Alliance Concept). A thin
TEM lamella was prepared with a Focused lon Beam to obtain a cross-section of the FTO

substrate.
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5.2.2 ELLIPSOMETRY AND SAMPLE PREPARATION

Ellipsometry measurements of the FTO substrate as well as of the hematite layer were
carried out on a Sopra GES 5E variable angle ellipsometer in the wavelength range of
0.25-1.2 ym. Prior to the measurement, the FTO substrate was wiped with acetone and
cleaned for 10 min in piranha solution (H,SO4/H20, = 3:1). For the determination of the
optical constants of the Tec glass, the SnO, was etched with nascent hydrogen generated
by the reaction of Zn powder with an aqueous HCI solution (2 M). Hematite was
deposited on FTO, Si wafer and quartz substrates by atomic layer deposition as described
in Chapter 4. These samples were rinsed with water only. Optical constants of hematite
were determined on Si wafer and on quartz substrates and no difference in the dispersion
law was observed for as-deposited and annealed Fe,Os films. The obtained spectra of the

Tec glass and the hematite were fitted with WinElli II software.

5.2.3 UV-VIS MEASUREMENTS

Transmission and diffuse as well as total reflectance measurements were carried out with
a UV-3600 spectrometer (Shimadzu Scientific Instruments, USA) equipped with an
integrating sphere. Samples were cleaned as described in 5.2.2. To mimic the conditions
in a typical PEC cell, most samples were measured in a “PEC Cell Configuration” as
shown in Figure 5.1 where the sample is sandwiched between two quartz slides that have
been wetted with a droplet of water. Only some measurements were performed in an
“air/sample/air” configuration. For the band gap determination from diffuse reflectance
measurements, hematite was deposited on the TiO, nanowires described in Chapter 4 to
ensure a good scattering signal. An absorption coefficient equivalent was calculated after
Kubelka-Munk according to
F(R) = &R (5.9)

2R

where R is the diffuse reflectance. The band gap was determined from Tauc plots

according to

ahv = A(hv — E,)? (5.10)

with n =1 for a direct allowed transition and n = 4 for an indirect band gap.
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5.2.4 OPTICAL MODELLING

Optical model calculations were implemented using the SCOUT software.”** The data

was then exported to SETFOS?® for the optical modeling of the PEC cell.

5.3 RESULTS

In this study, the electrode is a thin film hematite photoanode as described in Chapters 3
and 4. Briefly, a thin layer of hematite is coated by ALD on a conductive FTO substrate.
As shown in Chapters 3 and 4, hematite shows much higher photoactivity in the presence
of a thin oxide interfacial layer. Hence, also for the OM herein, a thin (1.5 nm) layer of
TiO; is implemented and the final configuration is shown in Figure 5.2a. The conductive
FTO substrate itself has a multilayer structure of the following: float
glass/Sn0,/Si0,/F:SnO,. A detailed view is shown in Figure 5.2b,c.

(a) (b) (c)

v ‘ Y ‘ i
@ s N, %S

50 nm Glass

Figure 5.2 Photoanode layer composition. a) Sketch of the thin film hematite photoanode. b) TEM
micrograph in cross-sectional view of the FTO substrate. ¢) Detailed TEM view on the SnO2 and SiO2
layers of the substrate.

5.3.1 EXTRACTION OF OPTICAL PARAMETERS OF THE TEC15
SUBSTRATE

The extraction of the n,k parameters of the F:SnO, layer is facilitated if the approximate
thicknesses of each layer are known in order to initialise values of the fitting parameters.
Therefore, average thicknesses were extracted from the TEM micrographs in Figure 5.2

(Table 5.1.) that were used in the fitting of the FTO substrate.
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Table 5.1 Average thicknesses of the FTO substrate. F:SnO., SiO2 and SnO: thicknesses are taken
from the TEM micrographs in Figure 5.2b,c from 10 different points.

Layer Glass SnO2 SiO2 F:SnO>

Thickness 2.25 mm 27.8 £ 7.7 nm 15.3+1.9nm 314 £ 29 nm

5.3.1.1 FLOAT GLASS

First, I determined the optical constants of the float glass layer from an etched FTO
substrate. The n,k data of the extracted refractive index and extinction coefficient are
shown in Figure 5.3a and are compared to a reference Pilkington low iron Optiwhite™
glass with very similar transmission characteristics.”” The extinction coefficient is similar
to the Pilkington glass. In the FTO fitting, n,k parameters of Pilkington Optiwhite glass
were compared to the parameters of Tec glass measured in this work. The optical
constants from this work allowed for a better fit confirming their accuracy.
Transmittance and reflectance of the etched Tec glass are shown in Figure 5.3b for
illumination either from the etched side or from the backside of the FTO substrate. The
total reflectance (Raiffuse T Rspecutar) 1 higher when the sample is illuminated from the glass

backside leading to a 2.5% loss in transmittance.

(a) (b)
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Figure 5.3 Optical characterization of the float glass used in Tec15 substrates. F:SnO2 and SnO2
layers were etched for these measurements. a) Optical constants of float glass measured in this
work compared to referenced optical constants of Pilkington Optiwhite glass.?” b) UV-vis
measurements obtained with an integrating sphere. The specular reflectance was calculated from
the measured total and diffuse reflectance according to Riotai = Rspecular + Raittuse.

The float glass was fitted with a modified Cauchy dispersion law. The refractive index

and the extinction coefficient were calculated with the following equations
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B Cc
TL—A+z+l—z (511)

_ E F
k=D+>+; (5.12)

Table 5.2 Fitting parameters for the modified Cauchy law for fitting of the float glass in Tec15
samples.

A B C D E F

1.508 4.96E-03 4.611E-04 3.184E-06 -9.931E-07 8.830E-08

5.3.1.2 SILICON DIOXIDE LAYER

Optical constants of the SiO, thin film that is part of the FTO substrate, were adapted
from the refractive index database, to avoid any fitting errors of the SiO, layer that is
rough and 20x thinner than the F:SnO, that is to be characterized. Figure 5.4 shows the
refractive index of SiO, thin films measured by Gao et al. that is in very good agreement

with the fitted n values of the SiO; layer in a Tec15 substrate measured by Chen.*”

1.54 — -
] — n(Gao, 2013) E14x10@
] ---k(Gao, 2013) r
152 B — n(Chen, 2010, Univ. Toledo) [~ 12 O
S ] -~k (Chen, 2010, Univ. Toledo) [ ES
$ 1 C10 2
2 s}
j= 1 F S
2 1.50 ] : 08 g
8 1 Fo6 =
k= i E =)
& 1.48 4 £o04 =2
) C =
] 0.2
1.46 — fff\TT\:\"'\'\TT\'\'\'\'\"TT\'\'\'\'\T\'"\'\'\'\TT\'\'\"; 0.0
0.4 0.6 0.8 1.0

Wavelength / pm

Figure 5.4 Optical constants of SiO: thin films adapted from Gao et al. and Chen. 2728

5.3.1.3 INTRINSIC TIN OXIDE LAYER

For the intrinsic SnO, layer, optical constants of several references were compared with
the fitted results of this work. The refractive indices obtained in this work overlap very
well with the ones measured by Chen.”” However, they are slightly lower than the
refractive indices measured by Reddaway et al. and Rankhshani et al., which could result

from different properties of the SnO, used in the different works.””*°
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Figure 5.5 Optical constants of intrinsic crystalline SnO.. a) Refractive index and b) extinction
coefficient of SnO2 adapted from references 2293

Furthermore, while in Chen’s work and herein the SnO, layer is less than 30 nm, the
thinnest layer that Reddaway et al. investigated was 31 um thick and in the case of

Rankhshani et al. films were on the order of 300 nm.

Moreover, as visible by the black interruptions in the EDX spectrum in Figure 5.6a, the
intrinsic thin SnO; layer in the Tecl5 substrate is not continuous and rough relative to its
layer thickness. As seen in Figure 5.6b, the thin SiO, layer covers the partially exposed
glass and intermixes with the SnO,. This inhomogeneity in the SnO; layer could lead to
the slight deviations in the refractive indices for different SnO, samples. From Figure
5.6b, a roughness factor of 1.013 was estimated, that is slightly lower than determined in

Figure 4.5.

Figure 5.6 TEM-EDX analysis of a FIB lamella of the FTO substrate coated with a gold layer to avoid
charging of the sample under the electron beam. a) X-ray signal of tin (Sn). b) X-ray signal of silicon
(Si) superimposed with the X-ray signal of gold (Au). The interface between the gold and the FTO
was measured against the projected length and the surface roughness factor was determined to be
1.013 that is even lower than determined in Figure 4.5.

The intrinsic SnO, film was modeled combining a constant dielectric term and OJL
model.*' The OJL model is an interband (valence to conduction band) optical transition

model with assumed parabolic bands and tail states exponentially decaying into the band
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gap. The parameters of the OJL model are the gap energy Eo, the tail state exponent

'gamma’, the strength of the transition and a decay parameter necessary to enforce zero

imaginary part at high frequencies.

5.3.1.4 EXTRACTION OF OPTICAL PARAMETERS OF THE FLUORINE DOPED

TIN OXIDE LAYER

The doped SnO, film was approximated by combining the dielectric function of

intrinsic SnO, with a Drude model and an additional harmonic oscillator. The Drude

model accounts for the free carriers in metals and highly doped semiconductors such

as transparent conductive oxides. Roughness of the F:SnO, layer was modeled with a

Bruggemann effective medium approximation (EMA).> The thicknesses of the FTO-

Air EMA, doped FTO, SiO,, intrinsic FTO were also fitting parameters and are listed

in Table 5.3 and are in very good agreement with the thicknesses in Table 5.1 obtained

from the TEM images in Figure 5.2. The fitting parameters for the F:SnO, layer are
listed in Table 5.4.

