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Abstract
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Materials and device concepts for renewable solar hydrogen production, and size dependent
properties of ZnO quantum dots are the two main themes of this thesis.

ZnO particles with diameters less than 10 nm, which are small enough for electronic quantum
confinement, were synthesized by hydrolysis in alkaline zinc acetate solutions. Properties
investigated include: the band gap - particle size relation, phonon quantum confinement, visible
and UV-fluorescence as well as photocatalytic performance. In order to determine the absolute
energetic position of the band edges and the position of trap levels involved in the visible
fluorescence, methods based on combining linear sweep voltammetry and optical measurements
were developed.

The large band gap of ZnO prevents absorption of visible light, and in order to construct
devices capable of utilizing a larger part of the solar spectrum, other materials were also
investigated, like hematite , Fe2O3, and CIGS, CuIn1-xGaxSe2.

The optical properties of hematite were investigated as a function of film thickness on films
deposited by ALD. For films thinner than 20 nm, a blue shift was observed for both the
absorption maximum, the indirect band gap as well as for the direct transitions. The probability
for the indirect transition decreased substantially for thinner films due to a suppressed photon/
phonon coupling. These effects decrease the visible absorption for films thin enough for
effective charge transport in photocatalytic applications.

CIGS was demonstrated to be a highly interesting material for solar hydrogen production.
CIGS based photocathodes demonstrated high photocurrents for the hydrogen evolution half
reaction. The electrode stability was problematic, but was solved by introducing a modular
approach based on spatial separation of the basic functionalities in the device. To construct
devices capable of driving the full reaction, the possibility to use cells interconnected in series
as an alternative to tandem devices were investigated. A stable, monolithic device based on
three CIGS cells interconnected in series, reaching beyond 10 % STH-efficiency, was finally
demonstrated. With experimental support from the CIGS-devices, the entire process of solar
hydrogen production was reviewed with respect to the underlying physical processes, with
special focus on the similarities and differences between various device concepts.
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1. Introduction 

his thesis contains two, somewhat different, but still interconnected 
parts. The first part focuses on size dependent properties of ZnO 
nanoparticles, whereas the second deals with materials and devices 

for renewable solar hydrogen production.  
   The ZnO particles investigated are smaller than 10 nm in diameter, which 
is small enough for the physical properties to substantially deviate from what 
is found in the bulk material. The perspective is the one of basic research, 
where the goal has been to increase the fundamental understanding for how 
the material properties depend upon the size of the particles. Of particular 
interest were the optical absorption, the fluorescence, the phonon behaviour, 
and the photocatalytic efficiency. In the process, a few new methods were 
developed. 
   To construct efficient devices for solar water splitting, semiconductors 
capable of utilizing a larger part of the solar spectrum than pure ZnO are 
needed. The effort was therefore shifted towards narrower band gap materi-
als, like for example: copper oxides, hematite and CIGS, CuInxGa1-xSe2, 
which are capable to also absorb visible light. A theoretical framework for 
analysing the process of solar hydrogen production is presented in which 
different device concepts, ranging from photoelectrochemical cells to PV-
electrolysers, are developed and analysed. A series of devices based on 
CIGS was constructed and described, where the most notable was a mono-
lithic device reaching over 10 % solar-to-hydrogen efficiency.  

1.1 Quantum dots and the importance of size 
hat cannot be achieved with the big and bulky, may more easily 
be done with the small and neat. That is why nanotechnology, 
which is the science of the strange and divers properties caused by 

smallness alone, has gained so much attention during the last decades. The 
number of possible applications is huge and the potential benefits to society 
are considered to be vast. Even though a lot of nanoscience has been per-
formed and technical applications based on concepts of nanotechnology are 
found on the market, there are still plenty of aspects of nanotechnology left 
to be discovered, described, explained, and exploited. 

T 

W 
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   The qualifying criteria for an object to enter the domain of nanotechnology 
are a bit vague, in part because talkative visionaries made it a unifying con-
cept in which a bright future would rise. In the hype born out of the enthusi-
asm, scientists within the fields of chemistry, physics, medicine, and materi-
al science were all trying to be a part of the race and to squeeze in under a 
unifying umbrella of nanotechnology. As a result, any object with at least 
one dimension smaller than 100 nm is therefore, in some sense, considered 
to be a nano-object. This is consequently a large class of structures with a 
broad range of different geometries, stretching from thin films, spherical 
particles, and extended rods towards considerably more complicated shapes. 
The conceptually simplest of these geometries is the nanoparticle, which part 
of this thesis is devoted to. Even if nanoparticles represent the simplest pos-
sible geometry, they lack neither scientific challenges, nor technological 
application. Due to the relative ease of synthesis compared to other geome-
tries, they are also the ones most readily investigated and applied. 
   The concept of nanoparticles is a few decades old, but nanoparticles have 
been around for much longer. They have always been a natural part of the 
environment and the first reported technical use of nanoparticles dates back 
to the middle age, when their optical properties were used in works of art1. 
The underlying knowledge was then not the one of physics but the one of 
craftsmanship. The first record of nanoparticles in the scientific literature 
dates back to the middle of the 19th century when Michael Faraday investi-
gated gold colloids2. Since then, thousands upon thousands of articles have 
been published concerning synthesis, properties, and applications of nano-
particles of various compositions.   
   A subfield to the concept of nanoparticles is quantum dots, which is a de-
scribing term for particles that are so small that the material properties sub-
stantially deviate from the bulk values as a consequence of the smallness 
alone. The size at which quantum confinement phenomena starts to emerge, 
and the nanoparticles begins to act as quantum dots, varies greatly between 
different materials and depends on details of the electronic structure and the 
atomic composition. For ZnO particles, which are investigated here, the par-
ticles become optically quantum confined when they are smaller than ap-
proximately 9 nm in diameter. For the hematite films investigated, the corre-
sponding film thickness is around 20 nm.   
   The work concerning ZnO particles and hematite films is focused towards 
fundamental research. It is, nevertheless, motivated by possible technologi-
cal applications, which may be improved by a deeper understanding of the 
fundamental physical properties of these materials. ZnO is a material with 
applications spanning from the simple and well known, to the highly ad-
vanced and sophisticated. The wide band gap and the high absorption of 
ZnO have made it useful as an UV-absorbing additive in products like sun-
screens3, advanced plastics4, and rubber5. It is also used in pigments6 and 
food additives7. Beside these conventional applications, ZnO, and especially 
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various nanoscale morphologies, have emerged as promising structures for a 
large set of new high tech applications. These include: UV-lasers8, light 
emitting diodes9, field emitters10, piezoelectric devices11, spintronic devic-
es12, transparent conductors13, self-powered nanosystems14, photovoltaic 
cells15, heterogeneous catalysts16, and gas sensors17, to mention just a few. 
No particular application has been the direct target for the investigations in 
this thesis, even if photocatalysis and photovoltaics are the applications clos-
est to the interest of the author, which is reflected in the types of investiga-
tions carried out.   
  The vast number of possible applications of ZnO are based on a set of suit-
able material parameters, such as: direct band gap, high absorption coeffi-
cient18, good carrier mobility19,20, large exciton binding energy21, piezoelec-
tricity22, low cost, abundance, low toxicity, and the relatively simple synthe-
sis of different nanoscale morphologies.      
   The conceptually most straightforward change induced while decreasing 
the size of a particle, or the thickness of a film, may be the increase of the 
surface to volume ratio. Atoms close to the surface coordinate fewer neigh-
bours than their counterparts in the bulk, making them less stable and more 
prone to react with their surroundings. This, together with the fact that reac-
tions involving the solid state preferably take place at surfaces, means that 
nanoparticles and other low dimensional structures generally have a higher 
reactivity per unit mass, which is highly interesting for heterogeneous catal-
ysis. The reactivity can also change as a function of curvature, which in-
creases for smaller particles, due to changing bonding patterns at the surface 
sites. Particles of different size can thus show a substantial difference in 
catalytic reactivity, which was investigated in paper IV. 
   One of the more striking aspects of quantum dots is a blue shift in the ab-
sorption edge for smaller particles, equivalent to an increase in the band gap.  
Particles with a band gap energy corresponding to visible light will conse-
quently change colour as a function of particle size. This enables a fine tun-
ing of the optical properties by simply varying the size of the particles. For 
ZnO, with a band gap energy corresponding to UV-light, this colour change 
cannot be seen with the naked eye, but can readily be measured by a spec-
trophotometer. In article I, an empirical relation between the band gap and 
the particle size was developed for ZnO, which is highly useful as it enables 
a fast determination of particle size of particles deposited on transparent 
substrates as well as of particles growing in solution.   
   The optical quantum confinement does not only affect the absorption but 
also the fluorescence, as seen in Figure 3. ZnO has a wide band gap, a large 
exciton binding energy, and rich defect chemistry, which give rise to a broad 
and varied landscape of interesting fluorescence behaviour. Two different 
modes of fluorescence emission are often reported for ZnO: one in the UV 
region and one in the visible with a yellow/green colour30. Emissions have, 
however, been experimentally reported over more or less the entire visible 
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spectra, with for example blue23 and orange fluorescence24. There are also 
reports demonstrating that the fluorescence, under certain conditions, can be 
tuned over a wide range25-28. Several different hypotheses for the precise 
mechanisms for these transitions have been presented, and it is clear that 
defects, both intrinsic and caused by intentional or unintentional doping, are 
vital for the fluorescence behaviour. The grain boundaries and the properties 
of the surface also seem to be of importance. Due to the possible application 
of ZnO in light emitting devices, a lot of attention has been directed towards 
fluorescence in ZnO. A number of reviews can be found on the subject29,30, 
all of which, interestingly, agree on the lack of consensus concerning the 
exact mechanism behind the different modes of fluorescence reported for 
ZnO. A part of our work is directed towards bringing forward additional 
pieces of knowledge to this puzzle.  
   The properties of the visible fluorescence, with respect to both wavelength 
and intensity, were investigated in article I for particles growing in solution, 
demonstrating the importance of the surface. These measurements provided 
information concerning the energy difference between two set of trap levels, 
but did not give information regarding their energetic location within the 
band gap. To extract information concerning the energetic positions of the 
trap levels involved in the fluorescence, a method combining linear sweep 
voltammetry and UV-vis spectroscopy was developed, which is described in 
article V.  
   Also the UV-fluorescence, which is a considerably faster process than the 
visible counterpart, was investigated. This was performed using femtosecond 
laser spectroscopy as is described in article VI. The lifetime for the decay 
process, which was extracted from these measurements, turned out to be 
discontinuous with respect to particle size. From the results, information 
concerning exciton stabilization and the relation between the visible and the 
UV fluorescence was extracted.     
   The shift in the band gap energy with particle size dictates that also the 
energetic position of the valence and the conduction band edge will shift as a 
function of particle size. The absolute energetic location of the band edges 
are of both fundamental and technological importance. The thermodynamics 
and kinetics of charge carrier transfer at the particle surface means that the 
energetic location of the band edges will control the catalytic reactions pos-
sible at the surface, as well as the thermodynamic driving force for them. 
The position of these energy levels are consequently of vital importance for 
heterogeneous catalysis, molecular solar cells and other optoelectronic de-
vices based on nanoparticles. Determining the positions of the band edges 
for nanocrystaline materials is therefore a problem that has attracted consid-
erable interest in the literature31-42. It has, however, turned out to be a diffi-
cult task, especially for nanoporous materials39,40,43. Several different meth-
ods have been proposed, all of which have their own set of advantages and 
limitations. Some of these methods, based on electrochemical and photoelec-
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trochemical techniques, have been around for some time39-42 but have never 
reached wide spread recognition. In article III, a few of these approaches are 
analysed and developed, and the conditions for their validity have been ad-
dressed. By combining optical absorption and linear sweep voltammetry, the 
absolute energetic location of the band edges was determined as a function 
of particle size for ZnO quantum dots. 
   Another property that changes for small particles is the allowed modes of 
collective vibrations, known as phonons. These are crucial for the transport 
of heat, electricity, and sound in the solid state, and are also intimately con-
nected to non-radiative recombination. In small structures, the allowed 
modes of vibrations can be spatially confined, which may change the intensi-
ty, the energy and the symmetry of the vibrations44-46. This can be ascribed to 
the breaking of the symmetry caused by the discontinuity of surface. It can 
also be a result of reconstruction, relaxation, and changes in the bonding 
patterns connected to the surface. The confinement of the phonon behaviour 
in ZnO quantum dots were investigated with Raman spectroscopy, as well as 
with molecular dynamic simulations, as described in article II. 

1.2 Making hydrogen from water and sunlight 
he human civilization as we know it, stands before a number of 
challenges and problems that have to be solved in order for it to 
survive the next millennia. One of the core problems is our de-

pendence on inexpensive energy currently produced in a non-sustainable 
way. Today, around 80 percent of the global primary energy production is 
based on fossil fuels47,48, like oil, carbon, and natural gas, which for several 
reasons not constitute a sustainable situation. There is an emerging problem 
with anthropogenic warming of the earth’s climate system and acidification 
of the oceans due to CO2 emissions from the combustion of fossil fuels, with 
potentially devastating effects on both ecosystems and societies49,50. If that is 
not reason enough for change, the fact that the earth’s supply of accessible 
oil, carbon, and natural gas is beginning to dry up51 may be. The production 
peaks for the fossil energy sources will unavoidably be passed, one after 
another. These resources are furthermore unevenly distributed over the globe 
and are to some extend concentrated to political instable regions.   
   With this background, it should be clear that the current global energy 
system needs to be transformed into a more sustainable system, based on 
abundant, flowing, and renewable energy sources. Several different alterna-
tives are available, where some of the more important are: photovoltaics, 
solar thermal, wind, waves, tidal currents, geothermic energy, and hydroe-
lectricity. Some of these are commercial technologies, while others still de-
mand a lot of research and development to become competitive. A resilient 
energy system will not depend on one single technology but instead on a 

T 
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mixture of technologies. Considering the amount of energy our society con-
sumes and the theoretical potential of different renewable energy sources, 
solar and wind are, in fact, the only alternatives that alone could supply all 
the energy needed, and will thus by necessity be an important part of the 
overall solution52.  
   Most of the renewable alternatives produce high value electricity with high 
exergy. In many cases, this is the energy carrier of choice, but due to inter-
mittency in the wind and solar supply and the evanescent nature of electrici-
ty as an energy carrier, there is a need for alternative, stable, storable, and 
transportable energy carriers as a complement. Several energy storage tech-
nologies would be of interest for this purpose, like for example: hydrogen, 
batteries, compressed gas, flywheels, and pumping and storing water up 
stream of hydroelectric power plants, to mention a few. Among these, hy-
drogen is one of the more versatile alternatives as it constitute both a way of 
storage and an energy carrier. Hydrogen could be used to generate electricity 
in fuel cells with water as the only by-product, it is transportable in pipe-
lines, and it has high energy content by mass. The vision of replacing oil 
with hydrogen as the dominant energy carrier is a part of what is known as 
the hydrogen economy53-55, and has been around since the seventies. The 
road towards a working hydrogen economy is still long and a lot of obstacles 
need to be overcome. First of all, hydrogen must be produced in a sustaina-
ble way, which is one of the key topics of this thesis. Once the hydrogen is 
produced in a sustainable way, issues will remain concerning: storage and 
transportation of the hydrogen; about cost and efficiency of fuel cells; and 
about replacing an old, fossil based, infrastructure with a new hydrogen 
based one. These later problems are, however, themes for other works.  
   At the core, the hydrogen economy is a vision of a post carbon future, 
driven by a sustainable energy system54-56. A system based on flowing and 
renewable energy sources, using hydrogen and electricity as the primary 
energy carriers. Hydrogen can be produced as a fuel for power sources in 
homes, as feedstock for the industry, as a fuel for the transport sector, and as 
a way to deal with the intermittent nature of renewable energy sources, like 
wind and photovoltaics. A prerequisite for realizing this future is economi-
cally compatible means for sustainable hydrogen production. Today, this is 
not the case, and approximately 96% of the global hydrogen production is 
based on steam reforming of fossil fuels57. Several possible routes for sus-
tainable hydrogen production are, however, under investigation53,58,59, in-
cluding, among others: fermentation of biomass60-62, thermochemical pro-
cesses63-65, and photobiological water splitting66-68. 
   The work presented in this thesis is directed towards solar water splitting, 
which is the process of converting water and sunlight into molecular hydro-
gen. The path here chosen is the one of inorganic photoabsorbers and cata-
lysts. The production of effective devices along this path will to a large ex-
tend be a problem of materials. Since the first article on solar water splitting, 
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using TiO2, by Fujishima and Honda in 197269, extensive research has been 
devoted towards finding and developing materials capable of driving the 
photoreactions.  
   One of the materials which here is investigated for the purpose of solar 
water splitting is hematite, Fe2O3, which is the most common form of iron 
oxide and commonly known as a main component of rust. Hematite has a set 
of favourable material properties and is considered as a promising material 
for solar hydrogen production70-74. The band gap is approximately 2 eV, 
which is reasonable high for obtaining the necessary overpotential while still 
low enough to allow for absorption in the visible range. The absorption coef-
ficient is reasonably high and the energetic position of the valence band edge 
is suitable for water oxidation. Hematite is, as evident from the widespread 
appearance of rust, highly stable in ambient environment and composed of 
abundant, inexpensive, and nontoxic elements.  
   The conduction band energy of hematite is, however, somewhat too low 
for unassisted hydrogen production, wherefore the intended use of hematite 
is as a photoanode for the oxygen producing half-reaction. The Achilles heel 
for hematite is the charge carrier transport, especially of the minority carri-
ers. The diffusion length of photogenerated holes is in the nanometre 
range70, which is substantially less than the few hundred nanometres needed 
for sufficient absorption in the visible range. To reach high internal quantum 
efficiency, the hematite layers thus needs to be substantially thinner than 
what is needed for sufficient absorption. A strategy explored in the literature 
for overcoming this obstacle is to orthogonalize the absorption with respect 
to the charge transport, which is achieved by various types of nanostructu-
rations72. For this purpose, much work has been devoted towards synthesis 
of different hematite nanostructures, like for example: nanorods75, nano-
tubes76, dendritic systems77, and mesoporous systems78.   
   In order to optimize the geometry of these nanostructures, intended for 
water oxidation, more fundamental knowledge is needed concerning the 
photophysics of hematite. With this in mind, the optical properties of ul-
trathin films of hematite, deposited by atomic layer deposition, ALD, were 
investigated as described in article VIII. The investigations were performed 
on films deposited on planar substrates, from which a deeper insight into the 
dependence of the film thickness for the absorption was obtained. This 
knowledge will be valuable while designing devices and more sophisticated 
three-dimensional substrates for hematite deposition.  
   Another photoactive material here investigated for the purpose of solar 
water splitting is CIGS, CuInxGa1-xSe2 which was investigated in article IX, X 
and XI. CIGS is a proven good photoabsorber, with a solar cell record effi-
ciency of 20.4 %79, and has in that application reached the commercial do-
main, although with a rather low share of the global PV-market. CIGS is a 
highly interesting candidate material for solar hydrogen production; both 
because of its proven high efficiency as a solar cell material, but also be-
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cause of the energetic location of the conduction band edge which is well 
positioned with respect to the reduction potential of water. Given this, sur-
prisingly few reports are found in the literature dealing with CIGS in the 
context of solar hydrogen production80-84. 
   In article IX, CIGS was investigated as a photoanode for the hydrogen 
producing reduction half-reaction. General strategies for overcoming prob-
lems with electrode stability were also explored in that article. In article X, 
the possibility of using CIGS cell interconnected in series were investigated 
for the construction of devices for the full reaction, i.e. the splitting of water 
into oxygen and hydrogen without an external bias. In that article, a stable, 
monolithic device for unassisted water splitting, reaching over 10 % solar-to-
hydrogen efficiency was demonstrated. This corresponds to an efficiency 
achieved by only a few other devices described in the literature. 
   In article XI, the concepts developed in article IX and X were analysed and 
extended. The problem of solar hydrogen production was conceptually di-
vided into a number of fundamental and subsequent processes. This consti-
tutes a theoretical framework within which the process of solar hydrogen 
production was analysed and reviewed in terms of: charge carrier generation, 
charge carrier separation, charge carrier transport, and charge carrier trans-
fer.  
   Photoelectrochemical water splitting and PV-electrolysis have historically 
been considered as two fundamentally different processes and are far too 
seldom discussed and analysed within the same context. Within the frame-
work presented in article XI we argue that photoelectrochemical water split-
ting and PV-electrolysis best are seen as essentially equivalent procedures 
and as two subtle topological variations of the same fundamental physical 
processes. The relation between the two processes, and their straightforward 
interconversion into each other, was demonstrated. The analysis was per-
formed by theoretically designing a number of intermediate devices, succes-
sively going from classical PEC-cells to traditional PV-electrolysers. These 
devices were also constructed experimentally, where the most notably is the 
10.5 % efficient device described in article X. Based on this, we argue that 
much is to gain by acknowledging the similarities between photoelectro-
chemical water splitting and PV-electrolysis, and that one concept should not 
be considered without also considering the other. This point of view could 
potentially lead to a fruitful crossbreeding of the accumulated knowledge in 
the respective sub-discipline and hence aid in realizing sustainable solar 
hydrogen production as an economical compatible energy alternative.   
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2. Theory, ZnO and quantum dots 

2.1 Light absorption in semiconductors 
he interaction of light with semiconductors is of outermost im-
portance in several technological applications, such as: solar cells, 
lasers, diodes, and photocatalysts. As this interaction directly corre-

lates with atomistic properties of the semiconductor, it is also of fundamental 
interest. The precise interaction between light and semiconductors is rather 
complex and hence difficult to accurately describe within a quantitative 
framework. It is, however, possible to extract valuable information from 
experiments using simplified models, which has been utilized on numerous 
occasions in this work. 
   A common approach while constructing models for absorption is to start 
from the simpler case of absorption in small molecules and gradually extend 
the model towards more complicated systems. The absorption in a molecule 
can be described within the framework of time dependent perturbation theo-
ry. In the simplest case, the Hamiltonian of the first order perturbation, H1, is 
the product between the electric dipole moment of the molecule, µ, and the 
oscillating electromagnetic field. The perturbation generates a probability for 
a transition between eigenstates of the unperturbed Hamiltonian, proportion-
al to the matrix element of the perturbation. The transition probability per 
unit time, Tif, from an initial state, i, to a final state, f, can then be described 
by Eqn. 2.1, where E is the amplitude of the electromagnetic field. For a 
molecule, this causes the transition probability to be proportional to the 
square of both the transition dipole moment, µif, and the amplitude of the 
electromagnetic field. 
 

2221 EµiHfT ififfi =∝→   (2.1) 

 
In the case of a semiconductor crystal, the situation is more complex but the 
basic principle is the same. The initial and final states will be represented by 
the valence and the conduction band, Ev, and Ec, respectively, and both will 
constitute distributions of states in the k-space rather than single states. The 
rate of transition for a specific photon energy, hυ, and at a certain k-value is 
basically the product of the transition probability, the number of empty states 
in the conduction band, and the number of filled states in the valence band, 
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when the two later are separated by the energy hυ. The probability for the 
transition, or the matrix element, is a measure of the overlap density between 
the states in the valence and conduction band. To obtain the transition prob-
ability for a specific photon energy, hυ, integration over all possible k-values 
in the first Brillouin zone, BZ, is performed. This is summarized in Eqn. 2.2. 
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Photons carry only a small amount of momentum. In the simplest case, the 
absorption of a phonon does therefore not noticeably change the crystal mo-
mentum, k, of the electron involved when mediating an electron from the 
valence to the conduction band. This is known as a direct transition, and is 
represented as a vertical transition in the band diagram in Figure 1. For such 
a transition, the perturbation matrix element can be considered independent 
of the k-vector within the first BZ, and can therefore be moved outside of the 
integral in Eqn. 2.2; given that the wavelength of the perturbing light is 
much longer than the dimensions of the interaction volume. The rate of tran-
sition can then be described by Eqn. 2.3, where gvc(hυ) is the joint density of 
states, which basically is the combination of donor states in the valence band 
and the acceptor states in the conduction band.  
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To obtain an exact expression of the joint density of states in the full k-space 
is far beyond simple pen and paper modelling. It is, however, reasonable 
simple to obtain an analytical expression valid in a limited energy interval 
close to the band gap energy. In a first approximation, known as the parabol-
ic band approximation, the electrons and holes are described as free particles 
but with a modified, or effective, mass in order to correct for their resistance 
for movement in the lattice. This approximation corresponds to a picture 
where the energy bands in the momentum space close to the band edges have 
the parabolic shapes illustrated in Figure 1.a. This is often a sufficiently 
good approximation of the bands close to the band edges. Within this ap-
proximation, the effective density of states take the form of Eqn. 2.4, where 
m*

red is the reduced effective mass.  
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Within this framework, the measured absorption, A, for a direct semiconduc-
tor is, for photon energies close to the band gap energy, given by Eqn. 2.5,  
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where α is the absorption coefficient and l the optical path length in the sam-
ple. This expression is a reasonable description for photon energies closely 
above the band gap energy as long as the parabolic approximation holds. 
This result has the important implication that the measured absorption will 
be proportional to the square root of the energy difference between the band 
gap and the photon energy, as indicated in Eqn. 2.6. 
 

( ) 2/1
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By measuring the optical absorption and plot the square of the absorption 
against the photon energy, the optical band gap can be extracted by extrapo-
lating the linear region, found for photon energies slightly above the band 
gap energy, down to zero absorption. This is illustrated in Figure 2.b. 
   Direct transitions, as in Figure 1.b, are not the only possible alternatives 
when photons are absorbed in crystals. A photon carries a negligible mo-
mentum but can couple with a phonon during the absorption process, which 
can carry a far larger momentum. This leads to an indirect transition, repre-
sented as a non-vertical transition in the illustrations of Figure 1.c. The later 
represents a two particle interaction and is a considerably less probable pro-
cess than a direct transition. It is also considerably more complicated to ac-
curately describe analytically as the interaction Hamiltonian, H’cv, in Eqn. 
2.2 no longer is independent of k, and therefore not can be moved outside the 
integral. If both phonon absorption and emission are included and the inte-
gration is performed over all states, an extra contribution is found, changing 
not only the energy independent term but also the scaling of the energy de-
pendence in Eqn. 2.6. A more general expression for the energy scaling of 
the absorption is given by Eqn. 2.7, where η is 0.5 for a direct allowed transi-
tion and 2 for an indirect allowed transition85,86.  
 

( )ην gEhA −∝    (2.7) 
 
For an indirect semiconductor, the optical band gap can thus be extracted by 
plotting the square root of the absorption against the photon energy and ex-
trapolating the linear region down to zero absorption.   
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Figure 1. (a) Illustration of the parabolic approximation. (b) Illustration of direct 
transitions. (c) Illustration of the phonon transfer during an indirect transition. (d) 
Calculated band diagram for ZnO illustrating possible direct transitions. (e) Calcu-
lated band diagram for hematite, illustrating direct and indirect transitions. The data 
for hematite comes from DFT calculations from the Materials Project87. 

2.2 Optical quantum confinement 
mong the properties that change when a nanoparticle is getting small 
enough to become a quantum dot, one of the most striking is the 
blue shift of the optical absorption edge. The band gap thus increas-

es for a smaller particle which is reflected in a change of colour, given that 
the band gap energy corresponds to light in the visible part of the spectrum. 
For ZnO, which band gap energy corresponds to UV-light, this effect is not 
seen with the naked eye. It is, however, readily measured using a spectrome-
ter, as illustrated in Figure 2 for ZnO particles growing in solution. The 
method employed for extracting the band gaps is also illustrated in this fig-
ure. 

A
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   On a qualitative level, the blue shift of the band gap can be rationalized 
within the framework of molecular orbital theory. A single atom, or a small 
molecule, has a distinct energy difference between the highest occupied or-
bital, HOMO, and the lowest unoccupied orbital, LUMO. If two such units 
merge together, the individual HOMO- and LUMO-levels will combine, 
generating two new occupied orbitals and two new empty orbitals. One in 
each set will be slightly lower in energy, whereas the other will be slightly 
higher in energy. This results in a smaller energy difference between the 
highest occupied and the lowest unoccupied orbital, as illustrated in Figure 
3.a. The decrease in energy difference will continue until the number of units 
is large enough for the orbitals to behave as orbitals in the bulk. At that 
point, the energy levels will lie close together and form a continuous energy 
band. The bulk value of the band gap has then been reached and the particles 
are no longer optically quantum confined.   
  The same qualitative picture can essentially be achieved also within the 
framework of the particle in a box model. In an infinite crystal, the electrons 
behave similarly as free particles but with a different, effective, mass. When 
the dimensions of the particles are comparable to the wavelength of the 
wavefunction for an excited electron, the boundary of the crystal introduces 
additional constrains. In analogy with the particle in a box model, this intro-
duces a quantization of the energy levels in the bands which pushes them 
apart as the particle decreases in size. 
   To go beyond these simplistic representations into a more quantitative 
model, relating the band gap to the particle size, is considerably harder. Dif-
ferent approaches, both purely empirical as well as more theoretical ones, 
can be found in the literature88-92. One of the earlier descriptions was pre-
sented by Brus92, who constructed a Hamiltonian for the first photogenerated 
electron hole pair and solved the associated Schrödinger equation under suit-
able assumptions. The numerical predictions of the description are not en-
tirely satisfactory when compared to empirical data, but give a physical mo-
tivation for why a quadric relation, as in Eqn. 2.8, where d is the particle 
diameter in nm and Cn are coefficients to be determined, could be a reasona-
bly starting approximation. This approach is also the starting point in article 
I, where empirical data are fitted to a function of the form of Eqn. 2.8 in 
order to relate the optical band gap to the particle size.      
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A key parameter for the quantum confinement is the exciton Bohr radius. An 
exciton is a bound state between an electron in the conduction band and a 
hole in the valence band, interacting via columbic interactions. It is consid-
ered as a quasi-particle capable of carrying energy, and represents an energy  
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Figure 2. (a) Absorption data at certain times measured on growing particles in 
solution. This is the absorption data connected to the fluorescence measurements in 
Section 6.6.1. (b) Square of the absorption data in (a) plotted against photon energy. 
If the linear region is extrapolated down to zero absorption, as illustrated by the red 
lines, the band gap is given by the intercept with the abscissa. 

 
Figure 3. (a) Illustration of the how the band gap decreases with increasing particle 
size within the framework of molecular orbital theory. (b) Fluorescence of ZnO 
particles in solution. The green fluorescence in the left vial stems from particles 
approximately 3 nm in diameter, whereas the yellow fluorescence in the right vial 
comes from particles large enough to not be quantum confined with respect to the 
optical absorption. 
 
stabilization of the photogenerated electron hole pairs. Under certain condi-
tions, it will impact the absorption spectrum and the lifetime of the excited 
state. The spatial extent of the exciton, described by its wave function, is 
similar to that of a hydrogen atom but with a considerably smaller binding 
energy and a larger distribution in space. While the particle are getting 
smaller than the spatial extension of the ground state of the exciton, or exci-
ton Bohr radius, the particles becomes quantum confined which is rational-
ized by the particle in a box model discussed above. 
   The distribution of the exciton in space depends on material parameters, 
like the band structure, the dielectric constant, and the effective masses of 
the electrons and holes. The corresponding transition into quantum confine-
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ment takes place for particle diameters around 55 nm for PbSe93, around 9 
nm for ZnO, and only around 2 nm for CdS93.  
   In quantum dots, the exciton is confined in all three dimensions. It is, how-
ever, also possible to observe quantum confinement effects in nanorods 
where the excition is confined in two dimensions, and in thin films where the 
confinement occurs in only one dimension. The three-dimensional quantum 
confinement in ZnO is a central theme in article I to VII, and one-
dimensional optical quantum confinement in thin films of hematite was in-
vestigated in article VIII.  
   The energy shift in the absorption edge has a direct counterpart in the fluo-
rescence, which for ZnO occurs in the visible range, as seen in Figure 3.b. 
This is rationalized by the fact that the fluorescence depends on electronic 
transitions involving energy states within the band gap; states which energet-
ic location are correlated to the width of the band gap as well as the position 
of the band edges.  

