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Popular Science Summary:
A Tale of Giants and Lakes

Once upon a time, in a village not too far away, the town found itself in a
peculiar situation. It was the early afternoon on a sunny and tranquil summer
day, and a drowsy mood had spread among the inhabitants when the village was
visited by giants. You should know that giants look just like you and me, only
quite a bit larger. Not all of the giants are the same – some are taller, others
shorter (but still really tall). Their arrival spread fear among the inhabitants
of the village, who went into hiding, intimidated by the giants. At sunset the
giants disappeared – to general relief – but only to return regularly from then on,
visiting the village every day the sun was shining. Soon, people understood that
their fears had been entirely groundless. Giants are some of the most friendly
and helpful beings imaginable, and well-meaning towards the villagers. To help
the village, the giants started to work relentlessly. But despite all attempts to
persuade them to engage in a variety of tasks, there seemed to be just a single
thing the giants wanted to do. It was a monotonous and exhausting task: lifting
buckets of water from the local lake and emptying them high up on the hillside.

As you may have guessed, this tale has an application to my topic of research and
can be read as a direct translation of the mysterious world of solar cell physics
into the no less mysterious world of giants. If you prefer to read on about the
giants and don’t want to be bothered by physics comments, feel free to skip the
parts in italics.

To come up with a use for the water lifted by the giants, the villagers decided to
build a reservoir lake to catch the water and make use of its energy with a water
wheel. The giants rejoiced at the idea that their monotonous labor of lifting
water would soon become so valuable to the villagers. The prestigious master
builder Ingmar Parker (short: InP) was invited to construct the reservoir and
water wheel, with great success. Every (sunny) day, the giants lifted buckets of
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Figure 1: Giants lifting buckets of water and pouring it into the hillside reservoir
constructed by InP.

water to the reservoir, powering the water wheel and supplying the village with
energy to mill their flour, as shown in Figure 1.

Each giant represents light particles (called photons) of a certain energy, corres-
ponding to a specific color of light. A photon can lift an electron by the amount
of energy that the photon has. Just like a tall giant lifts that bucket of water
higher up than a shorter giant. The structure constructed by InP corresponds
to a semiconductor, which has a so-called valence band filled with electrons (the
lake) and a mostly empty conduction band (the hillside reservoir). Indium phos-
phide (InP) is a semiconductor material from which solar cells can be made.

Before long, however, the taller one of the giants, called Blue, could not get rid
of a thought that had come to their mind. The water they lifted high up every
time fell down a long way before splashing (almost violently) into the water
reservoir constructed by InP. What a waste! On the other hand, the shorter
giant called Red was just tall enough to gently discharge their bucket of water
into the lake, which is much more efficient, isn’t it?

The goal in constructing an efficient solar cell is to make the most use of the
energy provided by all the photons of all different colors. The Blue giant has
discovered the issue of energy loss through thermalization. The electrons excited
by high-energy (blue) photons lose their extra energy above the band gap energy.
They only contribute the same amount of energy as all other absorbed photons,
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Figure 2: This reservoir constructed by GaInP is so high up that only the Blue giant
reaches high enough to pour water into it.

namely the band gap energy of the semiconductor material, in this case indium
phosphide (InP).

After discussing back and forth, the villagers invited the sister of Ingmar Parker,
the equally famous master builder Gabi Ingrid Parker (short: GaInP). GaInP
came up with the solution to move the reservoir higher up the hillside, which
would make better use of the Blue giant’s lifting work. The modification was
quickly implemented, resulting in the structure shown in Figure 2. This made
the Blue giant really happy – they could finally make advantage of their impress-
ive height and seamlessly discharge each bucket of water into the reservoir high
up the hill. Quite the contrary for the Red giant, however. Suddenly, they were
not tall enough to reach all the way up to the reservoir, and their water-lifting
effort was entirely useless! The villagers were not quite convinced either. The
water from the reservoir high up put a lot of pressure on the water wheel, but
there was much less water than previously, canceling out the benefits.

The Red giant is unhappy for a good reason. Photons with too little energy are
not able to lift an electron across the band gap of the semiconductor, and are
thus not absorbed at all. This can be referred to as the loss of sub-band gap
photons. Gallium indium phosphide (GaInP) is a semiconductor with a larger
band gap than InP, which means less thermalization losses, but more losses of
sub-band gap photons.
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Figure 3: The Blue giant pours water into the higher reservoir, and the Red giant into
the lower one. This tandem structure with two reservoirs is the most efficient!

The villagers (and not least the giants) argued about what to do, at what height
to place the reservoir to best utilize the energy provided by the giants. Of course,
in reality, unlike in the sketches shown here, the giants come in all colors of the
rainbow, so that there will be some happy and some unhappy giants no matter
what height you place the reservoir at. As it turned out, the original solution
provided by InP was close to the optimum reservoir height, and the villagers
settled for it, despite continuous grumbling from the Blue giant.

