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Abstract 

In order to satisfy the growing energy needs of our planet’s population, and at the same 
time mitigate global warming, sustainable energy sources such as solar energy are 
indispensable. In addition to conventional silicon-based solar cells, nanotechnology 
offers interesting approaches for complementary applications. Multi-junction solar cells 
based on III–V semiconductors hold today’s world-record efficiencies—twice as 
efficient as solar cells found on rooftops nowadays—but their high cost is limiting their 
terrestrial use. 

In this thesis, nanowires for photovoltaic applications are studied. Nanowire solar cells 
have the potential to reach the same efficiencies as the world-record III–V solar cells 
while only using a fraction of the material. First, InP single-junction nanowires were 
investigated. For solar energy harvesting, large-area nanowire solar cells have to be 
processed but so far only devices with less than one mm2 have been fabricated. To lay 
the foundation of large-area nanowire solar cells, the wafer-scale synthesis of InP 
nanowire arrays was systematically studied. en the effect of embedding InP nanowires 
in different oxides was investigated. Due to their inherent large surface-to-volume ratio, 
nanowires require surface passivation. However, fixed charge carriers in the passivating 
layer can alter the electrostatic potential of nanowires, which was directly imaged by 
measuring the electron-beam-induced current. Furthermore, the current-voltage 
characteristics of single nanowires under in situ illumination was measured and 
correlated with electron-beam-induced current measurements, by using a setup that 
combines a nanoprobe system with an optical fiber coupled to a multi-LED setup inside 
a scanning electron microscope.  

Guided by the multi-LED and electron-beam-induced current setup, tandem-junction 
nanowires were developed. After identifying and subsequently preventing the 
occurrence of a parasitic junction when combining an InP n–i–p junction with a tunnel 
diode, GaInP/InP tandem-junction nanowires were synthesized. An optical and 
electrical bias was applied to individually measure the electron-beam-induced current 
of both sub-cells. Finally, axially defined, GaInP/InP/InAsP triple-junction 
photovoltaic nanowires optimized for light absorption exhibiting an open-circuit 
voltage of up to 2.37 V were synthesized. e open-circuit voltage amounts to 94 % of 
the sum of the respective single-junction nanowires. ese results pave the way for 
realizing the next-generation of scalable, high-performance, and ultra-high power-to-
weight ratio multi-junction, nanowire-based solar cells. 
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Popular Science Summary 

In recent decades, the average global surface temperature has increased—an effect that 
is known as global warming. We have already reached a point of no return at which the 
melting of glaciers cannot be prevented. e main reason for global warming is the 
human-induced high emission of greenhouse gases since the industrial revolution. In 
order to mitigate the effect of global warming, sustainable energy sources need to 
replace fossil fuels, which are limited but still the primary global energy source. 

Solar power is—besides wind and hydropower—one of the most promising ways to 
generate sustainable energy. Within one hour, the sun supplies the earth with more 
energy than the global population consumes in an entire year. Solar cells are used to 
harvest this energy by directly converting sunlight to electricity. Standard solar cells that 
can be found on rooftops are made from silicon. However, silicon solar cells do not 
have the highest efficiency of all available solar cell technologies. ere are more efficient 
solar cells based on so-called III–V semiconductors, but they are too expensive to be 
commonly used terrestrially. Instead, they are mainly used in space applications. 

erefore, there are two factors that need to be considered: the efficiency of a solar cell 
as well as the cost. Nanowire solar cells promise to reach the high efficiencies of world 
record solar cells based on III–V semiconductors at a low cost. Nanowires are tiny, 
elongated structures with a high aspect ratio. Typically, they have a diameter smaller 
than a few 100 nanometers and a length of a few micrometers. at is roughly a 
thousand times thinner than a human hair. us, nanowires are thinner than the 
wavelength of visible light, and that causes interesting interactions. For example, 
nanowires can absorb light from a larger area than their own cross-section. 
Consequently, an array of nanowires absorbs as much light as a continuous film, even 
though only 10 % of the area is covered, saving 90 % of the expensive semiconducting 
materials. In such an array, millions of nanowires are aligned in a periodic pattern and 
each nanowire acts as a tiny solar cell. Since nanowire solar cells consist of millions of 
such tiny solar cells, the samples are more forgiving towards defects and it is possible to 
fabricate flexible devices. 

e experimental part of this thesis focuses on the fabrication of such nanowire arrays, 
as well as on their characterization. First, the pattern of the array is copied from a pre-
defined mask or stamp and transferred to a growth substrate using lithography. en, 
gold is deposited onto the substrate, following the defined pattern. In a chemical 
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reactor, molecules containing elements of group III and V are used as precursors and 
supplied via the gas phase. e gold seeds form an alloy, melt, and then the nanowires 
start to grow underneath the liquid seed particle. e composition and electric 
properties of the nanowires can be controlled by using different precursors and 
adjusting their concentration in the gas phase. 

Because nanowires are so small, scanning electron microscopes are often used to 
investigate them instead of light microscopes. A focused electron beam is scanned over 
the sample and interacts with the nanowires. One possible interaction is that the 
focused electron beam kicks out secondary electrons that come from the sample. ose 
secondary electrons are typically used to image the topography of nanosized samples. 
Another interaction is the electron-beam-induced current. is effect is similar to the 
current that is generated by a solar cell upon light illumination but allows for studying 
solar cells with the spatial resolution of an electron microscope—ideal for photovoltaic 
nanowires. First, the electron-beam-induced current was used to study single-junction 
nanowires. en, guided by electron-beam-induced measurements, nanowires with 
more than one junction were developed. is lays the foundation for multi-junction—
the technology yielding world record solar cell efficiencies—nanowire solar cells. 
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1 Introduction 

1.1 Motivation 

e growing population of our planet has an increasing demand for energy [1]. Fossil 
fuels such as coal, petroleum, and natural gas are still the primary global energy 
source [2], even though they are limited and cause severe environmental damage [3]. 
Sustainable energy sources are indispensable to reduce global warming according to the 
Paris Agreement. 

Solar power, as well as wind power and hydropower, is an important way to generate 
renewable, practically unlimited energy. Within one hour, the sun supplies our planet 
with energy sufficient for humanity’s yearly energy consumption [4]. Photovoltaic cells 
are used to convert sunlight directly into electricity. Most often, silicon is used, which 
is earth abundant and cheap in comparison with other semiconductors. However, 
although silicon has several advantages, the world record solar cells depend on III–V 
semiconductors, which are composed of atoms from the third and fifth group of the 
periodic table of the elements. One reason, besides the indirect band gap of silicon, is 
that one material by itself cannot efficiently convert the full solar spectrum into 
electricity. Some wavelengths do not have sufficient energy to excite the electrons of the 
semiconductor—those wavelengths are simply not absorbed—and others have too 
much energy, for which the excess energy is lost as heat due to thermalization. ese 
two are the major fundamental loss processes in single-junction solar cells. erefore, 
to increase the efficiency of a solar cell, several different materials are combined. e 
world record solar cell combines six different III–V semiconductors [5]. is 
technology is called multi-junction solar cells. However, especially the group III 
elements, such as gallium and indium, are scarce and expensive. e high cost of multi-
junction solar cells, including the chemical precursors, growth substrate and machines 
needed for fabrication [6], is the main reason that they are not used in large area 
terrestrial applications. 

In order to produce sufficient energy based on solar power, large areas have to be utilized 
to harvest light. In addition to traditional solar cells that can be placed on rooftops or 
arranged in solar power plants, semi-transparent solar cells are interesting, as they can 
be used in building-integrated photovoltaics [7]. While semi-transparent solar cells 
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have an inherently lower efficiency than standard solar cells, their prospect is that they 
could be used to generate power from additional surfaces, such as windows or displays. 

It is therefore of interest to find materials that can be used to fabricate cheap solar cells 
that have either a high efficiency or can be used in semi-transparent applications. 
Besides other emerging technologies such as dye-sensitized solar cells [8, 9] and 
perovskites [10, 11], nanowire photovoltaics promise to reach the high efficiencies of 
III–V multi-junction technology by using only a fraction of the necessary material [12-
15]. Furthermore, by adjusting the distance between nanowires, the transparency can 
be fine-tuned. 

1.2 Nanowires 

Nanowires are structures confined to the nanoscale in two dimensions with a high 
aspect ratio [16-19]. Typically, they are thinner than 100 nm and several micrometers 
long. Depending on the time of publication, shape, or application, sometimes different 
names are found. Especially in the initial stage, such structures were often referred to as 
whiskers [20-25]. Sometimes the term nanorods is used, typically if the described 
structures do not have a very high aspect ratio. Nanowires are commonly referred to as 
1-dimensional (1D) structures [26-28], a term most often used to describe the
elongated shape of nanowires. However, depending on the material, for small enough
diameters it is possible to be in the range of, or smaller than, the Debye length. In such
cases, it is even reasonable to speak of 1D in the sense of electronic properties and the
structures can be referred to as quantum wires. Figure 1.1 illustrates different 1D
nanostructures [28].

Figure 1.1: Different elongated nanostructures: (a) Typical nanowire geometries with different cross-sections. (b) 
Shorter structures are often called nanorods. (c) Broad structures are referred to as nanobelts. (d) In contrast to 
nanowires, nanotubes are hollow. Adapted with permission from [28]. © 2010 Elsevier Ltd. 
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e nanowire geometry enables novel material designs. Possible heterostructures 
include axial segments of different materials [25], core-shell structures [29], or side 
branches [30]. In recent years, interconnected nanowires in two dimensions raised 
attention for their possible applications in quantum computing [31]. With direct 
writing methods such as focused-electron-beam-induced deposition, it is even possible 
to synthesize interconnected nanowire networks in three dimensions [32]. In Figure 1.2 
some possible nanowire heterostructures are shown. 

Figure 1.2: Possible bottom-up synthesized nanostructure geometries: (a) Axial heterostructures. (b) Radial 
heterostructures. (c) Branched nanowires. (d) 2D interconnected nanowires. (e) 3D interconnected nanowires. 

Due to their nano-scaled size, nanowires have a high surface-to-volume ratio. Because 
of that, one possible application are gas sensors that detect the change of resistivity of 
the material after adsorption of certain analytes [33]. Other promising applications do 
not rely on the advantageous physical properties of nanowires compared to bulk 
materials but on the arising possibilities from their geometry for device integration. For 
example, nanowires can be embedded in flexible polymers to harvest mechanical energy 
from piezoelectric [34] and triboelectric effects [35]. 

1.3 Outline 

is thesis focuses on the synthesis and characterization of photovoltaic nanowires and 
is based on five papers. Papers I-III study single-junction nanowires. In Paper I, the 
feasibility to synthesize nanowire arrays on a large area is demonstrated, which is 
necessary for photovoltaic applications. Paper II addresses the surface passivation of 
nanowires. Paper III introduces a multi-LED setup that is used to characterize single 
nanowires. Papers IV and V describe the development of multi-junction nanowires. In 
Paper IV, electron-beam-induced current is used in combination with the multi-LED 
setup to develop photovoltaic dual-junction nanowires and characterize their sub-cells. 
In Paper V the technology is extended to photovoltaic triple-junction nanowires. In 
order to introduce the research papers, the first part of this thesis is supposed to give a 
general overview of the concepts and methods relevant for the publications and ends 
with a summary of the experimental results and an outlook for future work. 
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2 Nanowire Synthesis 

Strategies to synthesize nanostructures can be categorized into two approaches: top-
down and bottom-up [36]. Top-down processing starts from a bulk material that is 
reduced in size by milling or etching. In order to produce nanowires this way, e.g., 
nanoparticles can be used as protection against an anisotropic etching method, such as 
reactive ion etching [37]. e advantage of top-down approaches is that these processes 
are typically scaled up easily. On the other hand, top-down approaches are limited to 
the bulk material that is used as a starting point. In this regard, bottom-up synthesis is 
much more flexible. e idea is to start from molecular precursors that are combined 
to build the desired material. With this approach it is possible to create heterostructures 
that would not be accessible by top-down approaches, such as core-shell, or branched 
nanowires. Even though axial heterostructures could be produced by top-down 
processes, bottom-up syntheses of nanowires enable the combination of lattice 
mismatched materials because strain can be relaxed in radial direction [38]. Even 
though it is possible to manually move and position single atoms [39], it would take 
too much time to synthesize materials this way. In epitaxy, a crystalline growth substrate 
is used as a template to determine the atomic positions of a new crystal. 

e epitaxial growth of crystals can be achieved by different techniques, classified by 
the phase that supplies the constituent atoms of the crystal. Solid-phase epitaxy (SPE) 
describes the crystallization of an amorphous solid [40]. In liquid-phase epitaxy (LPE), 
a crystal grows at the interface between a supersaturated solution or melt and a growth 
substrate [41]. Similarly, in vapor-phase epitaxy (VPE) the constituents of the crystal 
are supplied via the gas phase. is can be achieved by both physical vapor deposition 
(PVD) techniques, such as MBE [42] and pulsed laser deposition [43], or by chemical 
vapor deposition (CVD) techniques [44]. 

Although the principle for many techniques is similar, namely providing precursors to 
the reaction front, they differ in important variables such as pressure and precursor 
chemistry [45]. For CVD processes molecular precursors with sufficiently high vapor 
pressures are used that are introduced as gases into the reaction chamber. ere, the 
molecules need to thermally dissociate, and choosing a suitable precursor is crucial as 
to, e.g., avoid impurity incorporations. For MBE processes on the other hand, usually 
elementary sources are used at ultra-high vacuum to bombard the surface with atoms. 
As a result, MBE synthesized crystals are of very high purity—though some CVD 
techniques have already caught up—and atomically sharp interfaces can be achieved. 
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On the other hand, the ultra-high vacuum requirements and low throughput of MBE 
result in a high cost. 