2.3 Fluorescence in ZnO 
luorescence is a seemingly familiar and well known phenomenon. 
It is seen in everything from common lighting applications, natural 
minerals, tonic water and in discotheques on party nights. The 

term fluorescence has been around since the 19th century94 and a basic under-
standing of the general mechanism is considered common knowledge and is 
described in any standard textbook of chemistry. A closer look under this 
fluorescent facade of general understanding does, however, reveal a large 
body of elusive details. In every fluorescent material system, the emitted 
light emerges from a transition between two energy states, which nature, 
spatial, and energetic location not are evident from the fluorescence itself. 
For some systems, quite a lot is known, but for others, we hardly know more 
than that they fluoresce. Some of the uncertainties commonly encountered 
are illustrated in Figure 4.a. As pointed out in the introduction, ZnO is 
known to have at least two distinct modes of fluorescence, one in the visible 
and one in the UV, both of which have been investigated in this work. 
   A fundamental requirement for fluorescence to occur is the existence of 
donor levels populated with electrons which can relax down to empty accep-
tor states. Knowledge concerning the nature and energetic location of these 
trap states are of key importance for establishing a deeper understanding of a 
particular fluorescence mechanism. This will not only give insight into the 
inner structure of the material, but may also be vital for understanding the 
role of the surface and be valuable in the design and optimization of devices 
utilizing fluorescence, like for example: light emitting diodes and various 
analytical techniques. There are also occasions where effective quenching of 
the fluorescence by passivation of the trap states may be desired.  

F 
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Figure 4. (a) Principal illustration of energy levels involved in the visible fluores-
cence. All the X marks quantities that cannot be obtained by only measuring the 
fluorescence energy. (b) Illustration of possible pathways for photogenerated elec-
trons and holes in a semiconductor with hot carriers. 
 
For nanoparticles, the nature of the trap states are in many cases also directly 
related to the properties of the surface, which in turn can depend on the syn-
thesis procedure which further complicates the picture.  
   The origin and the mechanism of the green fluorescence in ZnO have been 
debated in the literature. The fluorescence has been suggested to emerge 
from, for example: zinc vacancies, zinc interstitials95, antisite oxygen96, oxy-
gen vacancies97, and copper impurities98. The collective view does, however, 
show that the properties of the grain boundaries and the surface are highly 
important.  
   For quantum confined ZnO particles, the wavelength of the fluorescence is 
observed to shift to shorter wavelength for smaller particles, which is in line 
with the increase of the band gap99-101. The fluorescence intensity in the visi-
ble has also been reported to increase for decreased particle sizes99,100,102. 
These effects were investigated further in article I where the fluorescence 
was investigated, in situ, on particles growing in solution.  
   The UV-fluorescence has been less studied than its visible counterpart; in 
part because it has been thought to have a simpler mechanistic origin. It has 
been ascribed to band gap or excition recombination and is known to be a 
substantially faster process compared to the decay rate of the visible fluores-
cence99. It is, however, also known to couple to the visible fluorescence, and 
if the magnitude of one mode of fluorescence is increased, it is often at the 
expense of the other30,103,104.  
   An important area where time resolved UV-fluorescence measurements 
can give important information concerns hot carrier dynamics. A major loss 
mechanism in solar cells, photocatalysts, and other light harvesting devices 
is the thermalization of photogenerated charge carries, where the hot carriers 
are losing their excess kinetic energy, Ek, by interaction with phonons. An 
illustration of possible pathways related to hot carriers is given in Figure 4.b. 
It would be highly beneficial if this process could be slowed down enough to 
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enable extraction and utilization of the hot charge carriers before they ther-
malize. Solar cells with higher theoretical efficiencies, far surpassing the 
well-known Schottky-Queisser limit, and photocatalysts utilizing a higher 
overpotential, could then in principle be assembled. This has therefore been 
a hot topic in the literature105-107. For most structures, the thermalization is a 
process within the picosecond time regime, but for quantum wells and quan-
tum dots it has been speculated, and also experimental verified, that the pro-
cess can be slowed down105. This would be a consequence of a phonon-
bottleneck, which basically is a reduced coupling between the charge carriers 
and a non-equilibrium phonon distribution. This in turn is a consequence of 
the increased spread among the energy levels due to the quantum confine-
ment.    
   An experimental indication of a depressed phonon cooling can be obtained 
by measuring the time response of the UV-fluorescence after excitation by a 
laser pulse. In case of slow thermalization, this would result in fluorescence 
over a broader energy range, spreading out also to energies larger than the 
band gap energy. Such behaviour has been observed in, for example, quan-
tum wells of GaAs/Al0.38Ga0.62As105. Whether this could be the case also for 
ZnO quantum dots was investigated with femtosecond spectroscopy, which 
is described in article VI.   

2.4 Phonon quantum confinement 
he atoms in a solid tend to vibrate around their equilibrium positions 
in a synchronized way. These collective vibrations are known as 
phonons and are crucial for the transport of heat, electricity, and 

sound in the solid state, as well as for the thermalisation of hot charge carri-
ers. Analogous to other energy states, the constraints imposed by the struc-
ture of the solid causes a quantization of the allowed vibrations, which are 
described in terms of normal modes. Any lattice vibration could be described 
as a superposition of a number of normal modes, which full set is known as 
the irreducible representation. In the case of ZnO of wurtzite structure, the 
irreducible representation for the optical vibrations, Γopt, is given by Eqn. 
2.10108,109  
 

2111 2121 EEBAopt +++=Γ     (2.10) 

 
where A1 and E1 are polar modes, describing atoms moving parallel and per-
pendicular to the longer c-axis, respectively. Both split into one transverse 
optical, TO, and one longitudinal optical mode, LO. The E2 mode split up in 
two nonpolar modes, E2(1)  and E2(2), associated with vibrations of the zinc 
and oxygen sublattices, respectively110. The B1 mode is not Raman active. 
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   For small system, like nanoparticles, the phonon spectra may change as a 
consequence of spatial confinement of the vibrations, especially if the di-
mensions of the system are in the same order as the wavelength of the pho-
non mode. This may result in a shift of both the energy and the intensity, as 
well as in the symmetry of the phonon modes.    
   This could be investigated by Raman spectroscopy, which is a technique 
measuring the extent of inelastic scattering of monochromatic light. The 
sample is illuminated by a laser and the part of the light that is inelasticity 
scattered is detected. The inelastic scattered light will either gain or lose an 
amount of energy corresponding to the excitation of a phonon mode. Size 
dependent phonon confinement in ZnO quantum dots were investigated us-
ing both Raman spectroscopy and molecular dynamics simulations which is 
described in article II. Raman spectroscopy was also used in investigations 
of the thickness dependence of the optical properties of thin films of hema-
tite, which is described in article VIII. 

2.5 Photoelectrochemical methods  
2.5.1 The Burstein-Moss shift  

n a degenerate semiconductor, the doping has reached such a level 
that the Fermi level no longer is within the band gap. In the case of 
an n-doped semiconductor, the Fermi level will then be located with-

in the conduction band. This result in population of previously empty states, 
close above the band edge, to which electrons from the valence band other-
wise could be excited. The absorption for photon with energies slightly 
higher than the band gap energy will consequently decrease and the apparent 
optical band gap will increase. This effect is known as the Burstein-Moss 
shift, after work by Burstein111 and Moss112. A sketch illustrating the concept 
is given in Figure 5. By using the notation in the figure, simple geometry 
gives under the assumption of parabolic bands close to the band edges, a 
relation between the intrinsic band gap, Eg, and the optical band gap, Eopt. 
This relation is derived in article III and is given in Eqn. 2.11, where Ef is the 
energy at the Fermi level, Ecb the energy at the conduction band, T is temper-
ature, kB is Boltzmann’s constant, and m*

n and m*
p denote the effective mass 

of the electron and hole, respectively.   
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The term 4kbT is best seen as a correction factor caused by thermal excita-
tions in line with Fermi-Dirac statistics. When the Fermi level is located 
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inside the conduction band, there will still be empty states below the Fermi 
level into which electrons can be excited. In such a situation, the measured 
absorption onset, equal to the apparent optical band gap, will be caused by 
excitations to states below the Fermi level. The value 4kbT, originally occur-
ring in Burstein’s article111, is somewhat arbitrary but roughly corresponds to 
the energy at which the Fermi-Dirac distribution noticeably starts to deviate 
from zero.  

 
Figure 5. (a) Absorption in the undisturbed case where an electron in the valence 
band is excited to an empty state in the conduction band. (b) The situation for a 
negative applied potential, where the Fermi level is located within the conduction 
band, illustrating how the optical band gap increases under these conditions. (c) The 
relevant energy levels in (a) and (b) within the parabolic approximation.  

2.5.2 Determination of the absolute position of the band edges 
he increase in the optical band gap described by the Burstein-Moss 
effect does not require degeneracy by doping, but could also be 
achieved electrochemically. This is based on the fact that the poten-

tial applied by the potentiostat to a good approximation will equal the Fermi 
level in the material, under conditions outlined in article III and V. By apply-
ing a negative potential with a potentiostat, the Fermi level in the material 
will rise, and for a potential negative enough, the Fermi level will reach the 
conduction band. To avoid confusion, it should be pointed out that by elec-
trochemical convention, a more negative potential implies a Fermi level 
closer to the vacuum level. The scale is thus reversed with respect to the 
convention more commonly used within the physics community. Given 
counter ions in the electrolyte, capable of balance extra charge in the semi-
conductor electrode, empty states within the conduction band will then be 
filled by electrons provided by the potentiostat, whereupon the apparent 
optical band gap will increase. Using a three-electrode setup and measuring 
the absorption while scanning the potential, the observed decrease in absorp-
tion can be used to determine the absolute energetic position of the conduc-
tion band edge. If the optical band gap is plotted as a function of the applied 
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potential, Eqn. 2.11 states that a straight line will be obtained, which if ex-
trapolated down to the intrinsic band gap will give the absolute position of 
the conduction band edge. The value obtained in this way will differ from 
the true value by a small correction factor dependent on the effective masses 
and the term 4kbT as described by Eqn. 2.11. 
   In article III, this is utilized to determine the absolute position of the band 
edges in ZnO as a function of the particle size. The decrease in absorption 
and increase in the optical band gap constitute the dominant behaviour ob-
served while a negative potential is applied. It is, however, not the only ef-
fect seen and in article VII, a smaller but opposite absorption gain is ex-
plored.  
   An alternative, but closely related, method for determining the band edge 
positions is also proposed in article III. The potentiostatic version of the 
Burstein-Moss shift essentially states that once the applied potential is nega-
tive enough, the system transcend from a situations where electrons are pho-
toexcited from a full valence band into an empty conduction band, to a situa-
tion where electrons are excited from a full valence band into a partly filled 
conduction band. A simple way to analyse this is to start from the reduced 
absorption expression in Eqn. 2.6, which can be written as Eqn. 2.12 for the 
absorption, where C is a constant. 
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The probability, f, that a state at energy, E, will be populated by an electron 
can be described by the Fermi-Dirac distribution given in Eqn. 2.13. 
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The absorption in Eqn. 2.12 can conceptually be seen as the product of the 
number of filled states in the valence band, the number of empty states in the 
conduction band, and the probability for a transition. As a first approxima-
tion, it could be assumed that the population of states in the conduction band 
is the only parameters that change while applying a negative potential. The 
absorption is then given by multiplying Eqn. 2.12 with the probability that 
the formerly empty states in the conduction band will be filled according to 
Eqn. 2.13. This gives Eqn. 2.14.  
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Assuming parabolic bands and direct transitions, the energy, E, in Eqn. 2.13 
and Eqn. 2.14 can by utilising the geometry in Figure 5.c be written as Eqn. 
2.15, which if inserted in Eqn. 2.14 give Eqn. 2.16. 
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This expression is a bit lengthy, but may straightforwardly be used to deter-
mine the position of the conduction band edge. It states that if the measured 
absorption, for a chosen photon energy, is 50 % of the undisturbed value, 
Eqn. 2.17 will hold.  
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Eqn. 2.17 basically states that if the effective masses are known, the conduc-
tion band edge can be determined simply by scanning the potential and ob-
serve at which potential the absorption drops to 50 % of the undisturbed 
value.  

2.5.3 Pinpointing fluorescence trap levels 
nowledge of the wavelength of the fluorescence gives direct 
knowledge of the energy difference between the two set of states 
between which the transition causing the fluorescence occurs. It 

does not, however, give information concerning the energetic location of 
these energy states, as illustrated in Figure 6.a. This information would be 
valuable as it deepens the understanding of the nature of these trap states, 
which in turn could be used for achieving a better control of the optical 
properties.   
   Different techniques for locating trap levels have therefore been developed 
and described in the literature. Examples of such method include transient 
spectroscopy113, Deep-level transient spectroscopy, DLTS114, and theoretical 
calculations. DLTS is a popular method which works excellent for silicon. It 
does, however, demand the presence of a space charge layer, which is ill-
defined and in many cases absent in nanoporous electrodes. Theoretical 
computations, on the other hand, suffer from an idealized description of the 
material and the need of experimental verifications to be certified. The last 
point is illustrated by the fact that quantum mechanical calculations have 
predicted trap states in ZnO to be located in essentially all regions of the 
band gap96,115-117, and that is for bulk material and selected surfaces. For na-
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noparticles, which represent non-ideal systems with plenty of different sur-
faces, quantum mechanical models are even more problematic.  
   The development of new and complementary methods for investigating 
trap states involved in the fluorescence process is thus desirable. In article V, 
such a method is proposed, based on the combination of an excitation 
source, a photodetector, and linear sweep voltammetry. The method is 
somewhat similar to the method employed for the determination of the ener-
getic positions of the band edges. The method is based on the existence of a 
driving force for populating energy levels below the Fermi level, equivalent 
to the applied potential, with electrons from the potentiostat, and that no 
such driving force exists for populating levels above the applied potential.     
   If the applied potential is such that the Fermi level in the material is higher, 
i.e. more negative with respect to the NHE, than the donor levels involved in 
the fluorescence, there will be an influx of electrons from the potentiostat 
into these levels. The increased electronic population increases the probabil-
ity for a radiative recombination of an electron in these states with a lower 
lying acceptor state, thereby increasing the effective quantum yield of the 
fluorescence.  
   If illuminating the sample while simultaneously measuring the fluores-
cence and scanning the potential, the onset of increased fluorescence will 
give a fairly accurate measure of the location of the donor trap levels. Per-
forming this in a three-electrode setup gives the energetic position of the trap 
levels relative to the known level of the reference electrode. An illustration 
of the concept is given in Figure 6.b-c. As the positions of the band edges 
were measured for these particles, the trap levels could be determined with 
respect to these levels as well.  
 

 
Figure 6. (a) Illustration of the fact that knowledge of the fluorescence energy not 
gives information concerning the location of the trap states involved. (b) Situation 
where the Fermi level, or applied potential, is below the energy levels from which 
electrons recombine with lower lying holes to give fluorescence. In the figure: (1) 
the absorption creating an electron-hole pair, (2) radiationless relaxation into a lower 
lying energy level, (3) recombination of an electron in this level with a hole causing 
fluorescence, and (6) the creation of a deep trap level. (c) The potential is matching 
the donor level for the electrons. This causes an influx of electrons into these levels 
from the potentiostat, (5), which increases the radiative recombination, (4).    
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The expected experimental outcome based on this reasoning in an experi-
ment where the potential is decreased from a higher level, would be a rather 
constant fluorescence until the potential reaches the lowest lying donor 
states. The fluorescence should then increase and the onset of this increase 
would mark the lowest lying states. The fluorescence should increase until 
the potential gets so high that essentially all the donor states are populated, 
after which the fluorescence should reach a stable value. The onset of the 
increase in fluorescence gives the first sign of accessible donor states, 
whereas the width of the fluorescence increase gives an indication of the 
distribution of the donor states, as well as the position of the maximum in 
their density of states.    
   This description gives an intuitive and qualitative framework for the theory 
used in paper V, which is adequate for understanding the experiment. The 
real situation is, however, somewhat complicated by kinetic considerations 
and the spatial dependence of the electron concentration in the electrode. 
There will likely be some level of potential drop within the electrode, which 
will result in a shift in the Fermi level and a spatial variation in the extent the 
trap levels are populated by electrons from the potentiostat. This will ob-
scure the interpretation of quantitative statements concerning the trap levels. 
It does, however, not affect the measure of the energetic position of the trap 
levels, as only a few trap levels need to be populated for the onset of the 
increased fluorescence to be determined.  
   Another necessary condition is that the kinetics for population of the trap 
levels, ktrans 1, is faster than the losses in terms of recombination to the sur-
rounding system, and at least not much slower than the characteristic time 
frame of the potential update time, kpot. An illustration of the key kinetic 
processes is given in Figure 7. While the electrode is illuminated, electrons 
from the valence band will be excited into the conduction band. Under 
steady state condition, this process is balanced by: relaxation down to trap 
levels, krel, recombination to the electrolyte, krec, close-to-band-edge fluores-
cence, and non-radiative recombination, knon-rad, as illustrated in Figure 7. An 
obvious precondition for fluorescence to occur is of course that the nonradia-
tive transition rate, knon-rad, from the fluorescence donor state is slower, or at 
least not much faster, than the radiative process, krad. 
   Illuminating the sample during the potential scan is vital for the method to 
work. Without illumination, no holes are created in the valence band and 
there will consequently be no relaxation mechanism for electrons populating 
the deep acceptor states. If the donor states, close under the conduction band 
edge, in such a situation are populated with electrons, there will be no empty 
states deeper down in the band gap to which they could cause a radiative 
transition.   
   The method assumes that the deeper acceptor levels not will be populated 
by the potentiostat. That is equivalent to stating that ktrans 2 in Figure 7 is a 
slow process compared to the other processes involved. For ZnO, that is 
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indeed the case, but this is not necessarily true for other material systems. If 
ktrans2 is fast, the method can still be used in a similar fashion. Instead of 
measuring an increase of fluorescence for potentials lower than the donor 
states, a decrease in fluorescence would be detected for potentials more neg-
ative than the acceptor states. When these states are populated with electrons 
from the potentiostat, the probability for a radiative transition of an electron 
into these states decreases. 
 

 
Figure 7. Schematics of the kinetics involved for different possible electronic transi-
tions related to the visible fluorescence.  

2.6 Photocatalysis 
ur industrialized high tech society has a tendency to generate huge 
amounts of waste chemicals, many of which show some level of 
toxicity. For organic contaminants, one approach to take care of the 

problem is to utilize the energy of UV-photons to break covalent bonds in 
the molecules. For some unstable molecules, direct illumination is enough to 
degrade them, but generally, a catalyst is needed to overcome the activation 
barriers and increase the rate of the degradation. Wide band gap semicon-
ductors tend to be good choices for this. An illustration of the concept is 
given in Figure 8, and the numbers in the text refer to this figure. 
   The general mechanism for catalyst aided photodecomposition of organic 
contaminants is based on photogeneration of electron-hole pairs in the semi-
conductor, which are utilized in subsequent redox reactions. For wide band 
gap semiconductors, like TiO2 and ZnO, the hole in the valence band is ra-
ther low in energy and thus highly oxidizing. While water is present at the 
semiconductor surface, the initial oxidation is often of water (1) which pro-
duces a hydroxyl radicals (●OH)118,119 acting as a strong non-selective oxi-
dant. The end result is often a complete mineralization of the organic con-
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taminants into CO2, H2O, and harmless inorganic ions (2). The photoexcited 
electron in the conduction band can be picked up either by dissolved oxygen 
(3), forming a superoxide anion, or directly by an adsorbed molecule, yield-
ing an organic anion (4).  
   The principles of photodegradation have also found its way into the com-
mercial domain, where one example is the self-cleaning window Pilkinton 
ActivTM 120. These windows work according to two different mechanisms. A 
photocatalytic degradation of organic contaminants occurs on the window 
and a UV-induced hydrophobicity facilitates the removal of the degradation 
products in the case of rain.   
   The general concept is well known and a lot of work has been directed 
towards photocatalytic degeneration of hazardous compounds present in 
water, air, and on surfaces. A review from the American National Renewa-
ble Energy Laboratory list over 1500 references in the field and approxi-
mately the same number of patents121. A large part of the literature is di-
rected towards TiO2, and the commercial product Degussa TiO2 p-25, 50 
m2/g119,122 is often utilized. Studies have also been performed on other semi-
conductors, like for example ZnO, which have been studied both in the form 
of suspensions and immobilized on substrates118,123-129. The mechanism for 
the photodegradation appears to be rather general, as several different organ-
ic molecules are demonstrated to mineralize on ZnO. This is in line with 
initial formation of non-selective hydroxyl radicals. A motive for investigat-
ing ZnO is that several studies indicate that ZnO may show higher photodeg-
radation efficiencies than commercial TiO2 based products130-134.  
   In article IV, the photocatalytic degradation of methylene blue, 
C16H18N3SCl, was investigated using simulated sunlight and thin films of 
ZnO quantum dots of different sizes. 

 

Figure 8. Illustration of the photodecomposition of an organic dye on a semiconduc-
tor nanoparticle in water. The dye in the figure represents both the intact molecule 
and its decomposition products. The indicated energy levels are for a ZnO particle, 
5.4 nm in diameter, and are from article III. 
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3 Theory and background; solar hydrogen 
production 

3.1 The fundamentals 
olar hydrogen production is about turning water into hydrogen and 
oxygen using sunlight according to Eqn. 3.1. The Gibbs free ener-
gy for the reaction is 237.18 kJ per mol produced H2, correspond-

ing to a thermodynamic reversible potential of 1.229 V.   
 

)()(2)(2 222 gOgHhlOH +→+ ν   (3.1) 

 
There are several approaches to perform this reaction, including, among 
outers: fermentation of biomass, thermochemical processes, and photobio-
logical production of hydrogen. In this thesis, the focus is directed towards 
photoelectrochemical cells (PEC-cells), based on inorganic materials, and 
PV-electrolysers.  
   The electrolysis of water is conceptually a simple process and has been 
known since 1801135. In the simplest case, it involves two metal rods in wa-
ter connected to an electrical power source. The energy entering the process 
is in the form of electricity which may come from renewable sources, like 
wind or photovoltaics. PEC-cells on the other hand, are usually perceived as 
the integrated combination of photovoltaics and electrolysis in the same de-
vice. The first results of solar water splitting using a PEC-cell were reported 
in a Nature article from 1972, by Fujushima and Honda, in which TiO2 was 
used as a photoanode for the oxygen producing half-reaction69. Since then, 
the idea has been that by integrating all the required functionalities into one 
monolithic unit, it may be possible to produce inexpensive and efficient de-
vices for solar hydrogen generation capable of competing on the open mar-
ket. So far, this has not been the case, mainly due to difficulties in finding 
suitable materials for the task.    
   At a first glance, these two approaches may appear to be fundamentally 
different. The PEC-cell represents a monolithically integrated device where 
all processes occur in a single module immersed in water. This approach has 
so far not been commercialized but interesting results have been reported in 
the literature, like for example the “artificial leaf” from the group of 
Nocera136,137, reaching 2.5% solar-to-hydrogen efficiency (STH-efficiency). 

S
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PV-electrolysis on the other hand represents a distributed solution with 
standalone PV-cells for efficient absorption and charge carrier separation, 
and separate catalysts for the electrochemical redox reactions. This approach 
is compatible with existing technologies, but has so far, due to cost and effi-
ciency concerns, had a limited commercial impact. In the literature, photoe-
lectrochemical water splitting and PV-electrolysis tend to be treated as two 
essentially different concepts and are seldom analysed in the same context, 
even if it happens occasionally138-141. These two approaches indeed have 
differences, but when analysed within the framework outlined below, these 
differences turn out to be quite small. We argue that with respect to the un-
derlying fundamental physical processes involved, the two concepts are best 
seen as subtle variations of the same basic theme. This point is illustrated by 
reviewing the equations describing the processes, and by manufacturing and 
demonstrating a series of devices, gradually and stepwise transforming a 
classical PEC-cell into a conventional PV-electrolysis setup. Based on this, 
we argue that much is to gain by recognizing the similarities between PEC-
cells and PV-electrolysers, as much knowledge could be directly transferable 
between the two approaches. 
   In this thesis, the problem of solar hydrogen production is analysed in 
terms of the fundamental processes involved and with respect to different 
device concepts. The process of splitting water into molecular hydrogen and 
molecular oxygen, using solar radiation, can conceptually be divided into the 
four fundamental processes of: charge carrier generation, charge carrier sep-
aration, charge carrier transport, and charge carrier transfer at the electrolyte 
interface. An external quantum efficiency, EQE, for the reaction can then be 
defined as in Eqn. 3.2, where ϕgen is the quantum yield for the charge carrier 
generation, or the light harvesting efficiency, λ the wavelength, ϕsep the 
charge separation efficiency, ϕtrans the charge transport efficiency, and ϕcat is 
the quantum efficiency of the catalytic charge transfer to the desired redox 

 
Figure 9. A sketch of the conceptual separation of the function in Eqn. 3.2: charge 
carrier generation (absorption), charge carrier separation, charge carrier transport, 
and charge carrier transfer (catalysis).  
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species in the electrolyte. These steps are also illustrated in Figure 9. This 
constitutes a fundamental framework used in the subsequent theoretical dis-
cussion.  
   

( ) ( ) ( ) cattranssepgenEQE φφλφλφλ =   (3.2) 

3.2 Separating the functions 
3.2.1 Charge carrier generation 

he first necessary requirement for a water splitting device is effi-
cient absorption of the incoming light in order to generate excited 
charge carriers. For a one band gap, single-cell device, there is a 

mismatch between the solar spectrum and the energetic requirements for the 
water splitting reaction, resulting in a fundamental efficiency problem.  
   The Gibbs free energy for the reaction in Eqn. 3.1 corresponds to a ther-
modynamic reversible potential of 1.229 V. In order to drive this reaction in 
practice, additional potential is needed due to losses associated with charge 
carrier separation, ηsep, transport, ηtrans, and catalysis, ηcat. The useful energy 
difference between the photogenerated electrons and holes in a semiconduc-
tor is the difference between the quasi Fermi levels for the electrons and 
holes under illumination, rather than the difference in energy between the 
band edges. This could be seen as the energy penalty for withholding the 
electric field separating the electrons from the holes. This loss, ηsep, is in the 
order of 0.4 V or more for most PV-materials142,143 and accounts for the dif-
ference between the band gap energy and the acquired photopotential under 
operation. For both the hydrogen and the oxygen evolution reactions (HER 
and OER), some overpotential is needed, representing a further source of 
potential loss, in addition to the losses encountered in a solar cell device. The 
magnitude of the required overpotential is highly depended on the choice of 
catalysts but a ηcat value below 0.4 V is hard to achieve. There will also be 
resistive losses, ηtrans, due to charge transport through the absorber, contacts, 
wires, interfaces, and in the electrolyte. The minimum band gap required for 
a one band gap, single cell device, Eg min, can thus be expressed as in Eqn. 
3.3. 
 

cattranssepgE ηηη +++= 23.1min   (3.3) 

 
Assuming that for a good material: ηsep = ηcat = 0.4 V and ηtrans = 0 V, this 
gives a minimum band gap of around 2 eV. This is commonly stated as the 
minimum requirement for a one band gap, single-cell, water splitting 
device144-146, even if higher values also are mentioned141,147,148. This value is 

T 



 40 

considerably higher than the 1.35 eV that is optimal for power conversion 
under the AM 1.5 solar spectrum142. This discrepancy, which is illustrated in 
Figure 10.a, is an inherent problem for single-material monolithic PEC-cells.  
   The photocurrent, Jph, that can be generated from a single cell device is a 
direct function of the band gap, Eg, and is given by Eqn. 3.4 where E(λ) is 
the spectral photon flux, h Planck’s constant, and c the speed of light.    
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The optical limit of the device is given by assuming an EQE of unity and 
using the AM 1.5 G spectrum for E(λ). This is given as a function of band 
gap in Figure 10.b, together with values for several well studied semiconduc-
tors. For a faradic efficiency of 100%, the photocurrents are easily translated 
into an STH-efficiency by multiplication by the reversible potential of 
1.23V.  
   Not only Eg min in Eqn. 3.3, but also the positions of the band edges are of 
importance. For a PEC-cell, these must straddle the redox levels for water, as 
illustrated in Figure 10.c. This introduces additional constraints and further 
narrows down the set of semiconductors with suitable optical properties that 
could be of interest. 
   A strategy to circumvent the problem with the solar spectrum mismatch 
encountered for one band gap, single-cell, devices, is to construct tandem 
devices, where two or more semiconductors with different band gaps are 
stacked on top of each other. The top cell, with a higher band gap, then ab-
sorbs the more energetic photons, whereas the bottom cell absorbs the pho-
tons with longer wavelengths. This is the standard solution to the solar spec-
trum mismatch problem. A tandem cell can absorb a greater part of the solar 
spectrum compared to one band gap devices; at the same time as a sufficient-
ly high photopotential can be generated. The photocurrent, Jphoto, and pho-
topotential, Vphoto, of a two band gap tandem device is given by Eqn 3.5-6. 
The optical limit, under AM 1.5 illumination, of such a device is given by 
assuming EQE1 = EQE2 = 1, E1 = AM 1.5, and that the top cell absorbs all 
light above the threshold given by the band gap but no light of lower energy. 
The numbers obtained in this calculation are given in Figure 11.a. From the 
data, it is obvious that a tandem device has a greater potential for solar water 
splitting than a one band gap, single-cell, device.    
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For these devices, the position of the conduction band of one of the semi-
conductors needs to be higher than the reduction potential of water, and the 
valence band edge of the other semiconductors must be lower than the oxi-
dation potential of water, as illustrated in Figure 11.b. This limits the number 
of possible pair-wise combinations of different materials  
   Another approach to solve the solar spectrum mismatch problem is to in-
terconnect several one band gap cells in series. In this way, semiconductors 
with lower band gaps can be used while still providing the necessary pho-
topotential to drive the full reaction. The photocurrent for a device with cells 
interconnected in series is given by Eqn. 3.7, where n is the number of inter-
connected cells. The corresponding photovoltage is n times the photovoltage 
of the single cells. Modules of cells interconnected in series can utilize effi-
cient low band gap absorbers, and put lower demands on integration of dif-
ferent semiconductors compared to tandem concepts. 
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Figure 10. (a) Photon flux in the AM 1.5 G solar spectra as a function of photon 
energy, illustrating the loss for a photoabsorber with a band gap of 2.0 eV compared 
to the ideal case. (b) Optical limit for internal photocurrent as a function of band gap 
for a one band gap, single-cell device. (c) Relevant energy levels for a one band gap, 
single-cell material driving overall water splitting. 
 

 
Figure 11. (a) Optical limit for the internal photocurrent in mA/cm2 as a function of 
the band gaps for a two-cell tandem device. (b) Relevant energy levels for a two-cell 
tandem device for overall water splitting. (c) Optical limit for the internal photocur-
rent as a function of band gap for various numbers of one band gap cells intercon-
nected in series. 
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An estimation of the minimal band gap, as a function of the number of cells, 
is given by Eqn. 3.8.  
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With the same assumptions as above, (EQE = 1,  ηsep = ηcat = 0.4 V and ηtrans 
= 0 V), the optical limit as a function of band gap is plotted in Figure 11.c. It 
is obvious that devices with two or three cells have a superior optical limit 
compared to the one cell design. More cells also give the benefit of higher 
tolerance for potential losses, as the photocurrent decreases slower with in-
creased band gap if more cells are interconnected in series.  
   The optical limit for several different concepts and material combinations 
has been compared and the results are summarized in Table 1. By comparing 
the numbers, it is seen that the single-cell, one band gap devices have a rea-
sonably high theoretical potential but rather few real results have been re-
ported. The tandem concepts have higher theoretical potentials and several 
proof-of-concept devices with promising efficiencies have been demonstrat-
ed in the literature. For the concept with cells interconnected in series, the 
theoretical potential is somewhat lower compared to tandem concepts and 
much less work has so far been presented on these. The best results for series 
interconnected cells is to our knowledge the ones reported in article X where 
STH-efficiencies as high as 10.5 % were demonstrated with three CIGS-cells 
interconnected in series. This value is not that far below the results for the 
best demonstrated tandem concepts. 
 
