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1
Introduction

1.1 Photovoltaics

Photovoltaics provide electricity in a clean, sustainable and often decentralized way
by utilizing an abundant and virtually unlimited source of energy: the sun.

177 years after Alexandre Edmond Becquerel created the first photovoltaic de-
vice, the technology is on its way to become a major source for primary electri-
cal energy production on earth.[1] In June 2014, solar energy was able to provide
23 GW power, more than half of the electricity demand in Germany at that time,
rendering arguments about production capabilities limited to southern countries
meaningless.[2] At the end of 2015, after growing for 20% three years in a row, the
US solar energy industry alone employed more people than the upstream oil and
gas sectors combined (exploration, drilling, extraction), continuing to pave the way
for societal and political support from a wide spectrum.[3] Due to the continuing
decrease in solar panel costs, financing costs and balance of system costs, by 2017
80% of countries in the world are expected to have reached grid parity according
to a recent forecast by the Deutsche Bank.[4]. Currently, solar energy installations
account for over 50% of newly installed electricity capacity, therefore outperform-
ing not only gas, and oil but even coal as a primary source of electricity.[5] Alone
in 2016, 65 GW solar power are expected to be installed, which would result in a
total of roughly 300 GW cumulative installed solar power by the end of the year, an
equivalent of 600 typical coal power plants (∼ 500 MW). Per year, two billion tons
of CO2 emissions alone will be saved, not to mention the emission of hundreds of
thousands of tons of other dangerous toxins.[6]

As a result, in 2050 renewable energies are predicted to provide between
50-90 % of the total energy demand, with wind and solar energy as the major
contributors.[7] And these estimates don’t even take into consideration the
looming invalidation of the free ticket of many technologies to unaccountably
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1 Introduction

dispose their waste into the environment. Such "externalities" have to be taken
into account when calculating the true costs of energy conversion technologies.

To summarize, solar energy not only proved its technical feasibility and its po-
tential for tackling climate change but also its capability as a major economic player
by competing against fossil fuel-based technologies. As a result, even traditional
economic fossil fuel strongholds such as the World Economic Forum in Davos have
put renewable energy and climate change on their agenda.[8]

On the technological side, wafer-based silicon solar cells are the major driver
(over 90%) of increased installations. Based on the maturity of the wafer-based
silicon technology (over 62 years), the power conversion efficiency has entered a
phase of logarithmic increase over time. Currently, the Kaneka IBC HIT cell is the
record holder with an efficiency of 26.3%. In other words, 89.5 % of the theoretical
maximum efficiency of 29.4% has already been reached.[9, 10] Forecasts predict an
ongoing market domination of this technology with improved module efficiencies,
decreased production and decreased balance of system (BOS) costs (wiring, con-
verter, mounts,...) as the major drivers for future cost reductions.

In general, attempts to lower the overall solar energy production costs ($/W )
further can broadly be divided into two classes. Either the fabrication costs are
reduced while the efficiency is maintained or the efficiency is increased while the
production costs are maintained (or slightly increased).

Besides economies of scale, reducing the fabrication costs while maintaining
the conversion efficiency can be achieved by optimizing processes, replacing ma-
terials or device designs with more energy, work or material efficient options. These
approaches are usually pursued in industrial research laboratories or in close col-
laborations between industrial and academic research centers. In those cases, the
requirements and knowledge about the state of the art in the industrial production
is clearly communicated to the researchers.*

The pursuit for higher power conversion efficiencies, on the other hand, falls
directly into the field of expertise of fundamental researchers. More efficient solar
cells generally require higher production costs, especially at initial stages before
improved processes and economies of scale take place. However, since less solar
module area is required to produce the same amount of energy as the existing
technology, the effect on the other costs, such as installation, operational and legal
(BOS) costs can be profound. Given that the costs of the solar module make up less
than ∼ 30 % of the total costs, increasing the power conversion efficiency must be
regarded as the more powerful and long-term strategy towards overall decreased
solar energy production costs.[11, 12]