Metalorganic vapor phase epitaxy (MOVPE—also referred to as OMVPE, MOCVD, 
or OMCVD [46]) is a subcategory of CVD processes that is commonly used to grow 
epitaxial crystals of III–V semiconductors. Compared to MBE, the reactor design is 
relatively simple, and a high throughput can be achieved. MOVPE is a mature 
technique that yields high purity crystals and is used industrially because uniform 
samples can be produced on a large scale. 

2.1 Metalorganic Vapor-Phase Epitaxy 

In MOVPE, metalorganic precursors are supplied as a vapor to grow epitaxial crystals. 
In order to synthesize III–V semiconductors, precursors from both group III and V of 
the periodic table of elements are used. Typically, the alkyl compounds of group III 
elements and hydrides of the group V elements are used. While the gaseous group V 
hydrides such as phosphine (preferred IUPAC name: phosphane, PH3) and arsine 
(preferred IUPAC name: arsane, AsH3) are stored liquefied in high-pressure gas bottles, 
the group III precursors are typically liquid and stored in temperature-controlled 
bubblers. Typical examples of liquid group III precursors include trimethylgallium 
(TMGa), triethylgallium (TEGa), trimethylaluminium (TMAl), and triethylindium 
(TEIn), while trimethylindium (TMIn) is a solid. In addition to being highly corrosive, 
the reagents are flammable and will burn on contact with air [47]. All of these are Lewis 
acids since one p-orbital remains empty after sp2 hybridization and acts as electron 
acceptor. At the same time, the group V precursors have a lone pair of valence electrons 
and act as Lewis bases. Figure 2.1 illustrates the trigonal planar molecular geometry of 
group III precursors with an empty p-orbital and the tetrahedral molecular geometry 
of group V precursors with an electron lone pair. A reaction between Lewis acid and 
base leads to adduct formation. Attempts at using such adducts as single-source 
precursors posed problems due to their inherently low vapor pressure [48]. Instead, it 
is more feasible to let the precursors react at elevated temperatures in the growth 
chamber. A general chemical reaction can be written in the form of: AIII(CxH2x+1)3 + 
BVH3 → AIIIBV + 3 CxH2x+2, where AIII and BV are atoms of group III and V, respectively, 
and CxH2x+1 a generalized acyclic alkyl group. However, the process is complex and in 
reality, many elementary reactions need to be considered. 

Once introduced into the growth chamber, the precursors may undergo different 
reaction routes, as schematically drawn in Figure 2.2. First, due to the elevated 
temperature in the growth chamber, the precursors might pyrolyze homogeneously in 
the gas phase to form intermediate reactants. Unintended side reactions between the 
precursors can already occur in the gas phase. In the reaction chamber there is a gradient 
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Figure 2.1: Example precursors for III–V semiconductor synthesis. Group III precursors such as trimethylindium and 
triethylgallium are sp2-hybridized and have an empty p-orbital that can accept electrons. Group V precursors such 
as phosphine are sp3-hypridized and have one lone pair of electrons, indicated by two dots.  

in the gas flow—due to the viscosity of the gas phase—resulting in a reduced velocity 
at the substrate, a temperature gradient, especially for cold-wall reactors, and a 
concentration gradient of the precursors. erefore, to arrive at the growth substrate, 
the precursors and intermediate reactants need to diffuse through a boundary layer. At 
the surface, the adsorbed precursors pyrolyze heterogeneously to intermediate reactants. 
e adsorbed reactants diffuse along the surface until they are either incorporated in a 
growing nucleus or desorb back to the gas phase and are ultimately removed from the 
growth chamber to the exhaust by a pump. 

Figure 2.2: Possible reaction routes of precursors in the reaction chamber. (a) Transport of the precursors in the 
growth chamber. (b) Diffusion of the precursors (b’ intermediate species) through a boundary layer and 
adsorption to the substrate. (c) Heterogeneous (c’ homogeneous) pyrolysis of the precursors. (d) Gas-phase 
reactions might lead to powder formation. (e) Diffusion of adatoms to a nucleus and subsequent crystallization. 
(f) Desorption of by-products. (g) The by-products and unreacted precursors are removed from the growth
chamber by a pump. Adapted with permission from [49]. © 2021 Springer Nature Limited.

e growth rate depends on the temperature and three growth regimes can be 
distinguished (see Figure 2.3). At low temperatures, the growth is limited by the 
reaction kinetics of the precursors which results in an exponential dependance on the 
temperature. At an intermediate temperature, the growth rate is limited by the mass 
transport of the precursors to the growth substrate and almost independent of the 
temperature. At even higher temperatures, the growth rate is decreasing because of 
desorption of the reactants. 

In P
H

H

H
Ga
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Figure 2.3: Logarithmic growth rate as a function of inverse temperature. 

Epitaxial nanowire growth follows the same growth modes as thin films, just on a 
smaller scale. e growth mode of the deposit depends on the surface free energies of 
the substrate and the growing crystal nucleus. If the surface free energy of the substrate 
is equal or larger than the sum of the surface energy of the nucleus and the interface 
free energy of the substrate and nucleus, layer-by-layer growth (Frank van der Merwe 
mode [50-52], Figure 2.4a) occurs. On the other hand, if the interface free energy of 
the substrate and nucleus is larger than the sum of the surface free energies of the 
substrate and the nucleus, the deposit tends to form islands (Volmer–Weber mode [53], 
Figure 2.4b). An intermediate growth mode—the Stranski–Krastanov mode [54], 
Figure 2.4c—is possible as well. In this case, first a wetting layer is formed. At a critical 
thickness, solid diffusion from the wetting layer leads to island growth [55, 56]. 

Figure 2.4: Thin film growth modes with increasing surface coverage Θ over time. (a) Frank van der Merwe layer-
by-layer mode. (b) Volmer–Weber island growth. (c) Stranski–Krastanov layer plus island growth. 

Figure 2.5 shows a simplified schematic of the MOCVD reactor that was used for the 
experimental work of this thesis, an Aixtron 200/4. e sample is placed on top of a 
graphite susceptor which is heated by infrared lamps. During crystal growth, the 
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substrate carrier is rotated by a gas flow. Precursors are stored either in gas tanks or in 
temperature-controlled bubblers and transported via a carrier gas (hydrogen, H2) to the 
reaction chamber. Mass flow controllers (MFC) are used to control the precursor flux. 
e reaction chamber has a purged viewport for in situ optical reflectometry. A scrubber 
is used to filter toxic waste from the exhaust gas. 

 

Figure 2.5: Simplified schematics of an Aixtron 200/4 MOVPE reactor. The gaseous hydrides are stored in high-
pressure gas bottles and the metalorganic precursors are stored in temperature-controlled bubblers. Different 
lines are available for hydrides, group III precursors, and dopants to prevent intermixing before arriving at the 
growth chamber. 

2.1.1 Bubbler Cylinders 

While the group V hydrides are gaseous, the metalorganic group III compounds are 
typically liquid or solid. In order to be used as a precursor in MOVPE, bubbler cylinders 
are used. e bubbler cylinder is a container made of stainless steel with an input and 
an output tube. A flow of the carrier gas, typically H2, is led through the input tube. In 
the case of liquid precursors, this leads to the carrier gas being bubbled through the 
liquid. For solid precursors, the gas flow permeates a fine powder. e precursor 
evaporates, or sublimes, and is transported with the carrier gas into the reaction 
chamber. 

Especially for liquid precursors, this setup leads to a controlled and reproducible 
precursor flow. e precursor flux depends on the vapor pressure Pvap of the compound. 
Typically, a simplified version of the semi-empirical Antoine equation, with two 
parameters a and b, the August equation, is used. e parameters for most available 
precursors can be found in tables, however, they are typically listed in units of mmHg. 

 
(2.1) 
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e vapor pressure is dependent on the temperature T of the precursor in the bubbler 
which is controlled by thermoelectric chillers. e volumetric flux of the metalorganic 
precursor  flowing out of the bubbler depends on the input carrier gas flux  
that is controlled by a MFC, on Pvap, and on the total pressure in the bubbler Ptot. 

 
(2.2) 

e molar flux of the metalorganic precursor  is simply obtained by dividing 
 by the molar volume (22.4 l/mol), and the molar fraction of the metalorganic 

precursor χMO is obtained by dividing  by the total flow entering the reaction 
chamber. 

2.1.2 Epison 

While the liquid precursors have a constant vapor pressure and the bubbler cylinders 
therefore generate a stable , solid precursors are prone to instabilities. As long as 
the carrier gas flows through a homogeneous powder bed,  should be stable. 
However, over time, channels through the solid TMIn can occur, resulting in a reduced 
interaction time and surface between the solid precursor and the carrier gas. 

To monitor , EPISON® gas concentration sensors are used. e EPISON® sensor 
measures the speed of sound in a binary gas mixture, H2 and the metalorganic precursor, 
and once calibrated, this can be used to measure the concentration. e EPISON® 
sensor is set in a feedback loop and sends a signal to the MOVPE reactor to 
automatically adjust  to achieve the desired . ereby it is possible to 
compensate for variations of the vapor pressure, enabling the sublimation of solid 
precursors such as TMIn in a reproducible manner. 

2.1.3 Laytec 

To ensure successful and reproducible experiments, it is important to have in situ 
control inside the growth chamber. One method that is compatible with the higher 
pressures of MOCVD is optical reflectometry [57, 58]. is tool, which is commonly 
used to characterize layer growth, can be adapted to measure the nanowire length, and 
even diameter, with high temporal resolution in situ, in real time [59]. e incoming 
light is reflected at the top of the nanowires but also at the substrate, which leads to 
wavelength λ dependent interference maxima and minima. e length L of nanowires 
can then be calculated from the number of maxima m according to equation (2.3). e 
effective refractive index neff needs to be measured for different pattern periodicities. 
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(2.3) 

Figure 2.6a shows the measured 2D reflectance plot of a nanowire sample grown with 
MOVPE over time and Figure 2.6b shows the reflectance for a selected wavelength. At 
250 s the reflectivity of the substrate increases during the high temperature anneal that 
is used to desorb surface oxides. After 10 min, the temperature is decreased to the 
growth temperature and then the group III precursor is introduced into the reactor. e 
growth of nanowires is indicated by oscillations in the reflectance. 

 

Figure 2.6: (a) Reflectance plot of nanowires after growth. (b) Reflectance signal at the selected wavelength of 
550 nm. 

2.1.3.1 Ex Situ Reflectometry 
While in situ reflectometry is a useful tool to control the nanowire length during 
synthesis, the measurement is limited to a small spot at the center of the growth 
substrate. Ex situ reflectometry has the advantage that the entire sample can be 
investigated. However, in situ reflectometry is based on tracking and counting the 
oscillations of the reflection that appear due to the change in interference while the 
nanowires are growing, and this is not possible ex situ. On the other hand, after 
synthesis, it is possible to measure the reflectance with a much higher signal-to-noise 
ratio. By modelling the reflectance of a nanowire array depending on the length L and 
diameter D of the nanowires, a reflectance database can be generated. en, by 
comparing the measured reflectance to the database and using a global fitting, it is 
possible to simultaneously obtain L and D [60]. Using this approach, large area 
nanowire arrays were investigated fast and automatized in a conventional 
photoluminescence mapper in Paper I. 
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2.2 Vapor–Liquid–Solid Mechanism 

In order to grow nanowires, crystal growth has to occur anisotropically along a specific 
crystal direction. Some crystals prefer to grow in one direction naturally, due to an 
anisotropic crystal structure [26]. Most materials do not show this behavior and some 
further assistance is necessary to grow nanowires. 

One pioneering result was already reported in the 1960s, when Wagner and Ellis 
described Au droplet induced whisker growth on silicon which they termed vapor–
liquid–solid (VLS) growth [21].  

Au and Si form a eutectic system. Figure 2.7a shows a schematic phase diagram of a 
eutectic system and highlights five relevant points (i-iii’) at an arbitrary temperature. As 
can be seen in the measured Au-Si phase diagram (Figure 2.7b), pure Au has a melting 
temperature of 1064 °C. erefore, at typical growth temperatures, Au is still solid. 
Figure 2.7c depicts the VLS mechanism, referring to the compositions in Figure 2.7a. 
When pure Au (i) is heated to typical growth temperatures, it is still solid. If Si is 
supplied to the Au seed—via the gas phase, or the growth substrate—Si is dissolved in 
Au which reduces the melting point. At a sufficient Si concentration (ii), the solid seed 
starts to melt and is in equilibrium with a liquid phase with concentration (ii’). If 
further Si is supplied, the seed completely melts. Only then can the Si concentration in 
the seed be further increased until supersaturation in the liquid is reached (iii), followed 
by precipitation of crystalline Si underneath the Au-Si droplet. e purity of the Si 
crystal, the nanowire, is given by the phase diagram and is limited by the solubility of 
Au in Si at the growth temperature (iii’). e incorporation of Au can be problematic 
due to the formation of deep traps [61]. According to the measured Au-Si phase 
diagram (Figure 2.7b) the Au incorporation should be negligible. However, Au has been 
detected in VLS grown Si nanowires [62, 63] at levels of ~1×1016 atoms/cm3. 
Nevertheless, in most cases the nanowire surface is the limiting factor for device 
performance [62]. 