A solar cell based on a single band gap semiconductor has to balance the two
issues of thermalization losses and the loss of sub-band gap photons. The optimal
efficiency attainable is called the Shockley–Queisser limit. InP happens to have
a near-ideal band gap for a solar cell.

Years later, after plenty of time to reconsider their life choices, the Blue giant
came up with an idea. They urged the villagers to invite both siblings InP
and GaInP to a new construction project, in order to build a tandem structure
with two water reservoirs on the hillside. The Blue giant could pour water into
the reservoir high up the hill constructed by GaInP, while the Red giant would
use the InP reservoir further down the hill, as sketched in Figure 3. In this
way, the lifting work of both giants would be used to the best extent possible.
This ingenious idea was celebrated widely and caused lots of excitement among
villagers and giants alike. The idea of the tandem structure was born!
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(a) (b)

Figure 4: (a) Electron microscopy image of InP nanowires. Scale bar: 1000 nm.
(b) Illustration of the light absorption in a nanowire array. The nanowires are shown in
green, the substrate in blue, and the yellow gradient and arrows represent the incoming
light that is sucked into the nanowires and absorbed.

By combining semiconductor materials of different band gaps in a tandem junc-
tion solar cell, the energy of the photons of different colors can be used more
efficiently, because thermalization losses as well as the losses of sub-band gap
photons are reduced. In this way, the Shockley–Queisser limit can be exceeded.
My thesis work is focused on constructing a tandem junction solar cell based on
InP and GaInP.

Because InP and GaInP are very expensive materials, we want to use as little
of them as possible. This is possible by using them in the form of nanowires,
as seen in Figure 4 (a). Nanowires are very very thin rods (about 500 times
thinner than your hair), and quite short as well, meaning that very little mater-
ial is used. The nanowires nevertheless absorb the incoming light efficiently. As
illustrated in Figure 4 (b), the strong absorption is possible because the incoming
light behaves like a wave. It does not travel straight through the space between
the nanowires, but is rather sucked into the nanowires. For this effect to work,
the distance between the nanowires has to be very small, approximately as large
as the wavelength of the light, which is the case for the nanowires seen in Fig-
ure 4 (a) as well as the nanowire arrays that I used for making solar cells. The
results presented in this thesis are a step towards GaInP/InP tandem junction
nanowire solar cells – I was able to make such solar cells work! However, due to
several imperfections, they are not very efficient yet, and plenty of work remains
to be done.
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Populärvetenskaplig sammanfattning:
En saga om jättar och sjöar

Det var en gång, i en by inte alltför långt borta, som man en vacker dag fann
sig i en märklig situation. Det var en solig och fridfull sommardag, och en dåsig
stämning hade spridit sig bland invånarna, när byn fick besök av jättar. Du
ska veta att jättar ser ut precis som du och jag, bara lite större. Alla är inte
likadana – vissa jättar är längre, andra kortare (men ändå väldigt långa). Deras
ankomst spred skräck bland byns invånare, som gömde sig eftersom de var rädda
för jättarna. Vid solnedgången försvann jättarna – till allmän lättnad – men de
återvände sedan regelbundet och besökte byn varje dag solen sken. Snart förstod
byborna att deras rädsla hade varit helt grundlös. Jättar är några av de mest
vänliga och hjälpsamma varelser man kan tänka sig, och de var välmenande mot
byborna. För att hjälpa byn började jättarna arbeta outtröttligt. Men trots alla
försök att övertala dem att ägna sig åt en mängd olika uppgifter verkade det bara
finnas en enda sak som jättarna ville göra. Det var en monoton och utmattande
uppgift, nämligen att lyfta hinkar med vatten från den lilla sjön och tömma dem
högt uppe på bergssluttningen.

Som du kanske har gissat vid det här laget har denna berättelse en tillämpning
på mitt forskningsområde och kan läsas som en direkt översättning av solcellsfy-
sikens mystiska värld till jättarnas inte mindre mystiska värld. Om du föredrar
att läsa om jättarna och inte vill bli störd av fysikkommentarer, så kan du helt
enkelt hoppa över de kursiva delarna.

För att komma på ett sätt att använda det vatten som jättarna lyfte beslutade
byborna att bygga en reservoarsjö för att fånga upp vattnet och utnyttja dess
energi med hjälp av ett vattenhjul. Jättarna jublade vid tanken på att deras
monotona arbete med att lyfta vatten snart skulle bli så värdefullt för byborna.
Den framstående byggmästaren Ingmar Persson (kort: InP) bjöds in för att
bygga reservoaren och vattenhjulet, med stor framgång. Varje (solig) dag lyfte
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Figur 1: Jättar lyfter hinkar med vatten och häller det i den reservoar som InP har
byggt på bergssluttningen.

jättarna hinkar med vatten till reservoaren, vilket drev vattenhjulet och försåg
byn med energi för att mala sitt mjöl, vilket visas i figur 1.