Table 1. Comparison of the optical limit for different concepts under the assumption 
that EQE = 1,  ηsep = ηcat = 0.4 V and ηtrans = 0 V. Reported results for the full reac-
tion are also given where such have been found. 
System Eg [eV] Jmax 

[mA/c
m2] 

STHmax 
[%] 

Jreal 

[mA/cm
2] 

STHreal [%] 

1 cell SrTiO3 3.4 0.60 0.74 >0.06 >0.07 ref149 
1 cell TiO2 3.0 1.85 2.28 - - 
1 cell WO3 2.6 5.05 6.21 - - 
1 cell Fe2O3 2.1 12.5 15.4 - - 
1 cell ideal 2.0 14.5 17.8 - - 
2 cells CdTe 2.9 (2·1.44) 15.6 19.2 - - 
2 cells ideal 2.4 (2·1.2) 20.0 24.6 - - 
3 cells CIGS 3.6 (3·1.2) 13.3 16.4 8.5 10.5 ref150 
3 cells Si 3.3 (3·1.1) 14.7 18.1 - - 
3 cells ideal 2.8 (3·0.94) 17.3 21.2 - - 
4 cells ideal 3.2 (4·0.80) 13.6 16.7 - - 
Tandem Fe2O3/DSC 4.5 (2.6+1.9) 4.98 6.13 2.5 3.1 ref151 
Tandem GaInP2/GaAs 3.25 (1.83+1.42) 13.3 16.4 11 13.5 ref152 
Tandem ideal 2 cells 2.48 (1.59+0.90) 26.0 32.0 - - 
Tandem BiVO4/2-jn a-Si 3.5 (2.4+1.1) 7.47 9.19 4.0 4.9 ref153 
Tandem 3-jn a-Si    6.4 7.8 ref154 
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3.2.2 Charge carrier separation 
n order to perform useful work, the photogenerated electrons in the 
conduction band need to be separated from the photogenerated holes 
in the valence band before they recombine. This separation of charge 

carriers is intimately linked with charge carrier transport, for which there are 
two main mechanisms; drift and diffusion. The electron drift current, Jdrift, is 
a consequence of mobile electrons in an electric field, ξ, whereas the diffu-
sion current, Jdiff, is a consequence of concentration gradients. The total elec-
tron current, Je, is the sum of these two contributions, as given by Eqn. 3.9 
where q is the elementary charge, µe the electron mobility, n the concentra-
tion of electrons in the conduction band, De the diffusion coefficient of the 
electrons, and ∇ is the nabla operator. The transport of holes is analogous. 
 

nqDnqµJJJ eediffdrifte ∇+=+= ξ   (3.9) 

 
A common absorber morphology investigated for solar hydrogen production 
is nanoporous systems. These electrodes have a large internal surface area 
and in many cases dimensions small enough to prevent an electric field to 
build up within the individual building blocks of the electrode. For the 
smallest dimensions and for materials with low dielectric constant, there is 
thus no, or very little, band bending155. This has the consequence that diffu-
sion, as illustrated in Figure 12.a, is the dominating mechanism for charge 
carrier separation. For this to work, the positive and negative charge carriers 
need to be shielded from each other, which is something that is facilitated by 
a large dielectric constant.     
   In dye sensitized solar cells, the initial charge separation mechanism is 
slightly different. The charge carriers are there generated in a dye-monolayer 
at a semiconductor-electrolyte interface and separated by injection of the 
electron into the semiconductor electrode. This is facilitated by a spatial 
separation of the HOMO and LUMO levels in the dye, leading to a push-pull 
mechanism for charge separation156,157. 
   Once a semiconductor is immersed in an electrolyte, an electric field will 
form at the interface which could be used for charge carrier separation, as 
illustrated in Figure 12.b. This field is a consequence of the equilibration of 
the Fermi levels in the two phases and is described in terms of a double lay-
er. The electrolyte side of the double layer was first described by 
Helmholtz158 and the modern description is based on an inner- and an outer 
layer159. The inner layer, called the Stern layer, has ions physically attached 
to the surface, forming a stagnant layer where the surface potential, referred 
to as the Stern potential, can be measured. The diffuse outer layer, or Gouy-
Chapman layer, is located outside the Stern layer and has an exponentially 
declining potential160. On the semiconductor side, the effect can be described 
in terms of band bending161. For a p-type semiconductor, the Fermi level is 

I 
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normally located below the dominating redox potential in the electrolyte. 
The Fermi level equilibration then results in a downward band bending ac-
companied by the build-up of an electric field in the semiconductor. The 
shape of the electric field can be given by solving Poisson’s equation (Eqn. 
3.10) where ρ is the charge density and ε the permittivity. This can be solved 
together with the current density equation (Eqn. 3.9) and the continuity equa-
tions (Eqn. 3.11) where U is the rate of recombination and G is the rate of 
generation of charge carriers.  
 

ε
ρξ =⋅∇     (3.10) 

 
( )GUqJe −=⋅∇    (3.11) 

 
For semiconductor devices, additional contributions to the charge density are 
given from doping due to acceptors, Δρ=q·NA or donors Δρ=q·ND, where NA 
and NB are the doping densities of the acceptors and donors, respectively. 
The exact solution can be found numerically but the depletion approximation 
is the commonly used approach. The semiconductor is then conceptual di-
vided into one quasi-neutral region with a space charge density of zero, lo-
cated in the interior of the semiconductor, and one depletion region in con-
tact with the electrolyte, with a small carrier concentration equal to the con-
centration of ionized dopants. Within this approximation, which will give a 
numerically reasonable description of the reality, the electric field in the 
semiconductor is simply a linear function, going from a maximum value, 
ξSEI, at the semiconductor electrolyte interface (SEI), to zero at the end of the 
depletion region, Wd. In the one dimensional case, this it described by Eqn. 
3.12 where x is the distance from the SEI directed into the semiconductor.  
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Both the value of ξSEI and the width of the depletion layer will be a function 
of the permittivity of the semiconductor, the doping density, the energy dif-
ference between the Fermi level in the semiconductor, the redox potential in 
the electrolyte, and to some extent also on the electrolyte concentration and 
specific absorption of charged species in the SEI. The width of Wd for planar 
electrodes can easily be measured electrochemically using the Mott-Shottky 
method162,163. The fundamentals of the electrostatic behaviour in the SEI can 
be found in for example Bard et al.164 and quantum mechanical considera-
tions have been discussed in Bockris and Kahn165.  
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The electric field will facilitate the separation of photogenerated charge car-
riers generated in the depletion layer. For a p-type semiconductor, the elec-
trons will be transported out to the SEI as illustrated in Figure 12.b, while 
the reversed situation is obtained for n-type semiconductors. For PEC-cells, 
this is usually the dominant mechanism for charge carrier separation, and 
will henceforward be referred to as the Helmholtz mechanism of charge 
carrier separation. For nanostructured electrodes, this mechanism will lose in 
importance as the dimensions of the individual building blocks decrease and 
diffusion gradually becomes the more dominant mechanism.   
   An electric field and a depletion layer for charge carrier separation can also 
be created by engineering of a solid state pn-junction, as illustrated in Figure 
12.c. This is the preferred mechanism in conventional solar cells, and both 
homogeneous and heterogeneous pn-junctions can be used. The electric field 
in the semiconductor will in the depletion approximation be described by the 
same equation (Eqn. 3.12) as for the Helmholtz mechanism. There are prac-
tical differences between these two mechanisms, but fundamentally, they are 
rather similar and any increased electron drift current in Eqn. 3.9 comes in 
both cases from the local fields induced from changes in the charge density 
in the vicinity of the junction. The Helmholtz-approach could thus be viewed 
as a solid-liquid analogue to the solid-solid pn-junction. In both cases, pho-
togenerated charge carriers are separated by an electric field, developed as a 
result of a charge imbalance at an interface, described by the same equations. 
The difference is the aggregation states of the phases meeting at the interfac-
es and if the charge imbalance is created by ions or dopants. These two ap-
proaches for charge separation do, however, give rise to a set of rather dif-
ferent practical implications as will be discussed below.  
   The Helmholtz-approach depends on fewer layers in the solid state device, 
and would thus presumably allow for simpler syntheses. It is also more com-
patible with nanostructured electrodes, as a smaller set of manufacturing 
techniques are available for synthesizing nanostructure solid state pn-
junctions. On the other hand, the Helmholtz-approach is more dependent on 
the nature of the electrolyte and does not give the same flexibility in terms of 
separation of the basic functionalities as the pn-junction provides.  
 

 
Figure 12. Charge separation by: (a) Diffusion, (b) The Helmholtz mechanism and 
(c) A solid state pn-junction 
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Regardless of the mechanism for charge carrier separation, there are two 
distinct types of losses associated with this process. The first is a loss in pho-
tocurrent due to recombination, manifested by a lower quantum efficiency, 
ϕsep in Eqn. 3.1. The second is a loss of photopotential, corresponding to ηsep 
in Eqn. 3.3, which has a direct effect on the optical limit and the amount of 
driving force remaining for the catalysis, ηcat, as is discussed in Section 3.2.1.        

3.2.3 Charge carrier transport 
nce the photogenerated charge carriers are separated, they need to 
be transported to the electrolyte interface where the redox chemis-
try occur. This could either be done by drift due to an electric field, 

or by diffusion due to a concentration gradient. To close the circuit, ion 
transport in the electrolyte is also required.     
   Analogous to the charge carrier separation discussed above, there are both 
photocurrent and photovoltage losses associated with the charge carrier 
transport. The loss of photocurrent is due to recombination, scattering, and 
non-radiative transitions, which all decrease the transport quantum efficien-
cy, ϕtrans, in Eqn. 3.1. This can occur in the bulk of the semiconductor, but 
defects, grain boundaries, and interfaces commonly act as main recombina-
tion centres. In many cases, this is the dominant loss mechanism in research 
devices. The photovoltage is subjected to losses as a consequence of re-
sistance, Rx, in the absorber material but also at every interface, at the back 
contact, in wires, and in the electrolyte, as illustrated in Figure 13.a. On an 
atomic scale, this can be ascribed to poor overlap between the orbitals in-
volved in the charge transport, and various defect states acting as recombina-
tion centres. Without going into the details of the quantum mechanical 
mechanisms, the macroscopic potential loss corresponding to ηtrans in Eqn. 
3.3 can be expressed as Eqn. 3.13, which runs over all n materials and inter-
faces and where y represents the geometrical path of the current, Jpx, and 
where the current dependence of the resistances accounts for non-ohmic 
behaviours.  
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According to Eqn. 3.3, a larger potential loss, ηtrans, yields a lower remaining 
driving force for catalysis, ηcat; or if unavoidable, a demand for a higher  
Eg min.  
   The distance of charge transport could differ by several orders of magni-
tude for different device configurations. In nanoparticle monoliths, the dis-
tance of charge transport can be as short as a few nanometres. In monolithic 
devices, it is usually in the order of 1 to 50 µm. For concepts based on sepa-
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rated electrodes, the distance is usually in the order of centimetres to decime-
tres, and for PV-electrolysers it could span from a few centimetres to hun-
dreds of kilometres. From grid scale power transmission, it is known that 
losses can be reasonable small also over large distances. The current 
transport will ultimately be limited by the most resistive component, or 
where the recombination is highest. Recombination is often due to either 
defects or grain boundaries in the absorber material, or at some of the inter-
faces between the interior of the absorber and the electrolyte.    
   A method for partially modifying the transport in the absorber material is 
to alternate between front side and back side illumination. Back side illumi-
nation prevents absorption from the catalyst on the electrode surface and 
leads to shorter transport lengths of the majority carriers, as they to a larger 
extent will be formed in the vicinity of the back contact. This requires the 
back contact to be transparent. Front side illumination on the other hand 
facilitates the transport of minority carriers out to the electrolyte interface, 
which tends to be more problematic than the transport of majority carriers. 
What is most advantageous depends on the device design and the materials 
in the particular system.   
   The demand for good transport properties in the absorber material corre-
lates with the demand for absorption in the sense that a low absorption coef-
ficient requires thicker layers for sufficient absorption. This increases the 
demand for good transport properties and longer lifetimes of the photo-
generated charges in the absorber material, leading to high demands in puri-
ty, as is exemplified in the case of single crystal silicon solar cells. Several 
semiconductors of potential interest for solar hydrogen production, like 
Fe2O3

72,74, suffer from poor transport properties in relation to the absorption 
depth; especially of the holes. A common strategy to circumvent this prob-
lem is to orthogonalize the process of absorption and transport as illustrated 
in Figure 13.b, and a lot of focus has been directed towards this in the litera-
ture.    

 

 
Figure 13. (a) Illustration of resistive elements in a PEC-cell with a photoactive 
cathode and separate electrodes. (b) Illustration of orthogonalization of absorption 
and transport in a core shell nanorod photoanode.   



 48 

3.2.4 Charge carrier transfer 
hen the charge carriers have reached the semiconductor interface, 
a catalytic pathway for the desired redox reactions is required. 
The overall water splitting reaction in Eqn. 3.2 is the result of 

two half-reactions: the oxidation of oxygen in water in an oxygen evolution 
reaction, OER, for which the corresponding reduction is given in Eqn. 3.14,   
 

NHEvsVEOHeHO 23.1244 022 =→++ −+  (3.14) 

 
and the reduction of hydrogen in water in a hydrogen evolution reaction, 
HER, according to Eqn. 3.15. 
 

NHEvsVEHeH 0244 02 =→+ −+  (3.15) 

 
The latter reaction is also the basis for the standard potential scale used in 
electrochemistry. The OER involves the release of four electrons, proton 
transfer, and the formation of an oxygen double bond. It is consequently the 
most demanding of the two half-reactions. The HER is dependent on the 
available amount of protons from the electrolyte and the access to electrons 
from the catalyst in order to form hydrogen single bonds.  
   The quantum efficiency of the catalysis, ϕcat in Eqn. 3.1, can be divided 
into one quantum efficiency for the hydrogen evolution reaction, ϕHER, and 
one for the oxygen evolution reaction ϕOER, as in Eqn. 3.16.   
 

OERHERcat φφφ ⋅=    (3.16) 

 
At the SEI, the oxidation and reduction of water are only two of several pos-
sible competing processes, where alternative pathways involve recombina-
tion, non-radiative relaxation via surface states, corrosion of the photoelec-
trode, and side reactions in the electrolyte. All of these alternative paths de-
crease ϕcat. Side reactions in the electrolyte could be minimized with the use 
of a suitable electrolyte. Electrode corrosion and non-radiative recombina-
tion are, however, serious problems for many investigated materials. 
   Associated to the catalysis is also a substantial overpotential loss, ηcat, 
which could be divided into separate components for the OER and the HER, 
as in Eqn 3.17 and illustrated in Figure 14.a.        
 

OERHERcat ηηη +=    (3.17) 

 
There are several different mechanisms behind these overpotentials, includ-
ing contribution from electron transfer kinetics and mass transport limita-
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tions. The kinetic contribution can, as a first approximation, be described 
within the framework of Butler-Volmer kinetics, which for the HER is given 
by Eqn. 3.18, where j0 is the exchange current, β the symmetry parameter, F 
faradays constant, T absolute temperature, and n the number of electrons 
involved in the reaction. 
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An analogous expression holds for the OER. The functional behaviour of 
this overpotential is shown in Figure 14.b, using tabulated values for plati-
num160 which is known to be a good catalyst for the HER. The overpotential 
for the full reaction, based on an ideal distribution of the available driving 
force between the HER and OER, is given as a function of current density in 
Figure 14.c. The required driving force increases for increased current densi-
ties. Bio-inspired catalysts for water splitting are sometimes praised for their 
low overpotential, but as they tend to be rather inefficient in terms of the 
EQE in Eqn. 3.1, the overall efficiency will still be low as illustrated in Fig-
ure 14.c since a low current density naturally gives a low overpotential.   
  In the ideal case, the photoabsorber is a good catalyst in itself. The severe 
constraints set upon the photoabsorber makes this an unlikely possibility. A 
more versatile approach is instead to co-deposit catalytic particles or employ 
separate catalysts. The catalysts that historically have been demonstrated to 
have the lowest overpotentials and highest exchange currents unfortunately 
involve rare and expensive noble metals, like: platinum, iridium, and ruthe-
nium. A common research approach is to use platinum or platinum nanopar-
ticles as catalysts while demonstrating proof of concepts, or while specifical-
ly investing absorption, charge carrier separation, or the transport 
properties153,166. In future commercial devices, more earth abundant and low 
cost alternatives are, however, clearly needed.    
    

 
Figure 14. (a) Illustration of ηcat separated into different contributions. (b) Butler-
Volmer kinetics for HER and OER on Pt in 1M H2SO4. Values from Hamman160 
(for HER j0 = 1mA/cm2, β = 0.5, n = 2 and for OER j0 = 1·10-3 mA/cm2, β = 0.75, n 
= 4). (c) ηcat for the full reaction on Pt according to (b) as a function of the current 
density. 
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The reduction process involves the transfer of two electrons for one hydro-
gen molecule and has a rather low overpotential on platinum. Examples of 
alternative hydrogen evolution catalysts, HEC, discussed in the literature 
include, for example: nanocrystaline MoS2

167
 and NiMoZn137. The water 

oxidation reaction, which is a four-electron process, is a more challenging 
reaction to efficiently catalyse and hence demands higher overpotentials. 
Examples of oxygen evolution catalysts, OEC, explored in the literature 
include, among others: cobalt-phosphate168,169, amorphous FeCoNiO170, and 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ

171. It is still an open question which catalyst that in the 
end will turn out as the most competitive alternative in terms of both cost 
and efficiency.   
   Catalysts can either be deposited on top of the absorber material or on sep-
arate electrodes. The importance and consequences of the spatial relation 
between the photoabsorber and the catalyst yield a rather different set of 
constraints and possibilities, as will be discussed in some detail in later sec-
tions.   

3.3 Concerning efficiencies 
he most important parameter when evaluating the potential of dif-
ferent approaches for water splitting is the overall efficiency. In the 
literature there is, however, a multitude of different ways to meas-

ure the efficiency, giving different values, demonstrating different aspects of 
the process. The most straightforward and preferred measure is the solar-to-
hydrogen efficiency, STH, which is the chemical energy in the extracted 
hydrogen gas divided by the incident solar energy. This is defined in Eqn. 
3.19, where Pout is the energy in the hydrogen, Pin is the incident solar light, 
n’ the rate of hydrogen generation, and A denotes the illuminated area.  
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It is important to note that to obtain meaningful values for comparisons, this 
should be measured without external bias in a two-electrode configuration 
(i.e. no reference electrodes), under standardized AM 1.5 illumination. The 
flow of hydrogen can be measured with gas chromatography, mass spec-
trometry, or with volume displacement methods. A good overview of the 
question of efficiency measurements is given by Chen et al.172.    
   Instead of measuring the amount of hydrogen directly, the photocurrents 
can be measured which gives the STH-efficiency according to Eqn. 3.20.  
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A problem with Eqn. 3.20 is that the photocurrent usually measured, Jph_m, 
does not take into account parasitic reactions at the SEI, and thus represents 
the maximum possible efficiency. The expression in Eqn. 3.21 can instead 
be used, where ϕcat, now corresponds to the faradic efficiency.  
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The situation for working devices for the full water splitting reaction is rea-
sonable straightforward, but the same cannot be said for the half-reactions 
which often are investigated. Photoelectrodes not capable of driving the full 
reactions have no true STH-efficiencies, but still need to be evaluated. 
Measuring absorption gives ϕgen, and Eg. Measuring the current as a function 
of potential in the dark using a three-electrode setup gives an idea of ηcat. 
Comparing currents as a function of potential in the dark with currents 
measured under illumination gives Eg – ηsep – ηtrans. Using an effective hole or 
electron scavenger in the electrolyte, the photocurrent gives a measure of the 
product ϕgenϕsepϕtrans. A useful measure is to give the extracted current, I, as a 
function of applied potential, Vapp, with respect the potential of a given refer-
ence electrode, as defined by Eqn. 3.22 where ΔV is the difference in poten-
tial, for a given current, in the dark and under illumination.  
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This does not give a true value of the efficiency for the half-reaction, but by 
using data for two different cells for the different half-reactions, a fair esti-
mate can be given for what could be expected in terms of efficiency for the 
full reaction if the two cells were combined.  
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3.4 Design concepts 
3.4.1 Monolithic PEC-cells 

orn in the aftermath of the 1972 Nature article by Fujishima and 
Honda69, demonstrating photodriven water oxidation on TiO2 by 
using a small bias, is the dream of a single material PEC-cell, ca-

pable of driving both photooxidation and photoreduction of water without an 
external bias. The concept is illustrated in Figure 15.a and is appealing in its 
apparent simplicity. It is a single material that, while illuminated in water, 
generates hydrogen and oxygen. 
   The multiple constraints set upon such a material are rather demanding. 
The band gap needs to be high enough to provide sufficient overpotential, 
but still small enough to allow absorption of a large part of the solar spec-
trum. In addition, the absolute positions of the band edges need to straddle 
the redox levels for the oxidation and reduction of water in order to provide 
a driving force for the overall reaction, as illustrated in Figure 10.c. This 
disqualifies many otherwise interesting materials. 
   The material further needs to be engineered with a mechanism for separa-
tion of the photogenerated charge carriers, as well as for charge carrier 
transport out to the electrolyte interface without recombination. The semi-
conductor interface further needs to be catalytic with respect to both oxida-
tion and reduction of water, as well as being stable in water under illumina-
tion. It is also highly preferable if the material is non-toxic and based on 
inexpensive and abundant elements. 
   Much research has been directed towards the search for such a material, 
and hundreds of compounds have been investigated with this in mind173-175.  
Combinatorial methods have also been utilised in this search176-178. So far, no 
material performing well in all the fundamental steps has been presented. 
Given the set of constraints mentioned above, it is unlikely that such a mate-
rial will ever be discovered.  
   If the device instead is constructed using several different materials, the 
demands on each individual compound weakens as it is the combination, and 
not all the materials by themselves, that needs to perform well in the four 
fundamental processes. This represents a conceptual separation of the active 
functionality into different materials and has proven a far more efficient 
approach for developing working devices.     
   Several design concepts for monolithic devices involving the combination 
of different materials are explored and discussed in the literature. One possi-
ble approach is the synthesis of an ensemble of monoliths in the form of 
suspended nanoparticles174,179,180, as illustrated in Figure 15.b. This is a solu-
tion appealing in its apparent simplicity, with no need for electrodes, wiring 
or compartmentalization. It is also compatible with scalable and potentially 
low cost sol-gel synthesis techniques. The small dimension of the particles 
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enables diffusion to be a sufficient mechanism for both charge carrier sepa-
ration and transport. To increase the catalytic activity of the surface, which 
not likely is catalytic with respect to both the oxidation- and the reduction 
reaction, a co-catalyst can be deposited on the surface. It is even possible to 
imagine two different co-catalysts as in Figure 15.b, even if that represents a 
greater practical challenge. A possible drawback with this design is that ox-
ygen and hydrogen are evolved at essentially the same place, leading to non-
negligible problems with the back reaction as well as an unavoidable need 
for a subsequent separation step of the evolved gases. The spatial limitation 
in the small particles implies challenges regarding the separation of the basic 
functionalities, leading to severe restrictions on the materials involved even 
though less so than for the single material monoliths.   
   Another possible monolithic design is to construct multi-layered elec-
trodes, as illustrated in Figure 15.c. This approach is compatible with pure 
PEC-cells, buried PV-junctions as well as with PV-electrolysis. It is also 
compatible with a rather large set of synthesis techniques, involving: sol-gel, 
electrodeposition, spray pyrolysis, and vapour deposition techniques like 
ALD, CVD, and PVD. The larger dimensions involved, compared to the 
suspended nanoparticle approach, increase the flexibility in terms of possible 
materials that can be used and how they could be combined. Several differ-
ent working devices along this line have been reported in the literature, like 
for example: the 2.5 % efficient “artificial leaf” from the group of Nocera et 
al.137, and the 10 % efficient CIGS-based device discussed in article X.  

 

 
Figure 15. (a) A single-material one cell PEC-device. (b) Basic principle of solar 
water splitting with suspended nanoparticles with two different co-catalysts. (c) 
Single-cell monolith for unassisted water splitting based on one photoabsorber and 
two different catalysts. 

3.4.2 PEC-cells with separate electrodes 
 small conceptual step away from the multi-layered monolithic 
structure in Figure 15.c is to spatially separate the cathode from the 
anode. Instead of letting the majority carriers generated in the ab-

sorber material go through a back contact to a second electrode, they can be 
transported by use of a wire from the back contact to the counter electrode, 
as illustrated in figure 16.a. In terms of the fundamental processes, it is only 
the distance of charge transport that separates the two concepts. This intro-
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duces the disadvantage of macroscopic wiring to connect the individual elec-
trodes and an extra resistive element that directly can affect ηtrans and ϕtrans. 
More important is, however, the increase in flexibility in terms of: geomet-
rical configurations, synthesis procedure, and the number of materials that 
can be used, that is introduced via this topological transformation. The dif-
ferent electrodes can, for example: be developed, manufactured, and investi-
gated separately. All this have potential beneficial impacts on device per-
formance. 
   It turns out that the most efficient devices described in the literature belong 
to this class of devices, like for example: the 7.8 % efficient cell based on 
triple junction amorphous silicon from Rocheleau et al.154,  the 12.4 % cell 
based on GaInP2/GaAs from Khaselev and Turner et al.181, and the 10.5 % 
cell based on CIGS described in article X. An illustration of the benefit of 
this approach is given by the “artificial leaf” of Nocera et al.136,137, which 
increased its efficiency from 2.5 % to 4.5 % while taken from a monolithic 
design into one with separate electrodes137. This was probably mainly a re-
sult of transport limitation in the electrolyte. These devices are usually de-
scribed as PEC or PV/PEC devices.  
   There are several different versions of this concept. The most straightfor-
ward design is one photoactive electrode and a counter electrode with solely 
a catalytic function, as in Figure 16.a. It could be either an n-type semicon-
ductor photoanode, as in Figure 16.a, or a p-type photocathode. It is also 
possible to construct the single photoactive electrode in the form of a tandem 
cell, as was used in devices described by for example Khaselev et al.152,181 
and Recee et al.137.   
   A somewhat more elaborate approach is to use two photoactive electrodes, 
as in Figure 16.b, which essentially represents a spatially separated tandem 
concept. There are several examples of such devices described in the litera-
ture, like for example: a 4.9 % device based on BiVO4 and 2-jn a-Si devel-
oped by Abdi et al.153 and a 3.1 % device based on WO3 and a dye sensitized 
solar cell presented by Brillet et al.151. 
 

 
Figure 16. (a) A one-cell PEC with separated electrodes. (b) A two-cell tandem PEC 
with separate electrodes. (c) Standard three-electrode setup for a single-cell PEC-
device for the H2 half-reaction. 
 
 



 55

From a research perspective, geometries with spatially separated electrodes 
have the additional advantages of enabling investigation and optimization of 
the two half-reactions independently, using conventional three-electrode 
measurements as in Figure 16.c. This is reflected in the fact that the vast 
majority of articles on solar water splitting concern themselves with investi-
gation of half-reactions. This is because half-reactions are simpler to investi-
gate than the full reaction, and are more compatible to the isolation and 
study of more fundamental aspects of the process. The macroscopic charge 
transport, for example, enables the efficiency to be extracted from the photo-
currents, which is simpler to measure than the flow of the generated molecu-
lar hydrogen. It is also believed that once efficient materials for the two half-
reactions are found, it should in principle be possible to combine them into a 
device for the overall reaction. Examples of materials that have generated a 
lot of interest in the literature for the half-reactions are Fe2O3

71,74, TiO2
182,183, 

WO3
184,185, BiVO4

186,187, ZnO188, and Cu2O
166,189 to mention just a few.  

3.4.3 PV-electrolysis 
ne step away from the monolithic design in Figure 15.c is to spa-
tially separate one of the catalysts from the photoelectrode into a 
separate electrode, as shown in Figure 16.a. A simple conceptual 

extension is to separate also the second catalyst from the photoabsorber, 
resulting in a configuration with three parts as in Figure 17.a. The photoelec-
trode could be placed either within the electrolyte or outside it, where the 
later configuration in most cases would be the more convenient choice. This 
approach would be described as PV-electrolysis. 
   Water electrolysis has been known since 1801135 and in its simplest form it 
only involves a power source connected to two metal electrodes in a con-
ducting electrolyte. Any power source could be used, but for sustainable 
hydrogen production in the TW scale, only solar and wind are realistic op-
tions52. Of the various investigated approaches to solar hydrogen production, 
PV-electrolysis is the technologically most mature solution and the one clos-
est to the market. This is due to the fact that the PV-part and the catalysts can 
be developed, optimized, and tested independently of each other. Both solar 
cells and water electrolysers are commercially available and could be con-
nected either directly, as in Figure 17.a., or through the grid, as in Figure 
17.b.  
   If connected to the grid, the losses in the power lines towards the end user 
is typically in the order of 7 %190, resulting in a transmission efficiency of 93 
%. Conventional electrolysers often use expensive noble metals for the ca-
talysis, and to balance the associated capital cost they are typically operated 
at high current densities. This inevitably leads to rather high overpotentials, 
even for good catalysts, and the electrolysers commonly operate above 1.8 
V. This corresponds to an efficiency of 68 %, using the lower heating value 
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of hydrogen. The figures for alkaline electrolysers are roughly within the 50-
70 % span139,191 whereas solid polymer and solid oxide electrolysers have the 
capacity to be somewhat more efficient139,192. A 15 % efficient solar cell will 
thus correspond to a STH-efficiency of 9.5 % (15·0.93·1.23/1.8). This is an 
estimate of what is readily achievable and could certainly be improved with 
further optimization. These systems are thus capable of STH-efficiencies 
high enough to be of technological relevance, and it turns out that cost rather 
than efficiency has been hampering them from commercial success. Within 
the contemporary energy system, steam reforming of natural gas is still a 
cheaper alternative for hydrogen production. This may, however, change as 
the cost of solar cells has dropped substantially over the last years, and sili-
con solar cells begin to reach grid parity in parts of the world193,194. The bot-
tleneck then more shifts towards cost and efficiency of the catalysts.  
    If the solar cell is connected directly to the electrolyser instead of provid-
ing power over the grid, the need for inverters and the losses in the grid are 
removed. This also reduces some of the balancing of system costs, both on 
the solar cell and the electrolyser side, making it possible to get closer to 
economical competiveness. A drawback would be that the electrolyser will 
be driven by a more variable power source, leading to less optimal use of the 
electrolyser, possibly counter benefiting the advantage of excluding the grid 
and the inverters. 

 

 
Figure 17. (a) PV-electrolysis configuration. (b) Grid connected PV-electrolysis. 
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4. Synthesis 

4.1 Synthesis of ZnO particles 
n order to investigate the properties of nanoparticles, they need to be 
obtained in one way or another. ZnO have been studied to quite a 
large extent and several different approaches to synthesis of ZnO na-

noparticles can be found in the literature. In this work, the synthesis is based 
upon a method originally developed by Sphanhel and Anderson88. This was 
later modified and refined by Meulenkamp89, and now also by us. 
   The particles were synthesized by a wet chemical method based on hy-
drolysis in alkaline zinc acetate solution. In the standard case, 2.5 mmol 
Zn(OAc)2 · 2H2O was dissolved in 25 ml of boiling ethanol under vigorous 
stirring during approximately one minute. The solution was subsequently 
cooled to room temperature and mixed with a solution containing 3.5 mmol 
LiOH · H2O dissolved in 25 ml ethanol. When the two solutions were mixed, 
ZnO quantum dots began to nucleate and grow, as illustrated in Figure 18.a. 
The particle growth can be monitored, in situ, by measuring the band gap 
shift with UV-vis spectroscopy, as illustrated earlier in Figure 2.  
   The growth dynamics of the nanoparticles is interesting in itself, and clues 
regarding the growth mechanisms involved can be obtained with time re-
solved UV-vis spectroscopy, which is described in Section 6.2. Several char-
acterization techniques and applications do, however, demand the particles 
to be immobilized on suitable substrates. This was achieved by depositing 
thin films of particles. At certain times, a small volume of the solution with 
growing particles was used to deposit films with particles of distinct sizes. 
2.5 ml of the reaction solution was then mixed with approximately 5 ml hex-
ane, which decreases the solubility of the particles and induces agglomera-
tion and precipitation. In order to speed up the sedimentation, the solution 
was centrifuged at 5000 rpm for five minutes. The precipitated particles 
were easily redispersed in either ethanol or methanol. They can then be pre-
cipitated, washed and redispersed again. Methanol works better than ethanol 
and approximately 0.05 ml (one drop) of methanol is enough to redispers the 
particles from 2.5 ml of original particle solution. To improve the redisper-
sion, the methanol solution was ultrasonicated for three minutes. 
   Several different approaches to film formations were tested, including: dip 
coating, drop coating, spin coating, and doctor blading. The smoothest and 
most homogeneous films were obtained using doctor blading. The substrates 
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used for most applications were fluorine doped SnO2 (FTO), Pilkington TEC 
8. These have the benefit of enabling both electrochemical and transient 
absorption measurements. Scotch tape was used as a spacer in the doctor 
blading process and when the excess solvent evaporated, smooth and trans-
parent films were formed. An illustration of the film deposition procedure is 
given in Figure 18.b.  
 