During VLS growth of a nanowire, nucleation typically occurs at the triple phase 
boundary, corresponding to position (1) in Figure 2.7c. Other nucleation sites are at 
the nanowire side facets (position 2) and on the substrate (position 3) via vapor–solid 
(VS) growth. By increasing the growth temperature, the main growth mode can be 
switched from VLS to VS in order to grow, e.g., radial heterostructures such as p–n 
junctions or a passivating shell. 
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Figure 2.7: (a) Schematic binary, eutectic phase diagram. Five compositions relevant for the VLS mechanism are 
highlighted. (b) Si-Au phase diagram. Si and Au form a eutectic that melts already at 363 °C at the eutectic 
composition of Au0.81Si0.19. Adapted with permission from [64]. © 1983 Springer. (c) Schematic of the steps involved 
in nanowire growth via the VLS mechanism, referring to the composition from (a). In addition to nucleation at 
the triple phase boundary (1), VS growth at the nanowire sidewall (2) and the substrate (3) are possible. 

e VLS mechanism is still used to grow nanowires and has been proven to be versatile 
with respect to both the nanowire and seed material. Similar approaches work even with 
solid (S) particles, in solutions (S) or supercritical fluids (SF) and many different 
acronyms such as VSS [65], SLS [66], SSS [67], SFLS [68], SFSS [69] have been 
introduced to describe nanowire growth in various environments. All of them have in 
common that precursors are supplied by a fluid phase and accumulate in a seed particle 
until supersaturation is achieved and a solid nanowire grows. 

In order to investigate the growth mode of nanowires, in situ transmission electron 
microscopes have been used [70, 71]. ese studies have verified both VLS and VSS 
mechanisms [72] but also complex interactions with ledge flows [73] and truncated 
growth facets [74]. 
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Another way to grow nanowires is to use selective area epitaxy [75]. For this, an inert 
growth mask, typically SiO2 or Si3N4, is defined by lithography. By selecting the right 
growth conditions, anisotropic crystal growth can lead to untapered nanowires after 
growth. 

2.3 III–V Nanowires 

While bulk III–V semiconductors (with the exception of nitrides) are only accessible in 
the zincblende crystal structure, in nanowires another polytype can be synthesized, the 
wurtzite crystal structure. e zincblende and wurtzite structure have similar close-
packed planes (in [111] and [0001] direction, respectively), that only differ in the 
stacking sequence (Figure 2.8a) [76]. e cubic zincblende structure is represented by 
a proceeding stacking of three different close-packed planes, ABC, while the hexagonal 
wurtzite structure is a repetition of only two different planes, AB. Figure 2.8b shows a 
drawing of an InP nanowire with a zincblende segment embedded in two wurtzite 
segments. e atomic arrangement was determined by high resolution TEM [77]. In 
Figure 2.8c a zincblende nanowire is drawn, for which twinning superlattices can be 
observed [78]. e crystal structure of VLS grown III–V nanowires can be controlled 
by changing the involved surface energies during growth that define the contact angle 
of the liquid seed droplet [79-85]. e contact angle of the seed particle—and 
consequently the crystal structure—is also affected by doping [78, 86, 87]. 

Figure 2.8: (a) Crystal structures of wurtzite (left) and zincblende (right) in 3D geometry (top) and 2D projection 
(bottom). Adapted with permission from [76]. © 1992 American Physical Society. (b) Atomic arrangement in 
zincblende and wurtzite InP determined by high resolution TEM. Adapted with permission from [77]. © 1992 
American Chemical Society. (c) In pure zincblende nanowires twinning superlattices can be observed. 
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In contrast to group IV semiconductors, most III–V semiconductors have a direct 
bandgap for both cubic and hexagonal crystal structures, with only a small offset. 
Exceptions are GaP and Al–BV semiconductors that have an indirect band gap in the 
zincblende crystal structure, but a direct band gap in the wurtzite crystal structure [88]. 
erefore, III–V semiconductors are used in many optoelectronic applications. In 
Figure 2.9 the difference between the direct band gap of InP compared to the indirect 
band gap of Si is illustrated. To excite electrons from the valence to the conduction 
band, only a photon is needed for a direct band gap, but for an indirect band gap an 
additional phonon is required to enable the change in momentum. 

 

Figure 2.9: A sketch of the comparison between the direct bandgap of InP and the indirect bandgap of silicon. 

For many optoelectronic applications, absorption and emission of a specific wavelength 
is desired. Solid solutions of the binary III–V semiconductors can be synthesized to 
adjust the band gap of the semiconductor material. Ternary solid solutions consist of 
two III–V semiconductors with a shared group III or group V element. By changing 
the composition, the desired band gap can be achieved. However, according to Vegard’s 
law, the lattice constant will change as well. e resulting lattice mismatch will lead to 
defects during crystal growth of thin films, once again limiting the number of available 
materials that can be combined. Quaternary solid solutions of III–V semiconductors 
even use four different elements. is enables the adjustment of the band gap for a 
given lattice constant. However, the complexity of maintaining control over the 
material’s composition and quality increases dramatically. One major advantage of 
nanowires is that strain can be released in radial direction. us, below a critical 
diameter, lattice mismatched materials can be grown epitaxially along the nanowire axis 
without inducing defects [89].  

2.3.1 Indium Phosphide 

InP is a binary III–V semiconductor that is manufactured as single-crystalline boules 
which are cut into wafers by a liquid phosphorus encapsulated Czrochalski 
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method [90]. Due to its direct band gap and excellent optoelectronic properties, InP is 
used in photovoltaics, lasers, LEDs, and high-speed electronics. e only known crystal 
structure for bulk InP is cubic zincblende with a direct band gap of 1.34 eV at room 
temperature. 

e first reports of InP nanowires were based on laser-assisted catalytic growth [91-93] 
in which the laser ablation of an InP0.95Au0.05 target was combined with the VLS 
mechanism. Soon afterwards, epitaxial InP nanowires where synthesized using TMIn 
and tert-butylphosphine in chemical beam epitaxy [25] and MOVPE [94], also via the 
VLS mechanism. InP can also be synthesized in high purity in MOVPE using PH3 and 
TMIn as chemical precursors, which was used to grow periodic InP nanowire 
arrays [95]. In InP nanowires the hexagonal wurtzite crystal structure has been observed 
with a direct band gap of 1.4 eV at room temperature [81, 96]. Compared to other 
III– V semiconductors, excluding nitrides, InP nanowires have an exceptionally low 
surface recombination velocity [97, 98]. 

In contrast to Si nanowire growth, the VLS mechanism of III–V semiconductors cannot 
easily be explained by a binary phased diagram, as three elements are involved. 
erefore, the ternary phase diagram AIII–BV–Au is necessary to predict the 
thermodynamically stable phases. Unfortunately, the In–P–Au ternary phase diagram 
is not available, but the three binary phase diagrams can be considered. 

e In–P phase diagram (Figure 2.10a) is the simplest. Besides In and P, only one 
stoichiometric phase exists—InP. e Au–P phase diagram (Figure 2.10b) looks 
unusual because at the melting temperature of Au, P is already gaseous. While up to 
13.5 % P are soluble in liquid Au, the necessary temperature of 935 °C is far above 
typical growth temperatures of InP, at which the solubility of P in Au can be neglected. 
Note that the Au–P phase diagram is based on white phosphorus and the In–P phase 
diagram is based on red phosphorus, which explains the different melting temperatures 
of P. 

Figure 2.10: (a) In–P phase diagram. Adapted with permission from [99]. © 1997 Elsevier Ltd. (b) Au–P phase 
diagram. Adapted with permission from [100] © 1984 Springer. 
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e Au–In phase diagram (Figure 2.11) shows several phases and the two intermetallic 
compounds AuIn and AuIn2. Apart from the melting point of In, the lowest eutectic 
melting point is 454.3 °C. However, it is known that the seed particle during Au-seeded 
InP nanowire growth is liquid at 420 °C. e following reasons might explain a reduced 
melting point: (i) e melting temperature can be slightly reduced for small 
nanoparticles; however, this effect is negligible for nanoparticles with diameters above 
~100 nm. (ii) e phase diagrams are measured at atmospheric pressure, while 
nanowire growth is often performed at reduced pressures (typically 100 mbar for 
MOVPE). Nevertheless, as the molar volume during melting does not significantly 
change—in contrast to evaporation or sublimation—the dependance of the melting 
temperature on the pressure is normally neglected. (iii) Even though P is neither 
significantly soluble in In, nor in Au, its presence might affect the melting temperature 
of the Au–In alloy. 

 

Figure 2.11: Au–In phase diagram. Adapted with permission from [101]. © 2017 Royal Society. 

Another important note is, that Au is neither soluble in In nor P. While the ternary 
Au– In–P, or at least a pseudo-binary Au–InP, phase diagram would be necessary to 
determine the solubility of Au in InP, it can be assumed that a negligible amount of Au 
is incorporated in the growing InP crystal. 
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2.3.2 Indium Arsenide Phosphide 

Indium arsenide phosphide (InAsxP1−x) is a solid solution of InP and InAs. e band 
gap can be adjusted by tuning the composition from pure InP (x = 0, Eg = 1.34 eV) to 
pure InAs (x = 1, Eg = 0.35 eV). erefore, InAsxP1−x is an interesting material for 
infrared detectors and light emitting diodes, or—as used in Paper V—as a bottom-cell 
in a triple-junction. e growth of InAsxP1−x nanowires via the VLS mechanism is very 
similar to the growth of InP nanowires, as neither P nor As are soluble in the seed 
particle and the whole compositional range is accessible via the VLS mechanism [102, 
103]. In addition to PH3, AsH3 is supplied via the gas phase. 

2.3.3 Gallium Indium Phosphide 

Gallium Indium Phosphide (GaxIn1−xP)—a solid solution of InP and GaP—is another 
ternary III–V semiconductor. As mentioned before, GaP is one of the few III–V 
semiconductors that has an indirect band gap of 2.24 eV in the zincblende crystal 
structure. erefore, the direct band gap of GaxIn1−xP is limited to a range of 
0 ≤ x ≤ 0.68 [104], corresponding to 1.34-1.97 eV, although in nanowires, wurtzite 
GaP with a direct band gap of 2.1 eV has been synthesized [105]. e most studied 
and used composition is Ga0.5In0.5P, as it is lattice-matched to GaAs and Ge and is used 
as a top-cell in planar multi-junction solar cells. 

Even though the compositional range of GaxIn1−xP is limited regarding direct band gap 
applications, the whole range is accessible via the VLS mechanism. is is astonishing, 
as the InP–GaP pseudo binary phase diagram has a miscibility gap at typical growth 
temperatures [106]. Other than IIIVxV1−x ternary solid solutions, in IIIxIII1−xV ternary 
solid solutions, the composition of the seed particle is strongly affected by the additional 
group III precursor. erefore, additionally to the Au–In phase diagram the Au–Ga 
phase diagram is relevant. For a better understanding, the ternary Au–In–Ga phase 
diagram needs to be considered, which has been thermodynamically modeled [107]. 

2.3.4 Doping of Nanowires 

In addition to band gap engineering, doping is needed for many applications [108, 
109]. By doping a semiconductor, impurities are introduced to the material that 
increase the amount of charge carriers. Impurities with more valence electrons than the 
atoms they replace in the crystal lattice increase the free electron concentration—this is 
referred to as n-type doping. On the other hand, if atoms of the crystal lattice are 
replaced with impurities that have fewer valence electrons, the free hole concentration 
is increased, which is referred to as p-type doping. According to the law of mass action, 
the product of the electron concentration and the hole concentration is constant. us, 
the chemical potential of the electrons, the Fermi level EF, is higher in an n-type 
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semiconductor and lower in a p-type semiconductor. e probability of finding charge 
carriers in the valence or conduction band is given by the Fermi-Dirac distribution: 

(2.4) 

Where f (E ) is the probability to occupy a state at the energy E, kB the Boltzmann 
constant and T the temperature. At EF the probability to occupy a state is always 0.5, 
even if there are no available states at that energy. 

Figure 2.12 shows the band structures of a p-type, an intrinsic, and an n-type 
semiconductor. Due to the different doping levels, the position of EF is changed. As a 
result, a p-type semiconductor has more holes in the valence band and an n-type 
semiconductor more electrons in the conduction band than an intrinsic semiconductor. 
In a first approximation, the band gap Eg does not change. 

Figure 2.12: Band structures of (a) a p-type semiconductor, (b) an intrinsic semiconductor, and (c) an n-type 
semiconductor. 

For III–V semiconductors, elements from group II or divalent transition metals can be 
used as p-dopants, while elements from group VI or tetravalent metals can be used as 
n-dopants. As group IV lies between group III and V, its elements are amphoteric
dopants. at means that they can be incorporated in either the cation or the anion
lattice and act as n- or p-dopant, respectively. While Si typically is an n-dopant in planar
GaAs layers, it is often a p-dopant in VLS grown nanowires [110]. Whether Si is
incorporated in the anion or cation lattice can be controlled by the V/III ratio during
nanowire synthesis [111].

Aside from more exotic approaches to dope nanowires such as using a seed particle that 
is partly incorporated into the nanowire, a more flexible strategy is to add similar 
precursors as for the nanowire material, but in lower concentration, into the reaction 
chamber. For III–V semiconductor nanowires the chemical precursors diethylzinc 
(DEZn) [78, 112-114], dimethylzinc (DMZn) [115, 116], and bis(η5-
cyclopentadienyl)magnesium (magnesocene, Cp2Mg) [117] can be used as p-dopants, 
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while tetraethyltin (TESn) [115, 118, 119], hydrogen sulfide (H2S) [114, 120], and di-
tert-butyl selenide (DTBSe) [118] can be used as n-dopants. 

Even nominally intrinsic semiconductors are normally either n- or p-type due to 
intrinsic defects that can act as donors or acceptors depending on the material. 
Nominally intrinsic InP tends to be n-type [121], due to, e.g., P-vacancies [122]. For 
solar cells, p–i–n junctions [123] are used to increase the short circuit current. In order 
to achieve such an intrinsic segment in an axial segment of an InP nanowire, the 
intrinsic doping needs to be compensated [124]. 