The tremendous impact of the power conversion efficiency on the overall en-
ergy production costs creates a great economic obstacle. Technologies that can

*Without this close knowledge transfer between the two partners, fundamental researchers are
generally badly positioned to tackle those applied and industrially relevant questions. Very often,
they lack the knowledge of technical details and requirements about industrial large-scale and high
through-put processes. Furthermore, current and forcasted costs of specific process steps are generally
undisclosed due to industrial competition.
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1.1 Photovoltaics

only provide low conversion efficiencies, even if at a low cost, are unlikely to suc-
ceed. Furthermore, looking back at many successful innovative technologies, it be-
comes apparent that market entry and adaptation are more likely to be successful
when new substantial capabilities are being provided. The typewriter has not been
replaced by the PC, the propeller by the turbine engine, or the horse carriage by the
car because the later was produced cheaper.

Figure 1.1 shows a summary of the increase of certified power conversion effi-
ciencies of different solar cell technologies over time, starting from the year 1975.
Many of the more established technologies, such as single crystalline, multicrys-
talline and amorphous silicon show a clear logarithmic trend of conversion effi-
ciency increases over time. This "learning curve" is very typical for many technolo-
gies. Initially, a new technology offers much room for improvements that can be
achieved rather easily, while continuous developments narrow the phase space of
opportunities progressively. Eventually, only a few increasingly challenging paths
are left to explore. To prevent a standstill in performance improvements, new tech-
nologies have to be pursued that allow for steeper efficiency increases, because they
exhibit relatively more unexplored opportunities. Among the new emerging tech-
nologies are those that aim at utilizing electric and optical effects that emerge by
nanoscale patterning and fabrication. Among them are quantum dot and nanowire
solar cells, the latter being a focus of this work. For nanowire array solar cells, the

17.8 %
15.3 %

InP nanowire

GaAs nanowire

Figure 1.1: Best research-cell efficiencies over time. Nanowire array solar cell
efficiencies are shown as blue stars with black (InP) and red (GaAs) outlines.
The original plot is courtesy of the National Renewable Energy Laboratory, Golden,
CO.
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efficiency records are 17.8 % for InP and 15.3 % for GaAs and are shown in Figure
1.1 as blue stars with black and red outlines, respectively.[13, 14]

It has to be noted, that Fig. 1.1 does not discriminate between technologies that
are pursued industrially or purely in research laboratories; the only requirement is
the existence of a certified efficiency measurement by one of the leading research
laboratories. Many of the new emerging technologies hold great promise to allow
an overall cheaper generation of solar power in the future. Due to their novelty,
they often lack any proof of industrial applicability, especially in terms of large scale
and high throughput fabrication. Additionally, the stable performance in ambient
conditions is a major challenge for many of the emerging technologies. However, to
realistically evaluate the potential of those technologies one has to see the current
developments in a historic context. In 1941, R. S. Ohl reported the first silicon
solar cell (a "Light-Sensitive Electrical Device"), which was below 1% and far from
any industrial production.[15] "There were a great many enemies to this work with
semiconductors; you have no idea how many people opposed that. Vacuum tube
people said that there is nothing to it and it is all a lot of tommyrot, and that sort of
thing." - Russell Ohl, January 6th 1975. Today, silicon solar cells are being industri-
ally produced with an efficiency of up to 25.6% and are contributing to over 90% of
the ever increasing installed solar power. The record efficiencies are approaching
50% for multi-junction concentrator solar cells, a technology that makes use of
efficiency gains by concentrating sunlight onto a multi-layered absorber. Each one
of those layers converts a certain part of the solar spectrum highly efficiently. Given
the vastly increased knowledge and the far larger man-power involved into the
topic, also tangential in other research fields, a higher efficiency growth rate over
time can be expected. These emerging technologies hold enormous potential to
realize industrially produced, high-performance solar cells with power conversion
efficiencies far above current values. In fact, they are indispensable to reach the
ambitious targets for a clean energy economy in the near future.[16]
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1.2 The basics of a solar cell

1.2 The basics of a solar cell

Figure 1.2 schematically depicts the fundamental mechanisms taking place in a
solar cell during the energy conversion process from photons into electrons.