Table 5.3 Layer stack used in the extraction of optical parameters of the F:SnO: layer.

Layer Material Thickness / nm
FTO-Air-EMA  50% FTO-doped, 50% Vacuum 27.0
FTO (doped) FTO-doped 327.0
SiO: SiO: fused (DB) 17.4
SnO:2 FTO-intrinsic 28.1
Glass Float glass 2.20E+06
Table 5.4 F:SnO: fit parameters.
le:a)cizilgfotﬂﬁd OJL Drude Harmonic Oscillator
Real  1.19 Strength 099 | Plasmafreq.  g33y, | Resonancefreq.  gno4g 4
: 9 : (1/cm) : (1/cm) :
Gap Energy Damping Oscillator strength
Im 0 (1/cm) 31280.6 (1/om) 179983.8 (1/cm) 3816.2
Gamma Damping
153.4 92921
(1/cm) (1/cm)
Decay factor
(1/cm) 45346.2
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The fitted n, k parameters are shown in Figure 5.7.
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Figure 5.7 a) Extracted optical constants of crystalline F:SnO2 used for b) the simulation of
transmittance and reflectance data of the FTO substrate with the layer stack listed in Table 5.3.

5.3.2 OPTICAL PARAMETERIZATION OF HEMATITE

For the determination of the optical constants of hematite, thin Fe,O; films were
measured by ellipsometry on Si wafer substrates and on quartz substrates to facilitate the
fitting. The dispersion law for hematite is based on a Tauc-Lorentz law following

Equations (5.13) and (5.14)

AEoC(E-Ey)”

-, E>E

&(E) = E[(EZ—E§)2+CZE2] 9 (5.13)
0, E<E,

& (E) = g.(0) + %Pf;;;gi_—(gdf (5.14)

where A is the strength of the peak, E¢ the peak central energy, C the broadening of the
peak, E, the optical band gap of the material and P the Cauchy principal value.* For the
fitting of hematite, a Tauc-Lorentz dispersion law with 5 oscillators was established on a
14 nm thick ALD hematite layer and was verified on several thinner hematite films

(Table 5.5).

With the Tauc-Lorentz dispersion law shown in Table 5.5, the measured polarization
change in the ellipsometry measurement could be fitted with a correlation coefficient of
R’=0.996 (Figure 5.8a). The resulting refractive index and extinction coefficient of

hematite are shown in Figure 5.8b.
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Table 5.5 Fitting parameters for the Tauc-Lorentz law for fitting of thin ALD hematite films.

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Eg £1(0)
A 38.28 2.86E-02 0.277 57.66 37.77 1.98 2.66
Eo 4.792 3.864 3.754 2.918 2.290
C 2.939 0.205 1.173 0.952 0.417

The n,k data obtained from the ellipsometry fit is in very good agreement with the optical
constants kindly provided by Filmetrics for comparison (Figure 5.8¢c) as well as with the

dielectric constants measured by Galuza et al. (Figure 5.8d) and others.>™

(a) (b)

0.4 4 - &
J - S
1 % 2
— = © o
J 02 5 = >
= | 2 e e
§ El -
8 o =)
O'Oi e 2
4 =
-0.2 4
L e e e e 041 S R —)— 0.0
03 04 05 06 07 08 0.4 0.6 0.8 1.0 1.2
Wavelength / um Wavelength / pm
(c) (d)
3.4 - . ) - 20 Bl L
| Hematite (Filmetrics) H 1o _| Hematite (Galuza et al., 1979) L 12
3.2 - 099092? .
1 ° - z 10
- 80— bQ 1o 3
[} 4 " F =3
2 28 % c S ¢
o 1% BAITI 10 9 5 &
2 26-e | O | g 6
@ r =
8 19 - o
g o244 % Fos 2 !
i ? L =
2.2 g [ ’
) %666 © 0 ©-6-6-- 0 --0---0 ;O_O 0
‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ ‘ ‘ ‘ ‘ ‘
0.4 0.6 0.8 1.0 12 03 04 05 06 07
Wavelength / pm Wavelength / um

Figure 5.8 a) Raw data (red, blue) and fit (black dotted lines) of the ellipsometry measurement of a
14 nm hematite film on a TiOz-coated Si wafer. R?=0.996. b) Calculated refractive index and
extinction coefficient of the ALD hematite in this work. c) Reference optical constants of hematite
from the Filmetrics database.®® d) Dielectric constants of hematite adapted from Galuza et al.®*

In order to verify the Tauc-Lorentz law for hematite (Table 5.5), I wanted to compare the

band gap that results from the dispersion law with the band gap, which can be obtained
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from the diffuse reflectance spectrum of hematite opaque films. A TiO, nanowire array
was coated with a thin layer of ALD hematite in order to get a nanostructured and opaque
hematite sample. From the fitted extinction coefficient, &, of the 14 nm thick hematite
films, the absorption coefficient was calculated according to Equation (5.5) and is shown
in Figure 5.9a. The resulting Tauc plot shown in Figure 5.9b, gives an indirect band gap
of 2.0 eV and a direct band gap of 2.6 eV for these thin ALD hematite films. The indirect
band gap of 2.0 eV is in very good agreement with the band gap obtained from diffuse
reflectance measurements on the nanostructured hematite sample (Figure 5.9¢,d). The
Tauc plot was constructed using the Kubelka-Munk transformation according to
Equations (5.9) and (5.10). Thus, I could confirm that the established Tauc-Lorentz

dispersion law for hematite is accurate.
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Figure 5.9 a) Absorption coefficient of hematite calculated from the fitted extinction coefficient in
Figure 5.8b. b) Tauc plot of the direct in indirect band transition in the thin ALD hematite films. c)
Diffuse reflectance spectrum of a thin ALD hematite film deposited on the TiO2 nanowire array as
shown in Figure 4.9. d) Tauc plot of the Kubelka-Munk transformed diffuse reflectance from c)
according to Equations (5.9) and (5.10).

With the absorption coefficient, the light penetration depth in hematite was calculated
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according to Equation (5.15) and is shown in Figure 5.10.
Light Penetration depth = a™! (5.15)

It shows that in order to absorb fully until the band edge, the hematite layer has to be at
least 1 um thick. Knowing the charge transport limitations in hematite, it poses a major

challenge for the realization of a nanostructured hematite photoanode.

Light Penetration Depth / nm
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Figure 5.10 Light penetration depth (=a') in hematite calculated from the extracted absorption
coefficient shown in Figure 5.9a.

5.3.3 OPTICAL MODEL OF A TYPICAL PEC CELL EMPLOYING A
THIN FILM HEMATITE PHOTOANODE

With all the optical constants collected in Sections 5.3.1 and 5.3.2, the PEC device (here
the hematite photoanode in the PEC cell as shown in Figure 5.1) can be analyzed for its

optical losses.

In the PEC cell configuration, hematite is deposited on TiO, coated Tecl5 glass and
surrounded by electrolyte and quartz windows from both sides as depicted in Figure 5.1.
Since the hematite used here is ~10 nm thin and RMS roughness of the Tec15 glass is on
the order of ~30 nm, spectroscopic ellipsometry data are strongly influenced by the
roughness and cannot be used in combination with R,T data to determine a suitable
effective medium approximation of our layer stack. Instead, all R,T data from three
nominal hematite thicknesses (12, 16, 20 nm) and Tec15 in PEC configuration were used

to determine the PEC cell optical model.

In Hematite/FTO illumination direction, the layer stack is composed of

quartz/water/graded:water-Fe,Os/Fe,Os/graded: TiO,-FTO/FTO stack/water/quartz.  The
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graded layer is a sequence of 5 sublayers, the dielectric constants of each sublayer are
obtained by using a Bruggemann EMA material approximation with a linear variation of
the relative composition from the first to the second material. The fitting parameters and
their extracted values are summarized in Table 5.6 and the comparison of the simulated

and measured data is shown in Figure 5.11.

Table 5.6 Fitted thicknesses for the quartz/water/graded:water-Fe20Os/Fe20Os/graded:TiOz-
FTO/FTO stack/water/quartz stack. For the different thicknesses of 12, 16 and 20 nm of hematite,
0.7, 1.4 and 7.1 nm were obtained for the “bulk” Fe:Os layer while the thickness of the
gradient:Fe20s-H20 layer was kept constant.

Material Thickness / nm
SnO:2 28.1
SiO2 17.4
FTO 334
Gradient FTO-TiO2 3.5
Fe20s (ALD) 0.7,1.4,7.1
Gradient Fe203-H-O 21.1
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Figure 5.11 Measured (solid lines) and simulated (black broken lines) transmittance (blue) and
reflectance (red) data. Simulated data was attained using a quartz/water/graded:water-
Fe20s/Fe-0s/graded:TiO2-FTO/FTO stack/water/quartz stack.

The fit of T is satisfactory and the fit of R misses some features due to the pronounced
effect of roughness. The effective thickness of every material in the graded layer is 50%
of its total thickness. Hence we obtained total hematite thicknesses from bulk hematite
layer and 1/2 of graded layer 11.25, 11.95 and 17.65 nm, in qualitative agreement with

'nominal' hematite thicknesses of 12, 16 and 20 nm.
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Valuable insight into the optical losses through parasitic absorptances in the individual
layers is presented in Figure 5.12. The calculated absorptances in the individual layers, 4;,
the reflectance, R, and transmittance, 7T, for FTO/hematite and hematite/FTO
illumination are shown in stacked diagrams and fulfill the energy conservation criterion
(Equation (5.6)). For each wavelength a different ratio of illumination energy is reflected,
absorbed in individual layers or transmitted through the PEC cell and strongly depends on

the illumination direction.