Doping incorporation in nanowires can differ from the doping incorporation in thin 
films, especially if a seed particle is used. First of all, the dopants can be incorporated 
in the nanowire crystal both from the top growth front as well as the sidewalls. Even if 
radial growth is suppressed, e.g., by in situ etching [125], dopants might adsorb at the 
sidewall. Some dopants have high enough diffusion constants to allow solid diffusion 
towards the edge, after having been incorporated in the crystal. Typically, it is desired 
to incorporate dopants at the growth front beneath the seed particle. If the solubility of 
the dopant in the seed particle is high, it can result in a reservoir effect, i.e., after 
switching off the dopant precursor flux, the seed particle acts as a reservoir that 
continues to supply dopant. is effect makes the creation of sharp doping profiles 
more difficult. 

Another challenge regarding dopant incorporation is not unique to nanowires but 
applies to thin films as well. It is not sufficient to incorporate the dopants anywhere in 
the crystal. Normally, they have to be in the correct lattice positions, substitutional to 
either the group III or V lattice site, and not at interstitial positions. Furthermore, even 
if the dopant is incorporated at a substitutional lattice site, it needs to be ionized to 
contribute to the charge carrier concentration of the semiconductor. 

Conventional Hall-measurements, that are typically used to measure charge carrier 
concentrations, are difficult to apply to the nanowire geometry. erefore, determining 
the charge carrier concentration in nanowires is not trivial, especially for low doping 
concentrations. However, the progress in nanofabrication in recent years made it 
possible to measure the Hall effect on single nanowires [126, 127]. 

Instead of measuring the charge carrier concentration it is also possible to measure the 
concentration of dopant atoms, even though not all of them are necessarily 
incorporated in the correct crystal lattice sites and ionized. Especially if spatial 
resolution is of importance, the detection of the dopant atoms can be challenging as 
well and non-standard techniques such as X-ray fluorescence of a focused X-ray beam 
from, e.g., a synchrotron source have to be used [128]. 
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2.3.5 In Situ Etching 

For many applications, especially for axial heterostructures, it is important to avoid 
radial growth during nanowire synthesis. While the growth conditions for VLS grown 
nanowires can be optimized for preferential nucleation at the triple phase boundary of 
the seed particle, there is always a small chance for parasitic crystal growth at the 
nanowire sidewalls. In order to prevent such radial crystal growth, hydrogen chloride 
(HCl) [125], or the stronger acid hydrogen bromide (HBr) [129], can be introduced 
in the reaction chamber together with the other precursors, as an in situ etchant. In 
addition to preventing radial growth, in situ etching enhances the parameter space for 
successful nanowire growth without kinking, and improves the charge carrier 
dynamics [130]. 

2.4 Chemical Analysis 

Once the nanowires are synthesized, chemical analysis is necessary to verify that the 
intended material was obtained. In the case of III–V semiconductors, this is especially 
important for the chemical composition of ternary or higher solid solutions.  

2.4.1 X-Ray Diffraction 

In an X-ray diffractogram, Bragg’s law (2.5) is used to obtain the atomic spacing d of 
crystallographic planes. A prerequisite for the measurement is therefore that the sample 
is crystalline. e wavelength λ should be in the order of the atomic spacings, and often 
the Cu Kα line (0.15406 nm) is used in experiments. In a simplified picture, 
constructive interference occurs when the phase difference 2d·sin(θ), between two 
waves with incident and emergent angles of θ, is an integer n multiple of λ (Figure 2.13). 
In an experiment, goniometers are used to rotate the angle θ between the X-ray source 
and the sample, and the angle 2θ between the X-ray source and the detector. 

 (2.5) 

Using the atomic spacing of a given crystallographic plane, the lattice constant a of the 
material can be obtained. According to Vegard’s law, the composition of a solid solution 
of two compounds that have the same crystal structure can be obtained using a linear 
interpolation of the lattice constants. 

 (2.6) 
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Figure 2.13: Schematic explanation of Bragg’s law. Two waves with wavelength λ are scattered at crystallographic 
planes with lattice spacing d. Constructive interference occurs when the angle between the X-ray source and the 
detector is twice the incidence angle θ, and when the induced phase difference 2d sin(θ) is an integer multiple 
of λ. 

2.4.2 Photoluminescence 

In a photoluminescence (PL) measurement, a monochromatic laser is used to excite the 
electrons of a semiconductor from the valence band to the conduction band. After 
thermalization of the charge carriers, the charge carriers recombine and emit photons 
corresponding to the band gap of the semiconductor.  

Although the band gap Eg of ternary solid solutions of III–V semiconductors is 
continuous, it is not a linear function in contrast to the lattice constant. Instead, a so-
called bowing parameter b is introduced to account for the non-linear dependence. 

(2.7) 

Even though the band gap can thus be used to deduce the chemical composition of a 
ternary solid solution, the method depends on tabulated bowing parameters and band 
gaps of bulk materials that are not necessarily representative for nanomaterials. 
However, for many applications the band gap is more important than the actual 
chemical composition. 

2.4.3 Electron Microscopy 

e diameter of nanowires is smaller than the wavelength of visible light. us, due to 
the Abbe diffraction limit, nanowires cannot be properly resolved in conventional 
optical microscopy. Instead, electron microscopy is often used to image nanostructures. 
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In a scanning electron microscope (SEM), a focused electron beam is scanned across a 
conductive sample. Figure 2.14 shows the possible interactions of the electron beam 
with the sample that can be used for imaging and chemical analysis. 

Energy dispersive X-ray spectroscopy (EDXS) can be measured both in an SEM and 
with scanning transmission electron microscopy (STEM). e electron beam can excite 
electrons from inner shells of the investigated material. Subsequently, an electron from 
a higher shell may relax to the lower available state and a characteristic X-ray photon is 
emitted. Even though the electron beam can be focused to a spot size of ~1 nm, EDXS 
in a SEM suffers from low spatial resolution because X-rays generated in the whole 
interaction volume—which can be in the order of ~1 µm depending on the accelerating 
voltage and sample—are measured. In STEM, only thin samples can be investigated 
and here high spatial resolutions of few nm can be achieved. 

Figure 2.14: Possible interactions of a focused electron beam with a sample. Auger electrons have the lowest 
energy and are therefore the most surface sensitive, followed by secondary electrons and backscattered electrons. 
Cathodoluminescence, X-rays, and electron-beam-induced current have the lowest surface sensitivity. 

2.5 Nanopatterning 

In order to synthesize Au-seeded nanowires via the VLS mechanism, Au nanoparticles 
need to be deposited on a growth substrate. is has been achieved by drop casting of 
colloidal Au nanoparticles [131] and aerosols [25]. Depending on the wetting 
properties, on some growth substrates it is sufficient to deposit a thin Au film, which 
will self-assemble to droplets at elevated temperatures [23, 24]. However, these methods 
result in a random deposition of Au seeds, and it can be of advantage to synthesize 
nanowires in ordered, periodic arrays. To achieve that, lithography is necessary. 
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2.5.1 Nanoimprint Lithography 

In nanoimprint lithography (NIL), a nanopatterned stamp is used to imprint a 
photoresist on a wafer to transfer the pattern onto the wafer [132], as depicted in 
Figure 2.15. In order to fabricate a periodic pattern of Au discs on a growth substrate, 
a wafer is covered by two layers of resist: (i) lift-off resist, and (ii) photoresist. Starting 
from a Ni master stamp, an intermediate polymer stamp (IPS) is formed. Using the IPS 
has the advantage to prevent physical damage of both the Ni master stamp as well as 
the growth substrate, to reduce the defect size caused by contaminations, and to enable 
the use of UV light to harden the negative photoresist. e IPS is then used to imprint 
the photoresist on the growth substrate (Figure 2.15a) by applying pressure and 
exposing the photoresist to UV light. In order to transfer the pattern to the substrate, 
first, residual photoresist (Figure 2.15b) needs to be etched, e.g., using reactive ion 
etching (Figure 2.15c). en, the underlying lift-off resist needs to be developed 
(Figure 2.15d) to release the surface of the growth substrate and to create an undercut. 
Afterwards, Au is evaporated onto the substrate (Figure 2.15e). Finally, excess lift-off 
resist that is covered by Au can be removed to result in cylindrical Au discs on the 
growth substrate (Figure 2.15f ). 

 

Figure 2.15: Schematic of the steps involved in NIL. (a) Two layers of resist are deposited on a wafer. The pattern 
of a stamp is transferred to the top resist. (b) After the imprint, a residual layer remains in the top resist. (c) 
Reactive ion etching is used to etch the residual layer of the top resist. (d) Development of the bottom resist 
reveals the surface of the wafer and creates the undercut necessary for the subsequent lift-off process. (e) Metal 
evaporation. (f) Using remover, the excess resist and metal are removed in a lift-off process. 
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2.5.2 Displacement Talbot Lithography 

Displacement Talbot lithography (DTL) is an optical lithography technique that can 
achieve sub 100 nm resolution [133-135]. A periodic phase-shift mask is exposed to a 
deep UV laser, which results in a 3D diffraction image below the phase-shift mask. 
Similar to NIL, the wafers are coated with a double resist layer. During exposure 
(Figure 2.16a), the photoresist-covered wafer is vertically moved through the diffraction 
image of the mask, which results in a homogenous exposure of the photoresist. 
Subsequently, the photoresist is developed (Figure 2.16b). In contrast to NIL, no 
etching step to remove residual photoresist is necessary and the underlying lift-off resist 
can be developed at the same time. After Au evaporation (Figure 2.16c) and lift-off 
(Figure 2.16d), a periodic array of Au discs is obtained. In comparison with NIL, DTL 
reduces the number of processing steps and avoids mechanical contact with the resist 
layers, which reduces the number of defects. Furthermore, the feature size can be 
adjusted in DTL by adjusting the exposure dose. is was utilized in Paper I to 
synthesize nanowire arrays with different diameters. 

Figure 2.16: a) Schematic of the steps involved in DTL. (a) Two layers of resist are deposited on a wafer. A phase-
shift mask is used to transfer a periodic pattern to the wafer under exposure to a deep UV laser. During exposure 
the wafer is vertically moved through the Talbot period. (b) After the exposure, both resists are developed 
simultaneously. (c) Metal evaporation. (d) Using remover, the excess resist and metal are removed in a lift-off 
process. 

2.5.3 Pattern Fidelity 

e pattern fidelity of a nanowire array will foremost depend on lithography. Defects 
in the NIL stamp or DTL mask will be transferred to the growth substrate and 
subsequently cause a defect in the nanowire array. Additionally, precautions have to be 
taken regarding the nanowire synthesis. Epi-ready wafers have a thin, native oxide that 
needs to be removed in an annealing step prior to nanowire growth [136-138]. Even 
though the temperature during the annealing is far below the melting point of Au and 
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no group III flux is provided via the gas phase, the group III elements from the growth 
substrate can be dissolved in the Au seeds [139, 140]. is results in a reduction of the 
melting-point and liquid droplets are formed that may diffuse on the surface. is can 
cause an alteration of the periodic array, and in the worst case droplets merge together, 
completely destroying the periodicity [141]. 

In order to obtain the pattern fidelity, two main approaches are used. First, an inert 
growth mask can be used to prevent the migration of the seed droplets during the 
annealing step. In practice, a thin layer of Si3N4 or SiO2 is deposited on the growth 
substrate prior to lithography, and holes are etched into the growth mask before 
evaporating Au. Although this method can lead to defect-free nanowire arrays, the 
growth mask alters the diffusion length of the precursors and might affect the doping 
at the interface between the nanowires and the growth substrate. Alternatively, in the 
case of InP substrates, a pre-annealing nucleation step has been utilized to maintain the 
pattern fidelity during annealing [141]. In this approach, prior to the annealing step, 
TMIn was supplied at a low temperature. From cross-sectional SEM images no direct 
effect on the seed particles, which were still solid, was observed. However, during the 
annealing step the Au seeds consume In from the substrate, forming indentations. e 
pre-annealed Au seeds are presumably enriched with In—according to Figure 2.11 
about 9 % In are soluble in the solid α phase. erefore, during the annealing step, the 
composition at which the particles melt is reached faster and the droplets are fixated 
within the indentations before the droplets can coalesce [141]. Such a pre-annealing 
nucleation step has been utilized in Papers I-V. 
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3 Surface Passivation 

Due to their small size, nanostructures—including nanowires—have a much higher 
surface-to-volume ratio than bulk materials. Surfaces are special because the periodicity 
of a crystal is abruptly interrupted, leading to so-called dangling bonds. In order to 
minimize the resulting surface energies, semiconductor surfaces can undergo surface 
reconstruction during synthesis. 

Exposed to ambience, those dangling bonds are normally not very stable and can react 
with oxygen or water to form an oxide or hydroxide layer, respectively. Depending on 
the material, the resulting layers can protect the underlying bulk substance and are 
sometimes even purposefully provoked as in thermal silicon oxide or anodized 
aluminium oxide, or slowly disintegrate the material like the rusting of iron. 

For III–V semiconductors, the native oxide lies in-between those two extremes. 
Normally, exposure to air will not destroy the bulk material, but surface traps can lead 
to non-radiative recombination centers [97] and therefore have a detrimental effect on 
optoelectronic properties. Consequently, it is of great interest, especially for 
nanostructures, to passivate the surface of III–V semiconductors. 

3.1 Epitaxial Passivation 

e most natural way to passivate nanowires is to epitaxially grow a shell, typically with 
higher band gap [29, 142, 143]. In this way, the core crystal is never exposed to 
ambience and the pristine surface of the as-grown nanowire can be passivated before a 
native oxide forms. In order to have a passivating effect, the epitaxial shell has to fulfil 
some requirements. Ideally, the shell material should be lattice matched to the core 
material. Otherwise, the resulting strain might have a negative effect on the nanowire, 
compromising the passivating effect. On the other hand, inducing strain on purpose 
can be used for band gap engineering [144] or to increase mobility of charge 
carriers [145]. It has to be kept in mind that even if a lattice matched shell is deposited 
in the growth chamber, it might not be lattice matched anymore at room temperature 
due to different thermal expansion coefficients of the materials of the nanowire core 
and shell but for III–V semiconductors the difference in thermal expansion coefficients 
is small. Secondly, for many applications, a shell with a higher band gap than the core 
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material is desired to prevent charge carriers to diffuse into the shell material. e shell 
should also be highly electrically resistive to prevent possible radial short circuits of an 
axial nanowire device. Another challenge that the epitaxial passivation of nanowires 
poses is that the passivation layer can cause modulation doping [29, 146-148] and form 
an undesired radial p–n junction [149]. 