Varje jätte representerar ljuspartiklar (så kallade fotoner) med en viss energi,
motsvarande en specifik ljusfärg. En foton kan använda sin mängd energi för
att lyfta en elektron. Beroende på fotonens energi kan elektronen lyftas olika
högt, precis som en lång jätte lyfter hinken med vatten högre upp än en kortare
jätte. Den struktur som InP har byggt motsvarar en halvledare, som har ett så
kallat valensband fyllt med elektroner (sjön) och ett i stort sett tomt ledningsband
(reservoaren på berget). Indiumfosfid (InP) är ett halvledarmaterial av vilket
man kan tillverka solceller.

Det dröjde dock inte länge förrän den längre av jättarna, kallad Blå, inte kunde
bli kvitt en tanke som hade slagit hen. Vattnet som hen lyfte upp föll ner en lång
bit varje gång innan det slog ner (med ett ordentligt plask) i vattenreservoaren
som InP hade byggt. Vad onödigt! Däremot var den kortare jätten Röd precis
tillräckligt lång för att smidigt tömma sin hink med vatten i sjön, vilket är
mycket mer effektivt, eller hur?

Målet med att konstruera en effektiv solcell är att på bästa sätt utnyttja den
energi som kommer från alla fotoner i alla olika färger. Jätten Blå har upptäckt
problemet med energiförlust genom termalisering. Elektronerna som exciteras
av högenergetiska (blå) fotoner förlorar sin extra energi utöver bandgapsenergin.
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Figur 2: Denna reservoar som GaInP har byggt är så högt upp att endast jätten Blå
når tillräckligt högt för att hälla vatten i den.

De kommer endast att bidra med lika mycket energi som alla andra absorbe-
rade fotoner, nämligen bandgapsenergin i halvledarmaterialet, i det här fallet
indiumfosfid (InP).

Efter att ha diskuterat fram och tillbaka bjöd byborna in Ingmar Perssons syster,
den lika berömda byggmästaren Gabi Ingrid Persson (kort: GaInP). GaInP kom
på lösningen att flytta reservoaren högre upp på sluttningen, vilket skulle göra
det möjligt att bättre utnyttja lyftarbetet från jätten Blå. Denna modifiering
genomfördes snabbt och resulterade i den struktur som visas i figur 2. Detta
gjorde jätten Blå riktigt glad – hen kunde äntligen dra nytta av sin imponerande
längd och sömlöst tömma varje hink med vatten i reservoaren högt uppe på
berget. Men för jätten Röd var det tvärtom. Plötsligt var hen inte tillräckligt
lång för att nå hela vägen upp till reservoaren, och hens ansträngningar att lyfta
vatten var helt värdelösa! Byborna var inte heller helt övertygade. Vattnet från
reservoaren högt upp gav ett stort tryck på vattenhjulet, men det var mycket
mindre vatten än tidigare, vilket upphävde fördelarna.

Jätten Röd har god anledning till sitt missnöje. Fotoner med för låg energi kan
inte lyfta en elektron över halvledarens bandgap och absorberas därför inte alls.
Galliumindiumfosfid (GaInP) är en halvledare med ett större bandgap än InP,
vilket innebär mindre energiförlust genom termalisering, men mer förluster av
fotoner som har lägre energi än bandgapet.
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Figur 3: Jätten Blå häller vatten i den högre reservoaren, jätten Röd i den lägre. Denna
tandemkonstruktion med två reservoarer är mest effektiv!

Byborna (och inte minst jättarna) diskuterade vad de skulle göra, på vilken
höjd de skulle placera reservoaren för att på bästa sätt utnyttja den energi som
jättarna tillhandahöll. I verkligheten, till skillnad från skisserna som visas här,
finns jättarna naturligtvis i alla regnbågens färger, så det kommer att finnas
några glada och några besvikna jättar oavsett vilken höjd man placerar reser-
voaren på. Det visade sig att den ursprungliga lösningen från InP låg nära den
optimala höjden för reservoaren, och byborna nöjde sig med den, trots att det
hördes fortsatt gnäll från jätten Blå.

En solcell baserad på en enda halvledare måste balansera de två problemen med
termaliseringsförluster och förlust av fotoner med en energi under bandgapet.
Den optimala verkningsgrad som kan uppnås kallas Shockley–Queisser-gränsen,
och beror på bandgapet. InP råkar ha ett nästan idealiskt bandgap för en solcell.