1.0 1.0
Hematite/FTO Transmission FTO/Hematite Transmission

0.8 M Abs. Glass 0.8 M Abs. Glass
3 Tt B Abs. SnO, Tt M Abs. SnO,
§ 0.6 ° Abs. F:SnO, 0.6 ° Abs. F:SnO,
S [ Abs. TiO2 [l Abs. TiO2
804 M Abs.Fe:05 | (4 M Abs. Fe0;
g— Reflection Reflection

o
o

0.2
Riot .
0.0 0.0

Riot
350 400 450 500 550 600 650 350 400 450 500 550 600 650
Wavelength [nm] Wavelength [nm]

Figure 5.12 Detailed optical loss analysis of a PEC cell with a) FTO/hematite illumination and b)
hematite/FTO illumination. The calculated total reflectance, the absorptances in each layer and the
total transmittance are stacked and colored in the graphs.

For hematite/FTO illumination, Figure 5.12a, hematite absorbs ~20% of the light for
wavelengths between 320 - 400 nm before its absorptance decreases to zero the closer the
wavelength approaches its band gap energy (A =620 nm for E,=2.0eV). A nearly
constant absorption of ~10% can be seen in the F:SnO, layer over the whole wavelength
range doubling to 20% in the blue region. In the blue region also glass absorption is large
(up to ~20% for wavelengths < 350 nm). The absorption in water and quartz is negligible
in the presented data. For FTO/hematite illumination, Figure 5.12b, the absorptance in
hematite for wavelengths <400 nm is smaller compared to hematite/FTO illumination
due to much stronger absorption in float glass which stands in the FTO/hematite light
path before hematite. Absorption in F:SnO, for FTO/hematite illumination is slightly
larger than for Hematite/FTO illumination. Reflectance for both Hematite/FTO and
FTO/hematite illumination accounts for 10-20% of the losses but the interference fringes

of F:SnO, are more pronounced for the hematite/FTO illumination.

A decrease in reflectance losses from ~20% to ~4% could be achieved by using anti-

reflective catalyst layers or nanostructuring approaches that usually decrease reflectance
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losses from the hematite/FTO illumination direction as seen in Figure 4.17d.

5.4 CONCLUSION

In this chapter an optical model of light absorption in all layers in a typical PEC cell
device was presented. Light propagation in the incoherent layers was described by
geometrical ray tracing and in the coherent layers by the transfer-matrix method. A
detailed UV-Vis and ellipsometry characterization of each layer of the PEC cell stack
(quartz, water, float glass, SnO,, SiO,, F:SnO,, Fe,03) supplied the necessary optical
parameters for the model. The ALD hematite used in this study was found to have a band

! at a wavelength of

gap of 2.0eV and an absorption coefficient of ~4.55-10° cm’
380 nm. The light penetration depth in mind, the hematite layer has to be at least 60-
70 nm thick to absorb sufficiently. Indeed, a 12 nm thick layer absorbs only 15-18% of
the light due to its thickness and 64% are lost due to transmission (Table 5.7). Compared
to the amount of absorbed light the optical loss due to reflection is considerable (10-
15%). Furthermore, 4-5% are lost due to the absorption of FTO and finally 1-2% due to

the absorption of the glass used.

Table 5.7 Qualitative values of photocurrents computed from Equation (5.8) stored by various optical
processes for 12 nm ALD hematite. The sum of these respective channels gives the maximum
possible photocurrent for hematite of 12.5 mA cm.

Hematite/FTO Illumination FTO/Hematite Illumination
Optical process
Loss /% Loss in mA/cm? Loss /% Loss in mA/cm?
Reflection 15 1.82 10 1.22
Absorption Quartz 0 0 0 0
Absorption Water 0 0 0 0
Absorption Hematite 15 1.87 18 2.24
Absorption SnOz2:F 4 0.47 5 0.65
Absorption Glass 1 0.16 2 0.27
Transmission 64 7.84 64 7.84

If every photon would be converted to an electron-hole pair that is collected at the
contacts (APCE=1), such a 12 nm thin hematite electrode should result in current

densities between 1.8-2.2 mA cm™, depending on the illumination direction. The
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measured current densities are around 0.6-0.7 mA cm'z, in other words, one third of the
value obtained from the optical modeling. This is in very good agreement with the

measured APCE values in Figure 4.14b,c of ~30%.

In future, an opto-electronic model is desirable that accounts also for the electronic losses
due to, for example, recombination processes. Data shown in Section 4.3.5 represents a
good basis for the development of such an opto-electronic model. So far, with the set of
information for these individual layers, a wavelength-dependent optical loss analysis of
the complete PEC cell was achieved and the optical losses caused by each layer could be

calculated separately, which is not possible with direct measurements.
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All truths are easy to understand once they are discovered;

the point is to discover them.

Galileo Galilei






6 HIGHLY EFFICIENT PLANAR
PEROVSKITE SOLAR CELLS
THROUGH BAND ALIGNMENT
ENGINEERING

This chapter is adapted from the work by Juan Pablo Correa Baena, Ludmilla Steier, Wolfgang
Tress, Michael Saliba, Stefanie Neutzner, Taisuke Matsui, Fabrizio Giordano, Ajay Ram
Srimath Kandada, Shaik M. Zakeeruddin, Annamaria Petrozza, Antonio Abate, Mohammad
Khaja Nazeeruddin, Michael Gritzel and Anders Hagfeldt published 2015 in Energy and
Environmental Science and implements unpublished data acquired in collaboration with Prof.
Ladislav Kavan (J. Heyrovsky Institute of Physical Chemistry of the ASCR). Juan Pablo and

myself worked in equal contribution together on this project and hence I will use the we—form.

Thin film solar cells comprise a number of technologies based on different photovoltaic
materials such as GaAs, CIGS and CdTe. Recently, organic-inorganic perovskites have
emerged as an exciting new photovoltaic material, which is solution processable and cost-
effective. In just a few years, perovskite solar cells (PSCs), based on methyl ammonium
lead iodide (MAPDI;) and modifications, have made impressive advances with maximum
power conversion efficiencies (PCEs) moving from 3.8% in 2009" to certified efficiencies
above 20% in 2015 surpassing state-of-the-art polycrystalline single junction cells.”> The
most current record PCEs of 17.9%, 20.1% and 21.0% were achieved using a mesoporous
TiO, electron extraction layer.>*> However, using a compact semi-crystalline TiO, layer
deposited by atomic layer deposition (ALD) only poor performance was observed. Thus,
we proposed the use of alternative electron selective layers, such as SnO,, to overcome
the injection barrier that was measured at the TiO, and perovskite interface. With my low
temperature ALD grown SnO,, a barrier free conduction band alignment for the
SnO,/perovskite interface could be demonstrated that allowed us to achieve stabilized
PCEs of over 18% with remarkably high voltages up to 1.14 V, and in addition, a record
high V. of 1.19 V for this type of PSCs. The fabrication of these devices avoids high-
temperature steps, which is desirable for process upscaling, tandem configurations and

applications for light weight flexible solar cells.
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6.1 INTRODUCTION

Solution processed, hybrid organic-inorganic perovskite materials were studied by Mitzi
et al. in the 1990s and were recognized as excellent semiconducting materials. It was not,
however, until Miyasaka and coworkers pioneered the work on dye-sensitized solar cell
applications in 2009, that the material started to be recognized by the photovoltaic
community.” Since then, a myriad of works has been published exploring different device
configurations. The currently highest reported PCE value of over 20% was achieved
using a thin layer of mesoporous TiO,.? In this architecture, the perovskite material,
infiltrates a mesoporous TiO, layer which is sandwiched between a hole transporting
layer (HTL, typically doped 2,2°,7,7’-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9°-
spirobifluorene (Spiro-OMeTAD) or polytertiary arylamine (PTAA)) and an electron
selective layer (ESL, typically TiO;).

From the earlier works, it was realized that the perovskite absorber material transports
both holes and electrons.*'* Naturally, this led towards the investigation of a thin film
perovskite configuration with only a compact TiO, as the ESL."' However, these devices

13, 14

exhibit poor charge collection efficiency'” and low open circuit voltage. Especially

for fast voltage sweeps, this device architecture shows pronounced hysteresis of the J-V
curve'> " and to our knowledge no PCE of over 18% in this architecture has been
reported with a stabilized power output. Xing et al. showed that planar devices using
PCBM as the ESL and methyl ammonium lead iodide (MAPbI;) as the absorbing and
transporting material, had a much improved stabilized power output behavior when
compared to TiO, ESL, which they linked to the improved interfacial charge transfer.
Wojciechowski and co-workers showed that modifying the TiO, surface with fullerene
derivatives can work towards high efficiency PSCs.'"* Recent works have shown the

potential of SnO,-based ESLs,'®' but so far these devices have not shown high

efficiency with stabilized power output.

Using a low temperature ALD process to fabricate SnO, ESLs, we demonstrate that
planar PSCs can achieve stabilized PCEs of above 18% with voltages exceeding 1.14 V.
It is shown that this is not the case for the planar ALD TiO,. We choose SnO, considering
the favorable alignment of the conduction bands of the perovskite materials and the ESL
and show an energy mismatch in the case of TiO,. Thus, using SnO,, which has a deeper

conduction band, enables the fabrication of planar devices with high efficiencies, long
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term air stability and improved stabilized power output, while keeping the processing at
low temperatures (< 120 °C), which is key for process upscaling and high efficiency

.20
tandem devices.