3.2 Wet Chemical Modifications 

Often, wet chemical treatments are used to satisfy the dangling bonds at the surface. 
Generally, the idea is that the native oxide is etched away, and the surface terminated 
by another functional group at the same time. For silicon, an HF dip leads to a 
hydrogen terminated surface [150]. e surface of III–V semiconductors can be 
passivated with chalcogenides [151]. For InP, wet chemical treatments based on 
sulfur [152] and phosphor [153] groups have been reported. 

Even though wet chemical treatment of semiconductor surfaces can have a positive 
effect on their optoelectronic properties, these effects are often of limited 
duration [154] and after some time the chemically more stable native oxide will form 
again [155]. 

3.3 Deposition of Dielectrics 

As an alternative, or complement [156], to wet chemical treatments, dielectrics can be 
deposited on the semiconductor surface, typically by CVD methods. Especially atomic-
layer-deposition (ALD) has proven useful [157], as this technique fulfils the 
requirement of being able to conformally deposit layers of a controlled thickness. 
Another method that has been used to deposit dielectric layers on nanowire surfaces is 
plasma enhanced CVD [158]. 

ese dielectric layers have the advantage of being thermally stable, and their 
passivation performance will not change over time. For InP nanowires, SiOx [124] and 
POx/Al2O3 [159] have been used as passivation layers. However, many dielectrics 
deposited that way have a negative effect on the optoelectronic properties of the 
nanowire cores [160, 161]. On the one hand, the deposited layers can introduce charge 
carrier traps at the core-shell interface and on the other hand, fixed charges in the shell 
can have a field-effect on the nanowire core that changes its electrostatic potential [162]. 
It is of great importance to measure how well dielectrics passivate or deteriorate the 
nanowire and this issue has been addressed in Paper II on SiOx and POx/Al2O3 
passivated InP nanowires. 
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3.3.1 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a subcategory of CVD. During deposition the sample 
is cyclically exposed to chemical precursors. Each cycle results in one atomic layer. In 
addition to the high precision of the layer thickness, even high-aspect samples such as 
nanowires can be covered conformally using ALD. Each cycle consists of several steps, 
and often two different precursors are used alternatingly (Figure 3.1). In a typical ALD 
process, a precursor is chemisorbed at the surface and forms a monolayer. en, after a 
purging step, a second precursor reacts with the monolayer to form the deposit and the 
cycle can be repeated. 

Figure 3.1: Schematic ALD cycle. 

3.4 Evaluation of Surface Passivation 

One way to quantify the surface passivation is to measure the PL of a semiconductor. 
Traditional PL can resolve the wavelength (or energy) of the emitted light and measure 
the intensity. Often, PL intensities are compared to estimate the passivation of 
semiconductors. A more sophisticated technique is time-resolved PL (TRPL). Instead 
of, or additionally to, resolving the wavelength of the emitted light, the time t at which 
the photon is emitted after excitation is measured. By varying the laser power, 
statements about surface traps can be made, which are saturated at higher illumination 
intensities [163]. e charge carrier lifetime can be obtained by fitting the PL decay. 
e lifetime of the excited states is relevant for photovoltaics. e assumption is that a 
longer lifetime leads to a higher probability to separate charge carriers in a p–n junction, 
thus contributing to the photocurrent. Other time-resolved techniques to evaluate 
surface passivation are transient absorption spectroscopy [164] and time-resolved 
terahertz spectroscopy [97, 98]. Furthermore, electron-beam-induced current (see 
Chapter 4.2.3) has been used to measure the minority carrier diffusion lengths [154]. 
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4 Nanowire Solar Cells 

III–V Nanowires are excellent light absorbers. Due to their geometry, nanowires absorb 
light from a larger area than their own cross-section. Consequently, using nanowires, 
only a fraction of the material is needed to absorb the same number of photons as a 
continuous thin film, thereby saving up to 90 % of the III–V semiconductor. erefore, 
nanowires are an interesting material for solar cells because the high cost of III–V 
semiconductors limits the terrestrial use of world record solar cells. Nanowire solar cells 
are actively researched, and several reviews exist, summarizing recent developments [12-
15, 165, 166]. e highest efficiencies so far have been reached in InP nanowire solar 
cells [124, 167, 168], accomplishing 17.8 % in a top-down processed device [169]. To 
be used as a solar cell, it is not sufficient to only absorb light—the generated charge 
carriers have to be separated to generate a photocurrent. While this separation can be 
achieved by utilizing charge-carrier-selective contacts [170, 171], typically a p–n 
junction is formed by doping. 

4.1 p–n Junction 

Doping of nanowires has already been discussed, but just a p- or n-doped nanowire is 
not enough to make a solar cell. By consecutively combining both, a p–n junction is 
formed. In equilibrium, the fermi level of both parts is at the same energy, creating an 
offset in the valence and conduction bands of the semiconductor (Figure 4.1a). If a 
voltage VR is applied in reverse direction, i.e., a negative potential is applied to the 
p-type segment (Figure 4.1b), the depletion width W gets even wider and no current 
flows, until the breakdown voltage is reached. If a voltage VF is applied in forward 
direction, i.e., a negative potential is applied to the n-type segment (Figure 4.1c), W 
becomes narrower and current can flow through the diode. e potential difference 
between the p-segment and n-segment is proportional to the sum of the built-in voltage 
Vbi and the external applied voltage. 
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Figure 4.1: p–n junction of a semiconductor. (a) Without an external voltage, the Fermi level of the n-segment 
and the p-segment are in equilibrium. (b) When a voltage is applied in reverse direction, the depletion width gets 
wider, and no current can flow through the diode. (c) When a voltage is applied in forward direction, the 
depletion width gets narrower and current can flow through the diode. Adapted with permission from [172]. 
© 2012 John Wiley and Sons. 

4.1.1 Axial vs Radial Geometry 

e nanowire geometry enables an additional design of p–n junctions. If a thin film is 
etched into nanowires, the p–n junction is located along the nanowire axis. Via bottom-
up synthesis, it is also possible to form a radial p–n junction. It is a matter of ongoing 
research whether radial or axial p–n junctions lead to better nanowire solar cells and 
both designs have their merits [173]. 

Radial p–n junctions have the advantage of separating the direction of the incoming 
light and the separation of charge carriers [174, 175]. In thin films, a compromise has 
to be found between a depletion region that is thick enough to sufficiently absorb light, 
but thin enough to allow the separation of charge carriers. In a radial p–n junction, 
these two parameters can be optimized independently by the length and diameter of 
the nanowires. Furthermore, the active region of the radial p–n junction is not affected 
by the high surface-to-volume ratio of nanowires. However, radial designs are limited 
to similar lattice matching requirements as thin films. Furthermore, the low VOC 
observed in the radial geometry indicates that the extension of the p–n junction all 
across the nanowire leads to a shunt. 

While the axial p–n junction design in nanowires has been underestimated in early 
studies, all record efficiency devices are based on this design [142, 167, 169]. Nanowire 
solar cells based on InP are not limited by the high surface-to-volume ratio due to the 
low surface recombination velocity of InP [97, 98]. Nanowire solar cells based on GaAs 
on the other hand, were epitaxially passivated by an AlGaAs shell [142], although the 
presence of an epitaxial shell might have caused a radial junction [149]. e obvious 
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advantage of an axial p–n junction architecture is that lattice mismatched materials can 
be combined to form sub-cells with different band gaps in multi-junction technology. 

To combine the advantages of both approaches, a design that axially combines radial 
p–n junctions with different bandgaps has been suggested [176]. In theory, such an 
architecture sounds very intriguing, although an experimental realization seems to be 
extremely challenging. 

4.2 Single Nanowire Measurements 

In order to measure current–voltage (I–V ) characteristics of nanowires, processing is 
typically necessary to provide electric contacts to the nanowire. Not only is the 
processing time-consuming, but it can also be challenging to get an ohmic contact. is 
depends on the material and on the doping. For example, it is demanding to achieve 
ohmic contacts to p-doped InP [177]. Furthermore, horizontally processed nanowires 
have to be removed from the growth substrate before contacting. erefore, the 
fabricated devices might not be representative for vertically processed samples such as 
nanowires solar cells. 

4.2.1 Nanoprobing 

One possible alternative is to contact nanowires with a conductive probe. Conductive 
scanning probe microscopy (SPM) tips have been used to contact single, epitaxial 
nanowires [34, 178]. Single nanowire I–V  characteristics can be measured using the 
substrate as a back contact and for VLS grown nanowires it is very convenient to get a 
good electrical contact to the metal seed particle. While the electrical measurements of 
single nanowires are certainly valuable, due to the high aspect ratio of nanowires, 
conventional scanning probe microscopy can only image the top of epitaxially standing 
nanowires. In a more sophisticated setup, SPM was performed inside a SEM [179]. 
is enables to characterize single nanowires with the conductive SPM tip and 
simultaneously image the nanowires using SEM. A similar, though instrumentally 
simpler, approach is to use piezo-controlled nanoprobes [180, 181] that can be 
controlled inside a SEM. Figure 4.2 shows a photograph of the Kleindiek prober shuttle 
that was used to analyze single nanowires in Papers I-V. After contacting the nanowire, 
a source-meter can be used to measure I–V characteristics. 
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Figure 4.2: Kleindiek prober shuttle used to electrically contact single nanowires inside an SEM. Two 
independent probes and the substage of the sample can be moved in three dimensions and used for electrical 
contacts. 

4.2.2 Current–Voltage Characteristics 

In the dark, the I–V characteristics of a solar cell can be described by the ideal diode 
equation (4.1) in which I0 is the dark saturation current, e is the elementary charge of 
an electron, kB is the Boltzmann constant, T is the temperature, and n is the ideality 
factor. e linear region of the curve in the semi logarithmic plot can be fitted to this 
equation to extract n and I0. For nanowires, typically an n of about 2 is observed. An 
ideality factor of 2 indicates that recombination is limited by two charge carriers, which 
is the case within the depletion region and for trap-assisted Shockley-Read-Hall 
recombination. Surface recombination in nanowires can be described as a special case 
of Shockley-Read-Hall recombination [182]. 

(4.1) 
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Under illumination, electron–hole pairs are generated in a solar cell. Without any 
contacts, the solar cell is in open-circuit voltage (VOC) conditions which is the maximum 
voltage that can be reached with the solar cell. In contrast, a short circuit of the solar 
cell leads to the maximum current that can be extracted at 0 V, the short circuit current 
(ISC). However, neither of these cases are useful for the operation of a solar cell, as both 
current and voltage are necessary to extract a power. e optimal working conditions 
of a solar cell are at the maximum power point (PMP), where the power, the product of 
current and voltage, is the highest. From this value, the fill factor (FF) can be calculated: 

(4.2) 

FF is therefore the ratio of the maximum possible power output to the theoretical 
maximum power possible. All these values can be measured for single nanowires as well. 
Obviously, single nanowires can be processed to working devices that are illuminated 
under light, but it is also possible to couple light into an SEM through an optical fiber 
to illuminate as-grown nanowires, as in Refs [179, 183]. In Paper III a similar setup is 
described, as schematically shown in Figure 4.3.  

Figure 4.3: Schematic drawing of the combined multi-LED and nanoprobing setup. (a) Top and front view. Inset 
shows SEM image of a nanowire contacted by the piezo-controlled tungsten probe. Reproduced from Paper IV. 
(b) 3D rendering of the setup. Reproduced from Paper V.

Figure 4.4a shows a semi-logarithmic plot of the I–V characteristics of a single InP 
nanowire with a p–i–n junction, demonstrating the superposition of the I–V 
characteristics in the dark and under illumination. A fit of the diode equation to the 
dark I–V characteristics is used to extract I0 and n. In Figure 4.4b the I–V characteristics 
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under light illumination are plotted on a linear scale to show ISC and VOC. e product 
of I and V yields the power P that has a maximum at PMP that is used to extract FF. 

Figure 4.4: Single nanowire I–V characteristics. (a) Semi-logarithmic plot showing the superposition of dark and 
light I–V of a single photovoltaic nanowire and the fit of the ideal diode equation to extract n and I0. (b) Linear 
plot showing the light I–V and power. ISC and VOC can be found at 0 V, and 0 A, respectively. FF corresponds to the 
ratio of the dark and light rectangle, which are defined by ISC∙VOC and PMP, respectively.  

Typically, solar cells are not exposed to a constant light source. With varying intensity, 
the response of a solar cell is affected. A change in the intensity will change the number 
of excited charge carriers and thus the IV-characteristics. With increasing light intensity, 
both VOC and ISC increase according to equations (4.3) and (4.4), where χ is a factor 
describing the concentration of light. Furthermore, equation (4.4) shows that a low I0 
is essential to obtain a high VOC. In Paper III, a systematic variation of the light intensity 
was conducted to extract n of single InP nanowires, and it matched the obtained ideality 
factor from the dark I–V measurements using equation (4.1). 

