1
Introduction
Men argue. Nature acts.
Voltaire

1.1. The climate crisis
1.1.1. Planetary boundaries
The climate crisis 1,2 is the most important global problem right now. It threatens the
existence of every single living being on earth. It has already started to affect humanity and impacts the less-fortunate disproportionally 3–5 . The ones who share the biggest
responsibility for the deteriorating situation have not felt many serious effects yet, but
that is coming, and unfortunately, this might be the only thing that can trigger the muchneeded change in our approach to this problem. For far too long, we as humanity have
suffered from a paradox in our thinking. We have managed to achieve tremendous feats
by means of technology. We can use airplanes, cars, and submarines to get to virtually
anywhere on earth and spaceships to travel beyond it. We employ satellites and glass
fibers to communicate across vast distances. We have extended our lifespans significantly because we have the tools and knowledge to cure injuries and live healthily. And
we have enabled a lot of this by using energy sources around us with groundbreaking efficiency, allowing us to power anything we can think of. But even though we are aware of
the impressive technological feats that humanity has achieved and how these shaped the
world, for far too long we have been too ignorant with respect to the destructive impacts
that these technologies can have on our planet, Earth.
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Figure 1.1: Visualization of the nine planetary boundaries, identified by Steffen et al. 6 , and recently updated by
Persson et al. 7 . The extent of a segment away from the center represents the degree by which the boundary has
been crossed. If parts of the segment are yellow/orange, the issue has become so severe that it is not completely
reversible anymore. Note that all main segments have the same width, however, this does not mean they are
equally impactful overall. Image Credit: Designed by Azote for Stockholm Resilience Centre, based on analysis
in Persson et al. 7 2020 and Steffen et al. 6 2015; CC BY 4.0.

Our negligence in this respect has not only brought us the climate crisis but has led
us to cross other “planetary boundaries”, which refer to physical and quantifiable limits beyond which serious negative ecological impacts on a global scale are very likely
to happen 6–8 . We have already crossed this boundary for climate change, and it is important to note that climate change also impacts all other processes and their planetary
boundaries, which is not necessarily true for the others. Figure 1.1 only represents the
current danger associated with a process, but not its relative importance compared to
the others. If that would be taken into account, the climate change segment would be
even more prominent 8 due to the correlation to other processes.
To quantify climate change, the concentration of the most prominent greenhouse
gas, CO2 , in the air, is often used as an indicator of the continuously worsening situation 10–14 (Figure 1.2). This is in fact an indirect indicator because greenhouse gases do
not heat our planet by themselves. Greenhouse gases strongly scatter infrared radiation
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Figure 1.2: Monthly average of atmospheric CO2 concentration detected at the Mauna Loa Observatory in
Hawaii 9 , in parts per million (ppm). The dataset ranges from March 1958 to May 2022. The colored ranges
mark 10-year intervals for which the absolute increase is given. Within 50 years the accumulation rate of CO2
in the atmosphere has more than tripled.

that is reflected or emitted from the earth and trap it within the atmosphere 13–16 , causing global warming. Burning of fossil fuels for the generation of electricity 17,18 , heat 16,19 ,
and other forms of energy 16,20 is the main source of greenhouse gas emission 21 , with additional CO2 arising from certain chemical reactions that are used in industry 21 , infrastructure 21 (concrete 22 ), as well as miscellaneous sources in the agricultural sector 21,23 .
The concentration of CO2 has risen to a level at which a very optimistic scenario mentioned in the IPCC’s 2022-report 24 would lead to a global surface temperature change
of +1.4°C in the year 2100, relative to the period 1850-1900. So, the question if we can
prevent global warming is not applicable. Instead, we find ourselves with the question
of how we can mitigate it.