6.2 METHODS

6.2.1 ELECTRON SELECTIVE LAYER PREPARATION

F:SnO, substrates were first wiped with acetone, and then cleaned for 10 min in piranha
solution (H,SO4+/H,0, = 3:1) followed by 10 min in a plasma cleaner prior to ALD

deposition.

Atomic layer deposition (ALD) of semi-crystalline TiO,*' was carried out in a Savannah
ALD 100 instrument (Cambridge Nanotech Inc.) at 120°C  using
tetrakis(dimethylamino)titanium(IV) (TDMAT, 99.999% pure, Sigma Aldrich) and H,0O,.
TDMAT was held at 75°C and H,O; at room temperature. The growth rate was

0.07 nm/cycle at a N, flow rate of 5 sccm as measured by ellipsometry.

SnO, was deposited at 118 °C in the home-built ALD setup presented in Section 4.2.1
using Tetrakis(dimethylamino)tin(IV) (TDMASn, 99.99%-Sn, Strem Chemicals INC)
and ozone at a constant growth rate of 0.065 nm/cycle measured by ellipsometry.
TDMASn was held at 65 °C. Ozone was produced by an ozone generator (AC-2025, IN
USA Incorporated) fed with oxygen gas (99.9995% pure, Carbagas) producing a
concentration of 13% ozone in O,. Nitrogen was used as a carrier gas (99.9999% pure,

Carbagas) with a flow rate of 10 sccm.

Nb,Os was deposited in the home-built ALD setup at 170 °C and a carrier gas flow rate
of 20scem using (tert-butylimido)bis(diethylamino)Niobium (TBTDEN, Digital
Specialty Chemicals, Canada) and ozone with a constant growth rate of 0.06 nm/cycle.

TBTDEN was held at 130 °C.

6.2.2 PEROVSKITE PRECURSOR SOLUTION AND FILM
PREPARATION

Before perovskite deposition, the ALD layers were treated with UV ozone for 10 min to

remove by-products from the deposition process. The perovskite films were deposited
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from a precursor solution containing FAI (1 M), Pbl, (1.1 M, TCI Chemicals), MABr
(0.2 M) and PbBr; (0.2 M, AlfaAesar) in anhydrous DMF:DMSO 4:1 (v:v, Acros). The
perovskite solution was spin-coated in a two-step program; first at 1000 rpm for 10 s and
then at 4000 rpm for 30 s. During the second step, 100 uL. of chlorobenzene were poured
on the spinning substrate 15 s prior the end of the program. The substrates were then

annealed at 100 °C for 1 h in a nitrogen filled glove box.

The spiro-OMeTAD (Merck) solution (70 mM in chlorobenzene) was spun at 4000 rpm
for 20 s. The spiro-OMeTAD was doped at a molar ratio of 0.5, 0.03 and 3.3 with
bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma Aldrich), tris(2-(1H-
pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(I1Dtris(bis(trifluoromethylsulfonyl)imide)

(FK209, Dyenamo) and 4-tert-Butylpyridine (TBP, Sigma Aldrich), respectively.”** As

a last step 70-80 nm of gold top electrode were thermally evaporated under high vacuum.

6.2.3 SOLAR CELL CHARACTERIZATION

A ZEISS Merlin HR-SEM was used to characterize the morphology of the device cross-
section. The solar cells were measured using a 450 W xenon light source (Oriel). The
spectral mismatch between AM 1.5G and the simulated illumination was reduced by the
use of a Schott K113 Tempax filter (Prazisions Glas & Optik GmbH). The light intensity
was calibrated with a Si photodiode equipped with an IR-cutoff filter (KG3, Schott) and it
was recorded during each measurement. Current-voltage characteristics of the cells were
obtained by applying an external voltage bias while measuring the current response with a
digital source meter (Keithley 2400). The voltage scan rate was 10 mV s and no device
preconditioning was applied before starting the measurement, such as light soaking or
forward voltage bias applied for long time. The starting voltage was determined as the
potential at which the cells furnished 1 mA in forward bias, no equilibration time was
used. The cells were masked with a black metal mask limiting the active area to 0.16 cm?
and reducing the influence of the scattered light. It is important to note that the devices

achieved the highest efficiency and stabilized currents after 1 week of preparation.

The EQE spectra were measured under constant white light bias with an intensity of
10 mW ecm™ supplied by a LED array. The superimposed monochromatic light was
chopped at 2 Hz. The homemade system comprises a 300 W Xenon lamp (ICL

Technology), a Gemini-180 double-monochromator with 1200 grooves/mm grating
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(Jobin Yvon Ltd) and a lock-in amplifier (SR830 DSP, Stanford Research System). The

EQE integration was performed according to the following equation
yl
Jsc = /112 q-¢-EQEdA (6.1)

with 4 being the wavelength, ¢ the elementary charge and ¢ the photon flux calculated
from the ratio of the AM1.5 G spectral irradiance and the photon energy.

6.2.4 FS-TRANSIENT ABSORPTION SPECTROSCOPY

A Coherent Micra Ti:Sapphire oscillator in conjunction with a Coherent RegA 9040
amplifier (800 nm central wavelength, 40 fs pulse duration and 250 kHz repetition rate)
was used to generate pump and probe light. The 520 nm pump beam was generated in a
coherent collinear optical parametric amplifier; the probe resulted from white light
generation in a sapphire plate. The delay between the two pulses was controlled by a
motorized delay-stage and the signal was detected using a photodiode with
monochromator, connected to a Stanford Instruments Lock-in Amplifier SR830. During
the measurements, the pump beam of 1.6nJ excitation power was focused on
approximately 1 mm” device area. To monitor the current in short-circuit condition, the
devices were connected to an Agilent B2912A source/measure unit. All measurements
were set up in reflection geometry, measuring double transmission by reflecting the probe
beam from the back electrode of the device. To prevent degradation during laser
illumination, all measurements were carried out in vacuum, using a continuous flow static

exchange gas cryostat (Oxford Instruments Optistat CF).

6.2.5 BAND GAP ESTIMATION MEASUREMENTS

The band gap of the perovskite materials (Supplementary Figure S3) was determined
from diffuse reflectance measurements in a wavelength range of 300-900 nm carried out
with a UV-3600 spectrometer (Shimadzu Scientific Instruments, USA) that was equipped
with an integrating sphere. For these measurements, a thick layer of perovskite was
deposited on a quartz slide (Ted Pella, USA) to ensure a good scattering signal. An
absorption coefficient equivalent was calculated after Kubelka-Munk according to

_ (a-R)?
~ 2R

F(R) (6.2)
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where R is the diffuse reflectance. The band gap was determined from Tauc plots

according to

ahv = A(hv — Eg)g (6.3)

with n =1 for a direct band gap material.

The band gaps of SnO, and TiO, were confirmed by spectroscopic ellipsometry
measurements (GES 5E, Sopra S.A., France) in the wavelength range of 250—890 nm on
100 nm thick layers deposited on Si by ALD as described above. The obtained spectra
were fitted using a Tauc-Lorentz dispersion law (WinElli II software) to extract the band
gap and thickness of the deposited layers. The results were in very good agreement with
transmittance measurements performed on films deposited on quartz as well as with

literature values.

6.2.6 PHOTOELECTRON SPECTROSCOPY

The XPS and UPS measurements were performed on a PHIS000 VersaProbe instrument.
The UPS radiation was generated by a He-gas discharge lamp (He I o at 21.22 eV).
The electron binding energy scale was calibrated using the Fermi edge of clean silver.
Samples were prepared in the same way as for the devices for the 2 perovskites on ESLs

of SnO, and TiO,, which were deposited on FTO glass.

6.2.7 ELECTROCHEMICAL MEASUREMENTS ON ALD TIN OXIDE
LAYERS

Electrochemical experiments were carried out in a one-compartment cell using Autolab
Pgstat-30 equipped with the FRA module (Ecochemie) controlled by the GPES-4
software. The reference electrode was Ag/AgCl (sat. KCl). The electrolyte solutions were
purged with Ar, and the measurement was carried out under Ar atmosphere in a closed
electrochemical cell. Impedance spectra were measured at varying potentials, which were
scanned typically from 1.3 V to -0.3 V vs. Ag/AgCl and back. Impedance spectra were
evaluated using Zview (Scribner) software. Electrolytes, solvents and redox-active
molecules were of the standard quality (p.a. or electrochemical grade) purchased from

Aldrich or Merck and used as received.
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6.2.8 ALD-SNO. CHARACTERIZATION

Transmission electron microscopy (TEM) measurements were carried out with a FEI
CM12 microscope (Philips, Netherlands) and a Technai Osisris (FEI, USA) in dark field
and bright field as well as in high-angle annular dark-field (HAADF) modes. Cross-
section lamellae for TEM were prepared with a Zeiss NVision 40 CrossBeam with
focused ion beam (FIB). Hall measurements were carried out with an Ecopia HMS 3000
Hall setup (supplied by Microworld) with a magnetic field of 0.54 T in a 4-point
configuration measuring an area of 1 cm” The SnO, layer was deposited on microscope

glass and contacted via soldered contacts of InSn (Microworld).

6.3 RESULTS

TiO, was the most employed electron selective layer in perovskite solar cells until now
and hence, it is well characterized in literature.> In the following, our new electron
selective material - SnO, - will be characterized in a similar way to TiO; in order to draw

some interesting conclusions for these materials.