(4.3) 

(4.4) 

4.2.3 Electron-Beam-Induced Current 

Figure 4.5 describes electron-beam-induced current (EBIC), which is a very useful 
technique to investigate p–n junctions with the spatial resolution of an SEM [184, 
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185]. e investigated sample needs to be electrically contacted inside an SEM. Single 
nanowires can be investigated by EBIC either by defining metal contacts via 
lithography [62, 186-191], or by directly contacting the tip of a nanowire using piezo-
controlled probes [124, 183, 192-199], as depicted in Figure 4.5a. en, while 
scanning the electron-beam across the sample to generate an image, for every pixel that 
is exposed to the electron-beam of the SEM, the current through the sample is 
measured. e electron-beam excites electron–hole pairs in a similar fashion as light 
but while photons typically generate one electron–hole pair per incident particle, the 
high-energy electrons of an SEM (in the order of several keV) can generate thousands 
of electron–hole pairs simultaneously in the sample per incident particle. erefore, if 
the generated charge carriers are separated, e.g., by a gradient in the band structure of 
the sample (Figure 4.5b), an electron-beam-induced current will be measured 
(Figure 4.5c). Figure 4.5d shows an SEM image of an InP nanowire with a p–i–n 
junction (top) and the corresponding EBIC image (bottom) that is simultaneously 
obtained.  

 

Figure 4.5: Schematic drawing of an EBIC measurement. (a) A single nanowire with a p–i–n junction is contacted 
by a piezo-controlled tungsten probe. During the measurement, the induced current is measured while a 
controlled voltage source can apply a bias—otherwise the circuit is grounded. A focused electron beam is scanned 
across the sample and generates electron–hole pairs within the excitation volume. (b) Due to the built-in electric 
field—or an applied voltage—the electron–hole pairs are separated. (c) The resulting EBIC can be plotted as a 
profile along the nanowire. (d) SEM (top) and EBIC (bottom) image of a photovoltaic InP nanowire. 

EBIC can also be measured as ISC if the sample is excited by the electron beam during 
an I–V measurement. Indeed, in Paper III it was shown that the axial EBIC profiles 
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along single photovoltaic nanowires correlate with ISC of the nanowires under 
illumination of an LED. By using equation (4.3), the excitation level of the electron 
beam can be compared to a corresponding light concentration. However, this 
comparison is not trivial, as electrons are used as an excitation source instead of 
photons. Moreover, the incident angle is different for the cross-sectional EBIC 
measurements as compared to characterization of a processed solar cell. 

EBIC can be used to measure the minority carrier diffusion length in nanowire p–n 
junctions [154]. e measured EBIC is proportional to the probability that a generated 
electron–hole pair contributes to the photocurrent of a solar cell. is probability can 
be modeled as a spatially resolved internal quantum efficiency (SIQE) [200, 201]. In 
Paper II the SIQE was modeled to analyze the influence of different charge carrier 
densities and surface recombination velocities and compared to measured EBIC 
profiles. 
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5 Multi-Junction Solar Cells 

Single-junction solar cells have two main fundamental loss mechanisms that are both 
related to insufficient power conversion of the incoming solar spectrum. First, photons 
that have less energy than the band gap cannot be absorbed to generate photocurrent 
(below Eg loss). Second, charge carriers excited by photons that have more energy than 
the band gap thermalize, i.e., their excess energy is lost to heat, before they can be 
extracted (thermalization loss). With other words, a material with a low band gap 
absorbs almost all photons and generates a high current, but the resulting voltage is very 
small. A material with a high band gap on the other hand, only absorbs high-energy 
photons which results in a high voltage, but the current is low as only few photons are 
absorbed. To optimize the power output, and with that the efficiency, a compromise 
needs to be found. e highest efficiency that can be achieved in a single-junction solar 
cell is known as Shockley-Queisser limit [202] and calculations show that the ideal 
band gap for a single-junction solar cell is 1.35 eV [203]. Other fundamental losses are 
the emission loss (because absorbers must also be emitters according to Kirchhoff’s law), 
the Boltzmann loss (due to an increase in entropy during emission), and the Carnot 
loss (the ultimate efficiency limit for any heat engine) [204]. ese fundamental losses 
and the maximum efficiency of a single-junction solar cell are shown in Figure 5.1a as 
a function of Eg. 

e approach of multi-junction solar cells to increase the efficiency is to reduce the 
below Eg and thermalization losses by combining several materials with different band 
gaps to better match the solar spectrum. Similar to the Shockley-Queisser limit of a 
single-junction solar cell, there are ideal combinations of band gaps. Figure 5.1b shows 
the same fundamental losses and maximum efficiency as Figure 5.1a but dependent on 
the number of sub-cells for ideal band gap combinations. 

Especially in two terminal devices it is crucial to match the currents of the sub-cells 
because all junctions are connected in series. at means that the current of the multi-
junction solar cell is limited by the sub-cell generating the lowest current. If the band 
gaps of two consecutive sub-cells are too close, or in the worst case the same, the current 
of the bottom-cell will be limited as the relevant photons were already absorbed by the 
top-cell. erefore, the band gaps have to be matched to the solar spectrum and need 
to descend from the top-cell to the bottom-cell. Figure 5.2a shows the reference global 
solar spectrum with an air mass of 1.5 (AM1.5g) [205]. In Figure 5.2b a schematic 
triple-junction solar cell is shown, representing the sample from Paper V. 
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Figure 5.1: Fundamental losses, efficiency as function of bandgap and number of junctions. Adapted with 
permission from [204]. © 2010 John Wiley & Sons, Ltd. 

Figure 5.2: (a) Reference 1-Sun global spectrum (AM1.5g) from [205]. The wavelengths that can be absorbed by 
sub-cells with band gaps of 1.86 eV, 1.34 eV and 0.92 eV are colorized. (b) Schematic of a GaInP/InP/InAsP triple-
junction solar cell. The materials and the order of doping represent the sample from Paper V. 
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While calculations show that the limit in efficiency for an infinite number of sub-cells 
is 68 %, or 86 % under concentrated light [206], the world record efficiency today is 
accomplished by a six-junction solar cell reaching 47.1 % under the direct spectrum 
(AM1.5d) under 143 suns concentration and 39.2 % under the one sun global 
spectrum (AM1.5g). Each sub-cell absorbs only part of the solar spectrum and therefore 
the generated current of a multi-junction solar cell is lower than the current of a single-
junction solar cell. However, as the junctions are connected in series, the voltage of the 
multi-junction solar cell is the sum of the voltages generated by all sub-cells. 

Depending on the number of junctions, the ideal band gaps for a multi-junction solar 
cell can be calculated but a further complication is to find semiconductors that not only 
have the correct band gap but also a matching lattice constant. Otherwise, defects from 
the mismatched layers can lead to recombination centers and traps for charge carriers 
and limit the efficiency. In ternary solid solutions of III–V semiconductors, the band 
gap can be continuously, though not linearly, adjusted between the band gaps of the 
two binary compounds as a function of the composition and thus, according to Vegard’s 
law, to the lattice constant. Quaternary solid solutions on the other hand have an 
additional degree of freedom and therefore it is possible to independently adjust the 
band gap and the lattice constant at the same time. However, it is challenging to 
maintain a constant composition during epitaxy and the range in band gaps for a fixed 
lattice constant is not sufficient for multi-junction solar cells. Instead, world record 
multi-junction solar cells rely on so-called compositionally graded buffer layers. ese 
layers are placed in-between two lattice mismatched sub-cells to relieve strain and 
confine misfit dislocations within inactive material [5]. 

Here, nanowires offer an alternative solution. Along the nanowire axis, materials with 
different lattice constants can be combined without strain-induced defects because of 
radial strain-relaxation. is simplifies the design of multi-junction solar cells, as the 
requirements for lattice-matching are eased. 

5.1 Esaki Tunnel Diode 

In order to connect the sub-cells of a multi-junction solar cell, Esaki tunnel diodes are 
used [207, 208]. Without a tunnel diode, a parasitic n–p junction is formed at the 
interface of two p–n junctions. is parasitic diode would limit the current and reduce 
the voltage of the multi-junction solar cell. Figure 5.3 schematically shows the I–V 
characteristics of a tunnel diode. In forward direction a characteristic negative 
differential resistance is observed. In this region, the tunneling current decreases and 
the exponentially increasing current in forward direction takes over. is increasing 
current is composed of the diffusion current and an excess current, which is mainly 
caused by tunneling through states within the band gap (Figure 5.3b). Important 
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parameters are the peak current IP, the valley voltage VV, and the peak-to-valley current 
ratio. It is easier to achieve tunnelling with a low band gap, but for multi-junction solar 
cells, the tunnel diode is desired to have a larger band gap than the subjacent sub-cell 
for optical transparency. 

 

Figure 5.3: (a) Schematic current–voltage characteristics of a tunnel diode. (b) The current is the sum of three 
components: the tunneling current, the diffusion current, and an excess current. Adapted with permission 
from [209]. © 2007 John Wiley & Sons, Inc. 

Figure 5.4 shows a schematic drawing of the band structure of a tunnel diode under 
different applied voltages. e tunnel diode is degenerately doped—i.e., EFn is within 
the conduction band and EFp within the valence band for the n- and p-segment, 
respectively—and has a narrow depletion region. is results in a high conductivity in 
reverse direction, as electrons can tunnel from the valence band of the p-segment of the 
diode to the conduction band of the n-segment of the diode (Figure 5.4a). In forward 
direction, electrons can tunnel from the conduction band of the n-segment of the diode 
to the valence band of the p-segment of the diode. e tunneling current peaks at IP 
(Figure 5.4c) and diminishes close to VV (Figure 5.4d). At higher voltages, the diffusion 
and excess current dominate (Figure 5.4e). 

In multi-junction solar cells, the tunnel diode is connected in backward direction to 
the solar cell. Under illumination, the solar cell generates a photocurrent. IP of the 
tunnel diode should exceed ISC generated by the solar cell. Otherwise—as the device is 
connected in series—a high voltage drops over the tunnel diode and a dip in the forward 
I–V characteristics of the solar cell appears (Figure 5.5), impairing the efficiency [210]. 
Esaki tunnel diodes have been demonstrated in nanowires both in axial [211-216] and 
in radial [217, 218] geometry. In Paper IV, three different axial Esaki tunnel diodes 
were synthesized and characterized. 
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Figure 5.4: Schematic band diagram of a tunnel diode under different bias conditions. (a) At reverse bias, 
electrons tunnel from the valence band of the p++-doped segment to the conduction band of the n++-doped 
segment. (b) Without bias the diode is at thermal equilibrium and no current flows. (c) At forward bias, electrons 
tunnel from the conduction band of the n++-doped segment to the valence band of the p++-doped segment. (d) 
Approaching the valley voltage, the tunneling current diminishes. (e) At forward bias higher than the valley 
voltage the diffusion current is observed. Adapted with permission from [208]. © 1960 IEEE. 

Figure 5.5: Schematic I–V characteristics under illumination of a tunnel diode, solar cell, and their superposition 
in a device connected in series. (a) If the absolute value of IP is larger than the absolute value of ISC, the tunnel 
diode operates at low voltage drops and acts as an ohmic resistance. (b) If the absolute value of IP is smaller than 
the absolute value of ISC, a high voltage drops over the tunnel diode at a small bias. At a larger bias, the voltage 
drop decreases. This results in a dip in the I–V characteristics of the device, producing a peak corresponding to IP. 
Reproduced with permission from [210]. © 2006 IEEE. 
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5.2 Window Layer & Back-Surface-Field 

In multi-junction solar cells, each sub-cell—in addition to the active p–n junction—is 
terminated by a window layer toward the front and a back-surface-field toward the 
back. ese layers are highly doped and act as selective barriers for the minority charge 
carriers of the active region. Consequently, the interface recombination velocity is 
reduced [219]. Figure 5.6 shows a schematic band structure of a solar cell consisting of 
a p–i–n junction, a window layer, and a back-surface-field. e window layer and back-
surface-field act as barriers for the minority charge carriers. In Paper IV, using a highly 
doped GaInP segment turned out to be crucial to prevent the formation of a parasitic 
diode when combining an n–i–p junction with an Esaki tunnel diode. 

 

Figure 5.6: Schematic band diagram of a solar cell including a p–i–n junction, as well as a back-surface-field and 
a window layer. The back-surface-field and a window layer are highly doped and have a higher band gap than 
the p–i–n junction. The resulting offset in EC acts as a barrier for electrons and the offset in EV acts as a barrier for 
holes. 

5.3 Sub-Cell Characterization 

In order to optimize multi-junction solar cells, all sub-cells need to be fine-tuned. 
However, it is not trivial to measure the individual sub-cells of a multi-junction solar 
cell.  

5.3.1 External Quantum Efficiency 

Measuring the external quantum efficiency (EQE) of multi-junction solar cells can give 
insights into the performance of the individual sub-cells. In an EQE setup, a 
monochromator is used to measure the generated current of a solar cell as a function of 
the incident wavelength. A calibrated reference solar cell is measured to convert the 
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measured current to a quantum efficiency, i.e., the fraction of incident photons that 
contribute to the photocurrent. is procedure is standardized for single-junction solar 
cells, but the measurement is more complicated for multi-junction solar cells. In 
general, a single wavelength would only excite one of the sub-cells of a multi-junction 
solar cell and the other sub-cells would limit the current. To get a response of an 
individual sub-cell, it has to be the current-limiting sub-cell and all other sub-cells need 
to be excited. is can be achieved by an external bias applied to the multi-junction 
solar cell. 

An additional light source can act as an additional optical bias. If a dual-junction solar 
cell is illuminated by a long wavelength light source, only the bottom-cell is excited. 
is makes the top-cell the current-limiting sub-cell and an EQE measurements will 
represent the response of the top-cell. Similarly, if a short-wavelength light source is 
used to illuminate the dual-junction solar cell, most photons will be absorbed already 
in the top-cell. erefore, the bottom-cell will limit the current—even though the 
photons would have enough energy to excite the bottom-cell—and its response can be 
measured. 