1.1.2. Renewable energy transition as the answer to the climate crisis
By now, most of the research community has identified and agrees on renewable energy
sources 17,25 as the main lever to mitigate the climate crisis. These entail solar (photovoltaics and solar-thermal) 16,26,27 , wind 28,29 , hydro 30,31 , and geothermal power 16,32 .
Biomass is sometimes listed as a source of renewable energy source 16,33 , which is only
true if the used biomass can be replenished as fast as it is consumed 16 . In times of mass
deforestation 34 , like now, referring to biomass as a renewable energy source is incorrect 35,36 , although it is more sustainable than fossil fuels 19 . Nuclear fission power 16,37
is frequently mentioned as well in discussions on the climate crisis, and while it indeed
serves as a carbon-free alternative, the risks of radioactive leaks 37 , long construction
timelines 38 , the facts that nuclear fission resources are not renewable 39 and a reliable
technology for long-term storage or destruction of radioactive waste has yet to be developed 39 , should be reason enough to avoid further integration of this source into our
grid. Finally, power from nuclear fusion 40,41 would be a great asset, and might one day
be an option, but by that time, the climate dice will have been cast.
Accessing renewable energy sources and converting them at high efficiencies is one
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of three crucial steps, with the other ones being transmission and storage of energy. Especially for electricity we find that also the other two aspects are in need of further developments. Our grids have been designed for a system in which a limited number of power
sources provide many individual loads with variable amounts of energy. The decentralization of power generation that comes with renewable energies 42 requires a transformation of the energy infrastructure, as we now have many power sources of varying size
that can provide energy. This is a significant logistical challenge, and bright ideas such
as Suncable 43 and smart grids 44 show what the energy transmission of the future could
look like.
Any future grid that is adapted to renewable energy sources will also make use of energy storage, with pumped hydroelectric energy storage 16,45 (PHES), hydrogen fuel 16,46,47 ,
other liquid and gaseous chemical fuels 47–49 , and electric batteries 16,18 as the most prominent representatives. PHES, is mostly used in mountainous regions as the required height
differences can be found more frequently there 50 , but has tremendous potential, and
can serve as an efficient mechanical battery in many places in the world 50 . Water-splitting
via electricity to obtain H2 for chemical storage is also promising, already used in heavy
vehicles 51 , and might utilize the same infrastructure currently being used for fossil gas 52 .
Furthermore, H2 is widely considered as the prime candidate for making many chemical
and heat processes within various industries green (e.g. green steel 53 ). Other chemical
fuels like methane 16,54 (gaseous) or ethanol 16,55 (liquid) have the potential to fill similar roles as H2 . Finally, we are currently experiencing the advent of electrically powered
vehicles 56 , confirming the significance of electric batteries for the energy transition 57 .
Residential batteries 58 , as well as large-scale battery storage 59 plants are also on the rise,
and can contribute to a more stable grid and electrification of our society.

1.1.3. Photovoltaics as part of the energy transition
Alongside the other renewable energy sources, electrical energy that is directly converted
from light, through the photovoltaic effect, has become a key future technology to contribute to the energy transition. To get to this point, solar cells, or photovoltaics (PV),
covered a long development path. The photovoltaic effect was first described by Edmond Becquerel in 1839 60 and utilized in a Se cell in 1883 60 (Figure 1.3). In 1954 61 , the
first practical Si solar cell was fabricated at Bell Labs. These events formed the basis for
the growing belief in the promise of “free” energy from a source that will not deplete
anytime soon.
Nowadays, the cost of PV electricity is continuously falling 63 , and at the same time,
we see an increasing penetration of PV in the electricity grid 64 . However, the rise of PV
also demonstrates the inflexibility of our current electricity grid with respect to fluctuations and time-varying power output. PV requires storage facilities and technology to
advance along with it to exhaust the full potential of PV and other renewable energy
sources. There is a broad consensus that PV needs to provide a a major share of future
electricity usage 65 , and also that the share of electricity within our overall energy consumption has to significantly grow 65 . This is projected to be achieved by electrification
of many technologies in our society 66,67 and by producing electrical energy that is so
cheap that it becomes financially viable to replace more efficient thermal and chemical
processes 67 . The fact that these discussions are seriously held amongst scientists, the
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Figure 1.3: The world’s first solar cell array (installed 1884), made by Charles Fritts 62 , based on his demonstration of the first Se solar cell. Picture taken on a rooftop in New York. Reused from a postcard picture in “Let It
Shine: The 6000-Year Story of Solar Energy” 62 .

private sector, policy makers, and politicians already underlines that PV will be a key
technology to mitigate the climate crisis.