Sunlight, with its broad spectrum (blue, green and red arrowheads), is incident
on the solar cell with a solid angle (Ωi n) subtended by the sun (1).

For a single band gap semiconductor, high energy photons (blue arrowheads)
excite charge carriers (e−, h+) over the band gap deep into high energy levels in
the conduction and valence band (2a). Once excited, those high energy carriers
loose a large part of their energy very rapidly (≈ 100 fs) by phonon scattering until
they reach the conduction (EC ) and valence band (EV ) edges. They now have the
same energy as carriers that have been excited by photons with an energy just above
the band gap (2b). Photons with an energy below the band gap (red), cannot be
absorbed and hence are lost altogether (2c). The same holds for photons of higher
energy (blue and green) that are reflected from the surface or cannot be absorbed,
because the semiconductor is too thin.

Once the electrons and holes are excited to the conduction and valence band,
they have to be extracted at the electron and hole contact, respectively. However, on
their path they can recombine radiatively from the conduction and valence band
edges (3). This radiative recombination leads to light emission with a solid angle
Ωout which is larger than or equal to the angle of the incident beam Ωi n (1 vs. 3).
In most solar cells, a substantial solid angle expansion can be observed. In other
words, much more radiative recombination is taking place than is dictated by ther-
modynamic limits: in the ideal case, the solar cell would only emit light into the
angle subtended by the sun (Ωout =Ωi n ≈ 6.85∗10−5sr ).

Another important loss mechanism for the charge carriers on their way to the
contacts is non-radiative Shockley-Read-Hall (SRH) recombination at bulk, inter-
face and surface defects (4). Continuous work on defect passivation is necessary
to reduce those detrimental processes. Due to the large surface-to-volume ratio of
nanoscale structures, surface recombination and the mitigation thereof are among
the main topics of this thesis. Besides SRH, non-radiative Auger recombination can
take place (not shown in Fig 1.2). For this process, excited charge carriers recom-
bine, but instead of emitting a photon they excite charge carriers in the conduction
or valence band to higher laying energy levels. From there, the carriers relax again
rapidly by phonon scattering, as in (2a).

Carrier selective contacts are another focus of this thesis. An electron selective
contact must hinder the passage of holes, otherwise the carrier concentration will
be reduced substantially by additional recombination (5).

Eventually, if the charge carriers do not recombine radiatively (3) or non-
radiatively in the bulk (4) or at non-selective contacts (5), they can be extracted
efficiently (6). Finally, a solar cell delivers voltage and current to an external load
(7). For most solar cells, the current is mainly reduced by the processes (2c) and
(4), while the voltage is mainly affected by (2c), (3), (4) and (5).
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Figure 1.2: The basic solar cell processes. (1) Light with the sun’s spectrum
(depicted with blue, green and red arrowheads) is incident on the solar cell
with a solid angle (dΩ) subtended by the sun. (2a) Photon absorption and fast
thermalization of high energy charge carriers to the conduction (EC ) and valence
band (EV ) edges. (2b) Efficient photon absorption and charge carrier excitation
directly at the band gap. (2c) Optical losses due to imperfect absorption and
reflection. (3) Radiative recombination of charge carriers at the band gap, leading
to solid angle expansion due to imperfect optical properties. (4) Non-radiative
recombination at defect traps deep inside the band gap. (5) Limited contact
selectivity leads to movement of charge carriers into the wrong direction that are
eventually lost due to non-radiative (Auger) or additional radiative recombination.
(6) Efficient charge carrier extraction. (7) A solar cell delivers voltage and current to
an external load. The current is mainly reduced by (2c) and (4), while the voltage is
strongly affected by the processes (2c), (3), (4) and (5), as schematically shown on
the right side (8).
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1.2 The basics of a solar cell