Instead of using an additional light source, a voltage can be applied to the multi-
junction solar cell as an electrical bias to measure the spectral response of a sub-cell. If 
a multi-junction solar cell is measured without an applied voltage, the sum of the 
operating voltage of all sub-cells is 0 V. However, the individual sub-cells are operating 
at different voltages. An optically biased top-cell will operate close to its VOC. e 
bottom-cell thus has to operate at a similar voltage in reverse direction. erefore, a 
voltage in forward direction needs to be applied to the multi-junction solar cell to 
measure the spectral response of the bottom-cell at open-circuit conditions. An 
electrical bias can thus be used to correct a shift of the operating voltage. However, this 
discussion changes, if one of the sub-cells has a low breakdown voltage [220]. In that 
case, if a voltage larger than the breakdown voltage of one sub-cell is applied, the 
spectral response of the other sub-cell can be obtained. 

5.3.2 Biased Electron-Beam-Induced Current 

While EBIC measurements are standard for single-junction solar cells, measuring 
multi-junction solar cells is not trivial. Few studies have been published, following the 
same strategy as optically biased EQE measurements, i.e., using a light source as an 
optical bias to excite all sub-cells except for the one that is supposed to be analyzed [221, 
222]. In general, two different measurement approaches are possible: top view and 
cross-sectional measurements. Top view measurements are useful to map defects, while 
cross-sectional measurements can be useful to estimate the diffusion length of charge 
carriers and the surface recombination velocity. In Paper IV, cross-sectional biased 
EBIC measurements have been used to individually characterize the sub-cells of 
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photovoltaic tandem-junction nanowires. In addition, by applying an electrical bias in 
forward direction, all sub-cells and tunnel diodes were measured in Papers IV and V. 

5.4 Nanowire Multi-Junction Solar Cells 

By utilizing multi-junction technology, world-record efficiencies have been 
accomplished in planar solar cells. However, the technology is too expensive for large 
area terrestrial applications. As nanowires absorb light from a larger area than their own 
cross-section, the material cost could be drastically reduced if the solar cell is made of 
nanowire arrays instead of continuous thin films. 

5.4.1 Nanowires on Planar Solar Cell 

One strategy to form a nanowire tandem-junction solar cell is to combine a nanowire 
solar cell with a planar solar cell [223]. e advantage of this approach is that the 
decade-long experience of conventional solar cells can be continued. e most obvious 
combination is to put III–V nanowires on top of a Si solar cell. e idea is to take 
existing, cheap solar cells and improve their efficiency by adding a top-cell. While this 
approach is possible for thin films too [224], the use of nanowires reduces the amount 
of necessary but expensive III–V material. 

Such a hybrid nanowire/planar solar cell has been achieved using GaAs nanowires on 
top of Si(111) [225]. e tandem-junction reached a VOC of 0.956 V, increasing the 
VOC of the Si standalone solar cell by 0.438 V. Taking into account that the GaAs 
standalone solar cell reached a VOC of 0.518 V, 89.8 % of the possible VOC were 
obtained. However, in thin films, GaAs solar cells reach a VOC of 1.127 V. Furthermore, 
the GaAs nanowire top-cell limited the current of the tandem device, leading to an 
overall efficiency of 11.4 %. Compared to the Si standalone solar cell, this corresponds 
to a mere increase of 2 % in power conversion efficiency. Besides the GaAs nanowire 
top-cell that is in need of optimization, this monolithic integration of III–V nanowires 
on Si depends on (111) wafer orientation. Standard Si solar cells, however, are made 
from (100) wafers. 

Using a four-terminal instead of a monolithic two-terminal architecture, III–V 
nanowire solar cells could be combined with standard Si solar cells. e Swedish start-
up Sol Voltaics AB patented the procedure to produce photovoltaic nanowires using a 
large scale aerotaxy technique [226, 227]. ey had planned to subsequently align the 
nanowires in a film [228] to increase the efficiency of Si solar cells by up to 50 % [229, 
230]. Unfortunately, the company could not deliver a finished product before 
becoming economically insolvent in 2019. 
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5.4.2 Radial Tandem-Junction Nanowires 

Even though radial nanowire tandem-junction solar cells are limited by the same 
requirements of lattice-matching as thin films, a radial Si/SiGe nanowire tandem-
junction solar cell was fabricated [231]. Remarkably, the device demonstrates flexibility 
and can be bent at a 10 mm radius, while at the same time having a record power-to-
weight ratio of 1628 W/kg. On the other hand, the efficiency of the device is limited 
to 6.6 %. On aluminium-doped zinc oxide coated glass substrates, an efficiency of 
8.1 % was achieved, which is still far below the efficiencies reached in single-junction 
nanowire solar cells. In addition to the lattice matching requirements, the radial design 
for multi-junction nanowires is limited in the number of junctions because the diameter 
of the nanowires is constrained by the distance between adjacent nanowires. Otherwise, 
with increasing distance between nanowires, less light would be absorbed. 

5.4.3 Axial Tandem-Junction nanowires 

Nanowires with an axial tandem-junction have been demonstrated both in Si 
nanowires [232], as well as InP nanowires [233]. In both cases, single nanowires were 
transferred to an insulating substrate and contacted by electron-beam lithography. In 
those lateral devices, addition of VOC was demonstrated. However, in a vertical device, 
since both sub-cells are made from the same material, the top-cell would absorb most 
photons, leading to a severely limited bottom-cell. is again highlights the necessity 
to combine different band gaps. 
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6 Summary of Results 

is chapter summarizes the experimental results of the publications this thesis is based 
on. In the Papers I-III single-junction nanowires are investigated. Paper I focuses on the 
synthesis of large area nanowire arrays for photovoltaics. en, in Paper II oxides are 
deposited on nanowires and EBIC measurements are used to image the influence of the 
oxides on the electrostatic potential of the nanowires. Paper III describes a setup that 
combines a nanoprobe system with an optical fiber coupled to a multi-LED setup inside 
an SEM. With this setup, the I–V characteristics of single nanowires under in situ 
illumination were measured and correlated with EBIC measurements. 

Guided by the multi-LED and EBIC setup, multi-junction nanowires were developed. 
Paper IV focuses on the development of tandem-junction nanowires. An optical and 
electrical bias was applied to individually measure the EBIC signal of both sub-cells. 
Finally, axially defined GaInP/InP/InAsP triple-junction photovoltaic nanowires 
optimized for light absorption exhibiting an open-circuit voltage of up to 2.37 V are 
described in Paper V. e open-circuit voltage amounts to 94 % of the sum of the 
respective single-junction nanowires.  

6.1 Single-Junction Nanowires 

6.1.1 Paper I 

Single-junction nanowire solar cells have reached respectable efficiencies but so far only 
devices with areas of less than 1 mm2 have been reported. In order to harvest light and 
generate significant amounts of electricity, large area nanowire arrays are needed. Paper I 
addresses this by demonstrating the synthesis of nanowire arrays on two inch wafers, 
paving the way to fabricate nanowire solar cells with areas in the order of cm2. e 
wafers were then analyzed by using a PL mapper. PL spectra were measured throughout 
the wafer with a given step size, generating a 3D spectrum with the PL intensity as a 
function of X, Y, and λ. Furthermore, a similar map was measured for the PL decay, 
measuring the PL intensity as a function of X, Y, and t. To vertically process the 
nanowire arrays, it is important to know the length and diameter of the nanowires. 
Typically, this is measured using SEM. However, by using SEM only small areas can be 
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investigated—it would be too time-consuming to map out a full wafer. Besides, the 
focused electron beam of the SEM can deposit carbon on the sample which might have 
a negative effect on the final device. erefore, it is interesting to measure the nanowire 
dimensions optically. In addition to a laser diode, the PL mapper can be operated with 
a white light source to measure the reflectance. As the reflectance of nanowire arrays is 
dependent on the length and diameter of the nanowires, the measured reflectance 
spectra can be utilized to extract the nanowire dimensions. 

DTL was used to define the periodic pattern of the arrays. By changing the exposure 
dose during lithography, the feature size can be varied. Two wafers were prepared: 
Sample 1 was prepared by partly blocking the laser, defining five regions with different 
exposure doses on the same wafer to study nanowires with different diameters. 
Sample 2, on the other hand, was homogeneously patterned to demonstrate the 
scalability and study the homogeneity of the nanowire arrays over a large area. After 
lithography, Au evaporation, and lift-off, the patterned wafers were used to grow 
nanowires via the VLS mechanism. A PL mapper was used to map the reflectance of 
the wafers with a step size of 0.5 mm. e several thousand measured reflectance spectra 
were then compared with a database for the modeled reflectance spectra of nanowires 
with different diameters and lengths and a global fit was used to find the best-matching 
modeled spectrum. us, for every measured position on the wafer, the diameter and 
length of the nanowires in the array were extracted optically. Cross-sectional SEM 
measurements within the five regions of Sample 1 confirmed the results of the optical 
extraction. Figure 6.1 shows a photograph of Sample 1 and an SEM image of the 
central region (left), as well as a plot of the extracted lengths and diameters, color-coded 
to the five regions. 

Figure 6.1: Photograph of Sample 1 with five separate regions of different exposure dose. The SEM image shows 
the nanowires in the center of the wafer. By mapping the reflectance spectra, the length and diameter of the 
nanowires was extracted for several thousand positions on the wafer. Reproduced from Paper I. 

As expected, the regions with higher exposure dose on Sample 1 resulted in nanowires 
with larger diameter. As the pitch of the arrays is constant, and the same precursor flux 
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arrives at the wafer, a larger nanowire diameter results in a shorter length during 
nanowire synthesis because the volume of the grown crystals should stay constant. At 
the edges, both at the edge of the wafer and at the edge of the pre-defined regions, the 
nanowires are longer. is edge effect is a consequence of adjacent inactive areas within 
the diffusion length of the precursors such as the susceptor. Additionally, the 
homogenously patterned Sample 2—while the diameter of the nanowires is basically 
constant—exhibits a radial gradient for the length of the nanowires that peaks at the 
center of the wafer. is effect has previously not been observed in smaller samples and 
can be attributed to a gradient in the MOVPE reactor, either in temperature of the 
susceptor, or in the effective precursor flux arriving at the wafer. 

Maps of the PL intensity and TRPL lifetime show a similar gradient, resulting in higher 
intensities and longer lifetimes at the center of the wafers. is implies an improved 
crystal quality of the nanowires in the center of the wafer. 

6.1.2 Paper II 

Due to their geometry, nanowires have a high surface-to-volume ratio. At the surface, 
where the periodicity of the crystal is interrupted, recombination centers such as 
dangling bonds can increase the surface recombination velocity which impairs the 
efficiency of solar cells. e native oxide of InP nanowires leads to a low surface 
recombination velocity compared to other III–V semiconductors, resulting in the 
highest efficiencies among nanowire solar cells. Still, during the fabrication of nanowire 
solar cells, the nanowire surface can be affected by the processing steps. Typically, a 
transparent oxide is deposited by ALD to electrically insulate the p–n junction. Ideally, 
this oxide passivates the semiconductor surface but in many cases a deterioration in 
charge carrier lifetimes has been reported. e choice of insulating oxide is crucial, but 
even the deposition method can affect the performance of the nanowires. Otnes et al. 
reported on nanowire solar cells processed with SiO2 as insulating layer, which was 
deposited using two different ALD reactors, resulting in a significant difference in the 
power conversion efficiency of the processed devices [124]. 

However, even the oxide that led to higher efficiencies decreases the PL intensity of InP 
nanowires. Another oxide, POx, has been shown to increase the PL decay lifetime for 
InP nanowires [159]. POx is hygroscopic and reacts with water present in the air to 
phosphorous acid (in the case of P4O6) and phosphoric acid (in the case of P4O10). 
erefore, it needs to be protected by an Al2O3 layer. e same combination of oxides 
has also been reported to contain fixed positive charges [234]. In addition to the 
chemical passivation of the nanowire surface, static charges in the passivation layer have 
to be considered as they can cause a field-effect which affects the electrostatic potential 
of nanowires via remote doping [162]. 
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In Paper II such a field-effect was directly imaged by using EBIC measurements. InP 
nanowire p–i–n junctions were synthesized with varying carrier concentrations in the 
middle segment. Lack of intentional doping results in n-type nanowires due to P-
vacancies. Low concentrations of a p-dopant result in compensation doped nanowires 
and higher concentrations result in p-type nanowires. In addition to as-grown samples, 
two different oxides were deposited—SiOx and POx/Al2O3. e piezo-controlled 
tungsten probe was used inside an SEM to penetrate the oxide layer and contact the 
seed particle of the VLS grown nanowires. e EBIC profiles along nanowires with 
nominally intrinsic, compensation doped, and overcompensation doped middle 
segment are shown in Figure 6.2a-c, respectively. A compensation doped middle 
segment results in a relatively flat EBIC profile for as-grown nanowires with a peak at 
the i–n interface, indicating that the middle segment is slightly p-doped. e EBIC 
profile is hardly affected by the SiOx layer, although a drop in the EBIC signal was 
observed. e POx/Al2O3 layer on the other hand exhibits an additional peak at the p–
i interface. is new peak appears because of the field-effect induced by the fixed 
positive charges in the POx layer, which results in an inversion of the middle segment 
from slightly p-doped to slightly n-doped. 

e effect of the oxides on the electrostatic potential of the nanowires has implications 
on the ideal doping level of the middle segment of nanowire p–i–n junctions. For SiOx, 
it is crucial to have high control over the doping level, as p–i–n junctions with both too 
much and too little doping in the middle segment result in an inferior p–i–n junction 
after the deposition of SiOx. e fixed charges in the POx/Al2O3 layer increase the 
margin and it becomes favorable to overcompensate the middle segment during 
nanowire synthesis. 