1.1.4. Photovoltaics after the energy transition
Considering the last paragraphs, one might say that the future is bright, research has
achieved a tremendous feat, and the fossil fuel reliant industry sectors, guided by politics under public pressure, are slowly getting out of their profit-driven ignorance. Compared to the renewable energy conversion sector, energy storage and transmission are
key bottlenecks at the moment. Is the typical timescale of industrialization of new research innovations 68 actually short enough for making additional technological steps to
tackle the climate crisis? Or is PV mature enough to shift all scientific efforts towards
other fields related to sustainable energy?
These are valid questions to ask, but PV research still has plenty to offer for the energy transition. In fact, some fields are becoming increasingly important, like perovskite
research, which is still young, but has already produced its first commercial applications 69,70 . With the growing scale of PV, sustainable PV, which considers aspects as material sourcing 71 , fabrication 72 , and recycling 73 , is also becoming important.
And while the climate crisis is the one big issue of our time, the vision of a society that
fully relies on renewable energies will stay relevant and also change after the climate
crisis. From an optimist’s perspective, a global and large collaborative effort will lead
to saturation of the greenhouse gas concentration on earth and hopefully stop global
warming. If everything goes according to IRENA’s optimistic “Transforming Energy Scenario” 65 , 49% of primary energy needs will be served by electricity in 2050, of which 86%
will be electricity from renewables. In this scenario, 25% of all electricity comes from
PV, which amounts to an installed capacity of 8.5 TW. This will have been achieved for a
large part by the means we have right now, likely relying on Si solar cells for the biggest
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part, maybe in combination with perovskites. The average module efficiency might lie
between 25% and 35%. A significant portion of electricity generation will be done in
large-scale PV plants, with modules stacked next to each other, sacrificing vast amounts
of landmass. While the prospect of achieving this IRENA scenario sounds very appealing
right now, most of us would envision a futuristic society to better use the earth’s landmass and to go beyond the numbers mentioned in the scenario.
And exactly this is another important point why current PV research is essential, as
it gives us a brighter perspective to fight the climate crisis for after. Commercial solar
cell efficiencies of 40%, which are realistic in the long terms 74,75 , complete integration
of PV in unused surfaces of buildings 76 , infrastructure 77 , agriculture 78 , and water 79 , in
combination with smart grids and storage could eventually reduce the immediate need
for large-scale solar plants 76 . Thus, the challenge after the climate crisis will be to get to
a stage where we can decide: We can either reclaim land that has been sacrificed to PV
by replacing solar panels with more efficient ones, and by utilization of unused surfaces
(building-integrated PV 80 , vehicle-integrated PV 81 ) as well as improve the integration of
PV systems in our environment, to reduce the effective area loss (e.g. Agrivoltaics 78 ). Or
we can use the high efficiency and low cost for overproduction of energy, which might be
used to drive highly inefficient processes, like carbon capture 82,83 , because energy has
become that cheap.

1.2. Physical principles of photovoltaics
1.2.1. The working principle of solar cells
Are 40% efficient commercial solar panels actually realistic? How much further can
photovoltaic record efficiencies grow? The efficiency of solar cells is the result of the
charge generation and charge extraction in a solar cell and the key criterion from a practical perspective, although secondary criteria (earth-abundance 84 , flexibility 85,86 , transparency 87 ) are becoming increasingly relevant with respect to integration beyond rooftop
and large-scale PV. The upper limit for single junction solar cell efficiencies under 1 sun is
given by the detailed balance limit 88,89 , which assumes ideal electronic material properties, ideal charge extraction (energy levels, selectivity), and only includes losses that are
related to the bandgap of the absorber (thermalization losses for above-bandgap photons, absorption losses for below-bandgap photons, radiative emission) in combination
with thermodynamic constraints.
To reach this efficiency limit, it is important to first revisit the governing principles of
photovoltaic energy conversion, as well as the practical utilization of the associated energy. Photovoltaic energy conversion relies on the absorption of a photon by an electron
in the valence band of a semiconductor 90 . For this to happen, the energy of the photon must be equal to or higher than the energy gap between the valence band and the
conduction band in the semiconductor. Upon excitation of an electron from the valence
band into the conduction band, it will stay there for an average time(τe ), that is referred
to as the bulk minority charge carrier lifetime of the material, and will be mobile up to
a certain degree, described by the mobility (µe ). At the same time, the excited electron
is not spatially bound to an atom in the crystal lattice of the semiconductor, which creates an electron vacancy. This vacancy is filled by other electrons, creating electronic
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motion within the valence band as well. This continuous replacement of vacancies by
electrons within the valence band can be described by an effectively positively charged
mobile hole, with a given lifetime (τh ) and mobility (µh ). Thus, the photon frees up an
electron and a hole simultaneously. When they recombine, they emit a photon with an
energy that corresponds to the difference of their respective energy levels.
In an ideal solar cell absorber, radiative recombination is the only recombination
process. This is equivalent to saying that radiative recombination is 100% efficient, as
that implies the absence of alternative recombination processes. However, in a solar
cell, carriers should always be extracted from the absorber before they have the chance
to recombine. With the help of charge-selective extraction layers 91 , or electric field gradients 91 , the electrons and holes are spatially separated so that they accumulate at opposite poles within the solar cell. This accumulation of the opposite species of charge on
each side of the solar cell increases the potential energy within the system.
At equilibrium, the Fermi level describes the potential energy of the electrons and
holes. However, in a steady-state, the conduction band and valence band are not in
equilibrium. Still, average energies can be found that describe the excited electron and
hole populations separately, namely quasi-Fermi-levels (quasi because the system is not
actually in equilibrium 91 ). A large energy difference between the two quasi-Fermi-levels
corresponds to a large difference in potential energy, which corresponds to a large voltage for electric charges. This is similar to the voltage in a charged battery, with the difference that for the solar cell, the charge distribution is continuously replenished by sunlight. Upon contacting the poles of the solar cell within an electrical circuit, the charges
flow along this circuit to reach the other end of the cell. This creates a current flow, and
if a load is included in the electronic circuit, one can use this flow together with voltage
that drops off over the load to power it at a given efficiency.