 
Figure 18. (a) A schematic illustration of the synthesis procedure. When solution I, 
containing Zn(OAc)2 in ethanol, is mixed with solution II, containing LiOH in etha-
nol, ZnO particles start to nucleate and grow. (b) The steps involved in film deposi-
tion: (1) Addition of heptane, (2) Precipitation of particles, (3,4) Redisperson of 
particles in methanol, (5) ultrasonication, (6) Application of solution to substrate 
with spacers, (7), doctor blading, (8) Solvent evaporation and removal of mask. 
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4.2 Synthesis of Fe2O3 
he hematite films were deposited using an atomic layer deposition, 
ALD, process. ALD is a deposition technique that was developed 
in the seventies195, and is based on a sequence of four repeating gas 

pulses. The first pulse contains one of the reaction precursors which adsorb 
on the substrate surface. The second pulse is a purge of an inert gas, limiting 
the adsorption of the first reaction gas to a single monolayer. The third pulse 
contains the second reaction gas, intended to react with the first gas adsorbed 
on the substrate surface. Ideally, this sequence gives a one monolayer thick 
film. The last pulse is a second purge pulse, removing remaining reaction 
gases and rest products. This process is cycled a number of times and is ide-
ally building up the film, one monolayer at a time, even on highly compli-
cated three-dimensional substrates.   
   In this series of experiments, Fe(CO)5 was used as iron precursor, chosen 
because of its suitable vapour pressure196. The oxygen precursor was O2. 
During the synthesis, the Fe(CO)5 had a tendency to decompose into 
Fe(CO)x and CO. To decrease this effect, CO was used as a carrier gas and 
was continuous flowing during the deposition.  
   The films were deposited using a Picosun Sunale (R.series) ALD unit. The 
pulse times were 0.1, 5, 3, and 5 seconds respectively. The film thicknesses 
were controlled by the number of cycles, which were changed between 50 
and 600. The pressure in the reaction chamber was 5 Torr and the tempera-
ture was set to 300°C. Films were in this series of experiments deposited on 
planar substrates consisting of both silicon and FTO. The substrates were 
cleaned in ethanol and ultrasonicated for 15 minutes and then dried under 
flowing N2. All films were annealed in air for 8 hours at 500°C. Steps of 
5°C/min was used during heating, whereas the cooling was done overnight.   
   The same synthesis procedure should in principle be possible to use, with-
out modification, also on more complicated three-dimensional substrates. 
This is something that will be investigated in subsequent studies.   
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4.3 Synthesis of CIGS 
4.3.1 Production of CIGS 

he substrates used for the CIGS deposition were two mm thick soda 
lime glass, SLG. A molybdenum back contact was deposited on top 
of the SLG by sputtering a bilayer structure, using a deposition 

chamber with a base pressure of less than 3·10-6 mbar. The first layer (~25 
nm) was deposited at relatively high pressure, 15 mTorr of argon atmos-
phere, while the second layer (~325 nm) was deposited at 6 mTorr. The 
CIGS layer was grown on the Mo-back contact in a batch system, providing 
deposition rates controlled by a quadrupole mass spectrometer and a feed-
back loop. Selenium was evaporated in excess from a closed crucible during 
the process and the maximum substrate temperature was 540°C. The pn-
junction was created with a ~50 nm CdS layer deposited by electroless plat-
ing using Cd(OAc)2, thiourea, and ammonia in aqueus solution. A front con-
tact consisting of a bilayer of sputtered, non-intentionally doped, ZnO and 
aluminium doped ZnO (ZnO:Al) finalized the photoelectrode stack. A more 
detailed description of these processes can be found in the references197-199. 
   For samples used in a pure PEC-configuration, platinum particles were 
electrodeposited above the top layer, which either was CIGS, CdS or 
ZnO:Al. This was done by electrodeposition during 15 min at -0.1 V vs. 
Ag/AgCl from a solution of 1mM H2PtCl6 in deionized water. To ensure that 
platinum was deposited on the electrode surface and not preferentially at the 
electrode edges, the later were covered by epoxy prior to the platinum depo-
sition.  
   For wired configurations, a current collector was deposited on top of the 
ZnO window layer. This was done either by evaporation of a Ni/Al grid and 
an indium solder connected to a tab wire, or by a silver paint.   

4.3.2 Interconnection of cells in series 
he principal configuration of the series interconnection, which is 
described in Figure 55, was constructed by doing three scribe lines 
during different steps in the synthesis. The first one, P1, through the 

Mo-layer separates the back contact for the individual cells. The second one, 
P2, was made after the i-ZnO, but before the deposition of the ZnO:Al win-
dow layer, and goes down to the Mo back contact, allowing the subsequent 
cell interconnection of the front and back contact with ZnO:Al. Finally, P3, 
was made after the deposition of the window layer, isolating the front con-
tacts and forcing the current to go through the Mo-layer. The P1 scribe was 
made with a pulsed 10 ns laser, providing a wavelength of 532 nm. The laser 
beam was incident from the backside of the soda lime glass, ablating Mo in 
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50 µm wide lines. The P2 and P3 scribe lines were patterned with a metal 
stylus. 

4.3.3 Design of the monolithic device 
standard encapsulation procedure was employed to protect the mod-
ule surface. An ethylene vinyl acetate, EVA, sheet was placed be-
tween the CIGS module and a two mm thick front glass. The struc-

ture was then placed in a laminator which was programmed with a total lam-
ination cycle time of roughly 30 minutes, comprising several heating and 
low vacuum stages. The resulting device is a CIGS solar module between 
two, 2 mm thick glass slides, fixed together with the cross-linked EVA.  
   To finalize the PEC-device, the platinum catalyst modules were placed at 
the back side of the absorber module, oriented perpendicular from the back-
side. The current transport between the catalyst and the absorber was per-
formed in a tin stripe. This was connected to the molybdenum back contact 
and the ZnO:Al front contact with an indium solder, and to the platinum 
catalyst by silver glue. All seals and contacts were covered by epoxy resins.  
   In the monolithic device, the area of the platinum working electrodes was 
enhanced by deposition of platinum black. The platinum foils were before 
deposition cleaned in 50 % aqua regia, (HNO3 and HCl in the proportion 
3:1), rinsed in water, cleaned in concentrated HNO3 and rinsed in water. 
They were also cycled between -0.2 and -1.2 V vs. Ag/AgCl in 0.1 M H2SO4 
at a scan rate of 0.1 V/s. The galvanostatic deposition of platinum black was 
performed at 30 mA/cm2 for five minutes under stirring from a solution con-
taining 0.05 M H2PtCl6 and 0.13 mM Pb(OAc)2. The platinum foils were 
well separated from the counter electrode during the deposition to prevent 
contamination by chlorine gas. 
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5. Material characterization   

5.1 X-ray diffraction 
RD measurements were performed with a Siemens D5000 Diffrac-
tometer, using parallel beam geometry with an x-ray mirror and a 
parallel plate collimator of 0.4°. The x-ray source was Cukα emission 

with a wavelength of 1.54 Å. The angle of incidence was 0.5° and 2Θ scans 
were performed between 10° and 90° with a step size of 0.1°. XRD was per-
formed in order to verify which crystalline phases that were present and as a 
mean to determine particle sizes. The substrates used were amorphous soda 
lime glass. This generated a higher background signal than a crystalline sub-
strate but enabled direct comparison between XRD results and transient ab-
sorption measurements.  

5.2 Raman spectroscopy 
aman spectroscopy was carried out with a Renishaw system 2000 
micro Raman featured with 2 cm-1 resolution and a 20 mW 514 nm 
argon ion laser. A lens with 50 times magnification was used and 

the laser power was 10 mW.  
   The ZnO samples in article II were synthesized according to the standard 
procedure, and the measurements were performed on precipitated particles 
before film formation. In order to relate the Raman data to particle size, UV-
vis absorption measurements were performed on the particles while in the 
solution, immediately before the precipitation. 

5.3 Optical absorption spectroscopy 
V-vis absorption measurements were performed with an Ocean 
Optics spectrophotometer HR-2000+ with deuterium and halogen 
lamps. In all measurements, a full spectrum from 190 to 1100 nm 

with 2048 evenly distributed points was sampled. In order to obtain good 
statistics, an average over 100 consecutive spectra was performed. A single 
measurement takes a few milliseconds, which enables time resolved UV-vis 
measurements on growing particles.  
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5.4 Fluorescence spectroscopy 
teady state fluorescence measurements on ZnO particles was ob-
tained with a SPEX Fluorolog II. The particle solution was prepared 
according to the standard procedure, but was diluted by a factor 20 

two minutes after the initiation of particle nucleation. The measurements 
started within 5 minutes after the dilution and were continued for 30 hours. 
The excitation wavelength was 320 nm while the fluorescence was measured 
between 330 and 720 nm. In order to correlate the fluorescence behaviour to 
the particle size, UV-vis spectroscopy was employed simultaneously as the 
fluorescence. 
   For the time resolved UV-fluorescence experiments, the excitation source 
was a 200 kHz femtosecond laser amplifier system operating at 790 nm. The 
laser was frequency doubled and modified in several steps, and was set to 
deliver 320 nm laser pulses which had a width of approximately 20 ps as 
measured by the detector. The samples were in the form of thin particle films 
deposited on FTO. The samples were excited at 45° incident angle and the 
emitted fluorescence was measured using a Hamamatsu streak camera. The 
fluorescence was collected at right angle with respect to the excitation pulse 
and was passed through a Brucker SPEC 250IS spectrograph onto a streak 
camera and blanking unit C5680 in combination with a Synchroscan Unit. 
The streak camera had a sensor with 512·512 pixels and the time range was 
set to 800 ps.      

5.5 Electrochemical measurements 
lectrochemical measurements were performed with a model 760C 
CH instrument potentiostat. Different electrolytes were used for dif-
ferent measurements, but the most common ones were 0.5 M 

Na2SO4, 1 M NaOH, and 3 M H2SO4. Most measurements were performed 
in a classical three-electrode setup, using a platinum wire as a counter elec-
trode and an Ag/AgCl reference electrode in saturated KCl, with a potential 
of 0.197 V with respect to the normal hydrogen electrode, NHE. 

5.6 Combining optical and electrochemical 
measurements 

otential depended absorption was measured on the particle films in 
a three-electrode setup by scanning the potential from -0.3 V to     
-1.3 V vs. Ag/AgCl, while simultaneously measuring the UV-vis 

absorption perpendicular to the film. The electrolyte used was 0.5 M 
Na2SO4. The scan rate was chosen sufficiently low to ensure steady state 
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with respect to the absorption behaviour at every potential. A scan rate of 10 
mV/s was found to be appropriate. Absorption data were recorded once a 
second during the potential scan. The potential interval was chosen wide 
enough to capture the behaviour under study but still small enough to pre-
vent corrosion of the electrodes in the time frame of the measurements. An 
illustration of the experimental setup is given in Figure 19.a-b. 
   In the measurements of the trap levels involved in the visible fluorescence, 
the fluorescence was measured simultaneously as the potential was scanned 
between 1.6 and -1.1 V vs. Ag/AgCl with a scan rate of 1 mV/s. One spec-
trum was collected every tenth second during the potential scan, which cor-
responds to 100 spectra per volt. A photo of this experimental setup is found 
in Figure 34.a. 
   The fluorescence was measured with the same detector as the absorption, 
but the integration time was increased by a factor 1000. The detector was 
placed perpendicular to a UV-led lamp which was fed with 250 mA and had 
a maximum intensity at 365 nm. The UV source corresponds rather well 
with the band gap energies of the larger particles, and the width of the emis-
sion was large enough to overlap with the absorption spectra for all the in-
vestigated particles. The whole setup was covered with a black box during 
the measurements to shield it from stray light. 
 

 
Figure 19. (a) A photo of a typical ZnO particle film on FTO. The film is on the 
lower part of the substrate and is slightly antireflective. (b) An illustration of the 
experimental setup for the potential dependent absorption measurements performed 
in article III, V and VII.  (c) Photo of the experimental setup for measuring the pho-
todecomposition of methylene blue in article V. The fibre optics is placed perpen-
dicular to the cuvette containing methylene blue. The cuvette is illuminated from the 
front and the ZnO film is at the back side of the cuvette.  

5.7 Photocatalytic decomposition 
hotodegradation of methylene blue was measured in a 5 ml glass 
cuvette, illuminated by simulated AM 1.5 illumination. The lamp 
used was the same as in the solar water splitting experiment. Dur-

ing the experiment, 4.5 ml of a solution containing 10 µM methylene blue 
was placed in the cuvette together with the particle film. The films had an 
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area of 0.8 cm2 and were positioned at the back of the cuvette. The experi-
ment run time was four hours, and the absorption of the solution was meas-
ured perpendicular to the illumination direction during the entire experiment. 
A lid was applied on top of the cuvette to prevent evaporation. A photo of 
the experimental setup is presented in Figure 19.c. 

5.8 Solar water splitting 
o simulate solar light, an Oriel solar simulator with a xenon arc 
lamp from Newport, fed with 200 W input power, was used togeth-
er with an air mass filter.  

The intensity at the position of the substrate in the cuvette was calibrated to 
100 mW/cm2 with a pyranometer. The photon flux and the power of the sun 
lamp are compared to the AM 1.5 G solar spectra from the American Na-
tional Renewable Energy Laboratory, NREL, in Figure 20. For many pur-
poses the sun lamp gives an adequate simulation of ordinary sunlight, even 
though it is not perfect. When calculating the quantum efficiency, the photon 
flux from the sun lamp was used.  
   Half-reactions were investigated in a three-electrode setup using a plati-
num counter electrode and an Ag/AgCl reference electrode. In most cases, 
0.5 M Na2SO4 was used as the electrolyte while measuring in a classical 
PEC-cell configuration, but other electrolytes were also tested. Measure-
ments of the current were performed while scanning the potential under 
dark, light, as well as under chopped illumination.  
   Solar water splitting measurements for half-cells in a wired configuration 
were performed using a working electrode with electrodeposited Pt particles 
on FTO connected in series with the photoelectrode. These measurements 
were performed in both 0.5 M Na2SO4 and 1.0 M H2SO4.  
 

 
Figure 20. (a) Incident power of the AM 1.5 G solar spectra compared to the sun 
lamp used in the experiment. (b) The corresponding photon flux. The sun lamp has 
intensity also in the infrared but the detector only works up to 1100 nm. 
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For two-electrode measurements in a wired configuration, the potentiostat 
was connected in series with one catalyst loaded electrode and the reference 
electrode connected to one pole and the photoactive cell with the other cata-
lyst to the other pole.  
   For two-electrode measurements on the monolithic design, there was no 
room for connecting wires to measure the photocurrent. The performance of 
the device was instead determined by volumetrically measure the evolved 
gas. A mass spectrometer was used to determine the composition of the reac-
tion gasses. 

5.9 Imaging 
EM imaging was carried out using a Zeiss LEO 1550 scanning 
electron microscope. Photographs were taken using different 
equipment. The main camera was a Canon EOS 450 D, alternating 

between an EFS 60 macro lens and a EF 24-105 1:4 L IS USM lens. As sec-
ondary cameras, a FinePix F50fd from Fujifilm and a Samsung Galaxy SIII 
were used.  
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6. Results and discussion; size dependent 
properties of ZnO quantum dots 

6.1 Correlation between band gap and particle diameter 
ssential in a synthesis procedure is subsequent material characteriza-
tion, giving feedback regarding to which extent the synthesis gener-
ated the expected materials and structures. In this work, XRD was 

used to extract information concerning phase purity and crystallinity, as well 
as particle size and shape. An XRD diffractogram for a representative ZnO 
sample is given in Figure 21. The peak positions correspond well with litera-
ture data for ZnO of wurtzite structure200, which is indicated as vertical lines 
in the figure. It is also apparent that no other crystalline phases were present. 
The background signal in the figure is noticeable high, especially at lower 
angels, which is due to the use of amorphous glass substrates. The motiva-
tion for using soda lime glass as substrates is the possibility to directly corre-
late XRD and transient absorption measurements. 
   The diffraction peaks were rather broad as a consequence of the small par-
ticle size. This is because small grains have fewer atoms scattering the x-
rays, and thereby weakening the condition for destructive interference with 
respect to the scattering angle. An empirical relation based on this was pro-
posed by Scherrer201,202, and is given in Eqn. 6.1, where K is a shape factor, λ 
the x-ray wavelength, β the full width at half maximum, FWHM, given in 
radians, and θ is the angle between the x-ray source and the detector.   

 

θβ
λ

cos

K
d =      (6.1) 

 
The standard value of 0.9 for spherical particles was used for the shape fac-
tor, and the FWHM values were corrected for the instrumental broadening. 
The expression above has a physical motivation, but is probably best seen as 
an empirical relation which has been proven to work rather well. In the XRD 
diffractogram in Figure 21, nine peaks can be distinguish and all of these 
could in principle be used together with Eqn. 6.1 to determine the particle 
size. Some peaks will, however, due to higher signal and less peak overlap 
give more reliable data, and peak five (56.6o) and six (62.9o) are to be pre-
ferred.  
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Formally, the result from this analysis gives crystal grain size, rather than 
particle size, and does not take possible amorphous surface layers into ac-
count. This should, however, not be a large problem, as the optical meas-
urements together with the mass balance argument in Section 6.2 indicate 
the presence of single crystal particles rather than multigrain particles. 
   Transmission electron microscopy, TEM, is a technique that could provide 
valuable information regarding, for example: particle size, polydispersity, 
and crystallinity. Unfortunately, this has not been a technique at our dispos-
al. ZnO quantum dots synthesized by similar routes have, however, been 
investigated with TEM by other groups. In those works, the correlation be-
tween TEM and XRD data has been satisfactory, and particles have been 
reported to be fairly spherical with a reasonable narrow polydispersity47,49.    
   Both XRD and UV-vis measurements were carried out on a set of 16 sam-
ples with particles of different sizes. The band gaps were extracted from the 
absorption measurements and the particle diameters were determined from 
the peak broadening in the XRD diffractograms. This set of band gaps and 
particle sizes are given in Figure 21.b, where data has been fitted to a second 
order equation according to the expression from Brus in Eqn. 2.8. The ob-
tained empirical relation is given in Eqn. 6.2 where d is given in nm. 
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This has been a highly useful result, as it allows particle sizes to be extracted 
from absorption measurements. These are not only much faster than XRD-
measurements, but can also be used for time resolved measurements on par-
ticles in solution. The usefulness of this relation has been recognized 
before89,91,92  and in article I, earlier results are discussed and compared with 
the results obtained in our measurements. 
 

 
Figure 21. (a) A representative XRD diffractogram for some of the larger particles 
investigated. The vertical lines correspond to literature values for the peak positions 
for ZnO of wurtzite structure200. (b) Band gaps from absorption measurements ver-
sus particle diameters from XRD measurements. The solid line is the best possible 
second order fit to the data, and is given by Eqn. 6.2. (c) Band gap versus particle 
diameters determined from both peak five (56.6o) and six (62.9o). The expression 
based on data for peak six is Eg = 3.30 + 1.22/d – 0.0844/d 2. 
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The most reliable size determination is based on data from peak five (56.6o). 
This peak originates from the [110] reflex and does not contain information 
concerning the extension along the c-axis. For spherical particles, this is not 
a concern but these data would not capture a deviation along the c-axis. It is 
not unreasonable to assume non-spherical particles, as growth along the c-
axis under many conditions is more energetically favourable due to the high-
er surface energy of the polar surfaces perpendicular to the c-axis. 
   To investigate if this was the case, the analysis was also performed based 
on data from peak six (62.9o), originating from the [1 0 3] reflex. This analy-
sis is presented in Figure 21.c. The two curves intersect for particles around 
4.3 nm in diameter, indicating a slight size dependent deviation from an iso-
tropic geometry. The particles thus seem to be slightly elongated along the a-
axis when larger than 4.3 nm and slightly elongated along the c-axis when 
smaller than that. The deviation from the isotropic shape should, however, 
be small, even if clearly seen in the XRD data. This deviation indicates that 
the particle growth initially is mainly thermodynamically controlled and 
preferably occurs at the polar surface along the c-axis, and later transforms 
into mainly kinetically controlled growth. 

6.2 Growth of particles in solution 
n order to investigate the dynamics of the particle growth, the optical 
absorption was measured, is situ, as a function of time for particles 
growing in solution. A typical example of such a measurement is 

given in Figure 22.a. Initially, the absorption increases rather rapidly, where 
after it passes through a maximum and then levels of. This indicates a fast 
initial nucleation and growth phase, followed by a stabilization of the 
amount of reacted species. By utilizing Lambert Beer’s law together with 
stoichiometry and the experimental geometry, the measured absorption can 
be related to the amount of reacted species according to Eqn. 6.3  
 

  
Lm

AV
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totZnO

α
ρ8.0=     (6.3) 

 
where R is the fraction of initially added zinc bound in ZnO particles, ρZnO is 
the density of ZnO, A is the measured absorption, Vtot is the total volume of 
the solution, L is the cuvette length, and α is the absorption coefficient. The 
derivation is found in article I and was made under the assumptions of mon-
odisperse particles and a size independent absorption coefficient. The ab-
sorption coefficient was taken from Adachi18 and was measured where the 
absorption levels off after the band gap.  
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Figure 22. (a) Absorption as a function of wavelength and time during the first 18 
hours of particle growth. Synthesis according to standard procedure, but diluted by a 
factor five. (b) A two-dimensional version of figure (a). The difference in line densi-
ty is due to a non-uniform time between the represented measurements, which is 
necessary for readability reasons. (c) Absorption at the first maximum, when going 
from higher wavelengths, and the degree of reaction as a function of time.  
 
The first absorption maximum for photon energies larger than the band gap, 
as well as the degree of reaction, is presented in Figure 22.c. This corre-
sponds to the ridge closest to the band gap in Figure 22.a. After a few 
minutes, the particles have reached approximately 2.5 nm in diameter and 
more than half of all the initial zinc is accounted for in the form of particles. 
The associated mass balance thus validates the assumption of particles con-
stituting of individual grains rather than multi core particles. This method of 
measuring the degree of the reaction only takes into account the largest par-
ticles, but as over 50 % of all the zinc is accounted for by those particles it 
follows that the degree of polydispersity is reasonable small.        
   The absorption decreases somewhat with time after passing through a first 
maximum. This is rationalized by the development of a slight polydispersity, 
which is supported by the observation that two different ridges are seen in 
Figure 22.a. After some time, the particles thus grow without increasing the 
total amount of particle volume in the solution. This means that some parti-
cles dissolve in order to let others grow, which is typical for Ostwald growth.  
   The microscopic mechanism for the particle growth has been discussed in 
the literature88,203,204, but so far, no clear conclusion has been drawn. To in-
vestigate this further, the synthesis were performed using different initial 
conditions. Data indicate that the initial nucleation does not require elevated 
temperatures, but a certain OH- concentration. If the OH- concentration is too 
low, no nucleation occurs, and if it is too high, it will be slowed down due to 
less likelihood of breaking the Zn(OAc)2 complex. Simultaneously, or di-
rectly after the initial nucleation, the particles grow relatively fast. This con-
sumes hydroxide ions which suppresses further nucleation and slows down 
the hydrolysis of the particle surfaces. The large particles will continue to 
grow but at a slower rate as smaller particles dissolve. Our current hypothe-
sis is that the growth to a reasonable extent can be described by Ostwald 
growth, at least for particles larger than 2.5 nm. The experimental conditions 
are, however, somewhat too complex to allow for a straightforward use of 
the theory. This is exemplified by the fact that the particle volume for a sys-
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tem following Ostwald growth should increase linearly with reaction time204, 
whereas for this system, the corresponding curve has a distinct convex shape 
and more marked so for shorter reaction times. A sketch of the proposed 
growth dynamics is given in Figure 23. 
 

Figure 23. A general scheme for particle growth under the employed experimental 
conditions. 

6.3 Phonon confinement 
he phonon quantum confinement was investigated by Raman spec-
troscopy for particles between 3 and 11 nm in diameter. The meas-
urements were performed on particles precipitated from solution 

and deposited on a glass substrate. Neither the substrates nor LiOH contrib-
uted to the Raman signals in the region of interest. Zn(OAc)2 · 2H2O does, 
however, give rise to signals seen in the samples, indicating the presents of 
some unreacted species. As a first approximation, the amount of remaining 
acetate species was assumed to be comparable in the different samples. This 
was utilized in the normalization of the data. In the different measurements, 
slightly different amounts of sample were in the focus of the laser, thus af-
fecting the measured intensity. The signal must therefore be normalized to 
allow a direct comparison of the different samples. This was done using the 
intense peak at 938 cm-1, corresponding to a symmetric stretch in unreacted 
Zn(OAc)2. The normalized data are shown in Figure 24.a. The background 
and the relative intensities for most of the peaks are nearly identical, con-
firming the assumptions and the applicability of the normalization procedure 
used. 
   At least six features are seen in the Raman spectra: a rather broad peak 
around 260 – 340 cm-1, a sharper peak with a shoulder at 436 cm-1, three 
similar peaks around 500 cm-1, 610 cm-1 and 670 cm-1, and finally a weak 
feature around 585 cm-1. The peaks at 500 cm-1, 610 cm-1, and 670 cm-1 are 
located at slightly lower energies than the peaks for Zn(OAc) · 2 H2O. DFT 
calculations revealed that the Raman signal for theses acetate peaks can shift 
quite substantially depending on the local environment.  
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Figure 24. (a) Normalized Raman data in the energy range between 200 and 750 
cm-1. To improve the readability, the curves have been shifted vertically with spectra 
for larger particles placed above spectra for smaller particles. (b) Definition of the 
division in a core and a surface region used in the simulations, here exemplified for 
a 4 nm particle. 

It is thus reasonable to ascribe these peaks to acetate species located on the 
surface of the particles. The peak at 436 cm-1 is in the literature ascribed to 
the E2

2 mode of vibration108,205. The weak feature at 585 cm-1 has been seen 
for larger particles and is ascribed to the E1-LO mode108,205. The broad fea-
ture around 260 – 340 cm-1 is here ascribed to surface vibrations as discussed 
below. 
   The most interesting observation is the dramatic increases in intensity for 
the E2

2-vibration at 436 cm-1 as the particles increase in size. This demon-
strates a strong quenching of this vibration in the smallest particles. The 
vibration at 585 cm-1 is obviously also quenched, but to a much higher de-
gree. Neither of these peeks shifts in energy with respect to particle size. The 
remaining phonon modes, seen in bulk ZnO, are not observed here, and can 
thus be assumed to be even more strongly suppressed in small particles. This 
means that the particles are vibrational quantum confined over a larger size 
range than they are electronically quantum confined.  
   To get a deeper understanding of these observations, molecular dynamics 
simulations were performed on particles within the same size regime as the 
experimental particles. These calculations were performed by D. Raymand, 
and the technical details are found in article II. The simulations were per-
formed using the ReaxFF reactive force-field206-208 in GRASP209 on spherical 
particles at room temperature. The phonon spectra were obtained by taking 
the Fourier transform of the velocity autocorrelation function. This was 
done, both for the entire particles and for the core and surface atoms sepa-
rately. The surface atoms are here defined as the atoms present in the spheri-
cal shell 0.5 nm closest to the surface of the particles, as illustrated in Figure 
24.b. The distance 0.5 nm ensures that the surface contains one unit cell 
length also in the c-direction. 
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   The simulated phonon spectra are given in Figure 25.a and show good 
correspondence to the experimental data. This strongly indicates that the 
theoretical models could be used for extracting information relevant to the 
experimental system. In particular, the simulated spectra reproduce the in-
crease in intensity for larger particles observed for the 436 cm-1 vibration. 
Also the broad feature at 260-340 cm-1 and the weaker peak at 585 cm-1 are 
seen in the simulated data. The theoretical data show vibrations around 100 
and 200 cm-1 as well, but the 200 cm-1 vibration is not Raman active and the 
100 cm-1 vibration is outside the experimental region, and therefore not seen 
in the measurements. 
   To take the analysis further, the spectra were separated in a surface part 
and a core part, as seen in Figure 25b-c. This indicates that the size depend-
ent intensity of the 436 cm-1 vibration is due to a surface phenomenon. This 
vibration is suppressed at the surface for smaller particles and as the surface 
to volume ratio in the smallest particles are very high, the vibration is almost 
absent for these particles. The broad feature at 260-340 cm-1 can entirely be 
described by vibration at the surface, which explains why it is not observed 
for bulk samples.  
 

 
Figure 25. Calculated phonon DOS spectra for wurtzite ZnO QDs originating from 
reactive MD simulations. (a) Total DOS, (b) DOS spectra for surface atoms, (c) 
Phonon DOS spectra for core atoms. 

6.4 Band edge positions 
s the band gap change with particle size, by necessity, also the ener-
getic position of the band edges will change. Knowledge concerning 
their positions is of importance while designing for example photo-

catalysts and quantum dot solar cells. In article III, the energetic position of 
the conduction band edge of ZnO was determined as a function of particle 
size. The measurements were performed on a set of 18 samples with parti-
cles ranging from 4.4 to 8.6 nm in diameter. 
   The key measurement for extracting this information was potential de-
pendent absorption, performed on thin films of ZnO particles deposited on 
FTO. The experimental setup was a conventional three-electrode configura-
tion, as illustrated in Figure 19.b. The optical absorption of the films was 
measured simultaneously as the potential was scanned from -0.3 V to -1.3 V 
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with respect to an Ag/AgCl reference electrode. Absorption against wave-
length and applied potential is given for a representative sample, containing 
6.2 nm particles, in Figure 26.a. These measurements generated a four-
dimensional dataset with over 3.5 million data points, enabling the extraction 
of a lot of useful information. All the data for a specific sample are given 
within the 3D plot in Figure 26.a, but to simplify the visual interpretation, 
the data were projected down to two-dimensions as in Figure 26.b.      
   From the two-dimensional projection in Figure 26.b, a blue shift of the 
absorption edge is seen when a more negative potential is applied. This cor-
responds to an increased optical band gap, in line with the Burstein-Moss 
shift described in Section 2.5.1. To extract the optical band gap as a function 
of applied potential, the square of the absorption was plotted as a function of 
photon energy and the resulting linear region was extrapolated down to zero 
absorption, as illustrated in Figure 26.c. If this band gap is plotted against 
applied potential, Eqn. 2.11 predicts a straight line, which in deed was the 
case as shown in Figure 27.a.  
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If the linear region is extrapolated down to the base line, the energetic posi-
tion of the conduction band edge will be given; even though slightly shifted 
due to the 4kbT term in the equation.       
   Important to remember is that the principle of charge neutrality requires a 
nearby positive charge to balance the extra electrons provided by the poten-
tiostat which populate the conduction band. The required positive charge is 
here provided by counter ions in the electrolyte. For the optical effect to be 
as pronounced as it is here, a lot of surface area, to which the counter ions 
can approach, is required and nanoporous films are thus needed. 
   The other method described in the theory section is based on Eqn. 2.17, 
which states that for a given photon energy, the conduction band edge will 
be given as the applied potential where the measured absorption has dropped 
to half of the undisturbed value, but shifted with a small correction factor 
depending on the effective masses of the charge carries.   
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Different values are reported for the effective masses of the electron and 
holes. Representative values used here are mn

* = 0.3me and mp
* = 0.45me. A 

slight change in the values of the effective masses has only a small impact 
on the expected shift. 
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Figure 26. (a) Absorption as a function of wavelength and applied potential for a 
representative sample containing 6.2 nm particles. (b) The two-dimensional projec-
tion of (a). (c) Determination of the optical band gap as a function of applied poten-
tial for the data in (a) by plotting the square of the absorption against photon energy 
and extrapolating down to zero absorption. 