Figure 6.2: Representative EBIC profiles along the NW axes including the Au particle. The DEZn molar fraction in 
the middle segment is increased from (a) χZn = 0, to (b) χZn = 0.3 × 10−7 to (c) χZn = 2.6 × 10−7. POx/Al2O3 induces an 
n-type field-effect that moves the peak position of the EBIC signal for all samples. SiOx decreases the EBIC signal 
in the middle segments but increases the EBIC signal in the p-segment of the NWs. Reproduced from Paper II.
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6.1.3 Paper III 

Measuring the EBIC and dark I–V characteristics of single photovoltaic nanowires 
inside an SEM using piezo-controlled tungsten probes has proven useful to obtain rapid 
feedback after nanowire synthesis. In a processed solar cell, the intention is to convert 
light into electricity instead of a focused electron beam. erefore, it is important to be 
able to measure the I–V characteristics under illumination. In Paper III, a setup is 
described that combines a piezo-controlled prober shuttle with a multi-LED coupled 
inside an SEM by an optical fiber. Four different single-wavelength LEDs can be used 
individually or in combination to illuminate samples inside the SEM. Alternatively, a 
fifth LED emitting a warm white light (4000 K) can be used. Figure 6.3a shows the 
normalized spectral characteristics of the five LEDs. 

Already in Paper II it was argued that a flat EBIC profile along the nanowires is desired 
as this maximizes the probability to separate charge carriers and generating current. In 
Paper III, nanowires with a similar variation in the doping level of the middle segment 
of a p–i–n junction are illuminated with LEDs to show that higher EBIC profiles 
correlate with an increase in ISC. 

e illumination intensity can be adjusted by changing the distance of the optical fiber 
to the sample and the operation current of the LEDs. ereby, the ISC of a single InP 
nanowire was varied over four orders of magnitude (Figure 6.3b). is was utilized to 
study the I–V characteristics of single nanowires under light concentration. In a 
processed nanowire solar cell current densities of 25 mA/cm2 are reached [124], 
corresponding to a current of 54 pA per nanowire for a hexagonal pattern with a pitch 
of 500 nm. With the LED setup, a maximum ISC of 8 nA was measured for a single 
nanowire, about 150 times more current than expected to be generated at one sun 
illumination. Over the four orders of magnitudes that ISC was varied, VOC changed as 
expected (Figure 6.3c). 

Figure 6.3: (a) Normalized spectral characteristics of the available LEDs. (b) I–V characteristics of a single InP 
nanowire under varying light intensities. (c) VOC evolution with the different irradiance levels achieved in (b). 
Reproduced from Paper III. 
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6.2 Multi-Junction Nanowires 

EBIC has been used extensively to characterize photovoltaic single-junction nanowires, 
but it has also been essential to develop tandem-junction nanowires, as described in 
Paper IV. e multi-LED setup described in Paper III was used to apply an optical bias 
during EBIC measurements of tandem-junction nanowires, enabling the 
characterization of the individual sub-cells. e gathered know-how of the tandem-
junction development culminated in Paper V in which the realization of photovoltaic 
GaInP/InP/InAsP triple–junction nanowires with a measured VOC of up to 2.37 V is 
reported. 

6.2.1 Paper IV 

In order to synthesize photovoltaic tandem-junction nanowires, two sub-cells with 
different band gaps need to be connected by an Esaki tunnel diode. ree different 
p++– n++ tunnel diodes were synthesized based on highly doped homojunctions of InP 
and GaInP, and a GaInP/InP heterojunction. Even though all samples exhibited the 
typical negative differential resistance of an Esaki tunnel diode, the peak current of the 
GaInP homojunction was substantially lower. e InP homojunction on the other hand 
had the longest depletion width because of the p++-doped InP segment. 

When combining an InP n–i–p junction with a p++–n++ InP tunnel diode, a parasitic 
junction was measured with EBIC. is is seen as an additional peak in the EBIC 
measurement in reverse direction. is could be attributed to the long depletion width 
within the p++-doped InP. However, increasing the length of this segment to separate 
the two diodes did not prevent the formation of a parasitic junction. Using the 
GaInP/InP heterojunction tunnel diode prevents the formation of a parasitic junction 
and the n–i–p–p++–n++ sample behaves like an n–i–p junction, proving the electrical 
transparency of the tunnel diode. e reason for the successful combination using the 
GaInP/InP heterojunction is not only the shorter depletion width of the tunnel diode. 
If only the GaInP segment is added—resulting in an n–i–p–p++ sample—the EBIC 
signal within the InP sub-cell is increased. is indicates that the GaInP segment acts 
as a selective barrier for minority carriers, similarly to the window layers used in multi-
junction solar cells. 

Finally, a GaInP top-cell was added, resulting in n–i–p–p++–n++–n–i–p GaInP/InP 
tandem-junction nanowires, as schematically drawn in Figure 6.4a. EBIC 
measurements without additional bias could not be used for characterization because 
only one of the sub-cells would be excited at a time, with the other sub-cell limiting the 
current. erefore, an additional bias needed to be applied, exciting one of the sub-cells 
to measure the other, current-limiting sub-cell using EBIC. To saturate the bottom-cell, 
the tandem-junction nanowire can be illuminated by a light source that is mostly 
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absorbed by the bottom-cell. is makes the top-cell the current-limiting cell and it can 
be characterized individually using EBIC (Figure 6.4b). To characterize the bottom-cell 
of planar multi-junction solar cells, the top-cell is typically saturated with UV light. 
is approach does not work for cross-sectional analysis, as UV light would be absorbed 
by all sub-cells. erefore, an electrical bias in reverse direction larger than the 
breakdown voltage of the top-cell was used to saturate the top-cell to characterize the 
bottom-cell individually (Figure 6.4c). With both an electrical and an optical bias 
applied, the two sub-cells could be measured simultaneously (Figure 6.4d). 

Figure 6.4: (a) Schematic of an axial VLS grown tandem-junction nanowire. (b,c,d,e) SEM (left) and EBIC (right) 
images of the same NW under different conditions. (b) Without applied electrical bias but with optical bias from 
the LED source. (c) With applied electrical bias in reverse direction but without optical bias. (d) With both applied 
electrical bias in reverse direction and optical bias. (e) With applied electrical bias in forward direction. 
Reproduced from Paper IV. 

In addition to the GaInP/InP tandem-junction nanowires, InP/InAsP nanowires were 
synthesized. Using an optical bias, the InP top-cell could be characterized using EBIC, 
however, the breakdown voltage of the InP top-cell appeared to be higher than −10 V, 
the limit of the used EBIC amplifier. As an alternative, an electrical bias in forward 
direction close to VOC was applied. In that case, all junctions, both sub-cells and the 
tunnel diode can be measured simultaneously, with the tunnel diode appearing as a 
peak with opposite sign than the sub-cells (Figure 6.4e). 

6.2.2 Paper V 

Conventional multi-junction solar cells are either constrained to lattice matched 
materials, such as in the Ga0.5In0.5P/GaAs/Ge material system, or depend on methods 
to combine lattice mismatched materials, such as compositionally graded buffer layers 
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or wafer bonding. In nanowires, lattice mismatched materials can be combined along 
the nanowire axis without the formation of strain-induced defects. 

Assuming InP with a band gap of 1.34 eV as the middle-cell in a triple-junction solar 
cell, the ideal band gaps for the bottom-cell and top-cell are 0.92 eV and 1.86 eV, 
respectively. ese values are accessible in InAsxP1−x and GaxIn1−xP. is combination of 
band gaps has the potential to reach a power conversion efficiency of 47 %. Such 
GaInP/InP/InAsP triple-junction nanowires, as depicted in Figure 6.5a, were realized 
in Paper V. XRD was used to determine the composition via Vegard’s law, which was 
confirmed by spatially resolved EDXS. As described in Paper IV, an electrical bias was 
applied in forward direction to measure the EBIC signal of all three sub-cells and the 
two Esaki tunnel diodes (Figure 6.5b). 

In addition to the triple-junction nanowires, single-junction nanowires with the 
material composition and doping profile from the three sub-cells were synthesized. e 
I–V characteristics of the single-junction nanowires demonstrate that a high band gap 
results in a high voltage due to the larger difference in the chemical potential of the 
charge carriers, but in a low current as fewer photons can be absorbed (Figure 6.5c). 
Consequently, due to the cross-sectional illumination during the single nanowire 
measurements, the current of the triple-junction nanowires is limited by the GaInP top-
cell. However, this situation might be different in a vertically processed device in which 
the sub-cells are not illuminated by the full spectrum, but only by the filtered spectrum 
that is transmitted through the above sub-cells. e average VOC of the triple-junction 
nanowires amounts to 94 % of the sum of the average VOC of the single-junction 
nanowires and the highest measured VOC of the triple-junction—2.37 V—corresponds 
to the same value as by adding the highest measured VOC of the single junctions within 
the measurement error. 

Figure 6.5: (a) Schematic of an axial VLS grown triple-junction nanowire. (b) SEM (left) and EBIC (right) images 
of a triple-junction nanowire under electrical bias in forward direction. (c) Illuminated I–V characteristics of InAsP, 
InP, and GaInP single-junction nanowires and a GaInP/InP/InAsP triple-junction nanowire. Reproduced from 
Paper V. 
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7 Outlook 

e focus of the experimental work of this thesis has been to synthesize ordered arrays 
of photovoltaic multi-junction nanowires and to find a suitable method to characterize 
their properties on a single nanowire level. By using a piezo-controlled prober shuttle, 
single nanowire I–V characteristics and electron-beam-induced current measurements 
have been utilized to investigate photovoltaic nanowires. 

7.1 Processing of Nanowire Multi-Junction Solar Cells 

e intention of combining several sub-cells to a multi-junction solar cell is to increase 
the power conversion efficiency. Although single nanowire measurements are a proof of 
concept and indeed confirm VOC addition, to measure an efficiency, a processed solar 
cell is needed. While the processing itself is very similar to the processing of a single-
junction solar cell, it is to be expected that more optimization is necessary to achieve 
high efficiencies, both regarding nanowire synthesis, as well as subsequent processing to 
devices. 

7.1.1 Current Matching 

One aspect that needs to be considered is current matching. e sub-cell with the lowest 
current will limit the current of the multi-junction solar cell. While the GaInP top-cell 
is current-limiting in the single nanowire measurements, it is not trivial that this has to 
be the same case in a processed device. e difference is that the single nanowires are 
not illuminated from the top but from the cross-section. From the cross-section, all 
sub-cells are illuminated with the same light source but in a processed device each sub-
cell is absorbing light, altering the incident light source of the subjacent sub-cells. 

To increase the current, it will presumably be necessary to passivate the surface of the 
current-limiting sub-cell. InP is known to have a low surface recombination velocity 
compared to other III–V semiconductors, but for the other sub-cells the surface might 
be the limiting factor. e easiest approach would be to find a suitable dielectric that is 
able to passivate the surface of all sub-cells via atomic layer deposition. If no suitable 
material can be found, epitaxial passivation might be considered. However, while it is 
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relatively easy to combine materials with different lattice constants along the nanowire 
axis, an epitaxially grown shell can only be lattice-matched to one of the sub-cells and 
would induce strain in the other sub-cells. In theory, it would be possible to use a multi-
step growth to combine axial junctions with radial passivation similar to the design in 
Ref [176], but in practice such an approach would be extremely challenging. 

7.1.2 Considerations Regarding Growth Direction 

During the processing, a transparent front contact to the nanowires needs to be formed. 
Typically, indium tin oxide (ITO) or other transparent conductive oxides (TCO) are 
used. However, most TCOs are n-type contacts. erefore, it would be convenient to 
terminate the nanowire synthesis with an n-segment. Unfortunately, forming an Esaki 
tunnel diode is significantly more difficult in n–p direction than vice versa because the 
Zn used for p-doping needs to accumulate in the growth chamber and in the seed 
droplet until sufficiently high doping can be reached. In p–n direction, even though 
the accumulated Zn in the seed droplet causes a reservoir effect, using S as n-dopant, 
sufficiently high concentration can be reached to form a tunnel diode. Consequently, 
the Esaki tunnel diode is currently limiting the doping order of the sub-cells. is leads 
to a p-type top segment, although an additional tunnel diode could be used to 
terminate with an n-type segment. 

While some reports exist using MoOx as a hole-selective contact [170, 235-239], initial 
experiments in our group led to challenges in the processing of devices as (i) it is 
important to prevent oxidation of the suboxide because stoichiometric MoO3 is not 
conductive, and (ii) MoOx is easily etched by HCl, which is used to define the device 
area [240]. Fortunately, ITO seems to be a good contact to p-type InP but at some 
point, the front contact might become one of the factors limiting the efficiency of a 
processed multi-junction solar cell. 

If future work to fabricate sufficiently conductive tunnel diodes in n–p direction 
continues to be challenging, an alternative solution for an n-type front contact could 
be to add another tunnel diode on top of the top-cell. Another degree of freedom is 
obtained if the nanowires are removed from the substrate and flipped to fabricate the 
front contact on the bottom of the nanowires. In that case the doping order can remain 
as it is in the current design, although the order of the sub-cells needs to be reversed. 

7.2 Nanowire Peel-Off 

In order to remove the nanowires from their native substrate, the nanowire array is 
typically embedded in a polymer and subsequently peeled-off from the growth 
substrate. Often, a very thick layer of polydimethylsiloxane (PDMS) is used [241-244], 
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but this material is difficult to further process. An elegant way to achieve peeled-off 
nanowire arrays is to use a double exposure technique combining positive and negative 
resists, as described in Paper VIII. However, so far this method is limited to small areas. 
Once sufficiently large areas of the nanowire arrays can be peeled-off, it would not only 
open the door to reverse the sub-cell order as described previously, but also to fabricate 
flexible and semi-transparent devices. 

Furthermore, if peeled-off nanowire arrays can be processed to useful devices, the 
substrate can be re-used several times to grow new nanowire arrays [241, 245, 246]. 
Reusing the expensive III–V semiconductor growth substrate would significantly 
reduce the cost of nanowire solar cells. 
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This thesis describes the epitaxial growth and subsequent characterization of 
photovoltaic nanowires. Solar cells depend on large areas to convert sunlight 
to electricity. The photograph above demonstrates a wafer-scale array of 
nanowires.
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