6.3.1 PROBING THE PRESENCE OF PINHOLES IN ALD TIN OXIDE

The pinhole-defects in our SnO, blocking layer were investigated by the cyclic

voltammetry of the Fe(CN)s*”* redox couple.”>*® According to the redox reaction (6.4),

Fe(CN)t & Fe(CN)3™ + e~ (6.4)

a rectifying contact should suppress the oxidation of the redox species and only show the
reduction peak corresponding to electron flow through the layer. If it is not the case, a
metal like behavior is seen showing both oxidation and reduction peaks in the
cyclovoltammogram. If pinholes are present in the selective contact, the underlying FTO
(which is a degenerate F:SnO, semiconductor that behaves like a metal) will be able to

oxidize and reduce the redox species.

Figure 6.1 shows that the blocking ability of the ALD SnO; films is perfect for all layers
of varying thicknesses between 2-100 nm. Their corresponding voltammograms exhibit
solely the onset of ferricyanide reduction at a potential of ~0 V (vs. Ag/AgCl, KClI sat’d)

but no anodic charge of ferrocyanide oxidation at potentials as high as 1.2 V is recorded.
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Figure 6.1 Cyclic voltammograms at bare FTO electrode (dashed line) and that covered by SnO:
layers made by ALD. The layer thickness (in nm) is labeled in annotations. Scan rate: 50 mV/s. The
electrolyte solution is 1 mM KsFe(CN)s + 1 mM KsFe(CN)s in aqueous 0.5M KCI, pH 2.5. The
voltammograms (except ‘FTO’ and ‘100’) are offset for clarity.

In other words, there are no detectable pinholes exposing the FTO underneath the SnO,
layer. Furthermore, the voltammograms confirm that our ALD-SnO; film behaves like an
ideally rectifying interface already at the thickness of 2 nm. Solely the 1 nm thick film
shows pinholes, which expose part of the FTO surface to the electrolyte solution and

hence show a cyclic voltammogram similar to FTO though with a reduced peak current.

Assuming linear diffusion towards the FTO/electrolyte solution interface, the effective
pinhole area can be calculated from the voltammetric peak current, Z,,. It is given by the

Randles-Sevcik equation
I,=lkn’*A-c:D"v'"? (6.5)

where k = 2.69 -10° C mol™ V' n is the number of electrons appearing in the half-
reaction for the redox couple, 4 is the electrode area, D is the diffusion coefficient and v
is the scan rate. Specific diffusion fields might develop around pinholes in real electrodes,
for example, the microelectrode-like pinholes can show spherical diffusion and

sigmoidal-shaped voltammograms,””** but these fields may also merge to form a single
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planar diffusion layer. For the 1 nm thick SnO; layer (Figure 6.1), the applicability of

Equation (6.5)is corroborated by the scan-rate "

) dependence of I, (not shown) and the
Nernstian peak-shaped voltammogram.”> ** Under these assumptions, the effective
pinhole area equals

A,

g - jo’; (6.6)
where A, is the uncovered area of FTO on a partially blocking electrode, 4 is the total
electrode area, j, is the peak current density at the actual blocking electrode and j, rro is
the current density at the clean FTO electrode. The 1 nm thick SnO, layer gives a ratio of
Au/Ag= 59%, which compares favorably to the blocking function of ALD TiO, films that
were used in the perovskite study (with Ay/Ag of 79% or 87%, depending on the synthetic
conditions).”” The ALD-TiO, films actually required thicknesses of 3-5 nm for

demonstrating blocking behavior comparable to our 2 nm thick SnO,.

The excellent blocking behavior of such thin SnO, ALD films is a big advantage for their

use as rectifying contacts in solar cells, water splitting electrodes and others.

With respect to the photoconductivity of MAPbI; (4x107° - 3x10~* S/cm) measured on
ALO3, ZrO, and TiO,,” the dark conductivity of our low-temperature ALD SnO, layers
of 8.4-107S/cm is sufficiently high (left column of Table 6.1). Hence, there is no
bottleneck for the electron transport to the FTO contact.

Table 6.1 Hall measurement results of as-deposited ALD-SnO: films of 36 nm deposited on
microscope glass.

Charge carrier density / cm™ -2.46 -10'°
Mobility / cm? (Vs)! 2.1
Resistivity / Q cm 1.2-10?
Conductivity / S cm" 8.4-10°°

Since the record holding perovskite solar cells are based on mesoporous TiO, electron
selective contacts, it appears to be tempting to try the SnO, ALD layer also with
mesoporous oxide nanoparticles. However, the low-temperature ALD deposited SnO,
loses all its blocking ability upon annealing at 450 °C, which is the temperature used

during the annealing process of the mesoporous layer. Cyclic voltammetry measurements
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with the same Fe(CN)s*"* redox couple used for measurements in Figure 6.1 confirmed
the complete loss in rectifying character upon annealing. The results in Figure 6.2 show
that after calcination at 450 °C, the electrode has the same metallic electrochemical

response as the uncoated FTO substrate regardless the SnO; layer thickness.
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Figure 6.2 Cyclic voltammograms on bare FTO electrode (dashed line) and that covered by SnO:
layers made by ALD (black full line). Red line is for the same sample calcined at 450 °C in air. The
layer thickness (in nm) is labeled in annotations. Scan rate: 50 mV/s. The electrolyte solution is 1 mM
KsFe(CN)s + 1 mM KsFe(CN)s in aqueous 0.5 M KCI, pH 2.5.

The observed metallic behavior of the SnO; electrodes after annealing is much stronger
than observed for the ALD TiO,.> This could either be due to doping of the SnO, layer
from the underlying F:SnO, (FTO) substrate, or, due to the crystallization of the

amorphous layer upon annealing which could induce grain formation.

Hence, I investigated both samples in top view by scanning electron microscopy and in
cross-sectional view by transmission electron microscopy as presented in Figure 6.3. This
study confirms the formation of grains (Figure 6.3c) upon annealing of the low-

temperature ALD SnO; layers (Figure 6.3a,b).

The ALD SnO, deposits pinhole-free on the FTO substrate as seen in the top-view SEM
image in Figure 6.3a supporting the results obtained from cyclic voltammetry (Figure

6.1).
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Figure 6.3 Top: Scanning microscopy top views of a) as-deposited and b) annealed ALD SnO: films
on FTO substrates. Bottom: Bright field transmission electron microscopy cross-sections of ¢,d) as-
deposited and e) annealed ALD SnO: films on FTO. Samples stated as ‘annealed’ were calcined at
450 °C for 30 min in air with heating and cooling ramps of 5 °C/min.

Upon annealing ALD SnO, forms a rather porous structure as seen in Figure 6.3b. The
TEM micrographs (Figure 6.3c,d) show that the as-deposited SnO, layer is rather
amorphous and hence, the crystallization upon annealing induces the formation of SnO,
crystals of 6-8 nm in diameter as seen in Figure 6.3e. This confirms the assumption that
the electrochemical similarity of the SnO, sample to the uncoated FTO sample (Figure
6.2) is due to the formation of a highly porous structure of SnO, upon annealing that is
permeable for the electrolyte solution. I note here that, although the SnO, layer is
amorphous, we can still refer to a band structure similar to the case of amorphous

germanium or silicon.*

6.3.2 TIN OXIDE BASED FLAT PEROVSKITE DEVICES

In Figure 6.4, it is illustrated how electron injection is energetically hindered when the
bands are mismatched. This is accompanied by a schematic of the planar device

architecture of a typical glass/FTO/compact metal oxide/perovskite/hole transporter/gold
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stack shown in Figure 6.4a. Figure 6.4b,c show an energy band diagram derived from
band gap and ultraviolet photoelectron spectroscopy (UPS) measurements for the two
different  perovskite = materials (MAPbl; and mixed halide/cation, i.e.
(FAPDI3)8s(MAPDBr3)g 15, referred to as mixed perovskite throughout the text) atop the
TiO; and SnO;.
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Figure 6.4 Energy level diagrams and electron injection characteristics of SnO. and TiO2-based
planar PSCs. a, Schematic energy level diagram of the perovskite films and the electron selective
layers, TiO2 and SnO> grown by ALD for b, MAPbIls and ¢, (FAPbIs)oss(MAPbBTr3)o.1s, labelled as
‘mixed’.

We calculated the band diagram of the different components using band gap values
(Figure 6.5) in combination with the perovskite materials’ valence bands as our reference
and derived the offset positions from the UPS spectra shown in Figure 6.6. For the band
gap estimation of the perovskite materials, I performed diffuse reflectance measurements
of each perovskite on a quartz substrate and extracted a band gap of 1.56 eV for both
materials from Tauc plots shown in Figure 6.5. The band gaps of the oxides were

measured by ellipsometry.
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Figure 6.5 Diffuse reflectance measurements in a wavelength range of 300-900 nm for both the
mixed (a) and MAPbIs (b) perovskites and their respective optical band gap.
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Figure 6.6 UPS spectra (He |) of a) the ALD TiO2 and MAPbIs perovskite, b) the ALD SnO: and
MAPDIs, c) the ALD TiO2 and the (FAPbIs)oes(MAPbDBrs)o.1s perovskite labelled as ‘mixed’ and d) the
ALD SnO:2 and (FAPDbIs)o.ss(MAPbBrs)o.1s. lonization energies (IE) and the difference between the
valence band energies (AE) of the electron selective layers and the perovskite (AE) are shown for all

materials.

Reconstructing the band energy diagrams shown in Figure 6.4b,c, from the UPS and band

gap measurements, we see for both perovskite materials there is a conduction band

misalignment with ALD TiO, ESLs, in stark contrast to SnO, where we have no such
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misalignment. The band diagram in Figure 6.4b, shows that the conduction band of
MAPDI; is ~80 meV below than that of TiO, and about 170 meV above that of SnO,.
This inhibits electron extraction by the TiO, and facilitates it using SnO,. Similarly, the
conduction band of the mixed perovskite is 300 meV below compared to TiO; and only
30 meV below compared to SnO,. Consequently, this band misalignment with TiO, may
cause undesirable consequences such as accumulation of photogenerated charges, which

could hamper the device performance.