Figure 1.4: Current density (J ) - voltage (V ) curve of an ideal solar cell under illumination. The three marked
points represent the short-circuit current density (J sc ), the open-circuit voltage (Voc ), and the maximum
power point (MPP). The fill factor (F F ) is calculated from these points according to equation (1.6).

The efficiency parameter η is the product of the short-circuit current density (J sc ), the
open-circuit voltage (Voc ), and the fill-factor (F F , Figure 1.4), normalized by the incident
solar intensity (I AM 1.5G ). It describes the maximum amount of electrical power that can
be extracted from a solar cell, relative to I AM 1.5G .
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η=

J sc Voc F F
I AM 1.5G

(1.1)

The intensity of the incident sunlight is wavelength-dependent, and its spectral distribution is derived from the black body spectrum of the sun, at its temperature (5772 K 92 ),
with various dips in the spectrum that correspond to absorption of light by the gases in
our atmosphere. While this spectrum differs throughout the day, year, and location on
earth, the scientific community has established reference datasets that serve as a reference for the optimization and evaluation of solar cell performance 93 . The AM1.5G spectrum is one of these and corresponds to a global annual average of direct and diffuse
light that has travelled a distance that corresponds to 1.5-times the atmospheric thickness. Integration over this spectrum yields the total power (P AM 1.5G ) that we receive on
earth and amounts to P AM 1.5G =1000.4 W/m2 .
If we want to calculate the maximum obtainable efficiency, assuming an electronically ideal solar cell, we can start by calculating what our obtainable photo-current density (J γ ) is. During photovoltaic conversion of incident photons from the AM1.5G spectrum into electrons, the maximum number of photons that can be converted corresponds to all the photons that are above the bandgap energy of the absorbing semiconductor. Each of these photons can excite one electron-hole pair and upon excitation
these rapidly (timescale 94 : 10-12 -10-11 s) lose energy in the form of heat via thermalization, until they reach the lowest energy level of the conduction band (electrons), or
highest energy level of the valence band (holes). From there, they are extracted from the
solar cell, and the total amount of extracted charges per second corresponds to the J sc .
Equation (1.2) shows the dependence of J γ on the electron charge (q), the solar photon
flux (φ AM 1.5G ), the photon energy (E ), and the bandgap energy (E BG ), which can be simplified to a dependence on the number of photons (Nγ ) with energy above E BG received
within a certain time (t ).
Z

∞

q
E BG

φ AM 1.5G (E )d E =

q Nγ (E BG )
t

= J γ (E BG )

(1.2)

Conceptually, J γ gives the extracted charges, and at the same time it can be understood as the charge separation rate. However, the reverse process can also happen and
is given by the (dark-) recombination current density (J 0 ). In absence of the sun, with
the solar cell at a given temperature (T ), and its ambient at the same temperature, the
solar cell radiates/emits as much energy as it absorbs, and as there is no net-flow of any
quantity, it is in thermal equilibrium. The rate by which it absorbs or emits is the same
and we refer to the associated currents as dark currents, which are equal and opposite.
Mathematically, J 0 can be expressed as an integral over a black-body emission spectrum
that is confined to energies above E BG , as in equation (1.3), with c the speed of light, h
Planck’s constant, k Boltzmann‘s constant and V the voltage applied to the cell.
Z
J 0 (E BG ,V ) = q