On the right side of Fig. 1.2 the effect of recombination on the solar cell voltage
is depicted (8). The photon excitation of charge carriers over the band gap (2a,b)
changes the carrier concentrations vastly compared to thermal equilibrium (in the
dark). The additional light-induced carrier concentrations in the conduction and in
the valence band give rise to a difference in the free energies, the quasi-Fermi levels,
for electrons (EF n) and holes (EF h). This quasi-Fermi level splitting is essentially a
potential that can be used to perform work in a connected circuit. Consequently,
every means to increase the light induced carrier concentration and to prevent
recombination will result in a solar cell that delivers a higher voltage.

Different recombination processes take place after the excitation of charge car-
riers to the band edges ((2c), (3), (4) and (5)). The only recombination that is strictly
dictated by thermodynamics is the small amount that is emitted into the solid an-
gle of the sun (Ωout = Ωi n). This solid angle is closely related to the entropy of
the light, which according to the second law of thermodynamics can never de-
crease, only increase or stay constant. If the solid angle stays constant, that is in
the absence of other radiative recombination channels, this small amount leads to
a potential that is very close to the band gap (EG ). However, in general, enhanced
radiative recombination leads to light that is emitted into directions other than the
direct incident light (Ωout > Ωi n), which substantially lowers the internal carrier
concentration. The effect of those radiative processes is captured in the radiative
open-circuit voltage V r ad

oc . Unless those processes are controlled, e.g. via dielectric
thin-layer coatings that limit Ωout , this value sets a practical upper limit; V r ad

oc is
the maximum open-circuit voltage that can be extracted in the absence of non-
radiative recombination.

In the presence of non-radiative recombination (4), the voltage is reduced to

the implied open-circuit voltage, V i mp
oc . With an increasing defect density that in-

creases non-radiative channels, the gap between V i mp
oc and the upper limit, V r ad

oc ,

widens. In general, V i mp
oc refers to the spatially averaged carrier concentration.

Non-radiative (Auger) and radiative recombination close to the contacts (5) are
particularly detrimental. If an electron contact is not selective enough, holes enter
the region of high intrinsic electron concentration and recombine with electrons.
Thereby, not only the hole but also the electron concentration, and hence their free
energy, is reduced. However, because the recombination takes place just before the
electron extraction, the extracted free energy of the electron will be strongly limited
to its locally reduced value. This is in strong contrast to recombination far away
from the contacts. For such a spatially separated recombination the free energy can
still be higher in the region where the carrier extraction eventually takes place. This
localized recombination due to non-ideal contacts results in a Voc which deviates
from the spatially averaged V i mp

oc .
To summarize, the extracted Voc strongly deviates from the Eg and for the vast

majority of absorbers even from V r ad
oc .[17] Because non-radiative recombination

and non-ideal contacts cause such widely encountered practical limitations, espe-
cially for nanowire solar cells, they stand in the focus of this thesis.
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1.3 Nanowire photovoltaics

Semiconductor nanowires are among the most promising candidates for next gen-
eration photovoltaics. This is due to their outstanding optical and electrical prop-
erties which profoundly impact the energy conversion process.