To further investigate this phenomenon, we prepared planar devices of typical stack
architecture: glass/FTO/ESL/perovskite/HTL/gold contact as seen in the cross-sectional
scanning electron microscopy (SEM) image in Figure 6.7a. I deposited a 15 nm thick

ESL of SnO,, TiO; or Nb,Os by atomic layer deposition (ALD).
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Figure 6.7 Photovoltaic device architecture and elemental composition of the electron selective
layers (ESLs). a, Cross-sectional scanning electron micrograph of a typical layered photovoltaic
device composed of FTO, SnO: as the electron selective layer (ESL), the perovskite film, a hole
transporting layer (HTL, Spiro MeOTAD), and a gold top electrode. b, X-ray photoelectron
spectroscopy of TiO2 and SnO: thin layers used as ESLs.

The mixed perovskite layer, (FAPbI3)35(MAPbBr3)0 15, was spin-coated on the electrode
using a similar composition as reported by Jeon et al* A doped spiro-MeOTAD was spin-
coated as the HTL and, finally, the gold top electrode was deposited by thermal

evaporation.

Figure 6.7b shows the X-ray photoelectron spectroscopy (XPS) of the 15 nm thick ALD
TiO, and SnO; layers. For TiO,, no peaks other than oxygen O 1s at 528 eV, titanium Ti
2p at 458.5 eV and Ti 2p;» 464.2 eV were detected confirming the deposition of TiO;
without traces of cross contamination.”’ We detect no signal from the underlying FTO

indicating conformal and pinhole-free TiO, coverage, which we further confirm by SEM
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(Figure 6.8a). Similarly, the formation of pure SnO, is confirmed observing the oxygen
peak O 1s at 530.9 eV and Sn*" peaks at 495.6 ¢V as well as at 487.2 eV in Figure 6.7b.
The top-view SEM image in Figure 6.8b also indicates a pinhole-free deposition of SnO,

as also shown in Section 6.3.1.

ShO, ALD

Bare FIO

Figure 6.8 Scanning electron micrographs of FTO substrates coated by atomic layer deposition with
a, TiO2 and b, SnO2 and compared to ¢, the uncoated FTO.

In order to further understand electron injection dynamics from the perovskite into the
ESLs, we performed femtosecond transient absorption (TA) measurements on devices
with SnO, and TiO, and the mixed perovskite under short circuit condition, wherein the
charge injection can be resolved in time. In Figure 6.9, we show the TA dynamics taken

at a probe wavelength of 750 nm - the peak of the photobleach (PB) of the perovskite.

The PB band, spectrally located at the onset of the absorption spectrum of the
semiconductor (Figure 6.5), corresponds to the photo-induced transparency in the
material due to the presence of electrons and holes in the bottom and top of the
conduction and valence bands, respectively.'” Hence, the magnitude of this feature is
correlated to the photo-induced carrier population and every effect changing the initial

population, like electron/hole injection results in its quenching.
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Figure 6.9 Transient absorption measurements of SnO2 and TiO»-based planar PSCs. Dynamics of
the photo-bleaching bands for photo-excited perovskite measured on a typical working device
employing the mixed perovskite (FAPbIs)o.ss(MAPDbBr3)o.1s and ALD SnO: or TiOz as the ESL. The
device is held at short circuit condition during the measurement. The probe wavelength is

A =750 nm.

We observe a PB decay in the nanosecond timescale for both TiO, and SnO,-based
devices. However, while in the TiO,-based device the dynamic does not strongly differ
from the one probed from the pristine perovskite deposited on bare glass,* in the case of
SnO, the decay is much faster. In fact, about 60% of the population is gone in about 1.5
ns. As both devices embody the same hole-extracting layer, we conclude that the striking
difference observed can be considered as the signature of different electron injection
dynamics. This strongly supports our hypothesis of better electron extraction in pristine

SnO, when compared to TiO;-based devices, due to favorable energetic alignment.

Poor charge extraction in the TiO, based device may appear surprising. However, it must
be considered that, in thin film PSCs in presence of planar TiO;, as electron extracting
layer, solar cells generally show Jsc comparable to those using a mesoporous TiO; layer
only when the device is pre-polarized.*'***** Indeed, it was recently demonstrated that
the PB dynamics becomes faster when it is measured just after keeping the TiO,-based
device at 1 V for a few seconds, suggesting that the electron transfer is suddenly
activated.” This indicates that upon polarization, the TiO/perovskite interface is
modified and such modification is needed to allow for an efficient charge transfer as also

predicted by De Angelis et al.**
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Figure 6.10 Photovoltaic characteristics of planar perovskite devices based on ALD SnO: or TiO:
ESL. a) Current-voltage properties of TiO2 and SnO2-based planar mixed halide/cation perovskite
devices in backward scan from Vec to Jsc and in reversed scan. SnOz-based devices showed power
conversion efficiencies of PCE = 18.4% in forward scan and PCE = 18.1% in reversed scan. b)
Transient photocurrents measured from Voc to maximum power point voltage for both planar
systems. c¢) External quantum efficiency and integrated current density (Jsc(int) = 18 mA cm?) of a
SnO:-based mixed perovskite solar cell. d) Hysteresis behavior of Nb.Os compared to TiO2-based

planar devices.

Table 6.2 Solar cell performance parameters for the SnO:-based mixed perovskite device for
backward and forward scans at a scan rate of 10 mV s™': short circuit photocurrent (Jsc), power
conversion efficiency (PCE), open circuit voltage (Voc), and fill factor (FF) as extracted from the data
in Figure 6.10a.

Light
ESL dirseoc?tinon Jso Vo FF FOE Intensity
2 .
mAem v 7 mW cm-2
Backward 21.3 1.14 0.74 18.4
SnO:2 98.4
Forward 21.2 1.13 0.75 18.1

We investigated the different electronic properties of devices with ALD TiO, or SnO,

ESLs by analyzing the current density-voltage curves based on the mixed perovskite. In



ALD TIN OXIDE ESL IN PLANAR PEROVSKITE SOLAR CELLS 140

Figure 6.10a, we observe a representative SnO, device with high performance and low
hysteresis between the backward and forward scan (Table 6.2). This is indicative of good
charge collection independent of voltage. In stark contrast, a representative TiO,-based
device shows strong hysteresis and low current densities (< 5 mA ¢cm™) at the same scan
rate. This difference can also be seen in Figure 6.10b where we show transient
photocurrents recorded at 0.8 V resembling closely operating device conditions at
maximum power point. After ~50 s, we observe a steady photocurrent when switching
from open circuit to 0.8 V. After switching from open circuit to 0.8 V, the current for the
TiO, device drops by 70% from 10 to stabilized 3 mA cm™, whereas that for the SnO,
drops by only 10% from 23 to stabilized 20.2 mA cm™. The stabilized current is in good
agreement with the current seen in the J-V curve at 0.8 V, which is found to be

20.7 mA cm™ (Figure 6.10a).

Small variations were found for 12 devices made in different batches with an average
PCE of 16.7%, while the best device is shown in Figure 6.10a. Integrating the external
quantum efficiency (EQE) of a typical cell with a PCE of 16.14% yielded a Js¢ of
18 mA cm™ seen in Figure 6.10c, which is in very good agreement with the measured Js¢
of 19.6 mA cm™ for this device. We note that for both TiO, and SnO,, we observe open
circuit voltages of around 1.14 V, which are close or even exceed most devices prepared
with mesoporous interlayers. Additionally, some of our SnO, devices yielded stabilized
voltages of over 1.19 V approaching the thermodynamic maximum V,. of approx.
1.32 V.*° This suggests exceptionally good charge selectivity and a low degree of charge

recombination in our planar perovskite/SnO, devices.

As a next step, we investigated devices with ALD Nb,Os as the ESL shown in Figure
6.10d which has a similar conduction band position as TiOz.36 With this, we can
crosscheck if the energy level alignment is indeed critical for high hysteresis and can
exclude that other properties of the SnO; or TiO, are responsible for the above results.
Very similar to TiO,, the Nb,Os-based devices exhibited large hysteresis behavior and
very low photocurrent densities at sweep rates of 10 mV/s. Faster sweep rates also yield
higher photocurrent densities and the transient current measurements also showed a

similar behavior to that of TiO, with photocurrents decaying to <50% of the initial value.

We hypothesize that a preconditioning of the TiO,- and Nb,Os-based mixed perovskite

devices under forward bias leads to accumulation of negative charge and ion migration at
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the ESL-perovskite interface inducing a high electric field and/or dipole formation at this
interface.'”** An elevated electric field or possibly a reduced conduction band offset can
facilitate electron injection into the ESL. After releasing the positive bias, this beneficial
effect lasts for a few seconds only, which is the time needed for this charge to be
removed. Sweep rates in this time range give rise to large hysteresis. For the SnO,
devices, the energy levels are already well aligned without biasing the device. Thus,

charge collection is efficient showing high FF and J;. independent of the scan rate.

Other works™* have shown high performance at stabilized currents in thin mesoporous
TiO; based ESLs, and we note that this may be due to a proper band alignment intrinsic
to the mesoporous TiO,/perovskite interface which is different from the planar

configuration with the ALD TiO; used in this study.