Flera år senare, efter att ha funderat över sina livsval, kom jätten Blå på en
idé. Hen uppmanade byborna att bjuda in båda syskonen InP och GaInP till
ett nytt byggprojekt för att bygga en tandemstruktur med två vattenreservoarer
på bergssluttningen. Jätten Blå kunde hälla vatten i den reservoar som GaInP
konstruerat högt uppe på berget, medan jätten Röd kunde använda InP:s re-
servoar som låg lite längre ned, se figur 3. På så sätt utnyttjades båda jättarnas
lyftarbete på bästa möjliga sätt. Denna genialiska idé firades rejält och väckte
stor glädje bland byborna och jättarna. Idén om tandemstrukturen var född!
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(a) (b)

Figur 4: (a) InP-nanotrådar sedda i ett elektronmikroskop. Skalstreck: 1000 nm.
(b) Illustration av ljusabsorptionen i en nanotrådsmatris. Nanotrådarna visas med
grön färg, substratet i blått, och den gula ljusgradienten samt pilarna symboliserar det
inkommande ljuset som sugs in i nanotrådarna och absorberas.

Genom att kombinera halvledarmaterial med olika bandgap i en så kallad tan-
demsolcell, kan energin i fotoner med olika färg utnyttjas mer effektivt, eftersom
förluster genom termalisering samt förluster av fotoner med lägre bandgap mins-
kar. På så sätt kan Shockley–Queisser-gränsen överskridas. Mitt avhandlingsar-
bete är inriktat på att konstruera en tandemsolcell baserad på GaInP och InP.

Eftersom InP och GaInP är mycket dyra material vill vi använda så lite av dem
som möjligt. Detta är möjligt genom att använda dem i form av nanotrådar, som
visas i figur 4 (a). Nanotrådar är mycket mycket tunna stavar (ca 500 gånger
tunnare än ett hårstrå), och dessutom ganska korta, vilket innebär att mycket lite
material går åt. Men de absorberar ändå det inkommande ljuset på ett effektivt
sätt. Som illustreras i figur 4 (b) är den starka absorptionen möjlig eftersom det
inkommande ljuset beter sig som en våg. Det färdas inte rakt genom utrymmet
mellan nanotrådarna, utan sugs snarare in i nanotrådarna. För att denna effekt
ska fungera måste avståndet mellan nanotrådarna vara mycket litet, ungefär lika
stort som ljusets våglängd, vilket är fallet för nanotrådarna i figur 4 (a) samt
för nanotrådarsmatriserna som jag använde för att tillverka solceller. Resultaten
som presenteras i denna avhandling är ett steg mot GaInP/InP-tandemsolceller
gjorda av nanotrådar – jag lyckades få sådana solceller att fungera! På grund
av ett antal brister är de dock inte särskilt effektiva ännu, och mycket arbete
återstår.
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Abstract

Solar cells based on silicon are successfully harvesting solar energy in established
and increasingly widespread solar panels. However, their efficiency is limited by
the Shockley–Queisser limit. For certain applications where high efficiency is
the key figure of merit, the use of multi-junction solar cells is desirable.

III–V multi-junction solar cells exhibit the highest efficiencies achieved to date,
but suffer from the high cost of the III–V materials.

Arrays of III–V nanowires show strong light absorption while covering only a
small fraction of the surface, minimizing materials consumption. Therefore,
solar cells made from III–V nanowire arrays are a possible candidate to achieve
high efficiencies at a fraction of the cost of traditional planar III–V solar cells.
This thesis aims to contribute to the development of III–V nanowire solar cells
by addressing some of the challenges the technology is facing.

Concerning single junction nanowire solar cells, Paper I investigates the effects
of the device size on the performance. In contrast to the commonly used devices
in nanowire solar cell research with an area below 1×1 mm2, significantly larger
devices with an area of 10 × 10 mm2 were processed, and the effects of device
size on the external quantum efficiency (EQE) and J−V characteristics are
investigated.

A concept of optically transparent nanowire solar cells which can absorb near-
infrared radiation is presented in Paper II.

In the realm of nanowire synthesis, Paper III is a comparative study of two
different Ga precursors to establish favorable conditions for the growth of GaInP
nanowire segments. Paper IV reports on the successful processing of tandem
junction nanowire solar cells based on a GaInP top junction and an InP bottom
junction, connected by an Esaki tunnel diode.
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1 Introduction