An efficient solar cell needs to absorb all of the incident light. The inefficient
absorption of photons with energies far above and below the band gap is a large
loss in the overall energy conversion process. One way to overcome this loss, is the
utilization of multiple materials with different band gaps, so called tandem solar
cells, which absorb several parts of the solar spectrum highly efficiently.[18]

However, photon absorption is inherently a stochastic process, therefore it does
not occur instantaneously upon entrance into the semiconductor. The photons
encounter a certain absorption probability for each incremental distance they pass
through the material. This probability increases with increasing photon energy but
depends on the exact material properties. For example, direct band gap semicon-
ductors have a higher absorption probability than semiconductors with an indirect
band gap, because the latter require the additional interaction with a phonon.[19]
Therefore, to ensure that close to all of the light is absorbed, a certain absorption
length is required. If the semiconductor is for example too thin, not only low en-
ergy photons but even photons with high energies cannot be absorbed completely,
together with photons that have been reflected off the surface (Fig.1.2(2c)). As a
result, for an indirect band gap semiconductor with a relatively low absorption
coefficient, such as silicon, a hundreds of micrometer thick wafer-based geometry
has to be chosen for complete absorption. If a direct band gap semiconductor,
such as GaAs, is employed, the high absorption coefficient translates into a vastly
reduced absorber thickness, down to a few micrometers (Fig.1.3(a)). To ensure that
the incident light enters the absorber, an anti-reflection texture and coating have
to be employed (Fig.1.3(b)).

Vind Vdir ~ 1/50 * Vind

a

b

c d

VNW ~1/5 * Vdir 
~1/250 * Vind 

Figure 1.3: Benefits of the nanowire geometry for photovoltaics. (a) Volume
requirements for indirect and direct band gap semiconductors to reach full
absorption. (b) Anti-reflection coatings and textures for indirect and direct band
gap semiconductors. (c) A larger optical than geometrical cross section increases
the short-circuit current density of a nanowire. (d) The optical properties lead to a
substantial volume reduction for full absorption in nanowire array solar cells.
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1.3 Nanowire photovoltaics

If the absorber is structured on the nanoscale, such as in the nanowire geom-
etry, resonances can occur that result in optical cross sections that can exceed the
physical material boundaries (Fig.1.3(c)). As a result, the nanostructured semicon-
ductor is able to absorb not only directly incident but also adjacent light. If ar-
ranged in a nanowire array geometry, additional beneficial effects, such as in-plane
diffraction and scattering to nearby nanowires can occur. The large optical cross
sections together with the array effects are a great benefit of nanowires compared
to both thin-film and wafer-based solar cells; they lead to full light absorption and
hence maximum short-circuit current densities even though much less material
and no additional anti-reflection coatings are employed (Fig. 1.3(d)).

Besides the outstanding absorption properties, high short-circuit current den-
sities are supported via the so called core-shell geometry (Fig.1.4). For wafer or
thin-film geometries, the carrier extraction happens over the same length scale
as the light absorption. The carriers need to be extracted up to hundreds of mi-
crometers through the bulk of a potentially defect-rich material. In contrast, the
nanowire geometry allows for radial charge carrier extraction, that is perpendicular
to the incident light. The nanowire core consists of one carrier selective contact
(e.g. for electrons), while the shell provides the second for the opposite carrier
type (e.g. holes). Usually those two regions are composed of semiconductors with
a different doping type, that is an n-doped region for the electron contact and a
p-doped region for the hole contact. In this configuration, the separated charge
carriers need to pass through the several µm-long core which increases the series
resistance. In this thesis we show that the semiconductor core can be replaced by a
metal; we realize the first metal-semiconductor core-shell nanowire solar cell. Such
a structure potentially strongly reduces the series resistance due to the superior
conductivity of the metal. In both core-shell geometries the carriers only need to
be extracted over a short distance (≤ 100 nm) which greatly reduces the probability
of radiative and non-radiative recombination events ((2,3) in Fig.1.2); that is a lower
carrier diffusion length is required (Fig. 1.4).

Carrier extraction

2 - 100 µm 2  µm

200  nm

vs.