E2

∞
E BG

e

E −qV
kT

−1

dE

(1.3)

The voltage term in equation (1.3) for J 0 only makes sense for the emission of the
solar cell for which the applied voltage can be regulated and does not apply for the solar
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cell absorption from the ambient. Thus, if we apply a voltage to a solar cell in the dark,
we move from equilibrium to a steady-state, for which emission and absorption are not
equal anymore. Under forward bias, the emission of the solar cell increases, which corresponds to an increase in recombination current. Under illumination, we will extract
an overall current density (J ext ) that corresponds to the sum of the solar photo-current
density (J γ ), the ambient photo-current density (J 0,G (E BG )), and the voltage-dependent
dark recombination current density (J 0,R (E BG ,V )).
J ext (E BG ,V ) = J γ (E BG ) + J 0,G (E BG , 0) − J 0,R (E BG ,V )

(1.4)

Equation 4 describes the detailed balance limit for solar cells from the perspective of
electrical currents, and for a given bandgap, the extracted current as a function of voltage yields a characteristic diode curve shape. By setting the applied voltage to V =0, we
obtain J ext =J γ , which is referred to as the short-circuit current density (J sc ). At the point
where J ext =0, we find the open-circuit voltage (Voc ) of the solar cell. For a band gap that
is much larger than the room temperature thermal energy (E BG >> kT ), equation (1.5)
describes the Voc as function of the bandgap.
µ
¶
Jγ
kT
Log
+1
Voc (E BG ) =
q
J0

(1.5)

The third important solar cell parameter, the fill factor (F F , equation (1.6)), describes
how close the current-voltage product at the maximum-power point of an I − V curve
(MPP) comes to the product of the maximum obtainable current (J sc ) and voltage (Voc )
of the solar cell’s I − V curve (Figure 1.4).
F F (E BG ) =

J M P P VM P P
J sc Voc

(1.6)

Now we have obtained all the parameters that are needed to calculate the efficiency
or power that we can obtain from a solar cell (Equation (1.1)). For the case in which
the electronic parameters are ideal, and the incident spectrum is fully absorbed above
the bandgap, the efficiency is parameterized by only one parameter, E BG . This is the
detailed-balance limit 88,89 , and it can, in principle, be extended to solar cells with multiple junctions 95 , as well as incident spectra at different intensities and shapes 96 , and
serves as the upper limit to the achievable efficiency.
There is a fair amount of PV device concepts that can circumvent the assumptions
of the detailed balance limit and hence could technically go beyond it. However, they
have in common that devices with significant efficiency enhancements have not been
demonstrated yet. Downconversion 97 can in principle mitigate thermalization losses,
by effectively exciting two electrons via one high-energy photon. Upconversion processes 97 bundle the energy of two low-energy photons to excite one electron across the
bandgap, and hence minimize subbandgap losses. Another conceptual solar cell is the
hot-carrier solar cell 98 , which aims to minimize thermalization loss of electrons by extracting them at higher energies, right after excitation. So far, none of these concepts
have found commercial applications.
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1.2.2. How much more can efficiencies improve?
The discrepancy between the described minimum losses and the current record efficiencies is illustrated by Figure 1.5a, where we can find various absorber materials represented by their bandgap and their efficiency trajectory over recent years (2016-2020).
This comparison for single-junction solar cells gives an overview of the current challenges within the physics, chemistry, and material science for the individual technology.
Figure 1.5b shows the same materials, but with respect to the room for improvement for
carrier extraction and carrier generation. The overall trend implies that there is more
room for improvement with respect to carrier extraction in comparison to carrier generation. Usually, carrier extraction is addressed by optimizing charge carrier selectivity,
band alignment between the layers, reducing surface and interface recombination, and
reducing the internal series resistances. Carrier generation cannot easily be improved by
working on a specific layer in the solar cell alone but requires consideration of the whole
cell architecture.