The excessive use of material and energy resources associated with Western
lifestyles is rapidly destroying the planet’s ecosystems [1]. Persistently high
levels of fossil fuel combustion threaten to irreversibly push the climate of the
earth system into a hothouse state hostile to human life [2, 3]. Already now,
climate disruption due to fossil fuel combustion is a key contributor to the high
species extinction rates in what is termed the sixth mass extinction [4].
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Figure 1.1: Atmospheric CO2 concentration as a function of time between 1960 – 2023,
measured at Mauna Loa [5]. The color coding of the bars is based on the yearly global
average temperature obtained from Copernicus Climate Change Service [6]. Noteworthy
climate conferences and agreements are indicated. In 2023, the global average temper-
ature was 14.98 ◦C, which is 1.48 ◦C above the pre-industrial average [7].
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Limiting global heating to 1.5 ◦C or 2 ◦C above the pre-industrial average could
provide an (albeit uncertain) possibility to avoid triggering catastrophic climate
tipping points [8]. However, the remaining carbon budget corresponding to these
temperature increases is quickly diminishing. Under current emission levels, the
carbon budget for a 66 % chance of staying below the 1.5 ◦C (or 2 ◦C) limit
will be depleted within 2 (or 22) years [9]. Despite various climate agreements,
no significant emission mitigation has been achieved [10], which is illustrated
vividly by the so-called climate inaction stripes shown in Figure 1.1.

Central to the (quickly diminishing) prospect of navigating humanity into an
ecologically safe and socially just space are rapid and profound lifestyle changes
in high-consumption populations [11]. In addition, the transition from fossil
fuels to renewable energies is a cornerstone of climate mitigation [12]. Solar
energy harvested by use of photovoltaic modules, suitable for being deployed on
a large scale, is the most promising source of renewable energy. In fact, solar
photovoltaics amounts to three quarters of the renewable electricity capacity
additions worldwide, the remainder being mostly wind energy [13]. Fueled by
decreasing prices for silicon (Si) solar cells, the solar industry is growing signific-
antly [14]. Figure 1.2 shows the global cumulative installed solar cell capacity,
highlighting the near-exponential increase in solar cell installation.

Please note, however, that the increase in solar and other renewable energy
generation has thus far only added to, and not substituted the use of fossil
fuels at the global level [10]. To succeed in the energy transition, an accelerated
deployment of renewable energy systems needs to be complemented with lifestyle
changes, energy efficiency enhancements, and the early retirement of fossil fuel
infrastructure [10].

Si is beyond doubt the cornerstone material for photovoltaics, mainly because
large-scale manufacturing has led to decreasing prices, in combination with good
efficiencies commonly approaching or exceeding 20 % for commercially available
modules [16–18]. In combination with the fact that Si is very abundant in the
Earth’s crust, this makes Si solar cells ideal for terrestrial electricity generation.

For niche applications where high efficiency is paramount, however, other con-
cepts are needed. Solar cells made from III–V compound semiconductors surpass
all other types of solar cells in terms of efficiency. When combining different
III–V materials in a tandem junction solar cell, the Shockley–Queisser limit
can be exceeded, which has made possible high efficiencies close to 40 % [19].
However, the high cost of the III–V substrates is prohibitive for most terrestrial
applications.
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Figure 1.2: Semi-logarithmic plot of the global cumulative installed solar cell capacity
(measured in terms of the peak power capacity) as a function of time (left axis, data
from [15]). Medium solar conversion efficiency of Si solar panels in the US residential
market (right axis, data from [16]).

One possible route towards high-efficiency solar cells at a lower cost than for
planar III–V cells is the use of III–V nanowire arrays. Despite only covering a
small fraction of the substrate area, arrays of III–V nanowires efficiently absorb
the incoming sunlight [20, 21]. Promising results of high-efficiency III–V nano-
wire array solar cells have been achieved, reaching efficiencies around of 17 %
[22–24]. However, to further push efficiencies and exceed the Shockley–Queisser
limit, the adoption of a tandem junction architecture is needed [25].

1.1 Outline

In this thesis, work on the development of single junction and tandem junction
nanowire solar cells is presented. The thesis consists of two main parts,

1. the so-called ‘kappa’ including chapters 1 – 6, and

2. the included scientific publications, Paper I – Paper IV.
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Chapter 2 of the kappa provides a background to the presented work, where
currently existing as well as emerging solar cell technologies are discussed. The
state of research on III–V nanowires and their applications is also touched upon.

Chapters 3 and 4 describe the fabrication of InP nanowire array solar cells
and a range of characterization techniques. In Chapter 3, the focus is on the
synthesis of the nanowires and their characterization in the as-grown arrays.
Chapter 4 describes the processing steps for fabricating nanowire solar cells, as
well as the measurements performed on the processed devices. In this context,
Paper I focuses on the processing and characterization of InP nanowire solar
cells. Devices as large as 10 × 10 mm2 have been processed, and the influence of
device size on the performance was investigated. Paper II presents results on a
novel concept of transparent solar cells, based on peeling off sparse photovoltaic
nanowire arrays by embedding them in a polymer film. This enables good light
absorption in the near-infrared spectral region, while being transparent in the
visible.