Figure 1.4: Radial charge carrier extraction. Another potential benefit is the
charge carrier extraction perpendicular to the incident light, which leads to a
reduction of the required minority carrier diffusion lengths. Yellow and white
arrows represent the incident light and charge carrier extraction, respectively. The
blue and orange regions represent the carrier selective contacts.
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Ωin

Ωout

Voc  < Eg
rad

Figure 1.5: Solid angle expansion. Nanowire solar cells lead to an expansion of the
solid angle between the incident Ωi n and outgoing light Ωout as do macroscopic
solar cells. Therefore, the internal carrier concentration and hence radiative open-
circuit voltage V r ad

oc is substantially lower than the band gap energy.

However, to accurately evaluate the overall potential of nanowire solar cells, the
effect on the open-circuit voltage has to be considered (right side of Fig.1.2).
The nanowire geometry will not only affect the light absorption, but also the light
emission. As is the case for macroscopic solar cells, nanowire (array) solar cells
can emit light into a larger solid angle than the incident light, i.e. Ωout > Ωi n

(Fig.1.5). As a result, the sustained carrier concentration inside the semiconductor
is reduced, compared to the case for which the emission is limited into the direction
of absorption (Ωout = Ωi n). To determine the radiative open-circuit voltage limit
of nanowire array solar cells accurately, the optical properties have to be studied
closely, depending on the exact material parameters.[20, 21]

However, as for most macroscopic solar cells, a large gap exists between the
practical Voc and the radiative limit V r ad

oc . Non-radiative recombination sets cur-
rently all practical limits for nanowire solar cells and the mitigation thereof is hence
the focus of this thesis. This kind of recombination can happen at bulk or surface
defects that are intrinsically linked to the material, such as interstitials, vacancies,
dangling bonds, grain boundaries or dislocations. Additionally, unintended impu-
rity incorporation during manufacturing, e.g. via incorporation of metal ions from
a growth catalyst, can increase the defect density further.[22] Those impurity and
crystal defects can lead to deep energy levels inside the band gap of the semicon-
ductor, where the charge carriers rapidly recombine and transfer their energy into
phonons or low-energy photons (Fig. 1.2). For nanowires, due to their high surface-
to-volume ratio compared to macroscopic cells, surface recombination dominates.
The discontinuous crystal lattice at the surface (dangling bonds) offers a high den-
sity of defects (Fig. 1.6).
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Figure 1.6: Challenging interfaces. Due to the high surface-to-volume ratio of
nanowires, surface recombination and Fermi level pinning can have a pronounced
impact on the final device performance. Another important property is contact
selectivity (right side). Traditionally, a solar cell employs n- or p-doped regions.
However, other schemes hold great potential, especially for the nanowire geometry,
with its particular challenges such as inhomogeneities in the radial and axial
dopant profile.

Consequently the most efficient nanowire solar cells to date employ either ma-
terials with a relatively low intrinsic surface recombination, such as wurtzite InP
nanowires, or use additional high quality surface passivation layers, such as GaAs
nanowire solar cells.[13, 14, 23] Without proper surface passivation many materi-
als, such as GaAs or Si, lead to highly depleted nanowires, i.e. almost all of the
photogenerated charge carriers recombine at surface defects.

Furthermore, unpassivated interface defects can fix the free energy of the carri-
ers at a defect level, irrespective of the doping type and density of the bulk material.
This Fermi level pinning, which is often induced by the adjacent metal, inhibits the
efficient extraction of charge carriers with a photo-induced potential (quasi-Fermi
level splitting). Besides creating extraction barriers at contact interfaces, Fermi
level pinning at surface defects can cause additional non-radiative recombination.
If the Fermi level position at the defect inverts the conduction type of the bulk
material in a region close to the surface, minority carriers can move freely from the
bulk towards the surface (towards a lower free energy). The bulk minority carriers
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encounter a newly increased conductivity, which provides new pathways towards
surface defects and eventual non-radiative decay.