 
Figure 27. (a) Determination of the position of the conduction band edge by plotting 
the optical band gap as a function of applied potential. (b) Absorption against ap-
plied potential for certain wavelengths at defined energies in excess of the band gap 
energy. (c) Absolute position of the conduction band edge, versus the NHE, as a 
function of particle size according to the two different methods used. 
 
The photon energy utilized to determine the absorption decrease should not 
be too close to that of the band gap, as the undisturbed absorption there is 
relatively low. It should neither be taken too far from the band gap energy, 
as the parabolic approximation then no longer is valid. The absorption at 
several different wavelengths was analysed, and it turns out that an excess 
energy of 0.06 eV above the band gap energy is a reasonable compromise 
between the constraints mentioned. The situation where the absorption is 50 
% of the undisturbed case should then be shifted by 0.036 eV to obtain the 
conduction band edge. An example of a band edge determination with this 
method is given in Figure 27.b for a representative sample.   
   The positions of the band edges were determined with both methods for all 
the samples. Both methods give similar results, and the conduction band 
edge is given as a function of particle size in Figure 27.c.  
   More or less the entire band gap shift for quantum confined particles oc-
curs within the conduction band. The position of the conduction band is 
changing, from around -0.83 V vs. the NHE for a 4.4 nm particle, to around  
-0.63 V vs. the NHE for a particle with close to bulk properties. The change 
in the valence band seems to be rather small, and the level is around 2.74 V 
vs. the NHE. If the entire shift occurs within the conduction band, it should 
be possible to describe its size dependence with the same quadratic expres-
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sion as the one describing the band gap, but with a shift in the y-direction. 
This also seems to be the case, as seen in Figure 27.c where the non-constant 
part of Eqn. 6.2 is fitted to the data points.   
   In principle, the valence band edge could be determined in an analogous 
way as the conduction band edge by using an anodic scan. This is, however, 
not possible in the case of ZnO in water, due to the limited potential window 
of water and the instability of ZnO at the low local pH generated by rapid 
oxidization of water. The valence band edge has therefore been determined 
by subtracting the band gap energy from the conduction band edge energy.    
   The two methods used give fairly similar result with respect to the conduc-
tion band edge position, even though the data for the latter method scatter 
somewhat more. The second method is simpler with respect to data treat-
ment, but also less robust. For it to work properly, the potentiostatic popula-
tion of the energy levels in the conduction band needs to be rather complete 
with respect to what the Fermi-Dirac distribution predicts. This requires 
efficient charge compensation by counter ions in the solution, and will thus 
only work for nanoporous systems that have a large surface area. The first 
method on the other hand depends on the onset for populating the conduc-
tion band and is thus less sensitive to charge compensation in the electrolyte.    

6.5 A second order absorption gain 
hile applying a potential, sufficiently negative for the Fermi level 
to enter the conduction band of the ZnO films, the dominant 
observed effect is the decrease in absorption described in Section 

6.4, which was used for determining the position of the band edges. This is, 
however, not the only observed effect during these measurements.  
   In Figure 26.a, the absorption as a function of wavelength and applied 
potential are given for a representative sample. The property of primary in-
terest here is not the absorption in itself, but rather the difference in absorp-
tion caused by the varying applied potential. This is given by subtracting the 
absorption for the film at its rest potential, i.e. when not connected to the 
potentiostat, from the absorption measured at each potential. The corre-
sponding 3D surface, where the difference in absorption is plotted against 
wavelength and applied potential for a representative sample is given in Fig-
ure 28.a. The corresponding contour plot is given in Figure 28.b and the two- 
dimensional projection is found in Figure 28.c. The dominant feature in the 
measurements is a decrease in the absorption, seen once the potential is neg-
ative enough. This is completely in line with the Burstein-Moss shift de-
scribed in the theory section. This is, however, not the only effect seen. The 
absorption actually increases somewhat for certain wavelengths before the 
potential gets negative enough to cause a general absorption decrease, which 
is highlighted in Figure 28. Within the framework of the potentiostatic filling 
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of energy levels when decreasing the potential, this is counter intuitive. This 
demonstrates that a more detailed description is needed in order to under-
stand the electronic properties of the particles, and that more than one effect 
influence the absorption under these circumstances.  
   To investigate this further, the value of the maximum in the absorption 
difference was plotted as a function of applied potential, as in Figure 29.a. 
The increase in absorption is there seen to occur within a rather narrow po-
tential interval of approximately 0.2 eV. The wavelength corresponding to 
the maximum in the absorption difference is rather constant within this 0.2 
eV potential interval. Outside this interval, there is no distinct maximum of 
the absorption difference and the values given outside the peak in Figure 
29.a are due to noise. 
   The minimum of the difference in absorption is close to zero until the po-
tential reaches a threshold, where after it decreases monotonically. There is, 
however, a distinct change in the slope at the potential where the increase in 
absorption difference disappears.  
 

 
Figure 28. (a) Difference in absorption as a function of wavelength and applied 
potential for a representative sample containing 6.2 nm particles. (b) The data in (a) 
represented as a contour plot. Marked by the black ring is a region with a positive 
value of the absorption difference. (c) Difference in absorption against wavelength 
for different applied potentials. Marked by the red ring is an increase in the absorp-
tion difference. 

 
Figure 29. (a) Maximum value of the difference in absorption as a function of ap-
plied potential for the sample with 6.2 nm particles. (b) Maximum value of the ab-
sorption difference as a function of applied potential for a subset of the analysed 
samples. The data have been normalized to facilitate the comparison. (c) The band 
gap and the photon energy corresponding to the maximum in absorption difference 
plotted as a function of particle size. 
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The maximum for the maximum of the absorption difference in Figure 29.a 
occurred at a distinct potential, but it turns out that the position of this max-
imum shift to less negative potentials with increased particle size, as seen in 
Figure 29.b. The trend, with respect to particle size, for the potential where 
the peak values occur is nearly identical to the energetic position of the con-
duction band edge. The maximum for the maximum of the absorption differ-
ence was, however, located around 80 mV below the conduction band edge, 
regardless of particle size.  
   It is thus reasonable to assume that the experimental behaviour was the 
result of a combination of two effects. The dominant one is the decrease in 
absorption due to the band filling, in line with the potentiostatic analogue to 
the Burstein-Moss effect. Overlaid on this, in a potential interval of approx-
imately 0.2 eV, was a smaller effect that caused the absorption to increase 
for certain wavelengths.   
   A question of interest concerns the energy of the photons absorbed, which 
causes this absorption increase. This data were extracted from the wave-
length at which the maximum in Figure 29.a occured. In Figure 29.c, this 
wavelength was converted to phonon energy and compared to the band gap 
energy as a function of particle size. This photon energy follows the band 
gap energy smoothly with respect to particle size, but is 40 meV smaller than 
the band gap energy. This indicates that the absorption increase is caused by 
absorption to states within the band gap, located at least 40 meV below the 
conduction band edge. The peak value is likely caused by a transition from 
states slightly below the valence band edge to the centre of distribution of 
these new states. The centre position of the new states is thus probably locat-
ed between 40 and 80 meV below the conduction band edge.  
   As this absorption is absent when no external potential is applied, it fol-
lows that these states are created as a consequence of the applied negative 
potential. When the applied potential not is low enough, these states are not 
there, but when the potential reaches a value corresponding to around 80 
meV below the conduction band edge, new states begin to emerge which 
cause the observed increase in absorption. When the applied potential is 
lowered even further, these states starts to be populated with electrons from 
the potentiostat. Once filled with electrons, they are no longer available as 
acceptor states in an absorption process, and no increase in absorption is 
seen. This explains why the absorption increase only was observed within a 
limited potential interval. A graphical summary of the findings so far is giv-
en in Figure 30, illustrating how new states in the band gap are created when 
the Fermi level rises, causing an increase in the absorption, where after the 
new states in the band gap gets populated which prevent a further absorption 
increase.   
   Interestingly, the magnitude of this effect turns out to be a function of par-
ticle size. The difference in absorption against wavelength for different ap-
plied potentials is given for three different particle sizes, ranging from the 
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smallest to the largest, in Figure 31. The effect of the local absorption in-
crease, at moderate negative potentials, decreases as a function of particle 
size and almost disappears for the largest particles. This effect can be quanti-
fied by dividing the maximum of the absorption difference by the minimum 
of the absorption difference. For the smallest particles, the magnitude of the 
absorption increase is up to 9% compared to the magnitude of the absorption 
decrease due to the Burstein-Moss effect, and it essentially disappears for the 
largest particles, approaching 9 nm in diameter.   
   The mechanism responsible for introducing new states in the band gap 
when a potential, slightly below the conduction band edge, is applied and 
why the effect is considerably larger in smaller particles, is not trivial to 
explain. 
 

 
Figure 30. A graphical summary of the energy states involved in the observed ab-
sorption increase. (a) In the undisturbed case, absorption is occurring from the bot-
tom of the valence band to the conduction band. (b) When the applied potential 
reaches around 80 meV below the conduction band edge, new states are introduced 
within the band gap, acting as acceptor states resulting in increased absorption for 
certain wavelengths. (c) At even more negative potentials, these states are filled with 
electrons from the potentiostat, preventing them from acting as acceptor states in the 
absorption. (d) When the potential pushes the Fermi level into the conduction band, 
states in the conduction band get populated which leads to a decreased absorption in 
line with the Burstein-Moss effect.  

Figure 31. The difference in absorption plotted for different applied potentials. (a) 
For sample 1 containing 4.4 nm particles. (b) For sample 9 containing 6.2 nm parti-
cles. (c) For sample 18 containing 8.6 nm particles.  
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One possible mechanism behind the introduction of states in the band gap is 
that the potential, applied by the potentiostat, will create an electric field 
within the ZnO particles. This field can cause a splitting of the existing ener-
gy levels. Once the potential from the potentiostat deviates from the electro-
chemical potential of the electrolyte, there will be a potential drop between 
the back contact of the electrode and the electrolyte. This drop will be por-
tioned between the semiconductor and the double layer in the electrolyte. 
Assuming a 100 nm thick film and that half of the potential drop is occurring 
uniformly over the film, a potential difference of 0.1 V would give rise to an 
electric field in the order of 5 kV/cm in the semiconductor. This provides a 
rough estimate and the local field can be considerably higher, given that the 
electrode not is compact but nanoporous, leading to smaller distances over 
which the potential drop occurs. 
   These electric field strengths may be high enough to split the energy levels 
in the conduction band. For atomic and molecular systems, this would corre-
spond to the well-known Stark effect, where an external electric field can 
break the symmetry and thereby split energy levels, pushing some of them 
up and other down in energy. In the case of semiconducting nanoparticles, 
this would correspond to a smearing out of the energy levels in the conduc-
tion band. Some of them would be shifted down into the band gap, where 
they could act as acceptor states for sub band gap absorption. This would be 
in line with the experimental observations.   
   Another possibility is that surface effects may dominate the behaviour. 
When the particle size decreases, the surface to volume ratio increases. If the 
energy states introduced by the applied potential are associated with the par-
ticle surface, this could explain the decrease in absorption gain with in-
creased particle size. When going from a 4.4 nm particle to an 8.6 nm parti-
cle, the volume to surface area increases by a factor 1.8. This is smaller than 
the factor 8 that differs between the magnitude of the absorption gain com-
pared to the absorption bleaching, but if the effective surface region extends 
a few layers within the particles, the trend in decreasing absorption gain with 
increasing particle size couples better with the decrease in active surface in 
the system. This is probably not the main cause of the absorption gain but 
indicates that surface effects can be important.  
   A possible mechanism behind introduction of states associated with the 
particle surface could be reduction of the surface, or species at the surface. 
While the potential is decreased, there is a cathodic current flowing through 
the film. In part it has a capacitive origin, until the potential gets negative 
enough to allow water decomposition, but part of it is also faradaic. This 
could very well be a part of the cause for the introduction of new states in 
the band gap. It is also in line with the observed size dependence. As the 
optical effect is reversible with respect to potential, the possible redox reac-
tion at the surface must also be reversible.   
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   Another possibility for the absorption increase is a stabilization of the exci-
ton. The energy difference between the band gap and the photons absorbed 
causing the local increase in absorption is not very far from the exciton bind-
ing energy, commonly claimed to be 60 meV210. This stabilisation is seen at 
low temperatures but not at room temperature. A possibility is thus that the 
applied potential generates an electric field that stabilizes the excitions, and 
more so for the smallest particles.   

6.6 Fluorescence 
6.6.1 Size dependent visible fluorescence 

he visible fluorescence was measured, in situ, for growing particles 
in solution. The fluorescence intensity is given as a function of 
reaction time and wavelength in Figure 32.a. In order to relate the 

fluorescence to particle size, UV-vis absorption was measured simultaneous-
ly as the fluorescence on the same reaction solution, and these data are given 
in Figure 2. From the absorption measurements, the band gaps were extract-
ed and from them the particle sizes. Fluorescence in the UV can be seen as a 
weak feature in the data, but the green fluorescence completely dominates 
the signal and was the particular focus of these measurements.   
   While the particles grow, both the intensity and the wavelength of the visi-
ble fluorescence are affected. In the 3D plot in Figure 32.a, the fluorescence 
intensity is seen to initially increase, pass through a maximum, and then 
decrease more slowly. This behaviour correlates with the total amount of 
particle surface in the system. Initially, the total amount of surface increases 
as the particles nucleate and grow. As explained in Section 6.2, the total 
particle volume is, after an initial increase, stabilized at the same time as the 
particles continue to grow. The larger particles then continue to grow, at the 
expense of the smaller ones which are dissolved, resulting in a decrease of 
the total amount of surface in the system. Such a size dependence of the 
fluorescence intensity has been noted before99,100,102, and surface properties 
have been indicated to be the cause. 
   The wavelength of the fluorescence increases when the particles grow. 
This is in line with the decrease of the band gap, and while the energetic 
distance between the valence and the conduction band decreases, it is not 
strange that also the distance between two trap levels within the band gap 
decreases as well. Of more interest is how this decrease occurs, and the rela-
tive fluorescence energy, with respect to the band gap, is given in Figure 
32.b. The energy at the fluorescence maximum corresponds to 62.5 ± 0.4% 
of the band gap energy, regardless of particle size. This corresponds to a 
linear contraction of the band gap and the energy levels within it. This pro-
vides information regarding how the trap levels are related to the band edges, 
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even though measurements of the fluorescence only give information con-
cerning an energy difference and not regarding the absolute energetic posi-
tion of the energy states involved. A linear contraction means that at least 
one of the trap levels involved is decoupled, or mobile, with respect to the 
band edges. Subsequent measurements, described in the next section, shows 
that the energy difference between the conduction band and the higher donor 
levels are fixated to approximately 0.35 eV.  
   A way of representing this linear contraction is given in Figure 32.b where 
the energy difference between the band gap and the fluorescence is given as 
a function of particle size. In the figure, a line corresponding to 38 % of the 
size dependent band gap increase, as compared to the bulk value, is included, 
which follows the data rather well. The figures also reveal a fine structure 
overlaid on this behaviour, but which origin so far is unexplained.  
      

Figure 32. (a) Steady state fluorescence as a function of wavelength and time for the 
first 30 hours of particle growth. (b) Energy difference between the band gap and the 
fluorescence as a function of particle size. The line corresponds to 38% of the in-
crease in band gap energy caused by the quantum confinement. 

 
Figure 33. A 4 nm ZnO quantum dot is depicted with the facet side and the (001) 
surface marked. As the ZnO quantum dots grow, the facets become larger and the 
idealized curvature become smaller, which leads to a larger fraction of coordinated 
vacancies. 
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A sketch of the energy levels involved and the dynamics with respect to 
particle size, is given in Figure 36.b. A possible mechanism for the decou-
pling of the lower acceptor level is given in article I. It is based on the obser-
vation that the fluorescence is connected to the surface of the particles, and 
that the particles are small enough for the curvature to significantly change 
with particle size. It has been suggested in a series of papers that the deep 
acceptor trap levels are due to oxygen vacancies211-213. When the particles 
grow, the curvature of the particles decreases and the facets gets larger. The 
number of edge vacancies would thus decrease, while the fraction of vacan-
cies at the facets should increase. An oxygen vacancy at a facet is coordinat-
ed to a larger number of positively charged zinc atoms compared to the same 
vacancy at an edge. The energy level of the vacancy thus gets energetically 
stabilized, and shifts closer down to the valence band edge as the particles 
grow, in accordance with the observations. An illustration of this concept is 
given in Figure 33.  

6.6.2 Location of trap states 
s pointed out in the previous section, by measuring the fluorescence, 
the energy difference between two set of states is obtained but no 
information is acquired regarding their energetic locations. In order 

to pinpoint the location of the trap levels involved in the visible fluores-
cence, the fluorescence was measured as a function of applied potential for 
ZnO particles of different sizes. The experimental configuration was de-
scribed in Section 5.6, and is illustrated in Figure 19.b and 34.a. The particle 
films were used as working electrodes in a three-electrode setup and the 
fluorescence was measured while the potential was scanned between 1.6 and 
-1.1 V vs. Ag/AgCl. The measurements were performed on seven samples 
with particles ranging from 5 to 8 nm in diameter. Smaller particles have a 
band gap higher than the excitation energy of the UV-lamp whereas larger 
particles have passed the domain of optical quantum confinement. 
   The measured fluorescence is given as a function of wavelength and ap-
plied potential for a representative sample in Figure 34.b-c. The dominant 
feature is a yellow-green fluorescence, also seen by the naked eye in Figure 
34.a. From the data in Figure 34, the maximum fluorescence, corresponding 
to the ridge in Figure 34.b, is extracted and presented in Figure 35.a. During 
the potential scan, the fluorescence is rather constant; with respect to both 
wavelength and intensity, down to approximately -0.3 V vs. the NHE, below 
which a sharp increase in the fluorescence intensity is seen. At even more 
negative potentials, the fluorescence intensity drops to a lower level. The 
optical properties are reversible with respect to the potential, as illustrated in 
Figure 34.b where the fluorescence intensity during a reversible potential 
scan is depicted. Overlaid on the reversibility is a slight decrease in fluores-
cence intensity over time, from 7500 to 7000 counts.   
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   The absolute energetic position of the conduction band edge, as well as 
that of the flat band potential, are known as a function of particle size, as 
previously described. These values are given, together with the fluorescence, 
in Figure 35a. This indicates that the fluorescence peak is located at poten-
tials below the conduction band edge, revealing the presence of electronical-
ly accessible trap states located 0.35 eV below the conduction band edge. 
   When the potential is getting negative enough, the trap states are populated 
with electrons, increasing the probability for a radiative recombination from 
these states, which yields a higher fluorescence intensity. The drastic drop in 
fluorescence intensity at potentials more negative than the fluorescence max-
imum is, however, harder to explain. Different possible mechanisms that 
could affect the measured fluorescence intensity when the potential reaches 
these levels are discussed in article V. The most probable explanation in-
volves a change of the surface properties as a consequence of the reversal in 
the direction of the photocurrent in the electrode.   
   In Figure 35.c, the photocurrent under UV-illumination is compared to the 
maximum of the fluorescence intensity. The fluorescence peak potential 
coincides with the point where the photocurrent changes polarity and water 
no longer is oxidized. For more positive potentials, electrons are flowing 
from the electrolyte, into the film and further into the back contact, as a con-
sequence of photooxidation of water. With increased potential, the photocur-
rent is reversed, resulting in changes of the hydroxylated state of the surface. 
The photocurrent under the experimental condition is small and in the order 
of 10 µA/cm2, but the change from oxidizing to reducing water at the semi-
conductor interface will raise the local pH at the very surface of the particles. 
This will not dissolve the particles, but will decrease the oxygen termination 
in favor of hydroxide termination at the surface. 
   There are several studies demonstrating the surface properties of ZnO to be 
of great importance for the intensity of the visible fluorescence99,203,214-216. 
Van. Dijken et al. have in a series of paper proposed a hypothesis where the 
green fluorescence is caused by a transition to a double charge oxygen va-
cancy, Vo

●●211-213. The most common defect in ZnO is supposed to be single 
charge oxygen vacancies, Vo

● and they suggest a mechanism where Vo
● are 

transformed to Vo
●● by tunneling of a hole trapped at the surface. A changed 

surface morphology could modify the prerequisite for this hole transfer, 
which is in line with the observed decrease in the fluorescence intensity. In 
the experiment, the scan rate was low enough for the surface to be in an 
equilibrium configuration. This is also further supported by the fact that the 
process was reversible, as seen in Figure 35.b. 
   With the method here proposed, also the deeper acceptor states could, in 
principle, be populated by the potentiostat. This would quench the fluores-
cence at applied potentials more negative than the level of these acceptor 
states. Experimentally, this does, however, not occur in these samples. 
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Figure 34. (a) Experimental setup for measuring potential dependent fluorescence. 
To the left is the UV-lamp. The film is in the electrolyte and oriented in approxi-
mately 45° angel with respect to both the UV-lamp and the detector, which can be 
discerned at the back of the picture. The reference electrode and the counter elec-
trode are seen in at the right side in the glass vessel. (b) Fluorescence intensity as a 
function of wavelength and applied potential for a representative sample containing 
particles 7.4 nm in diameter. (c) The fluorescence data in the form of a contour plot. 
 

 
Figure 35. (a) Maximum fluorescence intensity as a function of applied potential for 
a representative sample. The data correspond to the ridge in Figure 34.b. In the fig-
ure, the position of the conduction band edge and the flat band potential is also giv-
en. (b) Maximum fluorescence intensity as a function of applied potential during a 
cyclic potential scan, demonstrating the reversibility of the process. The vertical line 
represents the turning point of the potential scan. (c) Maximum fluorescence as a 
function of applied potential compared to the photocurrent in the potential scan. The 
vertical line represents the maximum fluorescence intensity.  

The fluorescence intensity at potentials more positive than 0.1 V vs. NHE 
was the same as for a free standing electrode, not connected to the potenti-
ostat. Since no decrease in the fluorescence intensity was seen for applied 
potentials more negative than the acceptor trap states, there was no effective 
potentiostatic population of the acceptor levels. This indicates either a lack 
of significant amounts of conductive acceptor states accessible by the poten-
tiostat, or a transport to the lower lying acceptor states slower than the radia-
tive recombination, corresponding to ktrans 2 < krad in Figure 7. This prevents 
these states from being populated by the potentiostat under steady state UV-
illumination. It should be pointed out that it is not necessary for the overall 
fluorescence process to have a short lifetime for this to be the case. It is 
enough that the step forming the final deep trap, acting as an acceptor state 
for the electron generating the fluorescence upon relaxation, to be a fast pro-
cess.   
   ZnO can also be used in electroluminescence devices217-220. These are gen-
erally based on pn-junctions, ensuring the presence of both electrons and 
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holes. This is not the case here and a potential scan in the dark does not give 
rise to any electroluminescence. This is not particularly surprising. Even if 
electrons can be inserted into the electrode by the potentiostat, there will be a 
very limited amount of holes for the electrons to recombine with.   
   When performing these measurements for different particle sizes, it is seen 
that the position of the fluorescence peak follows the position of the conduc-
tion band edge. The fluorescence peak thus occurs at less negative potentials 
for larger particles. The distance between the conduction band edge and the 
trap levels for ZnO quantum dots is constant and around 0.35 ±0.03 eV, re-
gardless of band gap and particle size. The visible fluorescence in these par-
ticles is thus caused by a transition from trap levels centered at 0.35 V below 
the conduction band edge, down to acceptor levels located 2.65 eV below 
the conduction band. A graphical summary of the findings is given in Figure 
36.    
 

 
Figure 36. (a) A sketch of the energy levels involved in the visible fluorescence. 
The absolute positions of the relevant energy levels are marked for the 7.4 nm sam-
ple. (b) Illustration of the size dependence of the energy levels involved in the visi-
ble fluorescence.   

6.6.3 UV-fluorescence 
ot only the visible fluorescence, but also the UV-fluorescence, 
were measured for ZnO quantum dots in the form of thin films. 
The measurements were performed using time and wavelength 

resolved femtosecond laser spectroscopy on eight samples, with particles 
ranging from 3.7 to 6.3 nm in diameter. The excitation source had a wave-
length of 320 nm and the emission was measured between 274 and 545 nm 
within a time interval of 793 ps.  
   A contour plot for the emission intensity for a representative sample is 
given in Figure 37.a. The fluorescence is seen as the weaker signal around 
350-360 nm. To simplify the interpretation, the UV-fluorescence was cut out 
and is represented as the 3D suface in Figure 37.b, showing a decay rate in 
the low picosecond regime. An interesting feature is an asymmetry in the 
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signal, with respect to wavelength, seen as a tail stretching out towards long-
er wavelengths. By normalizing the fluorescence intensity for each wave-
length, the decay rate for the emission at different wavelengths can be direct-
ly compared. This gives the decay rate to be rather independent with respect 
to wavelength.    
  By integration along the time axis in Figure 37.a, a pure wavelength re-
sponse is obtained, which is given for the full sample set in Figure 37.c. The 
laser signal and the fluorescence are well separated in the wavelength di-
mension. There is, however, a substantial overlap in the time dimension due 
to the fast kinetics of the decay. The absolute response in Figure 37.c is dif-
ferent for the different samples, which is caused by small variations in the 
sample alignment. The absolute intensities can therefore not be directly 
compared for the different samples, wherefore normalized data were used in 
subsequent comparisons. This, unfortunately, means that quantum yields not 
are available with this experimental setup.    
   When the particle size increases, the UV-fluorescence is redshifted, analo-
gous to the behaviour of the band gap energy and the green fluorescence. 
This is seen in Figure 38.a, where the fluorescence peak is compared for the 
different samples. This is a consequence of the electronic quantum confine-
ment and the increased cluster like orbitals in the smaller particles. The fluo-
rescence energy is somewhat lower than the band gap energy, which in turn 
is lower than the excitation energy, as seen in Figure 38.b. This energy dif-
ference increases with decreased particle size. For the smallest particles in-
vestigated, the energy difference is in the order of 100 meV and decreases to 
around 20 meV for particles larger than 5.5 nm in diameter. This could be 
compared to the ZnO exciton binding energy, commonly reported as 60 
meV210. For the smaller particles, the UV-fluorescence could be caused by a 
transition from an exciton state down to the valence band edge. For the larg-
er particles, where the energy difference between the fluorescence and the 
band gap is smaller than the exciton binding energy, the transition may in-
stead occur directly from the bottom of the conduction band to the top of the 
valence band. 

 

 
Figure 37. (a) Contour plot of the response to the 320 nm excitation given as a func-
tion of time and wavelength for the 4.7 nm sample. The laser pulse is seen at 320 
nm, and the fluorescence is centered at 357 nm. (b) 3D surface of the fluorescence 
signal in (a) given as a function of wavelength and time. (c) Integration along the 
time axis as a function of wavelength for the full set of samples.  
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To obtain the kinetic parameters of the UV-decay, the signal was extracted 
as a function of time for the wavelength where the peak value was found. 
That represents a vertical cut in Figure 37.a and is shown for all the samples 
in Figure 38.c. Interestingly, the decay kinetics was different for the smallest 
and the largest particles, with a sharp transition between 5.3 and 5.7 nm. The 
data do not show a smooth continuous transition, but instead one slower 
decay rate for the smaller particles and a faster decay rate for the larger set of 
particles. Within the two groups, the decay rates are rather uniform. In order 
to extract the time constants, τ, the data were analysed using time deconvolu-
tion. This analysis gave a lifetime of 25-30 ps for the smaller particles and 
approximately 10 ps for the larger particles. This indicates the existence of at 
least two different mechanisms for the UV-fluorescence, and that an increase 
in particle size can induce a change from one mechanism to the other. 
   A sketch illustrating possible transitions occurring in the quantum dots 
related to the fluorescence is given in Figure 39.a, and in the subsequent 
discussion, the numbers refer to this figure. The excitation wavelength of 
320 nm used in these experiments correspond to a photon energy of 3.9 eV, 
causing a transition (1) leading to hot carriers in both the valence and the 
conduction band. A consequence of the more cluster like orbitals in the 
smaller particles is a suppression of the phonon vibrations, which was dis-
cussed in Section 6.3. This could potentially lead to a decrease in the interac-
tion between the phonons and the photoexcited charge carriers, resulting in a 
slower cooling behaviour of the hot electrons, which would be highly inter-
esting. The fluorescence data in Figure 37 indicate a very small amount of 
fluorescence for energies larger than the band gap energy, thus indicating the 
thermalization of the hot carriers (2) to be faster than 10 ps. For the ZnO 
quantum dots investigated, no sign of hot carrier emission was hence seen. 
In light of the fast decay rate of the observed emission, there is no indication 
of a phonon cooling bottleneck, at least not at room temperature, despite the 
experimental evidence for phonon confinement. 

 

Figure 38. (a) Shift in the fluorescence peak with respect to particle size. (b) Com-
parison between band gap energy and fluorescence energy as a function of particle 
size. (c) Normalized time-track for the full sample set. The bump around 75 ps for 
the 6.3 nm sample is an effect of a laser artefact in the measurement.  
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Figure 38.b shows that the fluorescence maximum does not coincide with 
the band gap energy (3), indicating a fast transition (5) down to states slight-
ly below the conduction band edge, from where the UV-emission can occur. 
The measured UV fluorescence (7) is thus caused by a transition from these 
states, slightly below the conduction band edge, to states close to the valence 
band edge, rather than directly between the band edges (3). An equivalent 
possibility is a transition occurring from the conduction band edge to states 
slightly above the valence band edge, quickly populated by the thermalized 
holes. The transition responsible for the UV-emission (7) is not starting from 
the same set of energy states as the visible emission (9). The visible fluores-
cence (9) is caused by a transmission from a trap state located 0.35 eV below 
the conduction band edge, down to a trap states in the band gap. If the UV 
emission would occur from the same set of states, the acceptor state would 
need to be a hot hole deeper down in the valence band, which is a less likely 
possibility. 
   It is known that the visible and the UV emission are two competing pro-
cesses, and if the intensity of one is decreasing, the intensity of the other is 
often observed to increase18,30,31. It is further known that surface defects are 
important for the visible fluorescence221,222. A decrease in the amount of 
defects, or in the total amount of surface, or a surface treatment can reduce 
the intensity of the visible fluorescence, while simultaneously increasing the 
intensity of the UV emission223. The visible fluorescence tends to be the 
dominant transition, not counting radiationless transitions (10), despite the 
fact that it is a considerably slower process than the UV-emission. That 
could be accounted for if either the transition down to the trap levels, (4) and 
(8), are fast, or if the conduction band is depleted of holes capable of accept-
ing the electron.  
   Van Dijken et al. have in a series of papers proposed a mechanism to ac-
count for the visible fluorescence that correlates with our experimental 
data211-213,224.  