Chapter 5 describes the progress on GaInP/InP tandem junction nanowire solar
cells, with a focus on the working principles of tandem junction solar cells as well
as their characterization. To support the growth of such nanowires, Paper III
compares results from using two different Ga precursors for the GaInP nanowire
segment synthesis. Paper IV focuses on the processing and characterization of
tandem junction nanowire solar cell devices based on GaInP/InP nanowires,
and presents the results achieved so far.

Finally, in Chapter 6, a brief outlook on the future development of nanowire
solar cells is provided.
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2 Background

The photovoltaic effect was first discovered by Edmond Becquerel in 1839 in an
inadvertently realized copper-cuprous oxide thin-film solar cell [26]. However,
unaware of the existence and properties of semiconductors, a theory of the effect
was lacking well into the 20th century. The invention of semiconductor solar
cells based on p–n junctions can be traced to Chapin et al. at Bell Labs, who
realized a p–n junction single-crystalline Si solar cell [27].

2.1 Working Principles of Semiconductors Solar Cells

A semiconductor is a material characterized by its band gap Eg, the energy
difference between the conduction band edge and the valence band edge [28]. In
an intrinsic semiconductor at room temperature, the number of electrons in the
conduction band and the number of holes (i.e. missing electrons in the valence
band) are low, because thermal excitation of electrons across the band gap has
a low statistical probability. The electron distribution F as a function of energy
E is determined by the Fermi-Dirac distribution

F (E) = 1
e(E−EF)/kBT + 1

where kBT is the thermal energy. The position of the Fermi level EF relative
to the conduction and valence band edges governs the distribution of electrons.
In order to increase the conductivity of a semiconductor, the material can be
doped, which shifts the Fermi level EF close to the conduction or valence band
edge. When doping with donors, an excess of electrons in the conduction band is
created, corresponding to a position of the Fermi level EF close to the conduction
band edge. Similarly, doping with acceptors creates holes in the valence band.
In both cases, the charge of the ionized dopant atoms is compensated for by the
free electrons/holes.
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Figure 2.1: (a) Band diagram of a p–n junction under short-circuit conditions,
showing a spatial dimension on the x-axis and energy on the y-axis. The ionized donors
and acceptors in the depletion region around the p–n junction give rise to the built-
in electric field E. (b) Light absorption is possible for photon energies above the
band gap of the semiconductor. For every absorbed photon, an electron is lifted from
the conduction band to the valence band. The generated electrons and holes have an
excess energy dependent on the absorbed photon energy, which is dissipated by charge
carrier thermalization. The electrons (holes) generated within the depletion region drift
towards the n-doped (p-doped) side due to the built-in electric field E. Electrons and
holes are extracted from the n-doped and p-doped sides respectively, generating the
photocurrent Iph.

A p–n junction is made up of an n-doped and a p-doped segment of a semi-
conductor matched together, as shown in Figure 2.1 (a). The Fermi level EF
is constant across the structure in thermal equilibrium, and is close to the con-
duction band edge in the n-type region and valence band edge in the p-type
region, respectively. In the so-called depletion region located close to the junc-
tion, no free charge carriers are present due to the larger distance of the Fermi
level EF from the conduction/valence band edges. The charge of the ionized
donors/acceptors thus leads to an electric field in the depletion region, called
the built-in electric field, which in turn explains the bending of the conduction
and valence band as seen in Figure 2.1.

When light impinges on the semiconductor, electrons in the valence band can
absorb photons and be lifted to the conduction band, creating an electron–
hole pair, as indicated in Figure 2.1 (b). This process is only possible if the
photon energy ℏω (where ω is the angular frequency of the photon and ℏ the
reduced Planck’s constant) exceeds the band gap of the semiconductor, such
that photons with an energy ℏω < Eg are not absorbed. The excess energy
of absorbed photons ℏω − Eg is transferred to kinetic energy of the electron
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and hole and lost to thermalization of the hot carriers. Together with the loss
of sub-band gap photons, the thermalization loss constitutes one of the most
important factors limiting the efficiency of p–n junction solar cells. Further fun-
damental losses include Carnot loss1 and entropy-related losses, such as entropy
loss due to the spontaneous emission in a larger solid angle compared to the
solid angle of the incident solar radiation [29]. Taking into account all these
losses, the Shockley–Queisser limit describes the maximum achievable efficiency
using a planar p–n junction solar cell as a function of the band gap of the used
semiconductor [29, 30]. The maximum attainable Shockley–Queisser limit under
one sun (AM 1.5G) illumination is 33 % at a band gap of Eg = 1.34 eV [31].

The working principle of the p–n junction solar cell relies on the separation
of the photogenerated electron-hole pairs in the built-in electric field of the
p–n junction. The electrons and holes drift towards the n- and p-side of the
junction, respectively, generating a reverse current, called photocurrent (Iph) or
short-circuit current (ISC). To generate power, the p–n junction solar cell is
operated under forward bias, while still generating the photocurrent Iph in the
reverse direction of the diode [32].