6.4 CONCLUSION

In summary, we have demonstrated that a barrier-free band alignment between the
perovskite light harvester and the charge selective contact is of great importance for an
efficient perovskite solar cell. We found that planar PSCs employing the compact and
pinhole-free semi-crystalline TiO, layer made by ALD exhibit a band misalignment,
leading to strong hysteresis behavior and scan rate dependent current densities, indicating
capacitive effects at the interface. We chose a layer of SnO,, due to its deeper conduction
band, as the electron selective contact, which achieved voltages and PCEs exceeding 1.14

V and 18%, respectively.

The ALD-grown thin films of SnO, were investigated by cyclic voltammetry of
Fe(CN)*"* as well as by scanning and transmission electron microscopy (SEM and TEM)
to detect pinholes, if any, in the blocking layer. The blocking behavior was exceptionally

good for the as-grown amorphous SnO; films with thicknesses down to 2 nm.

We proved that modifying the conduction band of the ESL can result in planar, high
performance PSCs with high voltages and remarkably good stability over time.
Furthermore, femtosecond TA measurements clearly show that SnO; efficiently extract
charges from the mixed (FAPbI3)oss(MAPbBr3) s perovskite material but not TiO,
suggesting a band misalignment at the TiO,/perovskite interface. From this we can
conclude that a barrier-free charge transport across the SnO,/perovskite interface gives

rise to the high and stable current densities — regardless of sweep rate — which are not



ALD TIN OXIDE ESL IN PLANAR PEROVSKITE SOLAR CELLS 142

observed in TiO; based devices. This study highlights the importance of a perfect band
alignment for highly efficient PSCs, especially in planar devices with compact charge

selective layers.

However, the blocking function of ALD SnO, does not persist upon calcination at 450 °C
in air, when about 90% of the FTO surface underneath the SnO, film seems to be
exposed. The SEM and TEM study revealed the formation of a highly porous crystalline
SnO; film structure for the annealed sample. The sensitivity to thermal formation of
pinholes is larger in SnO, layers compared to that in ALD TiO, layers; and this
impediment must be taken into account in the fabrication of electron-selective contacts in

combination with mesoporous oxide structures commonly used in photoelectrodes.
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7/ CONCLUSIONS AND OUTLOOK

7.1 TRAP STATES IN HEMATITE

In the first part of the work on hematite photoanodes, progress was made towards a better
understanding of the electronic processes influencing water oxidation kinetics. Figure 3.9

and Figure 3.11 summarize best the results obtained from Chapter 3:

Firstly, Figure 3.9 shows that the energetic position of the trap level is located 0.8 V more
positive of the flat band potential. In other words, the trap level is located in the middle of
the band gap considering the conduction band located at -4.78 eV." Hence, it is a deep

trap level.

Secondly, it shows that the energetic position of the trap level is shifted 200 mV closer to

the conduction band upon annealing at 500 °C in air.

Thirdly, it shows that the shift in the energetic position of the trap state correlates well
with the shift in the photocurrent onset of these photoanodes. Indeed, the onset of the
photocurrent is observed when half of the traps states are emptied (from electrons) while
applying a voltage bias that pushes the quasi-Fermi level of electrons to more positive

voltages (more negative energies).

Zandi et al. obtained exactly the same energetic position of a trap state in ALD hematite
samples employing a Ga,0O3 underlayer after annealing to 500 °C in air at similar heating
and cooling rates.” Upon annealing to 800 °C in air they observed a shift in the energetic
position of the trap states and a correlated shift of the water oxidation photocurrent onset
towards more negative potentials (towards 0.7 Vrug) which is in very good agreement to

the results obtained in this work.

While Zandi et al. attributed the trap state to water oxidation intermediates, another
possible explanation might be that the trap state that was located in the middle of the band
gap for samples annealed at 500 °C could be moved during the annealing process at
800 °C. Through the annealing treatment it would become a shallower trap that allows
water oxidation to set on with lower applied voltages. This proposed relation will be

detailed in the following.
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High temperature treatments influence film conductivity

There is evidence in literature that high temperature annealing improves the conductivity
of pure hematite films influencing the hole mobility in the temperature range between

450 - 800 °C.” The results are reprinted in Figure 7.1.
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Figure 7.1 a) The conductivity of ferric oxide specimens of high purity as a function of temperature.
Prior the temperature dependent conductivity measurements, the specimens were fired at 1300 °C
in air and quenched at different rates to room temperature. Green: oxidized iron wire, quenched to
20 °C in about 1 s after 5 h at 1300 °C. Orange: single crystal of ferric oxide grown from sodium
tetraborate; four-probe resistivity along the (111) plane of a specimen quenched after 13 h at
1300 °C. Blue: A compact sample (prepared from thick layers (about 1 cm) of oxalate at about
650°C), after quenching from 1300 to 20°C in about 10 s. Red: The same compact sample slowly
cooled. b) The influence of firing temperature on the conductivity of a compact film of ferric oxide
that was synthesized at 450 °C. Black: the unfired compact; blue-red curves obtained for specimen
quenched after 20 h at the stated temperatures. Reprinted from reference 2.

Looking in Figure 7.la at room temperature conductivity measurements (rightmost
measurement points), it becomes clear that samples that were rapidly quenched from
1300 °C to 20 °C (green and blue curves) show orders of magnitude higher conductivities
than samples that were cooled much slower (red curve). Gardner et al. attributed this to
donor centers that are frozen into the lattice on cooling, which was also observed with
NiO and Cr,0s.*° Furthermore, Figure 7.1b shows, that samples annealed to higher
temperatures maintained higher conductivities at room temperature after quenching.
Gardner assigned this to the formation of additional carriers due to oxygen loss during
annealing in air and also due to positive carriers at temperatures exceeding 1000 °C. This

strongly indicates that major electronic changes occur during the annealing step.

Oxygen vacancy formation upon high temperature annealing in air

It is known that hematite becomes oxygen deficient in air at higher temperatures and is
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converted to magnetite at temperatures between 900 — 1450 °C depending on the oxygen
partial pressure.’ Salmon ez al. showed that at oxygen partial pressures, p(0,), as low as
10%° atm a temperature of 900 °C is sufficient for this phase transformation while at

p(07) =1 atm, hematite has to be heated to 1450 °C for the following reaction to occur:

AT
6Fe,05 — 4Fe;0, + 0,(1) (7.1)

The defect equilibrium of oxygen vacancy formation is described by Equation (3.7) and
their concentration due to oxygen loss for samples equilibrated with air is given by

Equation (7.2).>°

_2.03[eV]

Np = 4.79-1026cm=3 ¢~ k8T (7.2)

Equation (1.18) showed the dependence of conductivity of a semiconductor on charge

carrier density, where the carrier density, n, is given by Equation (1.13) and can be

simplified to Equation (7.3) for n-type semiconductors.’

n=~ Nj (7.3)

Only ionised donors can contribute to conductivity

The above relationship is important to emphasize at this point as it states that only ionized
donors contribute to the conductivity of a semiconductor. In classical semiconductors
such as silicon and GaAs mostly shallow donor impurities are introduced to enhance the

conductivity. These shallow impurities readily ionize even at room temperature.

However, in hematite this is not necessarily the case because of the deep donor level.
Thus, under the assumption that this deep donor level could be related to oxygen
vacancies in undoped hematite films, a possible explanation might be related to the
change in the energetic position of the trap level after high temperature annealing

treatments. This will be elucidated in the following paragraph.

As the trap level moves closer to the conduction band, donors can readily ionize with
much less applied bias. This would increase the conductivity in hematite and also
influence the electron-hole recombination kinetics. As the conductivity of the film is
improved through shallow ionized donor states, electrons can more easily conduct to the
back contact. Also, since the ionized oxygen vacancy is positively charged, it does not

represent a trap level for the holes. Figure 3.9 shows that the threshold for the
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photocurrent onset is reached once half of the donor states become ionized. A possible
explanation for this could lie in the higher concentration of holes in the space charge layer
due to less recombination leading to a wider Fermi level splitting that finally positions the

quasi Fermi level of holes, Er,, well below the water oxidation potential (+overpotential).

Of course, the induced electric field by the applied voltage bias also leads to improved
charge separation as stated by Pendlebury et al.,* but combining the results obtained in
Chapter 3 with the studies in the work of Zandi ef al., points to the trap level position
being the determining factor for the photocurrent onset potential. Even with the Ga;Os3
passivation layer, I observed a shift in the trap state energy (Figure 3.8b). Thus, following
this train of thought, relocating the trap state closer to the conduction band to become a
shallower and more readily ionizable state would be important for the onset of water
oxidation due to an increase in conductivity. However, the trap state itself would not
necessarily be part of the water oxidation reaction pathway as proposed by the model of
Bisquert.”"!

Also, any surface treatment that reduces electron-hole recombination, such as Co—Pi,lz’ 13

would allow the quasi Fermi levels to split wider as holes actually accumulate at the
hematite surface and hence, the thermodynamic potential to oxidize water would be

reached with less applied voltage.

Open questions

It is not completely clear what induces the shift in the trap state energy level and neither
how surface treatments with Co-Pi or Ga;,O3; chemically and electronically change the
surface to reduce electron-hole recombination. The above-presented assumptions pose
many interesting questions to be answered in future work. Also, the differentiation of
surface versus bulk recombination and surface versus bulk trap states in such thin (10 nm)

hematite films needs to be addressed.

7.2 WITH ALD HEMATITE TOWARDS HOST-GUEST
ARCHITECTURES

In the second part of my work on hematite photoanodes, I successfully developed a new
low-temperature atomic layer deposition (ALD) route towards crystalline, pure and

photoactive hematite thin films that can be deposited on any nanostructured host material.
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Towards this goal I installed a home-built ALD setup especially designed for hematite
growth. This deposition method has a big potential to realize the host-guest concept
(shown in Figure 1.15¢) and to overcome the charge extraction barrier in thick hematite
films. However, further development on highly conducting host nanostructures with
optimized feature size and morphology is needed to minimize resistance and

recombination losses in the nanostructure and achieve optimized light absorption.