 

 
Figure 39. (a) Possible transitions related to the fluorescence. (b) Illustration of 
more long lived UV-fluorescence for a smaller particle, caused by a transition from 
an exciton stabilized by a surface defect. (c) Illustration of more short lived fluores-
cence in larger particles, caused by exciton decay in the interior of the particle.  
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One type of defects known to be present in ZnO is oxygen vacancies, Vo
●, 

that could trap a hole in the valence band (11) and form a trapped hole, Vo
●●, 

to which an electron can be transferred, giving rise to the visible emission 
(8). If the trapping of the hole (11) is a fast process, that would correlate well 
with the present experimental findings. It could also account for the im-
portance of the surface, as the oxygen vacancies tend to accumulate there, 
unless the surface is specially treated. 
   Left to explain is the discontinuous decay rate. There are two theoretical 
papers from Fonoberov et al.223,225 which may shed some light on this behav-
iour. These authors have theoretically distinguished between different exci-
tonic behaviour in ZnO quantum dots: excitons confined within the particles, 
and excitons bound to surface located acceptor states. According to their 
work, an exciton associated with an acceptor state at the surface would be 
slightly lower in energy, and would have a slower decay rate than an exci-
tion confined in the interior of the particle. That correlates well with our 
experimental data, as the smallest particles exhibit UV-fluorescence corre-
sponding to a smaller fraction of the band gap, as well as a longer decay 
time. Our experimental data thus support their theoretical model, but also 
reveals the presence of a unpredicted discontinuous shift.  
   The discontinuity in the decay time with particle size can be rationalized 
by a change of mechanism for the excition recombination, where the exciton 
is bound to surface acceptor states on the smallest particles, whereas they are 
located in the bulk of the larger particles. This is illustrated in Figure 39.b-c. 
This transition is remarkably sharp, and in our case occurs between particle 
diameters of 5.3 and 5.7 nm. The exact size where this occur will probably to 
some extent be affected by the synthesis procedure and the surface properties 
of the particles. It is, according to experimental findings of Fonoberov101, 
probably also a function of temperature. Light intensity is also likely to have 
an impact on the overall fluorescence behaviour; especially for high light 
intensities where defect states may be saturated and hence limit the extent of 
some of the transition, e.g. (4). (8) and (11). 

6.7 Antireflective properties 
he optical absorption of the ZnO particle films turns out to be less 
than for the bare substrate for a broad range of wavelengths in the 
visible region, as seen in Figure 40. The particle films thus works 

as an antireflective coatings on the FTO glass. The effect is rather large and 
in a broad part of the visible spectrum the increased transmittance is over 25 
%. The negative absorption reaches as low as -0.25, representing a 77 % 
increase in the transmitted light. A prerequisite for this effect is a substrate 
absorbing some of the light and for a more transparent substrate, like soda 
lime glass, the effect is less pronounced. The conductive glass used as a sub-
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strate in this work is, despite its higher absorption, commonly used in appli-
cations where increased transmission would be highly beneficial, including: 
solar cells, smartphones, and tablets. No particle size dependence is seen for 
the antireflective behaviour.       
   There are different possible mechanisms that can make a coating antire-
flective. These are generally categorized as either thick or thin film effects. 
Thick film effects are based on matching the reflective index between the 
coating and the underlying material, and the largest effect is obtained when 
the refractive index of the top layer is the square root of that for the underly-
ing material. ZnO has a higher refractive index (2.1) than both FTO (2.0) 
and the underlying glass (1.5). Even if porosity can lower the refractive in-
dex, the observed behaviour is likely due to a thin film effects.  
   The deposited films are thinner than the wavelength of the visible light, 
causing partial destructive interference for light reflected at the ZnO/FTO 
interface. This effect comes with a wavelength dependence for the reflection, 
represented as a wavy pattern in the absorption. Such behaviour was indeed 
observed for wavelengths longer than ~340 nm. In line with this, the films 
obtained a slight coloured taint when viewed at oblique angles.   
 

 
Figure 40. (a) To the right is bare FTO. On the left is FTO covered by a film of ZnO 
nanoparticles. The film covered side is clearly more transparent in the visible. The 
dimensions of the glass are 0.8 · 2 cm (b) Absorption spectrum for a typical film. 
The light blue shaded region represents negative absorption compared to bare FTO. 

6.8 Photocatalysis 
6.8.1 Photodegradation of methylene blue 

he particle films, especially the ones with the smallest particles, 
show high photocatalytic activity. To measure the ability to de-
compose organic dyes, a 0.8 cm2 film was placed in a container 

containing 4.5 ml 10 µM methylene blue which was illuminated with simu-
lated solar light. The experiments were performed over a time period of four 
hours, and the absorption of the solution perpendicular to the illumination 
direction was measured continuously during the experiment. A photo of the 
experimental setup is given in Figure 19.c. 
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   Absorption as a function of wavelength and reaction time is given in Fig-
ure 41.a for the film with the smallest particles (3.7 nm) investigated. To 
simplify the visual interpretation, the 3D surface was projected down to two 
dimensions in Figure 41.b and to one dimension in Figure 41.c. For this 
sample, four hours were sufficient to almost completely degrade the meth-
ylene blue in the reaction vessel. A photo of the solution, before and after the 
experiment, is seen in Figure 42.a.  
   According to Lambert-Beers law, the concentration is proportional to the 
absorption. A measure of the absorption decline thus directly gives the 
change of concentration with time, as reflected in Figure 41.c.  
   Some degradation of the methylene blue occur also in the blank sample, 
but to a considerable smaller extent than when aided by nanoparticles. There 
was a large difference between the performances of different samples, with a 
general trend that films with smaller particles were more efficient, with the 
exception of the largest particles. The shape of the absorption decline was 
also rather different. For the smallest and larges particles, the time trace was 
distinctly curved, while it was rather constant and had a lower slope for the 
blank sample. 
   A measure of the degradation efficiency is the formal quantum efficiency, 
FQE, defined as the ratio between the number of degraded molecules and the 
number of incident photons. The photon flux is given by integrating the 
spectrum of the solar lamp up to the band gap of the particles, and correcting 
for the absorption in the film. The accumulated FQE after four hour of illu-
mination is given as a function of particle size in Figure 42.b. The smaller 
particles are, by good margin, the most reactive ones.  
   The FQE is a lower limit for the overall efficiency as it assumes that the 
degradation reaction is a one-electron, one-step reaction. That is certainly 
not the case. For a complete mineralization of methylene blue into carbon 
dioxide and water, approximately 70 steps are needed. To which extend the 
degradation occurred, and the nature of the rest products formed, were not 
measured, wherefore the reported FQE should be seen as an honest lower 
limit. For the smallest particles, approximately 1000 photons were absorbed 
for every methylene blue molecule losing its colour. This may be better than 
what a first glance may indicate. The reaction occurs at the solid-liquid inter-
face and no external convection is applied, wherefore there will be an inher-
ent mass transport limitation. This is manifested as a time dependent reaction 
rate, as evident from Figure 41.a, where the initial reaction rate for the 3.7 
nm sample is 4.5 times higher than the overall rate for the four hour period. 
The initial rate give a lower estimate of the quantum efficiency of 0.5 % and 
a upper, somewhat unrealistic, limit of approximately 30 % in the case of 
complete mineralization. 
   The most commonly employed photocatalyst is TiO2, which is available 
commercially as the product Degussa P25, and is found in the self-cleaning 
glass Pilkinton ActivTM. It would therefore be relevant to compare the per-
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formance of the ZnO particles here studied with that of TiO2. In an article by 
Mills et al.120, the photocatalytic degradation of stearic acid, deposited on the 
photocatalyst, was investigated for the commercial product Degussa P25 and 
the self-cleaning glass Pilkinton ActivTM. For illumination with 254 nm, light 
they reported an initial FQE of 2.5·10-3 for the Degussa P25 and 1·10-4 for 
the Pilkinton ActivTM. Even if these data are difficult to compare directly 
with the ones reported here, due to different experimental configurations, 
they indicate that the performance of the ZnO particles may be well in line 
with, and possibly even somewhat better, than that of the commercial TiO2.   
   A problem with the use of ZnO in photocatalytic applications is, however, 
is limited stability; especially in acidic environment. In that respect ZnO will 
have difficulties in competing with the more stable TiO2. 

 

Figure 41. (a) Absorption of the methylene blue solution as a function of wave-
length and time under simulated AM 1.5 illumination for the sample containing 3.7 
nm particles. (b) The data in (a) projected down to two dimensions. (c) The absorp-
tion maximum as a function of illumination time, corresponding to the ridge in (a). 

 
Figure 42. (a) To the left is a cuvette with 10 µM methylene blue solution. To the 
right is the same solution after four hours of illumination in the presence of a thin 
film containing ZnO particles, 3.7 nm in diameter. The film is still in the cuvette. (b) 
Percent of methylene blue left in the cuvette after four hours of illumination given as 
a function of particle size. 
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6.8.2 Photooxidation of water 
olar water splitting measurements were measured on the same type 
of films as used for the photodecomposition of methylene blue. 
The measurements were performed in a three-electrode setup ac-

cording to the configuration in Figure 43.b. The photocurrent under chopped 
illumination during a potential scan is given for a representative sample in 
Figure 43.a. The measurement demonstrates a photodriven reaction, ascribed 
to water oxidation yielding oxygen gas. The other half-reaction occurs at the 
platinum counter electrode. The dark current is close to zero, indicating that 
the films are stable under the operating conditions. This, together with the 
fact that the films are visually unaffected by the experiment, make it reason-
able to assume that the photocurrent is due to water oxidation rather than 
photodegradation of the electrodes.   
   The magnitude of the photocurrent is rather small, as may be expected due 
to the large band gap of ZnO. The internal quantum efficiency, QE, here 
defined as the ratio between the current, expressed as the electron flow at 0.6 
V vs. the NHE, and the number of photons per second absorbed in the film 
does, however, reach around 10 %. This efficiency does not seem to be af-
fected by particle size.   
   The high band gap and the consequential low light harvesting means that 
ZnO, just like TiO2, in its pure form never will be the material of choice for 
direct solar water splitting. Results for pure ZnO are, however, of interest as 
it gives an idea of what may be expected for more complicated ZnO based 
systems. If for example ZnO could be doped in such a way that light is ab-
sorbed also in the visible region, without degrading the demonstrated photo-
catalytic effect, the QE reported here indicates that ZnO not is completely 
uninteresting and could be worth further investigations with respect to solar 
water splitting.   
     

 
Figure 43. (a) Current density as a function of potential under chopped simulated  
AM 1.5 illumination for the sample containing 4.7 nm particles. (b) A sketch of the 
experimental setup used in the water splitting measurements.  

S
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7 Results and discussion; Optical quantum 
confinement in thin hematite films 

subset of the 35 films of iron oxide deposited by ALD on FTO sub-
strates is displayed in Figure 44.c, illustrating the range of optical 
densities in the investigated films. A phase determination was per-

formed using XRD and Raman spectroscopy, revealing the as deposited 
films to be composed of maghemite and/or magnetite. Films of phase pure 
polycrystalline hematite were obtained after annealing at 500ºC in air for 
eight hours.   
   The absorption coefficient of the hematite was determined by calibrating 
the measured absorption with respect to the film thicknesses, obtained by 
combining X-ray fluorescence, (XRF), and X-ray reflectance, (XRR), meas-
urements. The film thicknesses were then obtained from the optical absorp-
tion and knowledge of the absorption coefficient. This procedure gave an 
effective volume averaged film thickness, evening out microscopic irregular-
ities due to island formation for the thinnest films. The thickness of the ana-
lysed films was between 2 and 70 nm.       
   Raman data for a subset of the samples, normalized with respect to the 
vibration at 412 cm-1, is given in Figure 44.a, illustrating the thickness de-
pendence of the Raman signal. Six peaks were seen which were ascribed to 
four Eg modes located at: 247, 295, 412, and 614 cm-1, and two Ag1 modes at 
228 and 500 cm-1.  
 

 
Figure 44. (a) Raman data for a subset of the annealed films. Data is shifted verti-
cally to simplify the interpretation. (b) Crystal structure of hematite. (c) A photo of a 
subset of the analysed films illustrating the change in optical absorption.   

A
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The relative intensities of the vibrations were insensitive with respect to the 
film thickness, with the exception of the peak at 295 cm-1 which was some-
what more suppressed for the thinner films. The absolute intensity does, 
however, decrease for thinner films, and for the thinnest films, no signal was 
seen at all. The disappearance of the Raman signal could be a trivial effect 
due to a lower Raman cross section in the sample, but absorption measure-
ments indicate isotropic phonon confinement to be a more likely cause. 
Since the absorption in the UV-vis still shows a high cross-section for the 
thinnest films, lack of Raman cross-section cannot be the sole explanation 
for the suppression of the Raman signal. This is comparable to the effect 
seen in the ZnO quantum dots.  
   The morphology of the films was investigated by SEM imaging, revealing 
the films to have a distinct microstructure and not being as smooth as could 
be expected for an ideal ALD deposition. The deposition was initiated by 
formation of islands, which coalesced to covering films at an average thick-
ness around 10 nm. This behaviour, and the resulting microstructure, is 
probably a result of the deposition situation being somewhat closer to chem-
ical vapour deposition, CVD, than to that of an ideal ALD process.  
   Several interesting features could be extracted from the optical absorption, 
which in Figure 45.a is given for the full sample set, normalized with respect 
to the peak value around 380 nm. Both the absorption maximum and the 
band gaps are shifted towards higher energies for the thinner films. There is 
also a clear thickness dependence of the relative absorption in the visible 
between 450 and 650 nm, where the absorption is distinctly weaker for the 
thinner films. 
   The red shift in the absorption maximum is in the order of 200 meV when 
going from a thickness of 4 to 20 nm, after which it levels off to the bulk 
value, as illustrated in Figure 45.b-c. A blue shift of the absorption edge is a 
common sign of quantum confinement, as is the case for the ZnO particles. 
Here also a change of the position of the absorption maximum is observed. 
This indicates a change in the orbital overlap or in the density of states in the 
valence and the conduction band for these hematite films. 
 

 
Figure 45. (a). Absorption against wavelength for all the samples. Data are normal-
ized with respect to the absorption peak value. (b) Shift of absorption maximum as a 
function of film thickness. (c) The photon energy corresponding to the absorption 
peak given as a function of film thickness.  
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A qualitative understanding of the absorption behaviour can in principle be 
obtained by analysing the electronic band structure given in Figure 1.c, 
which shows that hematite is an indirect semiconductor. The experimental 
values for the indirect band gap, as reported in the literature, scatter between 
1.9 and 2.2 eV73,226 and depend to some degree on the route of synthesis. All 
indirect semiconductors also have direct transitions at higher energies. Quan-
tum confinement due to decreased film thickness could potentially affect 
both the positions of the indirect and the direct band gaps, as well as the 
probability for these transitions to occur. Both the indirect and the direct 
transitions should be possible to resolve in the experimental UV-vis data, 
from which also a quantitative measure of the thickness dependence can be 
obtained.  
   As discussed in the theory section, the indirect band gap can be extracted 
by plotting the square root of the absorption against photon energy and ex-
trapolate the linear region down to zero absorption. This procedure is illus-
trated for a subset of the analysed samples in Figure 46.a. A linear region is 
there found in an energy interval of approximately 2.17-2.27 eV. This be-
haviour is, however, less distinct for the thinner films and completely absent 
for the thinnest films.  
 

 
Figure 46. (a) Determining the indirect band gap. The square root of the normalized 
absorption data is plotted against photon energy for a subset of the analyzed sam-
ples. (b). Determination of the direct band gap by plotting the square of the absorp-
tion against photon energy. (c) The indirect band gap given as a function of film 
thickness. (d) Energetic position of the two direct transitions given as a function of 
film thickness. (e) Slope of the linear regions in (b) given as a function of film 
thickness. 
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The transition region where the model fails and the data start to scatter con-
siderably lies between 5 and 6 nm, and for films thinner than 4 nm, the mod-
el is not valid at all. Until this point is reached, a blue shift in the indirect 
band gap in the order of 0.3 eV is observed, as illustrated in Figure 46.c. The 
values obtained for the indirect band gap are 1.75 eV for the thickest films, 
and slightly above 2 eV for the thinnest films which still are thick enough to 
have a measurable indirect transition. These values are in the lower range of 
the values reported in the literature.     
   The slope of the linear region in Figure 46.a is a measure of the absorption 
coefficient, or the transition probability, in this energy region. This turns out 
to be fairly constant for films with a thickness down to 10 nm, after which it 
rapidly decreases. This is in line with the disappearance of the indirect tran-
sition and the failure of the absorption model for the thinnest films. The most 
likely explanation for this behaviour may be given by correlating the absorp-
tion to the phonon behaviour. An indirect transition involves both the ab-
sorption of a photon as well as the momentum transfer by a phonon, as illus-
trated in Figure 1. For structures with small extensions in some dimensions, 
the spatial confinement can lead to a suppression of the phonons. This is 
seen for the ZnO particles in Section 6.3, and the Raman data for the hema-
tite films in Figure 44.a indicate the phonons to be collectively suppressed 
for thinner films and absent for films thinner than 4 nm. This would lead to a 
decrease in the probability for the photon-phonon interaction, which is nec-
essary for the indirect transition, and could therefore be a reasonable expla-
nation for the observations.  
   All indirect semiconductors do by necessity also have direct transitions at 
higher photon energies which not involve phonon interactions. For such a 
transition, the absorption will, in a limited energy interval, be proportional to 
the square root of the energy difference between the energy of the light and 
the band gap. The direct band gap can thus be extracted by plotting the 
square of the absorption against photon energy and extrapolating the linear 
region, for photon energies slightly above the band gap energy, down to zero 
absorption. For an indirect semiconductor, this process is superimposed on 
the absorption due to the indirect transition, which to some extent interferes 
with the analysis. The direct transition is a considerably more probable pro-
cess, thus overshadowing the indirect transition and thereby rendering the 
analysis to be fairly accurate in practice. In Figure 46.b, the square of the 
absorption is plotted against photon energy and two linear regions are ob-
served: one between 2.45 and 2.60 eV, and one at slightly higher energies. 
The first region indicates the presence of a direct transition around 2.15 eV 
for thicker films, probably corresponding to the principal transition at the Γ-
point. Also for this transition, a blue shift is observed, as illustrated in Figure 
46.d. For the thinnest films, the shift is as large as 0.3 eV compared to the 
bulk value. For the other direct transition, which seems to give a stronger 
absorption, the blue shift is even larger and in the order of 0.45 eV. The cat-
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egorization of this transition is more difficult, as the theoretical band dia-
grams give several possible alternatives and due to interference from transi-
tions at lower energies. The blue shift begins for film thicknesses around 20 
nm and accelerates for thinner films, in line with the behaviour seen for the 
indirect transition. The data for the direct transitions scatter less than those 
for the indirect transition, which is an effect of squaring the absorption 
which decreases the impact of non-ideal absorption processes.  
   The slope of the linear regions in Figure 46.b, corresponding to the transi-
tion probability, changes rather dramatically with film thickness as illustrat-
ed in Figure 46.e. The first direct transition starts to decrease around 20 nm 
and reaches very low transition probabilities for the thinnest films, whereas 
for the second direct transition, the slope of the linear region increases with 
approximately the same amount. It thus appears that the absorption probabil-
ity for more energetic photons is increased in thinner films at the expense of 
the absorption of less energetic photons. This behaviour can be rationalized 
with electronic quantum confinement in the thin films, which decreases the 
density of states for the lowest lying states in the conduction band. 
   A graphical summary of the findings is given in Figure 47. To summarize; 
there is a clear blue shift of the absorption maximum for films with a nomi-
nal thickness under 20 nm. This demonstrates a change in the electronic 
structure, indicating either a change in the orbital overlap or in the density of 
states for low-dimensional hematite. There is a blue shift of the absorption 
edge for all transitions, direct and indirect, for films thinner than approxi-
mately 20 nm. It is further seen that the absorption probability for the indi-
rect transition at longer wavelengths gets smaller for the thinner films. This 
corresponds to a decrease in the optical absorption in the visible range.  
 

 
Figure 47. A schematic summary of the different optical quantum confinement 
effects found in low dimensional hematite. 
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These are important findings, and also disadvantageous for the use of low 
dimensional hematite in, for example, solar water splitting applications. Giv-
en the transport limitations of hematite, the layers must be so thin that these 
effects will be of importance. The optical path length, or the absorption vol-
ume, for ultrathin hematite films in nanostructure arrays needs to be thicker 
than what would be expected based on the optical properties of bulk hema-
tite. This means that the full absorption potential of bulk hematite will be 
harder to realize unless the transport properties can be improved. The data 
obtained here are for reasonable flat films but the conclusions should be 
directly transferable to more complicated three-dimensional geometries. 
These findings will thus be of importance in the design of hematite 
nanostructures for photocatalytic and photovoltaic applications. 
   The focus of the present measurements was on fundamental properties. 
The underlying motivation was, however, the development of efficient pho-
toanodes for solar water splitting. Measurements in which hematite films 
were used as photoanodes for water oxidation under simulated sunlight were 
therefore also carried out. These measurements were performed with a three- 
electrode setup according to Figure 48.b, and are analogous to the measure-
ments of the ZnO photoanodes in Section 6.8.2. Data for a representative 
sample, measured under chopped illumination, are given in Figure 48.a. The 
photocurrents are substantially higher than for the ZnO samples, as a larger 
part of the solar spectrum could be utilized. The photocurrents were still 
rather low, but given the low absorption due to the thinness of the films, the 
results nevertheless show some promise. 

 

 
Figure 48. (a). Current density as a function of potential under chopped simulated  
AM 1.5 illumination for a 30 nm thick hematite film. (b) A sketch of the experi-
mental setup. 
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To take this further, the goal is to use what have been learned concerning the 
deposition and the optical properties of the hematite films, to design and 
optimize three-dimensional nanostructures on which hematite could be de-
posited. Syntheses of a few different nanostructures have been done with this 
in mind. Among them are: nanorods of silver, zinc oxide, and tin oxide, all 
of which are illustrated in Figure 49. This represents work that to a large 
extent is left to be carried out.  
 

 
Figure 49. Nanorods of: (a) ZnO. (b) Ag. (c) SnO2. The SnO2 rods were synthesized 
by V. Böttner. 
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8 Results and discussion; solar hydrogen 
production using CIGS based devices 

8.1 Finding a good photoabsorber  
n Section 3.2, the overall process of solar hydrogen production was 
divided into four fundamental and subsequent processes. These were: 
charge carrier generation, separation, transport, and transfer.  

   Accordingly, the first step towards a working device is to find a good pho-
toabsorber. Several strategies for this can be chosen. One is to start with a 
wide band gap material, like TiO2 or ZnO, and modify them to absorb also in 
the visible. We have conducted experiments along this route involving sele-
nium doping of ZnO and high pressure H2 doping of both ZnO and TiO2. 
Another approach is to choose a semiconductor with absorption in the visi-
ble, like Cu2O or Fe2O3, and try to solve the other problems for the chosen 
absorber. Both these approaches have been tried within the work carried out 
in thesis. From the perspective of technology and efficiency the results have, 
however, not been good enough for the intended application using these 
approaches.  
   A search for an alternative photoabsorber to work with was therefore initi-
ated. During that search, our eyes fell upon CIGS, CuInxGa1-xSe2, which 
turns out to be a material with a set of highly beneficial properties for the 
purpose of solar hydrogen production. First of all, CIGS is a proven good 
thin film solar cell absorber, found in the commercial domain and with a 
record solar cell efficiency of 20.4%79. It can be produced reasonably cheap 
on an industrialized scale as demonstrated by the presence of CIGS based 
devices on the commercial PV-market. CIGS has also a conduction band 
edge energetically well positioned for the hydrogen half-reaction. The band 
gap is, however, too small and the valence band edge too high for a one-cell 
device to drive the full reaction. The initial approach was therefore to inves-
tigate CIGS as a photocathode for the water reduction half-reaction. Despite 
the good material properties of CIGS, only a few reports can be found in the 
literature dealing with CIGS in the context of solar hydrogen production80-84.       
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8.2 CIGS as a photocathode in a PEC-configuration 
n a first series of experiments, bare CIGS, deposited on Mo on SLG, 
was used as a photocathode in the three-electrode PEC-configuration 
illustrated in Figure 50.a. The mechanism for charge carrier separa-

tion was the Helmholtz mechanism, and 0.5 M Na2SO4
 was used as the elec-

trolyte. The measured photocurrents in this setup were in the order of a few 
µA/cm2, which is very low compared to what CIGS is capable to provide as 
a solar cell material. The main reason behind the low photocurrents turned 
out to be poor charge carrier separation.  
   In a second set of experiments, the mechanism for charge carrier separa-
tion was therefore exchanged by depositing a solid state pn-junction. This 
was done by depositing a layer of CdS, by chemical bath deposition, fol-
lowed by sputtering of a thin layer of intrinsic ZnO and a thicker layer of Al-
doped ZnO. A SEM cross-section of the final stack is given in Figure 50.b, 
and a photo of a typical electrode is found in Figure 50.c. Photocathodes 
composed of: CIGS, CIGS/CdS, and CIGS/CdS/ZnO were all investigated. 
Due to this change of the mechanism for charge carrier separation, the meas-
ured photocurrents increased by an order of magnitude compared to the bare 
CIGS electrode. The photocurrents were, however, still small and the 

 

 
Figure 50. (a) Illustration of the experimental setup used for the investigations of 
half-reactions. (b) SEM cross section illustrating the different layers in the CIGS 
structure. The thickness of the CIGS layer was approximately 2 µm. (c) Photo of a 
typical electrode. (d) The basic structure of the cells with platinum nanoparticles. (e) 
Photocurrent as a function of potential under chopped illumination, corresponding to 
AM 1.5, for CIGS/Pt, CIGS/CdS/Pt, and CIGS/CdS/ZnO/Pt.  
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overall quantum efficiency remained fairly low. 
   It is known that ZnO can photooxidize water, but neither ZnO, nor CdS, 
are known to provide a high catalytic efficiency with respect to this reaction. 
To improve the catalytic activity, platinum nanoparticles were electrodepos-
ited on the surface of the electrodes, as indicated in Figure 50.d. This in-
creased the photocurrents one order of magnitude further, and even some-
what more for the samples with the ZnO window layer. Data for these meas-
urements are given in Figure 50.e. In this traditional PEC-configuration, 
photocurrents up to 6 mA/cm2, at -0.6 V vs. the NHE, were measured, 
demonstrating CIGS to be a highly interesting material for the purpose of 
solar hydrogen production.  
  To get some perspective on these photocurrents, they can be compared with 
results achieved for other materials. The present results well outnumber the 
theoretical maximum photocurrents for some well-studied high band gap 
materials, like for example TiO2 and ZnO172. The photocurrents are also 
higher than what has been achieved with, for example BiVO4

227
 and Fe2O3, 

for which the present top performances are in the order of 3-4 mA/cm2 72. 
The values reported here are similar to the photocurrents presented by Grät-
zel and coworkers for Cu2O, reported to be the highest efficiencies so far 
achieved for the reduction half-reaction using an oxide based 
photocathode166.    

8.3 The problem of stability 
nfortunately, the stability of the CIGS based photocathodes de-
scribed in the last section was rather poor. The photoelectrodes 
started to degrade wihin a few minutes and if the electrodes were 

held at -0.4 V vs. Ag/AgCl, the photocurrent decreased to zero within an 
hour.   
   Stability in water under illumination is a major problem, not only for this 
system but for several otherwise promising photoabsorbers. The record cell 
of Khaselev and Turner181 for example degrades in the time frame of a 
day228. So does also Cu2O

166, silicon229, and CdS230 to mention just a few 
examples. One approach towards solving the stability problem could be to 
simply discard the use of all unstable photoabsorbers and instead go for in-
herently stable semiconductors, like TiO2 and Fe2O3. This may, however, be 
an unnecessarily restricted strategy. 
   In a classical PEC-configuration, the stability problem is inherent to the 
semiconductor/electrolyte interface, rather than to the bulk of the photo-
absorber. At the interface, where the redox chemistry occurs, the local envi-
ronment tends to be rather hostile. The local pH can be either high or low, 
the environment is either strongly oxidizing or reducing, and there could be 
plenty of free radicals around.  
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   One possible strategy for protecting the surface is by ensuring the presence 
of an available reaction path with a more favourable kinetics than the degra-
dation reaction. Another approach is to remove the surface prone to degrada-
tion from the electrolyte interface, and replace it with a more stable surface. 
This could mean depositing a window layer on top of the fragile photo-
absorber, as illustrated in Figure 51. In addition to stability, several addition-
al requirements are imposed upon such a window layer. It needs to be trans-
parent, unless the back contact is transparent. The band edges need to match 
the photoabsorber so that minority carriers easily are injected into the mate-
rial and not are blocked at this additional interface. It also needs to facilitate 
minority carrier injections into the catalyst on top of the window layer. The 
charge transport through the window material needs to be efficient. It is also 
important that this layer does not compromise with the charge carrier separa-
tion efficiency in the absorber material.  
   The conceptually simplest version of a window layer is a stable, transpar-
ent semiconductor with low resistance, as illustrated in Figure 51.c. In such a 
configuration, the window layer has only a small effect on the charge carrier 
generation, ϕgen. If the window layer not is entirely transparent in the visible, 
ϕgen may decrease somewhat, but it could also increase if the layer is antire-
flective. The window layer represents an additional resistive element and an 
additional interface, which potentially could decrease ϕtrans and increase ηtrans 

as well as prolonging the distance of charge transport. If carefully engi-
neered, these effects could, however, be minimized. If a catalyst is deposited 
directly on the photoabsorber, as in Figure 51.b, or on top of the window 
layer, as in Figure 51.d, it should not considerably affect neither ϕcat or ηcat, 
given that the same catalyst is used. If a solid state pn-junction is used for 
charge carrier separation, neither ϕsep, or ηsep will be affected to any larger 
extent by the window layer, as the separation is occurring spatially separated 
from the window layer. If the mechanism for charge carrier separation in-
stead is the Helmholtz mechanism, ϕsep may be affected. The window layer 
may, depending on its thickness, doping density, and specific adsorption of 
species in the electrolyte, affect the distance the electric field, generated by 
the charge imbalance at the window layer/electrolyte interface, penetrates 
into the photoabsorber.  
 

 
Figure 51. (a) Photocathode in a PEC-configuration. (b) Photocathode with an addi-
tional catalyst on the surface. (c) Photocathode with a transparent window layer. (d) 
Photocathode with both a transparent window layer and an additional catalyst.  
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The width of the depletion layer may thus decrease, which negatively affects 
ϕsep. A protective window layer introduces an additional material to be 
matched with the other materials, and thus to some extent makes the device 
more complicated. The possibility to transform an unstable, but otherwise 
promising, absorber material into a stable and working device does, howev-
er, make this approach well worth investigating.  
   A more elaborate approach is to make the window layer multifunctional. 
This inevitably increases the demands on the window layer but may lead to 
overall simpler devices with less internal components. The surface protective 
property could be combined with the function of catalysis, as in Figure 51.c, 
or with the charge carrier separation. Finding a semiconductor which com-
bines the properties of a stable window layer with efficient catalysis is a 
simpler problem than finding a stable photoabsorber that also is a good cata-
lyst and has good transport properties, as were the demand for the simplest 
monolithic design in Section 3.4.1. It may, nevertheless, be to hope for more 
than what is reasonable to find. If the window layer is properly doped, it will 
together with the absorber material constitute a solid state heterogeneous pn-
junction and thereby be vital for the charge carrier separation.  
   For the CIGS photocathodes described above, the ZnO does to some extent 
work as a protective window layer. ZnO is, however, not ideal from a stabil-
ity point of view, as demonstrate by the experiments, even though it works 
better than CdS. It does, however, prove the point, even if an additional, 
more stable, window layer would be needed on top of the ZnO layer for this 
strategy to work. Examples of materials investigated for this type of window 
layers include, for example Ni231 and TiO2

166. 
   The most important part of the idea of a protective window layer is the 
conceptual and practical implications which follow when taking the idea a 
step further. This will be detailed in the next section.  