2.2 Si Solar Cells

Although the basic operating principle remained the same, Si solar cells have
evolved significantly since their invention. In the early years, solar cells were
used for powering spacecraft, leading to the development of a small but estab-
lished solar cell industry focusing on reliable and efficient single-crystalline Si
(c-Si) solar cells for spacecraft, with considerations of cost regarded as secondary.
In the 1970s, the potential of solar cells for terrestrial applications became ap-
parent, prompting the industry to prioritize cost reduction [26]. Consequently,
solar cells made from cheaper polycrystalline Si wafers, as well as thin film solar
cells became contestants to c-Si solar technology [33]. Recently, a dramatic re-
duction of Si photovoltaics (PV) cost, with a learning rate of about 20 % for
each doubling in cumulative installed capacity [34], has driven an exponential
growth of PV module deployment. Outperforming poly-Si as well as thin film
technologies in terms of efficiency, c-Si dominates the terrestrial PV market to
date and is expected to continue being the core technology in an exponentially
expanding PV market in the near future [33].

1The Carnot loss is the thermodynamic loss resulting from the finite temperature of the Sun
and of the Earth (and thus the solar panels). It is 1 − ηmax = TEarth

TSun
= 300 K

5777 K = 5.2 % where
ηmax is the Carnot efficiency of a heat engine operating between reservoirs with a temperature
of TEarth and TSun, respectively.
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Figure 2.2: Schematically drawn band structure of a direct and an indirect band gap
semiconductor, such as InP and Si, respectively. The absorption of light by excitation of
an electron from the valence band to the conduction band is shown. For an indirect band
gap semiconductor such as Si, the photon absorption requires simultaneous interaction
with a phonon to bridge the mismatch in crystal momentum k.

Recent developments have led to increased efficiency of solar modules by im-
plementing innovations that have been demonstrated at lab-scale but were pre-
viously considered too costly for large-scale production. Most importantly, the
introduction of the passivated emitter and rear contact (PERC) technology has
led to increased module efficiencies of 21 – 22 % and largely replaced the previ-
ously dominant aluminum back surface field (BSF) technology [35]. Similarly,
the introduction of new advancements including tunnel oxide passivated con-
tacts (TOPCon) and interdigitated back contacts (IBCs) on n-type Si wafers
are on the horizon [36]. With these innovations, Si solar modules are expected
to eventually reach up to 25 – 26 % efficiency [35], matching the efficiencies
of lab-scale record devices today [37, 38]. This efficiency is very close to the
Shockley–Queisser limit of 29 % for a Si solar cell, limiting possibilities for fur-
ther improvement [39].

2.3 Thin Film and Emerging Solar Cell Technologies

An intrinsic disadvantage of crystalline Si as a solar cell material is its indirect
band gap, leading to weak absorption of light [40]. The difference between a
direct and an indirect band gap semiconductor is the crystal momentum k at
which the energy maximum of the valence band and the energy minimum of
the conduction band occur. For an indirect band gap semiconductor such as
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Si, they are located at different values of k. This is illustrated by Figure 2.2,
where the process of light absorption is shown for a direct and an indirect band
gap semiconductor. Because a photon carries energy, but no significant crystal
momentum k, the transfer of crystal momentum from a phonon is necessary
for light absorption in an indirect band gap semiconductor such as Si, reducing
the absorption probability. For complete light absorption and correspondingly
highest possible efficiency, the industry standard for solar cell production is
based on 160 µm thick high-quality Si wafers [41]. Solar cells made from direct
band gap semiconductors can be made much thinner, on the order of 1 µm in
thickness. The prospect of lower costs due to reduced materials usage has fueled
research on a number of thin film solar cell technologies.

The most widespread commercially implemented thin film solar cell technologies
are based on cadmium telluride (CdTe) and Cu(In,Ga)Se2 (CIGS) [42]. How-
ever, problems with the reliability of the manufacturing process have caused
increased costs as well as module efficiencies significantly below lab-scale device
efficiency [43]. Additionally, concerns about the toxicity of cadmium for CdTe
and the limited availability of indium for CIGS solar cells have hampered the
wide-scale adoption of the technologies [42, 44]. After peaking at 17 % in 2009,
the market share of thin film PV has stabilized at 5 % of the total global PV
production today [33].

Dye-sensitized as well as organic solar cells are types of emerging PV and are
based on selective charge carrier transfer. In dye-sensitized solar cells, elec-
trons are transferred between the light-absorbing dye and titanium dioxide nan-
oparticles submerged in an electrolyte [42]. Organic solar cells, which are based
on electron/hole selective contacts sandwiching the light-absorbing layer, have
been pursued for the promise of large-area production at low cost, due to the
possibility of depositing the organic layers using simple solution processing meth-
ods [42]. However, due to low efficiency (especially for large-area devices) and
stability issues, organic solar cells are not yet commercially implemented [45].