Figure 1.5: (a) The photovoltaic conversion efficiency as a function of the bandgap for various absorber materials. Black lines connect the data points that correspond to the record values in 2016 (open symbols) to the
record values in 2022 (colored symbols). The background colors denote efficiency regions below 50% (red),
50%-75% (green), and above 75% (blue), relative to the detailed balance limit. (b) Data for the same records,
resolved for the optical ( j ) and electronic ( j 0 ) performance, relative to the detailed-balance limit. Reused and
edited from Ehrler et al. 99 , and Polman et al. 100

1.3. Light management - nanostructures for PV
Light management for solar cells refers to designing the solar cell architecture in a way
that maximizes absorption and carrier generation. The first step for this is to maximize
the incoupling of light, so that it can reach the absorber. For this, it needs to pass from
air through the encapsulation and top layers towards the absorber layer. Ideally, light
travels long enough inside the absorber layer to be completely absorbed. Any light that
has passed through the absorber should then be reflected back into it. Incoupling, path
length enhancement, and back reflection form the core toolkit used in light management
for improvement of solar cells, and are seldom applied independently, but often appear
in a combined fashion.
There are, however, additional concepts within light management. An important one
is spatial control of the charge generation profile, creating spatially selective light absorption. In this case, electromagnetic field profiles create light concentration hotspots
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at desired positions in the cell. Optimizing the location of these hotspots can minimize
the losses due to parasitic absorption at lossy interfaces. Creating optical hot spots close
to charge selective layers, minimizes extraction losses to electronic interface defects.
For a wide range of applications, such as multijunciton solar cells 95,101 , bifacial solar
cells 102 , semi-transparent solar cells 87 , and luminescent solar concentrators 103 , spectrally selective transmission and reflection at the front and rear surfaces of PV devices
are also interesting. In this case, light within a specific wavelength range is intentionally
transmitted through the solar cell, and used for a different function.
Light management can come in various forms, such as micrometer-scale pyramidal
texture for improved incoupling of light 104 , or a combination of a couple of planar layers
of 10s of nanometers for spectral selectivity. With the advent of nanoscience 105 , and increasing scalability of nanoscale layers 106–108 , nanostructures have found their way into
photovoltaics 106? ,107 . Light management has profited a lot from nanoscale structures,
as the degrees of freedom for light manipulation in nanoscale structures are much more
compared to larger structures that rely on geometric optics, owing to physical properties
(plasmonic, Fabry-Perót, and Mie-resonances) and processes (diffraction, waveguiding)
that often only become accessible at the nanoscale.
The building blocks of light management at the nanoscale are often resonant objects,
that are arranged within a consciously chosen pattern. The individual building blocks
(nanoparticles) can be optimized via a range of different methods in shape and dimensions so that they interact strongly with light within a specific wavelength range. This
strong interaction amounts to scattering and absorption profiles which can be predicted
from Maxwell’s equations and tuned via the particles’ dimensions and optical constants.
By arranging the particles in a periodic pattern, the collective of these scattering
processes can be influenced such that constructive interference is achieved for specific
angles (diffraction modes), and if done inside or close to a slab of a thin layer, can be
trapped very efficiently (waveguide, surface (plasmon/phonon) polariton 109,110 modes).
The optical behavior that emerges from these processes are hotspots that can be
generated in the absorber, light that is scattered into wide angles so that its path length
through the absorber is enhanced, as well as forward scattering (incoupling) and backscattering (reflection) of light. Furthermore, these processes are strongly wavelength dependent, which allows for wavelength selectivity.

1.4. The importance of absorber-agnosticism in PV
Having discussed the relevance of PV, its prospects, efficiency limits, and light management as an important tool to reach those limits, we can now ask the final question of this
introduction, namely, how do we decide which technology is the most promising one,
and does this mean we discard the others?
Within the scientific PV community, hardly any material science research group covers the full spectrum of available absorber layers in their research, as these technologies
often require very different knowledge as well as infrastructure. The currently most efficient solar cell technologies can be roughly divided in three distinct groups. Many scientist work with Si, which has proven itself as the number one commercial choice time and
time again because it is cheap 111 and efficient 74,75 . Others focus on more chemistryheavy solar cells based on organic 112 and perovskite 113 absorbers, which might be on
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the verge of competing with 74,75 or complementing 114 Si. And some researchers advance the highly efficient 74,75 but expensive (concentrator) III-V technologies. In the
following, we will see why it is important to keep an open mind with respect to all technologies, independent of their maturity, as all of them can be relevant in their own way,
if given sufficient attention (research).
The range of applications and specifics that PV needs to address now, and for what
comes after the near future, is just so vast, that it makes sense to ensure the availability of more than one good absorber. Silicon excels when it comes to the accumulated
knowledge that exists for it, as well as its maturity. However, Si solar cells are thick, and
hence do not qualify as serious candidates for thin film PV, which is much more versatile
for applications that require flexible or light-weight solar cells. III-V solar cells are thinfilm and efficient, but very expensive. Exactly at this important point, novel PV absorber
materials, such as PbS QDs, CZTS, perovskites, and Zn3 P2 are important to consider as
well. While some of them have tunable bandgaps (QDs, perovskites), others have excellent diffusion lengths (Zn3 P2 , perovskites), and again others excel in earth-abundance
(Zn3 P2 ). Thus, for versatility, it is very important to have access to a range of absorber
materials.