Besides non-radiative surface recombination and Fermi level pinning, carrier
selective contacts deserve special consideration for the nanowire geometry (right
side of Fig. 1.6). Nanowire solar cells, like most traditional solar cells, mainly rely
on impurity doping to create the desired selectivity.[22] While impurity doping
is widely established in the wafer-based semiconductor industry, it becomes
increasingly difficult with decreasing dimensions. The precise doping control
for nanowires in the sub-µm range is very challenging and generally strongly
affected by the exact nanowire geometry and growth conditions. The doping
profile of a nanowire can change unintentionally along the diameter, due to strain-
effects of the crystal lattice and different dopant incorporation rates during the
growth.[22, 24, 25] Furthermore, the highly doped contact regions are strongly
affected by radiative and Auger recombination which only represent a small
fraction in a wafer-based solar cell. For a nanowire device, this region can
amount to a substantial fraction of the whole material and can strongly affect
the overall performance (Fig.1.6). If the highly recombination active region directly
points towards the incoming light, parasitic absorption strongly limits the overall
efficiency.

For macroscopic solar cells, new generations of selective contacts have been
developed that solely rely on carefully chosen surface layers.[26–28] In this thesis,
we propose to extend their application to nanowires, because of the particular is-
sues encountered for nanowire doping. We show that by applying the interfacial
layer MoOx , together with an HF treatment, we are able to mitigate negative effects
due to inhomogeneous and insufficient dopant incorporation during the growth.
Using our insights from those selective contacts for single nanowire devices, we are
able to propose a highly promising application. In the last chapter of this thesis,
we propose a nanowire array solar cell manufacturing process centered around a
reusable substrate and mechanical peel-off step. This fabrication process exploits
the intrinsic advantages that emerge from the nanowire geometry compared to
thin-films; fast and flexible growth, reduced material consumption, fast mechan-
ical peel-off and intrinsic anti-reflection properties.

So far nanowire solar cells are limited to efficiencies < 20%. Improvements
in the past have mainly been achieved by improving the optics, that is the ab-
sorption has been enhanced due to an optimized array design (width, length, ta-
pering and array pitch), and because of improved nanowire fabrication methods
(crystal growth, etching). By turning the attention towards the electronics, in par-
ticular novel selective contacts and passivation layers, nanowire solar cells have
the chance to finally close the gap between their practical and thermodynamic
efficiency limits.
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1.4 Outline of this thesis

Surface passivation and highly-selective contacts are of prime importance for an
efficient solar cell. Nanoscale photovoltaics have a very high surface-to-volume
ratio, therefore the interface properties are of utmost importance. Furthermore, the
high crystal quality (often monocrystallinity) of single nanowire devices reduces the
density of crystal defects, such as grain boundaries and dislocations. In this thesis,
nanowires are therefore chosen as a highly sensitive platform to study the impact
of surface and contact interface properties on the overall photovoltaic performance
and to propose device designs for more efficient nanowire array solar cells.

In Chapter 2, we study the photovoltaic performance of a new promising
nanowire geometry; a metal-semiconductor core-shell nanowire. This type
of nanowire has theoretically been predicted to provide outstanding optical
absorption in the semiconductor shell and a short required minority carrier
diffusion length. Furthermore, it benefits from direct carrier extraction via the
metal core, potentially reducing the series resistance of the device as compared
to core-shell geometries that consist solely of semiconductors. However, it is
well known that the direct contact between a metal and a semiconductor can
cause increased recombination, Fermi level pinning and charge carrier extraction
barriers. Those issues are usually encountered for metal-semiconductor interfaces
that are highly disordered on an atomic scale. We show, that even though the
semiconductor shell grows epitaxially off of the metal core, that is the interface
is highly ordered, charge carrier extraction barriers and enhanced interfacial
recombination can still be observed.