Meanwhile, ALD provides a better thin film model system for fundamental studies than
ultrasonic spray pyrolysis for two reasons: firstly, the photoactive hematite films can be
deposited with a much more precise thickness control and secondly, the films are flat and
smooth and hence, free of morphology influences. A systematic study on these thin ALD
hematite films of precise thicknesses confirmed the effect of doping from the underlayer
observed with the USP hematite films. I showed that at a deposition temperature of
230 °C, the underlayer could induce donor impurities diffusing up to 10 nm into the
hematite layer. Furthermore, IPCE and APCE measurements indicated that only the space
charge region in the hematite thin films contributed to the photocurrent. The optimal
thickness with respect to the space charge width was found to be on the order of 10 nm
for hematite films on a TiO; underlayer (doped hematite) and 12 nm for hematite films on

FTO.

Another observation of this study was that light absorbed between 500 — 600 nm is poorly
converted to photocurrent as seen in Figure 7.2, which is typical not only for thin ALD
hematite layers but for other synthetic methods and morphologies as well. Implementing
catalysts can improve reaction kinetics but did not lead to strongly enhanced red light

activity in hematite.'*
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Figure 7.2 Absorptance (a) and incident photon to current conversion efficiencies (b) for air-
annealed ALD deposited Ti-doped thin hematite films of different thicknesses (2-15 nm).
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The absorption peak at 2.4 ¢V (517 nm) was assigned to a Fe 3d > Fe 3d transition."
These d-d transitions are weaker than transitions from the p-orbitals in the valence band.
The cauliflower structure in combination with a Co-Pi layer seemed to overcome the poor
photon conversion around 517 nm,16 however, not every nanostructure seems to be as
effective as the cauliflower morphology.'” Optoelectronic modeling will be an important
tool in the process of resolving the origin of this conversion loss. In this work a basis for
further developments towards a powerful and complete optical and electrical model was
created. Hematite and FTO were characterized by ellipsometry and UV-vis spectroscopy
providing the necessary optical constants for the model. Also the IPCE, APCE and
current voltage measurements from Chapter 4 will be helpful for the development of the

electronic model for hematite photoanodes.

7.3 TIN OXIDE ELECTRON-SELECTIVE CONTACT FOR
PEROVSKITE SOLAR CELLS

With the implementation of a 15 nm thin SnO; electron selective layer deposited by
atomic layer deposition, the potential of flat perovskite solar cell device configurations
has been demonstrated to be able to reach hysteresis-free power conversion efficiencies
of up to 18% for the flat devices based on (FAPbI3)oss(MAPbBr3)015 perovskite
materials. These high efficiencies are the result of precise engineering of the energetic
band alignment between all layers in the cell such that electrons and holes can be
extracted from the perovskite photoabsorber in the most efficient way. Any band
misalignment represents an injection barrier that results in large hysteresis and reduced

photovoltaic performance as seen for TiO, and Nb,Os oxide layers studied in this work.

Furthermore, the quality of the ALD SnO; layer is highly important for the solar cell
performance. Any pinhole would lead to recombination processes and result in major
performance losses. I could show that ALD yielded amorphous SnO, layers that were
pinhole-free already for thicknesses as low as 2 nm. Furthermore, the conductivity of the
SnO; layer is at least 10 times higher than that of MAPbI; and hence not limiting electron
transport. These results confirm the high quality of the ALD SnO, films. Indeed just
recently our laboratory obtained power conversion efficiencies approaching 20% and

more for flat perovskite devices with SnO; as the electron selective layer.

However, since the amorphous SnO, deposited by low-temperature ALD undergoes
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major morphological changes upon calcination, it is not suitable as a rectifying contact

for applications that require sintering treatments.
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8 APPENDIX

8.1 DERIVATION OF MOTT-SCHOTTKY EQUATION™

From Gauss’s law of electrostatics

VE =2 (8.1)

E0&r

with p being the charge density [C cm™] and E the electric field [V m], and the relation

of the electric field to the potential, ®, via
E=-Vo (8.2)

the Poisson equation results as:

Vo =dz—‘f --2£ (8.3)

dx 0ér

The Poisson equation can be used to describe the potential and charge distribution in the

space charge layer according to

dZA':I)SC _ _L
dx2  ~ goey (84)
with
ADge = D(x) — Ppyy (8.5)

The charge density in a semiconductor is given by

p(x) = eg(p(x) —n(x) + Ny — Ny) (8.6)

(where trapped charges in states are neglected here and gradient doping is not accounted
for). The charge on the semiconductor side is counterbalanced by the charge in the
electrolyte. For high ion concentrations in the electrolyte, the diffuse layer can be

neglected. Based on the Boltzmann distribution, the charge carriers can be described as

" Derived with the help from references 1 and 2.
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_(Ec-Ep) (s -xr)
n(x) =Nge k8T and npy = Nce kpT
_(Bceo-ERF) eoAPge
= n(x) = nyyk e kpT = Npux € *BT (8.7)
Similar:
(Ey()-EF) (EV(")_Elgulk) _eghdge
p(x)=Nye *T =pp,e kgT = Ppux € BT (8-8)
Equations (8.4) - (8.8) give
AD egAdP
dzAd)SC o _€08%sc 0 SC N _
Ta T rge \ Poutk € BT —npuee 7+ Np — Ny (8.9)
With
2 2
d (dAD dAd d“A®
_( sc) -7 sc | sc (8.10)
dx dx dx dx?

Equation (8.9) can be reorganized to

2 2 e0d®sc e0d®sc
2 dAdgc dAdPsc — da (dAd)SC) - _ 2eg p e_kBT —n e k8T + Nt — N- dAdgc
dx dx? dx \ dx goer \ © DUlk bulk b 4 dx
2 e0d®sc e0d®sc

dAdsc\“ _ 2eg S T " _

(_dx ) = Toe ) \Pouke TFT = Mpyyee 8 + Np — Ny |dAdg,
e knT egAdgc knT egAdgc (811)
— _Z% (_*B. " TkpT _ZBL kgT + _ NT
= T oq Poulc € % oy utk € P + (Np = Np)ADge |+ C
-

In the bulk of the semiconductor there is no potential difference Adg. = 0 and hence

dA®D .
TSC = 0. Thus the constant C is given by
2kgT
C=- ﬁ Pouik + Mpuk ) (8.12)
and Equation (8.11) becomes
dADs N2 2eq (kT _e0dPsc kT eodPsc R kT
(d—) = —DPpuxe BT +——npuce kBT — (Np — Ny)ADse — —— (Ppuk + Mo )
x £0&r \ € e eo

The space charge capacitance is given by

Coe = 20s¢ (8.13)
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with Qg being the charge at the semiconductor surface that is described by the Gauss’s

law as
= dro
VE = o050 = gsc (8.14)
dx goer A
and hence
dAdge

— dx

Csc = g6 A TV
egAdge egAdge
2eq [ kgT - kgT 20-—sc + _ kgT

teger A dhdse |oer <?Pbulk e kT + “eq Mutk € kT — (Np — Ni)A®gc — :(pbulk + Npuik ))

egAPge egAPge
- T T + -
| eoer A 2eg —ppuice BT +npuuce *BT —Nf+ Ny 8.15
Coe =+ L .
scC 2 z
ofr AD AD
e0APsc e0A®sc
2eq [ kBT “"kpT 4 kBT kBT +_N— kBT,
gosr< oo Poutke BT+~ npuee B —(Np-N7)ADsc — - (Pbutk+Mbuik)

2 (gt _eOAxDTSC - eOAd)TSC .
Zoeoer | eo Pbulk| € BT —1 )+ | e TBT -1 - (Np-Np)A®sc

AN\2
(&) = , (8.16)
Csc _eoAPsc epAPgc

~Phuke  FBT +npype ¥BT -Nj+Np

In the Cg; vs. ADg, plot there are 3 different regions.

For a n-type semiconductor:

e Accumulation (-Adg; < 0; Ngyrrace > Mpuik)

e Depletion (ngyrface < Mputkr Nsurface » Psurface)- 1N this region, the capacitance is

determined by the linear terms and not the exponential terms.

e Inversion (Psyrface > Msurface ; Mbuik > Msurrace)- 1N this region, the capacitance is

fully controlled by the minority carriers if pgy,race » Nintrinsic

For a p-type semiconductor this behavior is mirrored.
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For an n-type semiconductor in the depletion region, with n,,;, ~ Ni and N;,pyux = 0,

eoAPge
ADy. < 0,e k8T « 1

A z — 2 kpT
(a) " egeoerNp (_ACDSC - ?) (817)
Wlth A(DSC = (Dsurface - (Dbulk
and Vhias = Pouik = Prefeet.
and at Vyes = Vg DPourrace = Pouik > Vi = Prsace — Prefe
and > Adge = Vfb — Vbias

Thus, the Mott-Schottky equation for an n-type semiconductor is given by

() = =2 (Vhias — Vo =27 (8.18)

T
Csc eo€oérNp e

For a p-type semiconductor in the depletion region, with p,,;, ~ Ny and N3, ny,, = 0,

egAPgc

Adg. < 0,e k8T <« 1, the Mott-Schottky equation is given by

(L)Z _ 2 (+A(Dsc - %T) =2 (Vfb — Viigs — "LOT) (8.19)

Csc eoEoerNy epgoerNy e
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