8.4 Importance of catalyst geometry 
n the electrodes in Figure 51.d and 52.a, the catalyst is deposited on 
top of the protective window layer. If the mechanism for charge car-
rier separation is by a solid state pn-junction, additional possibilities 

open up for the topological design of the catalyst. Instead of letting the mi-
nority carriers be transported perpendicularly through the window layer out 
to the catalyst, the path of charge transport can be prolonged. The charge 
carriers can be transported in the plane of the window layer and be collected 
at a conductor, loaded with a catalyst, placed perpendicular to the electrode, 
as illustrated in Figure 52.b. The window layer must have a fairly low re-
sistance for this to work, otherwise ηtrans will increase. Possible alternatives 
for such a window layer are, for example: ZnO:Al, Sn2O:In, Ni, TiO2, and 
MgO. The drawback with this configuration is a possible increase in ηtrans 
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and a decrease in ϕtrans due to the longer distance of charge transport and due 
to parasitic charge transfer at the part of the window layer/electrolyte inter-
face not covered by the catalyst. The real advantage with this approach is the 
practical possibilities allowed by this topological transformation.   
   With the geometrical configuration in Figure 52.b, using a low resistive 
window layer and a vertical catalyst, no desired charge transfer reactions 
occur at the interface between the window layer and the electrolyte. The 
interface is thus not essential for the water splitting reaction and could be 
removed by simply covering the surface with a transparent, inert, and protec-
tive polymer coating, as in Figure 52.c. This coating is only penetrated by 
the perpendicular, catalyst loaded, current collector. If perfectly transparent, 
this additional layer does not directly change the physics in terms of the 
charge carrier generation, separation, transport, and transfer. It does, howev-
er, solve the problem of stability by completely separating the fragile photo-
absorber and the window layer from the aggressive electrolyte. If the win-
dow layer is too resistive, the polymer coating allows for the deposition of a 
metal current collector on the top of the window layer, as is standard for PV-
cells. This decreases the resistive losses, ηtrans, but also decreases ϕgen by a 
few percent due to the shadowing effect. 
   Besides from solving the problem of stability, the introduction of a stable 
polymer coating and a perpendicular catalyst has an additional set of ad-
vantages. By letting the catalyst be deposited perpendicular with respect to 
the absorber material, the absorption losses in the catalyst, which can be 
substantial, will to a large degree be avoided. It also allows for using a com-
pletely different area of catalytic material compared to the area of the photo-
absorber. This enables the use of less efficient and more low cost catalysts, 
demanding a higher surface area.  

 

 
Figure 52. (a) A PEC-cell with a protective window layer, on top of which a catalyst 
is deposited. (b) The catalyst is instead deposited on a conductor placed perpendicu-
lar to the window layer. (c) A stable and transparent polymer is coated around the 
photoelectrode and the window layer, which is penetrated by the catalyst loaded 
perpendicular conductor. (d) By increasing the distance of the perpendicular conduc-
tor, the photoelectrode can be removed from the electrolyte and the polymer coating 
can be removed. This transforms the system into a traditional PV-electrolysis setup.  
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The flexibility in terms of electrolyte composition increases greatly and 
more aggressive, but also more potent, electrolytes can be used, as they no 
longer need to be compatible with the absorber material and the window 
layer. The demands on the window layer also weaken as it no longer needs 
to be stable in contact with the electrolyte but only has to be transparent and 
conductive. 
   This may seem like a small change to the configuration of the PEC-cell. 
The consequences it bears with it could, however, turn out to be something 
like a paradigm shift in terms of how the problem of solar water splitting is 
perceived and addressed. It is stunning that so small a change can have so 
large an impact on performance and device engineering. By introducing an 
inert polymer coating, a short metal wire, and by letting the charge transport 
be prolonged from the nm to the cm range: the stability problem is solved, 
there is a potential gain in absorption, a broader set of electrolytes can be 
used, and more geometrical freedom in the design of the device can be al-
lowed. Sealing procedures with resins or glass are used in the commercial 
PV-industry today and it is possible that future application of solar hydrogen 
production also will follow this route. 
   The length of the conductor penetrating the polymer cover is rather insig-
nificant. A very small conceptual step is to increase the length of the conduc-
tor, and thereby increasing the physical separation between the functionality 
of absorption and catalysis. Once the conductor is long enough, the photo-
electrode can be placed outside the electrolyte and be connected to the cata-
lyst loaded electrode in the electrolyte by a wire, as in Figure 52.d. This 
transformation has no effect, whatsoever, on the physics of the charge carrier 
generation, the separation, or the catalysis. Of the fundamental processes, 
only the charge transport is influenced, which is affected by a longer dis-
tance of transport in a low resistive wire.  
   The removal of the photoelectrode from the electrolyte does, however, 
provide access to a complete range of further advantages. The protective 
polymer cover is no longer required and can be removed, even if some sur-
face protection will be needed when operating under outdoor conditions. The 
stability problem caused by the interface to the electrolyte is not only solved, 
it is removed all together. There are no longer any losses due to absorption 
or reflection at the air/container and container/water interfaces. It will be 
considerably easier to use solar tracking systems on the photoabsorber. A 
large set of electrolytes can be used and optimized with respect to the cata-
lyst. The constraints on the catalysts are less severe, and they can be posi-
tioned behind the photoabsorber and no longer need to be transparent. They 
could also be synthesized independently from the absorber material. All this 
makes it easier to draw upon the wealth of research performed on water elec-
trolysis, as most of the constraints due to interference with the absorber ma-
terial are removed. It also opens up for a more modular approach where the 
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photoabsorber and the catalysts can be developed, tested, optimized, and 
exchanged independently.   
   Several of these configurations were constructed and tested. The first of 
those were made by removing the CIGS electrode from the electrolyte and 
connecting it to a catalyst in the electrolyte by a wire, as illustrated in Figure 
53.a and 53.c. The working electrode was composed of Pt-particles deposit-
ed on FTO, as seen in the photo in Figure 53.d, by using the same deposition 
parameters as for the Pt particles deposited on CIGS in Figure 50. The half-
reaction is then operated in PV-electrolysis mode, in a three-electrode setup, 
according to the configuration in Figure 53.a. The photocurrents in this con-
figuration increased rather dramatically, compared to for the configuration in 
Figure 50. The photocurrents under chopped illumination are given in Figure 
53.b and reached 15 mA/cm-2 at -0.6 V vs. the NHE. This rather dramatic 
increase in performance was both an effect of decreased absorption losses 
caused by the platinum catalyst and the glass/water interfaces, as well as due 
to the increased stability.    
   To report efficiencies for half-reactions is inherently difficult172. One such 
measure for the configuration in Figure 53.a is the difference in the perfor-
mance between the photoelectrode connected to the platinum working elec-
trode and that for the platinum working electrode itself. Such a comparison 
is given in Figure 53.e, and the power possible to obtain from this cell, in 
terms of hydrogen reduction, is illustrated by the shaded area. The power 
peaks for photocurrents slightly above 20 mA/cm2, and the efficiency at that 
point closely matches the efficiency of the CIGS electrode when operated as 
a PV-cell.  
   A CIGS cell was constructed in which the catalyst was placed vertically, as 
in Figure 52.c, which is a configuration that enables the use of protective 
polymer coatings on the surface of the absorber material.  
 

 
Figure 53. (a) Illustration of the experimental setup for the PV-electrolysis configu-
ration for half-cell measurements. (b) Photocurrent as a function of potential under 
chopped illumination, corresponding to the AM 1.5 solar spectrum, for a sample of 
CIGS/CdS/ZnO in a wired configuration. 0.5 M Na2SO4 was used as the electrolyte. 
(c) Photo of the CIGS part of the device illustrating the nature of the contacts and 
wiring. (d) The working electrode composed of electrodeposited Pt particles on 
FTO. (e) Photocurrent as a function of potential for the CIGS half-cell, and current 
as a function of potential for the platinum working electrode. The maximum power 
from the device is given by the blue rectangle.   
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On top of the ZnO:Al window layer, a Ni/Al current collector grid was 
evaporated. The IV characteristics of this cell are given in Figure 54.a. The 
half-cell was constructed by attaching the catalyst, oriented perpendicular to 
the CIGS, to the current collector grid with an indium solder and silver glue. 
The front side of the CIGS-cell, as well as the contacts, were encapsulated in 
a polymer matrix, which separates and protects the fragile electrode surface 
from the corrosive electrolyte. A photo of the device is shown in the inset in 
Figure 54.b. This configuration also enables the use of a more potent electro-
lyte, and 3.0 M H2SO4 was used. The photocurrent as a function of applied 
potential under chopped AM 1.5 solar illumination for the half-reaction, as 
measured with a three-electrode setup in 3.0 M H2SO4, is given in Figure 
54.b. The photocurrents reached 28 mA/cm2 at 0.15 V vs. the NHE, which is 
very high compared to values reported for other materials, commonly inves-
tigated for half-reactions. The device is, due to the polymer coating, also 
stable over time under operation which is a crucial requirement for a techno-
logical product. The catalyst give rise to some absorption losses due to shad-
ing but this is smaller than for the case of the catalyst on top of the window 
layer. 
   The data obtained for a corresponding cell operated in a PV-electrolysis 
configuration, with the CIGS-cell outside the electrolyte and connected to 
the catalyst in the electrolyte with a wire, is given in Figure 54.c where the 
inset shows a photo of the cell. This is still a measure of the half-reaction in 
a three-electrode setup. The photocurrents for the two configurations in Fig-
ure 54.b and Figure 54.c are quite similar, although slightly better for the 
PV-electrolysis setup. This is because the encapsulated device in the electro-
lyte suffers from some absorption and reflection losses in the glass, the wa-
ter, the polymer, and at their respective interfaces. There are also some loss-
es due to shadowing by the vertical catalyst. For perpendicular illumination, 
the loss is negligible but the losses increases for angular illumination. By 
clever design, the losses could be manageably small even for angular illumi-
nation. 
 

 
Figure 54. (a) IV characteristics for the CIGS device used in (b) and (c). (b) Photo-
current as a function of potential under chopped illumination corresponding to AM 
1.5, for the half-cell in the inset with a vertical catalyst and an epoxy cover. (c) The 
same measurement as in (b) but in a PV-electrolysis configuration.   
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The photocurrents for the device in Figure 54.c are higher than for the corre-
sponding device in Figure 53.b, and the current onset is shifted with respect 
to potential. That is a consequence of the use of different electrolytes, clearly 
illustrating the importance of the electrolyte, not only in terms of potential 
shifts but also for the catalytic efficiency. This is another argument in favor 
for encapsulated PEC or PV-electrolysis configurations as they enable the 
use of a far wider set of electrolytes that could be more specific with respect 
to the catalysts.  

8.5 Towards the full reaction 
p until now, the results have dealt with the reduction half-reaction. 
A working commercial device does, however, need to perform the 
full reaction. For single cell configurations based on CIGS, the 

band gap is too low to provide a driving force for the full reaction. CIGS 
share that property in with many other well investigated semiconductors, like 
for example: Fe2O3

71,74, TiO2
182,183, WO3

184,185, BiVO4
186,187, ZnO188,232, and 

Cu2O
166,189, which all are incapable of unbiased overall water splitting. Either 

the band gap is too low, or the band edge positions are only suitable for one 
of the half-reactions. In a working device, these semiconductors need to be 
combined with an additional photoabsorber, providing the additional driving 
force for the full reaction. The standard approach to this problem is to con-
struct tandem devices based on two semiconductors with different band 
gaps, as illustrated in Figure 11.b and Figure 55.a. It is common with the 
implicit argument that if the investigated material shows promise for one of 
the half-reactions, it should in principle be possible, to at a later stage, com-
bine it with another material, and thereby construct a device for overall water 
splitting. Specific tandem combinations are sometimes also suggested, like 
the possibility to combine a Fe2O3 photocathode with a DSSC72,151 in a tan-
dem configuration. Tandem devices increase the complexity compared to 
one band gap single-cell devices, but have the potential of providing higher 
efficiencies and enables the use of absorber materials that can drive only one 
of the half-reactions.  
   The devices described in the literature reaching the highest efficiencies 
have so far been realized with tandem concepts. Some of the more notable 
are the 12.3% efficient GaAs/GaInP2 cell from Khaselev and Turner181, fre-
quently referred as the record cell, a variation of Khaselev’s cell reaching 
16.5 %152, and a 15 % efficient device based on GaInP/GaInAs connected to 
a PEM-cell and a solar concentrator from Peharz et al.233. Multijunctions 
based on amorphous silicon have also been used for making promising de-
vices, like the 7.8% efficient cell by Rocheleau et al.154 and Nocera’s artifi-
cial leaf18,19 mentioned in Section 3.4. 
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   Tandem concepts for solar hydrogen production share the problems en-
countered for tandem solar cells, where the increase in efficiency currently 
tends to be associated with an increased cost per unit of produced power. 
This is highly problematic for a water splitting device, where cost is a con-
straint to an even larger extent than for solar cells which can find use in less 
cost sensitive niche markets.    
   An alternative approach to utilize low band gap materials is to connect 
several absorber units in series. Once having a module capable of absorbing 
light and efficiently separating and transporting the photogenerated charge 
carriers, several of these can be connected in series, as illustrated in Figure 
55.b-d. This decreases the photocurrent density by a factor equal to the num-
ber of connected cells, but the voltage difference between the cathode and 
the anode increases by the same factor, and if several cells are used, this will 
provide enough driving force for the full reaction. The total area of the ab-
sorption decreases by the dead area in the interconnecting scribes made 
when the cells are interconnected in series, but this loss of area is below 8 % 
of the total area in state-of-the-art thin film solar cell modules. 
   Using series interconnected cells is a simple and elegant solution to the 
problem of the solar spectrum mismatch discussed in Section 3.2.1. It allows 
for the use of reasonable cost absorber materials with ideal band gaps from 
an absorption perspective. Modules based on cells interconnected in series 
have a somewhat lower optical limit (25%) than tandem cells (32%) for solar 
water splitting, as given in Table 1, but they are not particularly far behind. 
 

 
Figure 55. (a) Possible geometrical configuration for a monolithic tandem device 
for solar water splitting. (b) Possible geometrical configurations for a monolithic 
solar water splitting device based on three interconnected CIGS cells (c) Band dia-
gram for the series interconnected CIGS module. (d) Principal structure for the way 
the individual CIGS cells are interconnected. The solid arrows indicate the direction 
of conventional current flow.  
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An approach with cells interconnected in series is, however, more flexible 
than tandem cells as no detailed spectral matching is needed to avoid parasit-
ic absorption. More or less any photoabsorber can be interconnected in series 
and this aproach avoids the problem of having to match two different semi-
conductors together. Over the decades, the idea of devices based on series 
interconnected cells has surfaced a few times140,234-237, but has never become 
a part of the standard toolbox for device production, nor has it been properly 
recognized with respect to its potential. If needed, it is also possible to im-
prove the 25% optical limit of the serial interconnected cells by utilizing a 
spectral splitter on-top of the device, separating the spectrum over serial 
connected materials optimized for each wavelength interval. 

8.6 A modular approach to solar water splitting 
he band gap of CIGS can be tuned between 1.0 and 1.7 V by 
changing the indium to gallium ratio238, which is highly beneficial 
in terms of designing a series interconnected module with the most 

suitable voltage for the water splitting reaction. The combination of high 
absorption, high efficiency, low fabrication cost, and tunable band gap gives 
CIGS a clear advantage for this application as compared to other materials. 
The band gap and the resulting driving force can be tailor made to suit the 
demands set by specific catalysts, as well as to the local light conditions. To 
provide the 1.23 V thermodynamically required for driving the full reaction, 
as well as the necessary overpotential, two or three CIGS cells in series 
would be optimal. The exact number depends on the quality of the catalyst 
and the composition of the CIGS. In this work, three cells with a Ga:(Ga+In) 
ratio of 0.4 and an open circuit voltage per cell in the order of 650 mV were 
interconnected in series. The principal configuration of the series intercon-
nection is given in Figure 55.d. This interconnect scheme is the same used 
by the industry today. The first scribe line, P1, was made by laser ablation of 
the Mo-layer to allow for separation of the back contacts for the individual 
cells. The second scribe line, P2, was made after deposition of the CIGS and 
buffer layer, but before the deposition of the ZnO:Al window layer. This line 
is designed to open a conductive path in the CIGS, down to the Mo back 
contact, allowing the subsequent cell interconnection between the front and 
back contacts with ZnO:Al. The last scribe line, P3, was made after the depo-
sition of the ZnO:Al window layer, and isolates the cell front contacts from 
each other, thereby forcing the current to pass through the Mo-layer to the 
next cell. The band diagram of this device is given in Figure 55.c. The con-
tact electrodes were made of pre-tinned metal bands, often called tab wires, 
soldered to the Mo using additional indium. This gives a module with a Voc 

of 1.97 V, a Jsc of 11.7 mA/cm2, and an aperture area efficiency of 17 %, 
under AM 1.5 G illumination while characterized as a solar cell module. The 
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IV-curve of this module is given in Figure 56.a. Although this device is con-
structed for water splitting purposes, with higher Ga content than conven-
tional CIGS solar cells, the manufacturing technology is the same as for the 
conventional CIGS solar cell technology found in the commercial domain. 
The construction of the device can thus be anticipated to be cost effective. 
The efficiency of this device is clearly state-of-the art and close to the world 
record efficiency for a monolithic thin film solar cell module, which is 17.4 
%239. 
   Up to this point, the construction is capable of absorption, charge carrier 
separation and charge carrier transport. To complete the device, a catalyst 
module needs to be incorporated. The catalyst module employed in this work 
consisted of two 4 cm2 thin platinum foils, on which platinum nanoparticles 
were electrodeposited in order to increase the surface area. The catalysts can 
be perceived as two independent modules, one for the oxygen evolving reac-
tion, OER, and one for the hydrogen evolving reaction, HER, the perfor-
mance of which can be evaluated individually by cyclic voltammetry in a 
three-electrode setup. They can also be viewed as one independent module 
for which the performance is measured by evaluating the current as a func-
tion of potential in a two-electrode setup, as given in Figure 56.a. Platinum 
catalysts were used because they are experimentally forgiving and can rela-
tively easily be optimized to give high current densities with reasonable low 
overpotentials. It is therefore common practice to use platinum for demon-
strating proof of concepts152,166,181 but in a commercial product for large scale 
employment, something more cost effective is needed. 
   An important but maybe not obvious consequence of depositing a metal 
catalyst on a separate electrode, instead of directly on the absorber material, 
is that the constraint of band edge positions overlapping the water redox 
levels is removed. By spatially separating the absorber from the catalyst, the 
Fermi levels in the catalysts will tune themselves towards the water redox 
levels, allowing the device to utilize the full driving force in terms of the 
potential difference between the two poles of the absorber module.   
   The simplest way to interconnect the CIGS-absorber with the catalyst 
module is by wires, as illustrated in Figure 56.b, where the contact structure 
to the CIGS-module was made by soldering tab wires to the molybdenum 
layer. This first configuration performs what generally is described as PV-
electrolysis, and the working point of the device is given by the intercept 
between the IV-curves for the absorber and the catalyst module. The ex-
pected STH-efficiency is given by the product of the current density at the 
intercept and the 1.23 V that thermodynamically is required for the reaction. 
This is illustrated by the purple rectangle in Figure 56.a. Ideally, the working 
point should coincide with the maximum power point of the CIGS module, 
whereby the STH-efficiency is given by Eqn. 8.1, where ηsc is the efficiency 
of the absorber module and Ump is the voltage at the maximum power point 
of the solar module. 
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The performance of the device under chopped illumination is given in Figure 
56.c, where the current is measured as a function of time in a two-electrode 
setup with no external bias, as illustrated in Figure 56.b. The bubble for-
mation causes the effective surface area to vary somewhat during illumina-
tion, and thus cause some fluctuations in the current density. The latter was 
centred around 8.5 mA/cm2

 which corresponds to a STH-efficiency of 10.5 
%. The highest photocurrents gave as high as 11% STH-efficiency. This 
correlates well to what could be expected from the data for the individual 
parts shown in Figure 56.a. The results are very promising and could also be 
sustained when constructing a monolithic PV/PEC device immersed in water 
as shown below. The area refers to the active area of the CIGS absorber, and 
does not take into account the contact structure, which for an optimized de-
vice would correspond to a few percent of the total area.  
   The operation of the system is stable, and the high photocurrents were 
measured for times corresponding to a full working day without signs of 
permanent degradation. 
 

 
Figure 56. (a) The golden line represent the IV-curve under AM 1.5 illumination for 
a CIGS-module with three cells interconnected in series. The crimson curve is the 
IV-characteristics for the two platinum electrodes in 3 M H2SO4 measured in a two- 
electrode setup. The shaded region represents the expected efficiency when the ab-
sorber is connected to the catalysts. (b) Geometrical configuration for the PV-
electrolysis setup. (c) Photocurrent against time under chopped illumination for the 
setup given in (b).  
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8.7 The 10 % efficient monolithic device 
n the solar water splitting literature, the ultimate design is often con-
ceived as a monolithic structure, where the monolith refers to a neat, 
one piece device, that while immersed in water and illuminated will 

produce both hydrogen and oxygen. It turns out that the step between the 
PV-electrolysis cell in Figure 56.b and a monolithic PV/PEC design is small, 
and that one easily can be transformed into the other. 
   The PV-electrolysis cell in Figure 56.b represents a highly versatile and 
modular approach. The natural way to develop this concept was to assemble 
all the parts into one neat, monolithic device. The monolithic device was 
based on three CIGS-cells interconnected in series, according to the structure 
in Figure 55.d. The geometrical configuration of this particular device is 
given in Figure 57.d. A photo of the device in air is shown in Figure 57.e, 
and a photo under working condition is shown in Figure 57.c. 
   The catalysts of the first prototype were platinum foils with platinum black 
deposited on them. They were placed perpendicular to the back side of the 
CIGS-module, thus entirely eliminating the problem of absorption losses 
caused by the catalysts. To make the device stable, the CIGS-absorber was 
encapsulated by a polymer matrix and a glass slide, and the seals were cov-
ered by epoxy. While operated in 3.0 M H2SO4 under simulated AM 1.5 
illumination, the device generated a steady gas flow of 1.57 µls-1cm-2, as 
demonstrated by Figure 57.a. This corresponds to a STH-efficiency of 10 %. 
   

 
Figure 57. (a) Volume of gas as a function of time produced under simulated AM 
1.5 solar illumination. (b) Detection of reaction products using a mass spectrometer. 
(c) Photo of the device in action. (d) Sketch of the monolithic PV/PEC configuration 
seen from above. (e) Photo of the device. 
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The composition of the gas was measured with a mass spectrometer to be 
hydrogen and oxygen in the expected proportions, as seen in Figure 57.b. 
This represents one of very few monolithic devices described in the literature 
reaching 10 % STH-efficiency for unassisted water splitting. It further has 
the advantage of stability. When it comes to cost competiveness, the CIGS-
absorber can be made fairly inexpensively, as demonstrated by the commer-
cial production of CIGS solar cells. The Achilles heel is the platinum cata-
lysts which are too expensive, but as the device is highly modular in its de-
sign, they should be fairly simple to exchange with a more cost compatible 
alternative in future device generations.   

8.8 The equivalence between PEC-cells and PV-
electrolysers 

he configuration in Figure 52.d and 56.b corresponds to classical 
PV-electrolysis, which often is considered as something completely 
different than photoelectrochemical water splitting using PEC-

cells, as pictured in Figure 50, 52.a and 57.d. The described set of transfor-
mations does, however, illustrate how closely related the two concepts are, 
and how a monolithic PEC-cells almost seamlessly can be transformed into a 
PV-electrolysis setup and back again. Simply changing the distance of 
charge transport trough a number of small transformations, each with a lim-
ited impact on the underlying physics, thus bridges the different worlds 
without much of a problem. 
   An argument sometimes seen in the literature58,140 to why PEC-cells and 
PV-electrolysers are fundamentally different, and why PEC-cells have an 
inherently higher potential, concerns the area of the catalyst. The core of the 
argument is that catalysts in a PEC-configuration do not need to be as effi-
cient as for PV connected electrolysers, as their surface areas should be 
much larger. For a PEC-device, the simplest geometry gives that the project-
ed area of the catalyst will equal the area of the photoabsorber, leading to 
current densities around 10 mA/cm2 for a good device. Commercial electro-
lysers, which could be connected to PV-cells, tend to be operated at consid-
erably higher current densities. This unavoidably leads to high overpoten-
tials, unless expensive noble metal catalysts are used, and even then, the 
overpotential is a serious efficiency problem. Because of the lower current 
density, a PEC-catalyst can be less efficient than the PV-catalyst and may 
still be operated at a lower overpotential. At a first glance this may seem to 
make the PEC-configuration a more efficient approach.     
   Unfortunately, this argument does not hold upon a more careful scrutiny. If 
the geometrical configuration of the catalyst used in a PEC-device would be 
beneficial, it would be straightforward to incorporate it in a free standing 
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electrolyser. Any catalyst that can be deposited on a photoabsorber could in 
principle be deposited on another conducting substrate of the same area, with 
the benefit of no absorption losses caused by blocking the path of the incom-
ing light. The reverse is, however, not true as not all catalyst can be deposit-
ed on fragile photoabsorbers. The cost of the increased amount of substrate 
is sometimes used as a counterargument to this. The flexibility and the pos-
sible set of substrates are likely far greater for catalyst deposition than for 
integrated photoabsorber/catalyst deposition, wherefore this probably is a 
minor problem.  
   The PEC cells in Figure 15.c and the PV-electrolysis cell in Figure 17.a 
tend to be treated as two fundamentally different systems and are described 
in individual narratives that seldom mix. We argue that it is more appropriate 
to treat them as essentially the same concept, which is evident if the different 
configurations are decomposed in terms of the fundamental processes de-
scribed in Section 3.2. 
   The same photoabsorbers can be used in both setups, and ϕgen is thus po-
tentially equal. For the charge carrier separation, there are different alterna-
tives. A solid state pn-junction can be used in both systems, making ϕsep and 
ηsep equal. The Helmholtz mechanism is a common choice for charge carrier 
separation in PEC-cells and seemingly less compatible with PV-electrolysis. 
If this turns out to be a more efficient mechanism it is, however, possible to 
also incorporate this also in the PEC-case by using, for example, a dye sensi-
tized solar cell. This has the additional benefit that the redox couple and the 
SEI can be optimized to a larger degree. The ϕsep and ηsep can thus be made 
rather similar also in this case. The largest difference is in the charge carrier 
transport, and as the PV-electrolysis depends on more wires and interfaces 
than a PEC-cell, additional resistive elements are introduced which can de-
crease ϕtrans and increase ηtrans. The additional resistive elements included in 
the case of PV-electrolysis have, however, rather low resistance as electron 
conduction in metals over short distances is effective. The catalysis is identi-
cal in the two systems, except for the thermalization of electrons into a metal 
and the use of a substrate different from the photoabsorber material in the 
PV-configuration. As any catalyst that can be employed in a PEC-cell also 
can be employed in the PV-electrolysis setup, ϕcat and ηcat are more or less 
identical, given that the same catalysts is used and that the new substrate not 
affects the overpotential.                     
   The results above illustrate how CIGS can be used to construct devices for 
both the reduction half-reaction as well as for the full reaction with promis-
ing results. This illustrates how seemingly different concepts can be bridged 
by rather small changes in the physical configuration, and how the different 
pieces can be put together. These findings further illustrate how these small 
changes can have a substantial impact on the performance, in terms of: effi-
ciency, flexibility, and device stability.   
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9. Summary and conclusions 

9.1 Concerning the energetics and size dependent 
properties of ZnO quantum dots 

he first seven articles in this thesis are devoted to ZnO quantum 
dots. Of particular interest has been the dependence of particle size 
on the physical properties for particles small enough to be in the 

quantum confined regime, which for ZnO means particles smaller than ap-
proximately 9 nm in diameter. The work has been motivated by the wealth 
of possible high tech nanoscale applications suggested and developed based 
on ZnO. The focus has, however, been the one of basic research, driven by 
curiosity regarding the strange and shifting behaviour in these small parti-
cles.   
   The particles were synthesized by a wet chemical method where the parti-
cles nucleate and grow in an alkaline zinc acetate solution. Particle between 
3 and 10 nm were analysed by a number of techniques, including: XRD, 
UV-vis spectroscopy, fluorescence spectroscopy, femtosecond laser spec-
troscopy, Raman spectroscopy, and various electrochemical techniques.        
   An empirical relationship between the optical band gap, given from UV-
vis measurements, and particle size, given from peak broadening in XRD 
diffractograms, was developed in article I. This relationship was of great use 
in the subsequent work as it enabled fast particle size determinations by UV-
vis measurements, which can be performed on both particles growing in 
solution and on particles deposited as thin films on transparent substrates. 
   As the band gap change with particle size, by necessity also the energetic 
position of the conduction and the valence band edges will shift. The abso-
lute energetic location of the band edges determines the possible catalytic 
reactions that can take place at the surface, and to which extend they may 
proceed. This is because of their thermodynamic connection to charge trans-
fer at the particle surface. Knowledge concerning the band edge positions is 
thus of vital importance in applications based on the use of nanoparticles, 
like for example: dye sensitized solar cells, photocatalysts, and optoelectron-
ic devices. In article III, methods for extracting this information for particles 
deposited as thin films on conductive substrates were developed. The meth-
ods are based on a combination of linear scan voltammetry, optical absorp-
tion, and a potentiostatic analogue to the Burstein-Moss effect. The latter 
basically states that the optical band gap will increase once the applied po-
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tential gets negative enough to push the Fermi level of the semiconductor 
into the conduction band. It was found that most of the size dependent shift 
in the band gap is caused by a change in the position of the conduction band 
edge, which changed from -0.83 V to -0.63 V versus the NHE when the par-
ticle diameter increased from 4.4 to 8.6 nm. The valence band edge was 
found to be located around 2.74 V versus the NHE, regardless of particle 
size.   
   While measuring the positions of the band edges, utilizing the electro-
chemical analogue to the Burstein-Moss shift, a smaller but opposite effect 
was observed, which is described in article VII. In a limited potential inter-
val, new energy states were introduced, located approximately 60 meV be-
low the conduction band edge. This leads to an increase in absorption for 
certain wavelengths within this limited potential interval. This effect was 
strongly affected by particle size and essentially disappeared when the parti-
cles reached 9 nm in diameter. These observations was rationalized by the 
quantum confined Stark effect, which basically states that the potential ap-
plied by the potentiostat will introduce an electric field in the particles, 
which will split up and smear out the density of states in the conduction 
band.    
   The fluorescence of the particles was investigated and described in article 
I, V, and VI. In article I, the visible fluorescence, observed in the yel-
low/green region, was investigated as a function of particle size. This was 
performed, in situ, on growing particles in solution. It was found that the 
intensity of the fluorescence is closely related to the amount of surface in the 
system, indicating that trap states located close to the surface are vital for the 
process. If was further found that the fluorescence energy is a fairly constant 
fraction, around 62.5 %, of the band gap energy, regardless of particle size. 
This behaviour can be described as a linear contraction of the band gap and 
the fluorescence energy, which has the consequence that the energy differ-
ence between the band edges and some of the trap levels involved in the 
fluorescence process depend upon particle size. 
   The fluorescence energy gives information concerning the energy differ-
ence between two set of energy levels, but does not reveal where they are 
located on the energy scale. In article V, a method was developed for locat-
ing the absolute energetic position of the trap states involved in the visible 
fluorescence. The method was based on a combination of linear scan volt-
ammetry and fluorescence measurements. It was found that the visible fluo-
rescence of ZnO quantum dots is a result of a radiative relaxation of elec-
trons populating energy states located at 0.35 ± 0.03 eV below the conduc-
tion band edge. The energetic distance between the donor trap levels and the 
conduction band edge does not depend on particle size, meaning that the 
distance between the lower lying acceptor states and the valence band edge 
not is constant. 
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   Also the UV-fluorescence was investigated, which was performed using 
femtosecond laser spectroscopy. The UV fluorescence is a considerably fast-
er process than the visible fluorescence. The decay rate of this transition was 
found to be discontinuous with respect to particle size. For particles smaller 
than 5.3 nm in diameter, the decay rates were between 25 and 30 ps, which 
were almost three times as long as the decay rate for the larger particles. This 
was rationalized by surface stabilization of the excitons, which was more 
dominant in smaller particles. This is in line with the observation that the 
fluorescence energy is smaller than the band gap energy, and that this energy 
difference is 100 meV for the smallest particles investigated, whereas it de-
creases to 20 meV for the largest particles. From this, it follows that the do-
nor levels, from which the electrons causing the UV-emission are trans-
ferred, not are the same levels as the ones involved in the visible fluores-
cence, and that the former are located somewhat closer to the conduction 
band edge.   
   The vibrational properties were investigated with both Raman spectrosco-
py and theoretical simulations. It was found that different phonon modes 
were suppressed to a different degree in small particles, which was attributed 
to stronger confinement in the surface of the particles for these vibrations. 
The phonons were suppressed over a larger size range than under which the 
particles are electronically quantum confined. The phonon suppression led to 
a hypothesis of a possible phonon cooling bottleneck in these particles, 
which if true could be of great interest for slowed hot carrier dynamics. The 
results from the femtosecond laser spectroscopy did, however, not support 
this hypothesis.     
   The ZnO particle films deposited on FTO showed substantial antireflective 
properties. These films further demonstrated a high activity for photocatalyt-
ic degradation of organic dyes, comparable to reported performances for 
commercial TiO2 photocatalysts. Also the photocatalytic activity with re-
spect to water oxidation was measured. The overall efficiency was low as a 
consequence of the low absorption, resulting from the high band gap. The 
internal quantum efficiency did, however, reach up to 10 %. This is high 
enough to motivate further studies of modified ZnO based systems. For wa-
ter splitting applications, we did however choose to focus on less wide band 
gap semiconductors, absorbing a larger part of the solar spectrum. 
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9.2 The prospect of using hematite as a photoactive 
material 

ematite, Fe2O3, is the most common form of iron oxide and a main 
component in rust. It is evidently an abundant, cheap and non-
toxic substance, and the great narrative of hematite include trans-

forming this omnipresent rusty villain of urban decay and corrosion into a 
21st century hero and a high tech cornerstone for renewable energy produc-
tion. Hematite has a set of beneficial properties as a photoanode for solar 
water splitting applications, but it also suffers from a major problem in poor 
hole transport. For photocatalytic applications, hematite layers therefore 
need to be thin in order to ensure short access paths to the electrolyte inter-
face. Otherwise the photogenerated charge carriers will recombine before 
they can be of use. Films thin enough for sufficiently good hole transport do, 
however, absorb far too little light to be of technological interest. The com-
mon approach to solve this problem is to orthogonalise the processes of 
charge carrier transport and absorption, by deposition of hematite on three-
dimensional substrates with a high surface area.  
   To facilitate this endeavour and to make it something more than an exer-
cise in trial and error, it would be beneficial to have a deeper knowledge of 
the photophysics of hematite, and especially the dependence upon nanostruc-
turation. Motivated by this, the optical properties of hematite were investi-
gated as a function of film thickness for films thinner than 70 nm. Films 
deposited on flat substrates were investigated as a model system, considera-
bly simpler than the three-dimensional nanostructured substrates intended 
for final devices. The deposition method used was ALD, which in principle 
can be used for film deposition also on more complicated substrates. The 
insights gained for the investigated planar films should then be directly 
transferable to hematite deposition on more complicated substrates better 
suited for real photocatalytic devices, both with respect to the underlying 
physics and concerning the practical details of the deposition procedures.  
   A set of 35 hematite films, with thicknesses between 2 and 70 nm, were 
deposited on planar FTO substrates using ALD. After various techniques of 
material characterizations, the optical properties were investigated in some 
detail. For films thinner than approximately 20 nm, a blue shift was found 
for the absorption maximum, as well as for both the indirect and the direct 
transitions. The shift of the absorption maximum was in the order of 200 
meV, when going from a 4 nm to a 20 nm thick film, revealing changes in 
the electronic structures for films this thin. The indirect transition shifted 
from 1.75 eV for the thickest films too slightly above 2 for the thinnest ones. 
The probability for this transition was found to decrease rather rapidly for 
films thinner than 10 nm, and completely disappeared for films thinner than 
5-6 nm. This was most likely an effect of isotropic phonon confinement in 
the thinner films. The indirect transition requires both the absorption of a 
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photon and the momentum transfer of a phonon, and while the density of 
phonons decreases, so does the probability for the indirect transition. Indica-
tions of two direct transitions at higher energies were also found. For the 
thinner films, the probability of transition at the lowest energy decreased, 
whereas the probability for the other one increased.  
   These findings collectively result in a decreased absorption in the visible, 
between 450 and 650 nm. This is an important finding as the poor hole 
transport properties dictates that hematite will need to be of these dimensions 
in photocatalytic applications. To get sufficient absorption in the visible, a 
larger absorption volume than would be expected based on the bulk proper-
ties will thus be needed to counteract this effect.  
   The next step in this project will be to utilize this knowledge to construct 
optimized three-dimensional nanorod structures for subsequent hematite 
deposition. This is work still in progress.            