Figure 1.6: Number of publications per year for various materials over the years. Data was obtained from
app.dimensions.ai, by combining the search term “solar cell” and the material names stated in the figure.
The search engine searched through publication titles and abstracts only.

Figure 1.6 shows an interesting aspect about the current state of PV research, especially with respect to the effect of the dominance of perovskites. It describes the annual
number of publications over time for selected PV materials. Since the 1970s, Si and GaAs
solar cell research experienced slow but continuous growth. Overall, PV research significantly picked up the pace around the year 2000, thanks to organic and dye-sensitized
solar cells. Around 2005, Si, GaAs and quantum dot (QD) research started to gain much
more interest as well. And, in 2012, perovskites entered the stage, and their monumental rise coincides with the stagnation (Si, GaAs, QDs), decline (dye-sensitized cells), or
weakening of the growth (organic cells) of publications on all the other materials.
This suggests that it was not the lack of promise of certain materials that hinders their
progress, but it is the advent of a more promising material, perovskite, that has slowed
down research on other materials considerably. Note that CdTe, CIGS, CZTS, GaInP, and
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InP solar absorber materials show similar trajectories as GaAs and were omitted from
Figure 1.6 for simplicity.

1.4.1. Earth-abundance as a fundamental restriction
There is one parameter that deserves special mention and that is the abundance of elements in the earth’s crust. While some elements also feature in our oceans and can be
obtained from there, the earth’s crust is our main source of all elements, and their concentration therein should be regarded as a practical limit to the amount of solar cells that
we can make for a given absorber composition.
This aspect has received quite some attention already 115 , and often this has focused
on calculating the required amount of energy and money to obtain a pure kilogram of
a certain element. However, these numbers depend on the method of extraction that is
used, and in principle, further research can help improve that. The actual limit is the
elemental concentration in the earth’s crust.
Figure 1.7 uses the absorption coefficient of various absorbers to evaluate the total
absorption as a function of thickness and balances it with extraction losses due to the
limited carrier diffusion length. For the absorption of light in the absorber, a perfect
backreflector is assumed, which leads to a double pass of the light through the absorber
(The exception is the case of the Lambertian limit 116 for Si (4n 2 ), which is also shown).
Only imperfect absorption serves as a loss channel for the absorption, reflection and
transmission losses are not considered. For the charge extraction, we assume uniform
charge distribution after generation, which means that on average, charges only have to
travel half of the absorber thickness. Charge drift from electric fields is not considered.
In the ideal case, the curve for a material shows a broad peak at a value above 30% efficiency. This means that α and L D are sufficiently large to enable full charge generation
at a thickness for which all charges can be extracted, and GaAs and Si-4n 2 represent this
case. Silicon, Zn3 P2 and perovskite peak at very different thicknesses, but show a similar
balance of α and L D . Solar cells based on CZTS and PbS QDs peak at similar thicknesses,
and show low achievable efficiencies, due to very short diffusion lengths.
By using the earth-crust abundance of each element of an absorber 123 , the bottleneckelement is determined for each cell type and used to relate the efficiency to the resource
demand. Finally, we find the relative amount of the bottleneck-elements that is needed
to achieve PV generation around the multi-TW-scale (Figure 1.8). For all materials, at
100 TW capacity, the resource usage stays below 0.0001% of its prevalence in the earth’s
crust. The difference between the most abundant (Si), and the least abundant (GaAs) is
a factor 104 . Assuming similar extraction methods, this number directly correlates to the
additional mining effort (size, time, energy, money) that it is needed for GaAs compared
to Si. So while we could get to 100 TW with all absorbers, we can do it sustainably by
considering earth abundance and low-material-usage. Note that this simple economic
analysis focuses on the economic viability of the absorber layer alone, which is the first
hurdle. A more extensive analysis would need to also account for other materials used in
the solar cell (metal contacts, extraction layers, etc.), but this is beyond the scope of this
introduction.
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Figure 1.7: Maximum possible PV efficiency for various materials as function of absorber thickness. The Lambertian limit for Si is also shown (blue dashed). Based on the absorption coefficient (α, rise, data from thesis
chapters) and the diffusion length (L D , decline, data from literature 117–122 ).