In Chapter 3, we study a metal-insulator-semiconductor solar cell, that miti-
gates the direct and detrimental contact between a metal and a semiconductor by
utilizing a thin passivating and insulating interlayer. We employ a metal nanowire
network as front electrode on a silicon wafer-based solar cell, because of the po-
tential for highly homogenous charge carrier extraction. We are able to fabricate
devices with a power conversion efficiency of 11% (after correction, Voc = 560 mV,
Jsc = 33 mA/cm2). For a metal-insulator-semiconductor solar cell, the Voc depends
strongly on the work function difference between the metal and the semiconductor.
Based on the employed materials (Au/Pd/Al2O3/ Si) we conclude that a charge-
neutrality-level at the metal-dielectric interface is likely to lower the metal work
function from its vacuum value and hence negatively impacts the measured Voc . A
future change towards SiO2 has the potential to increase the open-circuit voltage
substantially. The short-circuit current density is strongly affected by reflection
and parasitic absorption. Therefore, we introduce nanopyramids integrated in be-
tween the metal nanowire network, that substantially reduce reflection and hence
increase the short-circuit current density.

In Chapter 4 we turn our focus back to semiconductor nanowires. Those
nanoscale structures have a higher optical than geometrical cross section; they
absorb not only light that is directly incident on the physical material boundaries
but also adjacent light. While this property can be of great use, especially in
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terms of reduced material volume, it complicates the characterization of isolated
nanoscale devices. A priori the absorption cross section is unknown and changing
with wavelength. Hence, it is unclear how much of the incident light directly
interacts with the single nanoscale device. This prevents quantification of the
different conversion steps and loss mechanisms, but also the quantification of the
absolute radiative limit V r ad

oc . For this thesis it is of great importance to quantify
non-radiative recombination and non-ideal contacts. To that end, we focus on
InP nanowires that have been used to reach the highest nanowire array solar cell
efficiencies to date. We introduce a new measurement technique, integrating
sphere microscopy, to accurately quantify the remaining loss mechanisms.
We measure the internal quantum efficiency (IQE), the photoluminescence
quantum yield (PLQY) and the nanoscale equivalent of the EQE (external quantum
efficiency) of a single nanowire device for the first time. Using integrating sphere
microscopy, we are able to quantify the impact of non-ideal contacts and non-
radiative recombination in order to understand how much can be gained by
reducing those loss mechanisms.

In Chapter 5 we focus on the surface properties of InP nanowires. We study
the device performance of contacted and masked single nanowire devices before
and after HF, MoOx and sulfur treatments. We show improved surface passivation
and increased carrier selectivity with HF treatment. The limited contact selectivity
we encountered in Chapter 4 is likely to be related to Fermi level pinning close to
the conduction band due to the native oxide and the high diffusivity of the p-type
dopant Zn. Therefore, we introduce the interfacial layer MoOx for nanowire solar
cells, which allows us to increase the open-circuit voltage by up to 335 mV, from
500 mV to 835 mV. To electrically passivate the InP surface and protect it against
oxidation, we study the influence of sulfurization. We show preliminary results that
prove sulfurization can indeed increase the Voc by removing the native oxide and
potentially even passivate the surface against reoxidation.

In Chapter 6, we explore valorization opportunities that emerge out of our in-
sights from the preceding chapters. In the previous chapters we have shown how to
contact single p-type InP nanowires for high performance devices, which has been
an unsolved issue in the past. Translating those insights to array solar cells allows us
to propose a process line which exploits the intrinsic advantages that emerge from
the nanowire geometry compared to thin-films; faster growth speeds, reduced ma-
terial consumption, fast mechanical peel-off and intrinsic anti-reflection proper-
ties. We perform a techno-economic analysis on our proposed fabrication process
by comparing the technology to already existing and very similar manufacturing
lines for thin-film GaAs solar cells. We include different nanowire growth methods
that are promising approaches towards reducing the costs further. The ability to
consider various growth methods points towards another characteristic: the pro-
cess line is highly flexible and not limited to one growth method or semiconductor.
We argue that this can have great impact on the rate of innovation in a hypothet-
ical company invested in this process. Finally, we propose a roadmap for future
developments and commercialization.
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