9.3 Efficient, modular and monolithic devices for solar 
hydrogen production 

oth ZnO particles and thin films of hematite were investigated as 
photoanodes for the water oxidation reaction. The best results with 
respect to solar water splitting were, however, achieved with CIGS 

based devices. CIGS is besides from being a proven good solar cell material, 
a material with a large set of beneficial properties for solar hydrogen produc-
tion. Despite this, only a few articles investigating CIGS in the context of 
solar hydrogen production have been published so far. Just as for the other 
investigated semiconductors, CIGS is by itself not capable of driving the full 
reaction in a one-cell device, and was initially investigated for the purpose of 
driving one of the half-reactions.      
   In article IX, CIGS was demonstrated to achieve reasonable good results as 
a photocathode in a classical PEC-configuration for the hydrogen evolution 
half-reaction. The photocurrents outnumbered the highest values reported for 
several other more well investigated photoabsorbers. The stability was, how-
ever, a problem under working conditions. To solve the stability problem, a 
modular approach closer to PV-electrolysis was proposed and tested, which 
improved both the efficiency and the stability. 
   Results for the half-reaction are interesting, but any working device needs 
to accomplish also the other half-reaction. The standard solution when using 
materials capable of driving only one of the half-reactions is to construct 
tandem devices. In article X, an alternative route was pursued. Once a good 
photoabsorber is obtained, an alternative to tandem devices is to simply in-
terconnect several individual one band gap cells in series. This will provide 
the photopotential required to drive the full reaction, without seriously com-
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promising with the area efficiency of the photoabsorber. In article X, the 
possibility to construct effective devices based on cells interconnected in 
series was explored. A module based on three CIGS-cells interconnected in 
series was constructed, for which STH-efficiencies beyond 10 % were 
demonstrated, both in a PV-electrolysis setup and in a PV/PEC configura-
tion. This represents a stable monolithic device, and it is one of very few 
devices reaching over 10 % STH-efficiencies described in the literature.      
   In article XI, the concepts developed in the previous articles, dealing with 
solar water splitting, were extended and analysed in more detail. A theoreti-
cal framework for the process of solar hydrogen production was discussed, 
based on the separation of the overall process into four fundamental subse-
quent processes. These are: charge carrier generation, charge carrier separa-
tion, charge carrier transport, and charge carrier transfer. The production of 
hydrogen using solar light was reviewed within this framework, and differ-
ent design concepts were analysed and compared. Aspects that were dis-
cussed included: the problem of stability, a modular approach to the prob-
lem, the importance of catalyst geometry, and the theoretical and practical 
benefits and drawbacks of tandem and series interconnected modules. In 
particular the focus was directed towards the similarities and differences 
between different device concepts, and the close resemblance between clas-
sical PEC-cells and traditional PV-electrolysers.  

9.4 Bridging the gap between PV-electrolysers and 
PEC-devices 

n important point in this thesis is that PEC-cells and PV-
electrolysers best should be regarded as essentially equivalent ap-
proaches to the problem of solar hydrogen production; at least while 

analysed within the framework of the fundamental physical processes outline 
in Section 3. The foregoing theoretical discussion and the experimental data 
illustrate how the gap between these two seemingly different concepts can be 
bridged. The chain of transitions employed will here be summarized and 
analysed in some more detail. A graphical summary is given in Figure 58, 
and the numbers in the following discussion refer to this figure. 
   The starting point will be the monolithic PEC-cell in Figure 58.a. As de-
scribed in Section 3.4, these come in several different versions, differing in 
the number of materials used and in the spatial relation between the core 
functionalities. The photoabsorber can either stand alone or be combined 
with a back contact or a surface layer. Two, one, or zero different catalysts 
can be deposited on top of the photoabsorber, the back contact, or the win-
dow layer. All the different mechanisms for charge carrier separation dis-
cussed in Section 3.2 are compatible with the monolithic PEC-design.       

A



 125

   The first transition (1), conceptually linking the PEC-cell to the PV-
electrolysers, separates the monolith into two free standing electrodes and 
connect them by a wire. For the multilayered monolith in (a), this is essen-
tially only a topological transformation of the back contact. The possible 
variation in terms of absorption, mechanism for charge carrier separation, 
and catalysis is essentially the same for configuration (a) and (b), and the 
same set of materials could be used in both. If a working device is manufac-
tured using two separate electrodes, it is in principle straightforward to weld 
them together, back to back, and thereby obtaining the monolithic structure 
in (a). The two-electrode approach is, however, somewhat more flexible in 
practice and the devices with highest efficiencies described in the literature 
are of type (b) rather than type (a).  
   The second transition, into configuration (c), is somewhat more arbitrary 
and is here pictured as the introduction of a protective surface layer on top of 
the photoabsorber, with a catalyst deposited on top. The surface layer has, if 
properly designed, a positive impact on the stability. It also brings with it a 
potential preference in terms of the mechanism for charge carrier separation. 
As pointed out in Section 8.3, a photoabsorber with a protective surface lay-
er is compatible with both the Helmholtz mechanism and a solid state pn-
junction, but favours the use of pn-junctions. Linguistically, this is a concep-
tual divider in the literature, and these configurations tend to be referred to 
as PV/PEC-devices. The surface layer and the catalyst, separated from the 
photoabsorber, are compatible with both configuration (a) and (b), explain-
ing the arbitrariness of the dividing line. 
   With a surface layer, transition (3) is possible. This is a topological trans-
formation of the catalyst into a perpendicular orientation with respect to the 
photoabsorber, as illustrated by configuration (d) and discussed in Section 
8.4. The vertical catalyst in (d) demands a lower resistance in the window 
layer than configuration (c). The most important aspect of this transition is 
that configuration (d) not is compatible with the use of the Helmholtz mech-
anism for charge carrier separation, but demands a solid state pn-juncion. If 
a solid state pn-junction is used in (c), transformation (3) only implies a dif-
ference in the distance of charge transport.  
   If a vertical catalyst is used, transition (4), into configuration (e), involving 
a protective polymer coating is conceptually straightforward. In terms of the 
physical processes discussed in Section 3, this transition has a very small 
effect. It does, however, solve the stability problem and the demands on the 
window layer, in terms of stability and low resistance, decrease. This con-
figuration is also directly compatible with interconnecting several individual 
cells in series, which is impossible to achieve in configuration (a)-(d) due to 
short circuiting of the front contacts of the individual cell by ion transport in 
the electrolyte. All designs described so far, using pn-junctions for charge 
separation, are compatible with tandem cells.  
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   Transition (5) simply involves an increase in the distance of the catalyst 
covered conductor, which enables the photoabsorber to be placed outside the 
electrolyte, as in configuration (f). This step implies a set of distinct ad-
vantages, as described in Section 8.4. Geometrically, this represents what 
traditionally is known as PV-electrolysis. This disconnects the spatial de-
pendence between the photoabsorber and the catalyst and enables transition 
(6) into a standalone PV-module connected to a free standing electrolyser, as 
in configuration (g). The connection between the PV-module and the electro-
lyser can either be direct or through the grid.  
   In transition (3), the Helmholtz mechanism for charge carrier separation 
must be abandoned in favour for a pn-junction. The PV-electrolysis setups in 
(f) and (g) are, however, once again compatible with the Helmholtz mecha-
nism, as any PV-cell could be used. It is thus possible to use a classical PEC-
cell but with a more optimized redox couple than water as a PV-cell driving 
the electrolyser.   
   This series of transitions demonstrate that photoelectrochemical water 
splitting and PV-electrolysis essentially are the same process. The reason 
PEC-cells and PV-electrolysers often have been perceived as two entirely 
different concepts are most likely of historical origin. PEC-cells started to be 
investigated in a time when solar cells were expensive to an extent far be-
yond what could ever make a PV-electrolysis setup reasonably compatible in 
economic terms. The concept of the PEC-cell then offered a potential route 
to something cheaper than the solar cells of the past, without even needing 
the noble catalyst in the electrolyser. The quest to find and develop materials 
for working PEC-cells then started, forming a field with an inner logic of its 
own, as so often happens in research. The different mechanisms for charge 
carrier separation, i.e the Helmholtz mechanism and the solid state pn-
junction, have seemingly conceptually separated the two approaches. To-
gether with the visual difference of having the PEC-cell located within the 
electrolyte and the PV-cell outside it, this has, far too often, kept researchers 
from seriously comparing and analysing the two approaches with the same 
set of methods and by using the same way of calculating the efficiencies. 
   Now as time has passed, and the price of solar cells has reach competive-
ness, there is no reason for withholding this intellectual discrepancy. The 
two concepts should be recognized for their similarities and put on an equal 
footing. We firmly believe that much is to gain by recognizing the equiva-
lence between PEC water splitting and PV-electrolysis. This could potential-
ly induce a fruitful crossbreeding of the accumulated knowledge in the re-
spective sub-discipline. This bears the promise of more efficient devices for 
solar hydrogen production, which eventually may become working sources 
for sustainable hydrogen production that could be economically compatible 
on the open market.  
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Figure 58. Illustration of a gradual transition in six steps from a monolithic PEC-
device to a free standing electrolyser connected to a PV-cell through the grid.    
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10. Sammanfattning på svenska 

10.1 Zinkoxidpartiklars storleksberoende egenskaper 
en här avhandlingen följer ett par olika huvudspår, varav det första 
behandlar storleksberoende egenskaper hos nanopartiklar av ZnO. 
Med en nanopartikel avses något som är mindre än 100 nm i alla 

tre rumsdimensioner och en nanopartikel är följaktligen den enklaste geo-
metriska strukturen i klassen nanomaterial. De första kända teknologiska 
användningsområdena av nanopartiklar kan dateras tillbaka till medeltiden 
då de användes som färgpigment i konstglas. Kunskapen om de underlig-
gande fysikaliska fenomenen var då emellertid tämligen begränsad. Det 
dröjde fram till början av artonhundratalet innan de första vetenskapliga 
observationerna publiceras, vilket gjordes av Michael Faraday i samband 
med undersökningar av guldpartiklar. Idag hittar nanopartiklar användnings-
områden inom en stor mängd fält, vilka sträcker sig från vardagliga produk-
ter som hudkrämer och färgpigment till mer avancerade tillämpningar, inom 
till exempel: solceller, läkemedelsdistribution, lasrar, dioder, och sensorer.  
   Den ZnO-partikelbaserade forskningen som presenteras i den här avhand-
lingen motiveras av den stora mängd högteknologiska tillämpningar som 
finns för nanostrukturer av ZnO, vilka antingen redan finns kommersiellt 
eller fortfarande ligger på idéstadiet. Det praktiska angreppssättet har emel-
lertid varit det av nyfikenhetsdriven grundforskning, och en strävan av att 
förstå nya fysikaliska fenomen. Det som framförallt har varit av intresse har 
varit den underklass av nanopartiklar som på svenska översätts med kvant-
prickar. En nanopartikel anses vara en kvantprick när den är så liten att dess 
fysikaliska egenskaper substantiellt avviker från bulkmaterialets egenskaper, 
enbart som en konsekvens av litenheten i sig själv. Var transitionen mellan 
en nanopartikel och en kvantprick är med avseende på partikelstorlek är 
något flytande och i allra högsta grad materialberoende. För ZnO sker detta 
för partikelstorlekar kring 9 nm i diameter, och det är främst partiklar mindre 
än dessa som har studerats. Det övergripande temat har varit betydelsen av 
partikelstorlek för olika, främst optiska, fenomenen.  
   ZnO partiklarna har tillverkats med en förhållandevis enkel våtkemisk 
metod, där partiklar har kärnbildat och vuxit till i alkaliska zinkacetatlös-
ningar. Dessa har sedan studerats med en rad olika metoder där de mest 
framträdande har varit: UV-vis spektroskopi, Ramanspektroskopi, fluore-
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scensspektroskopi, tidsupplöst laserspektroskopi, röntgendiffraktion samt 
olika elektrokemiska tekniker.  
   En av de mer visuellt framträdande partikelstorleksberoende egenskaperna 
för kvantprickar är deras bandgap, vilket är större för mindre partiklar. Detta 
betyder att partiklarnas färg kommer att vara direkt beroende av partikelstor-
leken. För ZnO, där bandgapsenergin motsvarar UV-strålning, går denna 
färgändring inte att se med blotta ögat men är enkel att mäta spektroskopiskt.  
   Storleken på partiklarna kan extraheras från toppbreddning i röntgendiff-
raktion, och bandgapet fås enkelt från optiska absorptionsmätningar. Dessa 
parametrar har relaterats till varandra, vilket har varit av stor nytta då det har 
möjliggjort snabb och enkel storleksbestämning av partiklar genom absorpt-
ionsmätningar, vilket kan utföras både på partiklar i lösning och som filmer 
deponerade på genomskinliga substrat. 
   Förändras bandgapet som en funktion av partikelstorlek kommer följaktli-
gen också de absoluta energetiska positionerna av bandkanterna, vilka av-
gränsar bandgapet, också att ändras. Kunskap om energin för dessa nivåer är 
teknologiskt betydelsefull då detta har en direkt avgörande effekt på ladd-
ningsöverföring, samt för vilka reaktioner som är möjliga på partikelytan, 
och i vilken utsträckning dessa kommer att äga rum. Metoder vilka bygger 
på en kombination av optisk spektroskopi och voltammetri för att lokalisera 
dessa nivåer har här beskrivits och vidareutvecklats. Dessa har applicerats på 
ZnO partiklar av olika storekar, och det visade sig att den dominerande delen 
av bandgapsförändringen är kopplad till en förändring av positionen av led-
ningsbandskanten.  
   Den bandgapsskillnad som ses då partiklarna växer återspeglas också i 
fluorescensenergin. ZnO uppges ofta ha två olika typer av flourescens: en 
grön/gul och en i UV-området. Rik defektkemi, föroreningar, och dopning 
öppnar emellertid för ett brett landskap av fluorescensfenomen och fluore-
scens över större delen av det synliga spektret har också rapporterats. För 
våra partiklar har fluorescens uppmätts i både det synliga området, med en 
gulgrön färg, och i UV-området. Den synliga fluorescensen undersöktes som 
funktion av partikelstorlek för växande partiklar i lösning. Förutom ett skift 
mot lägre fluorescensenergi för större partiklar visade sig den totala fluore-
scensintensiteten vara nära kopplad till den totala mängden partikelyta i sy-
stemet. Det är därför rimligt att anta att åtminstone ett av de två grupper av 
energitillstånd involverade i processen är kopplade till partikelytans egen-
skaper.  
   Fluorescensenergin ger kunskap om energiskillnaden mellan två energitill-
stånd. Den ger emellertid inte kunskap om de absoluta energetiska position-
erna för dessa tillstånd. För att extrahera den typen av information utveckla-
des en metod liknande den för att bestämma bandkantspositionerna, med 
vilken positionen för dessa energinivåer erhölls. De övre energitillstånden 
visade sig ligga 0.35 eV under ledningsbandskanten, oberoende av partikel-
storlek. 
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Figur 59. (a) Storleksserie av ZnO partiklar. (b) Illustration av bandgapsskift. (c) 
Syntes av partiklar. (d) Absorption som funktion av tid och våglängd för partiklar 
som växer i lösning. (e) XRD-data för partiklar. (f) Samband mellan bandgap och 
partikelstorlek. (g) Partikelfilm på ledande glas. (h) Absorption för partikelfilm som 
funktion av våglängd och pålagd potential.  (i) 2D version av (h). (j) Bestämning av 
optiskt bandgap som funktion av pålagd potential. (k) Ledningsbandskantsposition 
som funktion av partikelstorlek. (l) Modell av partikel indelad i en bulkdel och en 
ytdel. (m) Ramanspektra. (n) Fluorescens för små partiklar till vänster och för större 
till höger. (o) Principskiss över den synliga fluorescensen. (p) Försöksuppställning 
för att mäta potentialberoende fluorescens. (q) Fluorescens som funktion av våg-
längd och pålagd potential. (r) Energinivåer för den synliga fluorescensen. (s) UV-
fluorescens som funktion av våglängd och tid efter excitation. (t) Övergångar rele-
vanta för UV-fluorescens. (u) Modellskiss för ytberoende av mekanismen för UV-
fluorescensen. (v) Absorption som funktion av våglängd och tid vid fotokatalytisk 
nedbrytning av metylenblått. (w) Efter och före nedbrytningsexperiment. (x) Skiss 
över fotokatalytisk nedbrytning av organisk färgämnen. 
 
Även UV-fluorescensen undersöktes, vilket gjordes med tidsupplöst laser-
spektroskopi. UV-fluorescensen är en betydligt snabbare process än den 
synliga motsvarigheten. Det visade sig dock att hastigheten med vilken de 
exciterade elektronerna rekombinerar är diskontinuerlig med avseende på 
partikelstorlek. Livstiden för de fotoexciterade elektronerna var nästan tre 
gånger längre för partiklar mindre än 5.4 nm jämfört med partiklar större än 
så. Det här skulle kunna förklaras med en ytinducerad stabilisering av det 
exciterade elektron-hålparet. Den stabiliseringen är rimligtvis mer utpräglat 
för de minsta partiklarna vilka till en större del består av ytnära atomer.       
   Även ZnO partiklarnas fotokatalytiska egenskaper undersöktes, vilket 
gjordes på partiklar deponerade som filmer på genomskinliga substrat. Akti-
viteten för nedbrytning av organiska färgämnen på ytan under belysning 
visade sig vara förhållandevis hög. Dessa filmer visade sig även fungera som 
en antireflexbehandling för det underliggande substratet, vilket öppnar en 
teoretisk möjlighet för självrengörande fönster baserade på ZnO partiklar. 
Stabiliteten blir dock sannolikt ett problem för den här applikationen.     
   En grafisk sammafattning återfinns i Figur 59 där ett axplock av figurer 
rörande resultat för ZnO partiklarna presenteras. 

10.2 Förnyelsebar vätgasproduktion 
tt av de riktigt stora problem vår civilisation står inför under det 
kommande århundradet är att utveckla ett hållbart energisystem. 
Idag utgörs vår globala energiförsörjning till 80 % av fossila källor. 

Dessa behöver fasas ut, då de genom koldioxidutsläpp genererar ett problem 
med antropogen uppvärmning av jordens klimat och försurning av världsha-
ven. För de som inte tror på en antropogent driven växthuseffekt, eller att 
den skulle medföra problematiska konsekvenser, kvarstår dock behovet av 
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att utveckla alternativa energilösningar inom en inte alltför avlägsen framtid, 
då de tillgängliga fossila resurserna till sin natur är begränsade och på upp-
hällning.  
   Det finns många tänkbara energilösningar, men givet skalan av problemet 
kommer sol och vind vara viktiga delar i en framtida energimix. Ett innebo-
ende problem med dessa energikäller är deras intermittenta natur. Vinden är 
variabel och solen lyser inte jämt, varför ett behov finns av att kunna lagra 
energi på ett effektivt sätt. Vätgas är ett möjligt alternativ för detta. Vätgas 
har ett högt energiinnehåll per massa och kan användas både som energibä-
rare, bränsle, baskemikalie, och som lagringsmedium för att jämna ut varia-
bel energiproduktion. I dag är nästan all vätgasproduktion baserad på fossila 
resurser, och för att visionen om den vätgasbaserad ekonomi ska gå att ge-
nomföra krävs effektiva och konkurrenskraftiga tekniker för förnyelsebar 
vätgasproduktion.  
   I den här avhandlingen har vätgasproduktion baserad på solljus och sön-
derdelning av vatten undersökts. Material som undersökts med avseende på 
förnyelsebar vätgasproduktion är ZnO-partiklar, tunnfilmer av hematit, 
Fe2O3, samt CIGS, CuInxGa1-xSe2.   

10.3 Optiska egenskaper för tunna filmer av hematit 
ematit, Fe2O3, är en av de vanligaste formerna av järnoxid, och för 
de flesta mer känd som en av de vanligaste komponenterna i rost. 
Utöver att vara en korrosionsprodukt och ett samhällsproblem av 

stora mått har hematit föreslagits som ett intressant material för förnyelsebar 
vätgasproduktion då hematit har ett flertal egenskaper som lämpar sig bra för 
fotokatalytisk vattenoxidation. Alla materialegenskaper är dock inte ideala, 
varav det största problemet är kort diffusionslängd för de fotogenererade 
hålen. Detta resulterar i att hematiten måste vara i form av tunna filmer, eller 
andra nanostrukturer som erbjuder en kort sträcka mellan absorption och 
katalys. En tillräckligt tunn film absorberar dock en alltför liten del av det 
inkommande solljuset för att vara teknologiskt intressant. Standardlösningen 
på det här problemet är att ortogonalisera absorptionen och transporten av de 
fotogenererade laddningsbärarna. Det kan göras genom att deponera tunna 
filmer av hematit på tredimensionella nanostrukturerade substrat, vilka kan 
ge en tillräckligt stor absorptionsvolym samtidigt som transportvägarna hålls 
tillräckligt korta. 
   För att det här ska bli en framgångsrik strategi är det fördelaktigt med goda 
kunskaper med avseende på hur hematitens egenskaper påverkas under den 
här typen av betingelser. I den här avhandlingen har de optiska egenskaper 
undersökts då hematit deponeras i form av tunna beläggningar. För att 
renodla systemet har hematiten i ett första skede deponerats på plana sub-
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strat. I ett senare skede kan kunskaperna från dessa studier utnyttjas för att 
gå mot deponering på mer funktionella, nanostrukturerade substrat.  
   Filmer av hematit deponerades på ledande glas med ALD, och 35 filmer i 
tjockleksintervallet 2 till 70 nm undersöktes. Optiska mätningar på dessa 
filmer visade att absorptionsmaximum och samtliga övergångar, både direkta 
och indirekta, var förskjutna mot högre energier för filmer tunnare än 20 nm. 
Hematit är en indirekt halvledare. Sannolikheten för den indirekta över-
gången minskade för de tunnare filmerna och försvann helt för de tunnaste. 
Det här är sannolikt en konsekvens av sämre koppling mellan fotonerna och 
fononerna, vilka undertrycks i de tunnaste filmerna.  
   Den praktiska konsekvensen av dessa fenomen är att den optiska absorpt-
ionen i hematit minskar i det synliga området då filmerna blir tillräckligt 
tunna för att de fotogenererade laddningsbärarna ska kunna transporteras ut 
till elektrolyten och göra nytta innan de rekombinerar. Det betyder att den 
absorptionsvolym som krävs av en ideal hematitbaserad enhet är större än 
vad som tidigare antagits. Det betyder inte att hematit blir ointressant som 
material för förnyelsebar vätgasproduktion, men det visar att hindren att 
övervinna är något större än tidigare antagits. En grafisk sammafattning med 
ett axplock av bilder för hematitprojektet återfinns i Figur 60.  
 

 
Figur 60. (a) Bestämning av indirekt bandgap. (b) Bestämning av direkt bandgap. 
(c) Förskjutning av absorptionsmax som funktion av filmtjocklek. (d) Vattensplitt-
ring. Syrgasreaktionen. (e) Foto av serie av filmtjocklekar. (f) Ramandata. (g) Expe-
rimentell uppställning för fotokatalys. (h) Illustration av det indirekta bandgapet hos 
hematit. (i) Kristallstruktur för hematit. (j) Illustration av hur energinivåerna i hema-
tit beror av filmtjocklek.    
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10.4 Effektiva CIGS-baserade enheter för 
vätgasproduktion  

et mest lovande materialet som undersökts för vätgasproduktion i 
den här avhandlingen är CIGS, eller CuInxGa1-xSe2. Det är ett 
material med ett flertal intressanta egenskaper. Först och främst är 

det ett erkänt bra solcellsmaterial med en rekordeffektivitet på 20.4%. Det är 
också ett material som kan tillverkas i stor skala till konkurrenskraftiga pri-
ser, vilket demonstreras av att CIGS-celler har tagit sig hela vägen till kom-
mersiell produktion. CIGS har också en ledningsbandskant som är väl posit-
ionerad för vattenreduktion. Trots det finns enbart ett fåtal studier som be-
handlar CIGS i en kontext av förnyelsebar vätgasproduktion.  
   Förhållandevis höga fotoströmmar demonstrerades för vätgasreaktionen då 
CIGS användes som fotokatod. Stabiliteten för CIGS i den här konfigurat-
ionen var dock ett problem. Lösningen var att introducera ett mer modulärt 
angrepssätt genom att de olika funktionaliteterna i konstruktionen separera-
des i rummet.   
   CIGS har ett för litet bandgap för att kunna driva hela reaktionen i en kon-
struktion baserad på enbart en cell med ett bandgap. Detta är inte unikt för 
CIGS, utan är ett problem som delas av en stor mängd halvledare vilka anses 
intressanta för vätgasproduktion. Standardlösningen på det här problemet är 
att tillverka tandemceller, vilket i princip är två solceller med olika bandgap 
staplade på varandra. Det är dock inte den enda möjligheten att lösa proble-
met. Har en effektiv cell väl utvecklats går det helt enkelt att koppla ihop 
flera celler i serie, vilket är betydligt enklare än att hitta ett annat absor-
batormaterial att tillverka en tandemcell med. Det ger den fotopotential som 
krävs för att driva båda halvreaktionerna, samtidigt som effektiviteten per 
areaenhet inte påverkas i särskilt stor utsträckning. Att använda seriekopp-
lade celler i stället för tandemceller är en enkel lösning på problemet med att 
spektralfördelningen i solljuset inte är ideal med avseende på att driva sön-
derdelning av vatten. Det är emellertid en lösning som har varit i stort sett 
förbisedd i litteraturen. Möjligheten att seriekoppla CIGS-celler för att göra 
effektiva enheter för vattensplittring har undersökts i den här avhandlingen. 
Resultaten är mycket lovande, och något av avhandlingens flaggskepp är en 
stabil monolitisk enhet som konstruerats baserad på tre seriekopplade CIGS-
celler. Med den demonstrerades en sol-till-vätgas-effektivitet på över 10 %. 
För soldriven vätgasgenerering är detta ett av de bästa resultaten som presen-
terats i litteraturen.  
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Figur 61. (a) SEM-bild av en komplett CIGS-cell. (b) CIGS-elektrod för halvcells-
försök. (c) Illustration av försöksuppställning för halvcellsförsök. (d) Fotoström 
under pulsad belysning för halvcellsreaktionen. (e) Foto av CIGS cell i PV-
konfiguration.  (f) Vätgasutveckling på arbetselektrod med platinapartiklar. (g) Prin-
cipskiss för seriekopplade celler. (h) Banddiagram för seriekopplade celler. (i). Il-
lustration av försöksuppställning för PV-elektrolys med seriekopplade celler. (j) IV 
data för solcellsmodul och katalysatorer. (k) Fotoström under pulsad belysning för 
helreaktionen. (l) Foto av den monolitiska enheten. (m) Principskiss av den monoli-
tiska enheten. (n) Foto av den monolitiska enheten i skarpt läge. (o) Indelning av 
vattensplittring i på varandra följande fundamentala steg. (p) Gradvis övergång 
mellan PV-elektrolysatorer och PEC-enheter.  
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Den övergripande processen för soldriven vätgasgenerering kan delas upp i 
ett antal, på varandra följande, delprocesser som alla behöver utföras i en 
fungerande enhet. Dessa är: generering av laddningsbärare, separation av 
laddningsbärare, transport av laddningsbärare, samt överföring av ladd-
ningsbärare. Det här utgör ett teoretiskt ramverk inom vilket processen för 
soldriven vätgasgenerering har analyserats. Särskilt fokus har lagts på olika 
device-koncept och vad som förenar respektive skiljer de åt. I synnerhet har 
PV-elektrolys och fotoelektrokemisk vätgasgenerering ställts mot varandra.  
   En serie av enheter har tillverkats vilka gradvis går från fotoelektroke-
miska celler till PV-elektrolysatorer. Utifrån detta argumenterar vi för att 
dessa båda processer, vilka ofta har ansetts vara två fundamentalt olika pro-
ceser, i själva verket bäst bör betraktas som alltigenom analoga processer, 
samt att mycket är att vinna på att erkänna denna likhet.  
   En grafisk sammanfattning av koncept och resultat kopplade till vatten-
splittring med CIGS återfinns i Figur 61.    
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