Figure 1.8: Required amount of the bottleneck-element compared to its prevalence in the earth’s crust as function of PV capacity that is based on the specific element. The elements in brackets next to the absorber label
are the bottleneck-elements for the absorber layer. The curves assume the peak PV efficiency from Figure 1.7.

1.5. Thesis chapters
Increasing the absorption through light management effectively reduces the required
thickness for a solar cell. This fits the sustainable approach of PV, as it allows for less
material to be used. Throughout this thesis, this sustainable aspect of PV is represented
in the approaches that aim to thin the absorber down or by working on earth-abundant
absorbers to begin with.
In Chapter 2, we reduce the absorber volume of a PbS quantum dot (QDs) solar absorber to bring carriers closer to their extraction layers and to limit the amount of toxic
Pb that the cell contains. This is achieved by nanopatterning of the p-n heterojunction
to modify its optical and electronic response. We find that optically resonant QD cylin-
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ders can concentrate more light into less absorber volume, and 2.2-times less material
is needed to absorb the same amount of light. We also show that this approach can improve charge extraction, which is a major obstacle for PbS QDs (see Figure 1.7).
In Chapter 3, we demonstrate how to minimize reflection losses from metal contacts on a solar cell. We do this by optical cloaking of the metal front contacts. This
is especially relevant for concentrator solar cells, where high illumination intensities require large front metal coverage. The optical cloaking can eliminate reflection losses and
allows for high front metal coverage at no additional reflection loss. This enables concentrator solar cell setups with concentrations above 1000-suns, which at the same time
corresponds to a reduction in absorber material usage by a factor 1000.
In Chapter 4, we shift the focus to thin Si solar cells. These use much less absorber
volume, but also absorb weakly, partially due to insufficient incoupling of light. For thick
Si solar cells, large (a few micrometers) random pyramids are usually used for ideal incoupling of light. As this is often not possible in thin Si solar cells, we show that a periodic
cylindrical nanoscale pattern can be used as an alternative, showing better incoupling
than a single layer anti-reflection coating, while not suffering from extra electronic loss
(Voc , F F ) in comparison. In parallel, we also investigate hyperuniform nanopatterns that
strongly scatter light from the Si surface into the bulk. We evaluate the passivation that
is necessary for the structure to not just work well optically, but that also allows frontsurface recombination currents that are closer to the planar case. The results show that
front surface patterning of thin Si solar cells can improve the absorption and might lead
to flexible Si solar cells that can compete with other thin-film technologies.
In Chapter 5, we add a perovskite absorber on top of a silicon solar cell and evaluate the maximum efficiency of this tandem geometry via simulations. We then expand
the detailed-balance formalism to include spectral splitting at the interface between the
perovskite and Si absorbers and determine the cases for which this yields improved efficiencies.
In Chapter 6, we present a novel p-n heterojunction design for a Zn3 P2 -based solar
cell. Zn3 P2 is an earth abundant (Figure 1.8) absorber with high absorption coefficient
and diffusion length. We develop a heterojunction architecture , consisting of ITO-TiO2 Zn3 P2 -Au (front to rear) that can be used to integrate Zn3 P2 into a simple but efficient solar cell device. Furthermore, we predict an efficiency limit of 20%, that can be increased
by additional light management.
In Chapter 7, we look back and summarize the fabrication approaches that have been
used throughout the course of this thesis. Furthermore, we highlight our direct imprint
approach for ZnO in chapter 2 as an effective and non-invasive fabrication method that
could be extended to other solgel layers of any material.
From a practical perspective, the following chapters will demonstrate work that might
lead to solar cells with thinner absorber layers (Chapters 2, 4, 5), higher efficiencies
(Chapters 3, 5, 6), and emphasizes the potential of novel absorber materials (Chapters 2, 6).
Overall, this thesis introduces novel insights into integrating nanoscale light management with the generation and extraction of charge carriers for improved photovoltaics.
We emphasize the importance of spatial control of absorption for the electronic solar cell
performance. And we investigate how absorption-enhancing nanostructures influence
the electronic integrity of solar cells for a wide range of established as well as novel pho-
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tovoltaic technologies.
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