Interest in emerging solar cells has recently concentrated predominantly on per-
ovskite solar cells, due to the remarkably rapid increase of attainable efficiency
from below 10 % in 2010 to exceeding 25 % in 2020 [46]. This success has been
possible due to advantageous optoelectronic properties and defect tolerance of
the inorganic halide perovskite materials used as absorbers [42, 47]. The instabil-
ity and degradation of perovskite solar cells under exposure to oxygen, humidity,
and UV radiation are well-known challenges, with a significant amount of efforts
dedicated to address these issues, and promising results achieved recently [48–
50]. Commercialization of high-efficiency perovskite-on-silicon tandem junction
as well as single-junction perovskite solar cells is ongoing, driven by the compan-
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ies Oxford PV (UK) and GCL Nano (CN), respectively [47]. However, concerns
regarding the toxicity of the perovskite materials due to their content of lead
(Pb) as well as long-term stability issues continue to threaten the prospects for
perovskite solar cells [47, 48].

2.4 III–V Solar Cells

III–V semiconductors are a class of materials ideally suited for optoelectronic
applications due to their direct band gap and high carrier mobility [51]. As a
result, the highest photoconversion efficiencies between all types of solar cells
are achieved using III–V semiconductors [52]. However, the shortcoming of
III–V semiconductor materials is their high cost, especially driven by the cost
of the generally used GaAs or Ge substrates [53]. This has limited the areas
of application to the cost-insensitive fields of space PV and concentrator PV,
where high efficiency is paramount [54, 55].

In order to surpass the Shockley–Queisser efficiency limit for single band gap
solar cells, multi-junction cells comprising several p–n junctions made from
III–V semiconductors with different band gap energies have been developed.
Absorption of high-energy photons in the top junction semiconductor with the
highest band gap reduces thermalization losses, and lower energy photons can
be absorbed in the bottom junction semiconductor. While dual-junction (of-
ten lattice-matched GaInP/GaAs) and triple junction (often lattice-matched
GaInP/GaAs/Ge) cells are the most common [56, 57], III–V solar cells with as
many as 6 junctions have been developed, with a current efficiency record of
39.2 % under 1 Sun illumination (AM1.5G) [19].

Due to their high cost, III–V solar cells are not competitive in non-concentrator
terrestrial applications. In particular, the thickness of the used III–V semicon-
ductor wafers (on the order of 350 µm) means that a relatively large amount of
expensive III–V material is needed, even when only the top few µm comprise
the active PV device [58]. Attempts to tackle this problem include the growth
of metamorphic III–V solar cells on Si substrates [59], and substrate removal
and reuse strategies such as epitaxial lift-off [60]. Drawbacks of these strategies
include thermal expansion coefficient mismatch between Si and III–V materials
for metamorphic III–V on Si, limiting the device efficiency [59]. Concerning
substrate removal and reuse, the need to prepare the substrate for subsequent
growth cycles using chemical–mechanical polishing (CMP) limits the potential
for cost reduction, ultimately preventing application in mainstream PV markets
[60].
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Figure 2.3: Modes of manufacturing nanowires: bottom–up and top–down approaches.
Two bottom–up growth techniques are illustrated: selective area epitaxy and vapor–
liquid–solid (VLS) growth.

2.5 III–V Nanowires

Semiconductor nanowires have attracted significant attention in the past two
decades, due to a number of unique properties derived from the nanowire geo-
metry [61]. Strain relaxation along the radial direction of the nanowire allows for
the combination of lattice-mismatched materials to form axial heterostructures
within a nanowire [62, 63].

Similarly, the small cross-section of the nanowires enables the growth of III–V
nanowires directly on Si substrates [64]. Due to the superior optoelectronic prop-
erties of III–V semiconductors, in particular the high electron mobility compared
to Si and their direct band gap, the integration of III–V semiconductors on Si is
actively researched [65–68]. III–V nanowires present a possible path of realizing
high-mobility III–V channels to overcome the limitations of Si field effect tran-
sistors [69–71]. The demand for optical chip-to-chip communication has further
spurred research on nanowire photodetectors and lasers integrated on Si [72–74].

Nanowires can be manufactured using two distinctively different approaches,
the top–down and the bottom–up approach, illustrated in Figure 2.3. In the
top–down approach, high-quality bulk material is selectively etched to create the
desired structure [75]. In the bottom–up approach, nanowires are synthesized
from the constituent elements under appropriate conditions for crystal growth
[75]. The inherent advantage of bottom–up synthesis is the added freedom of
design, enabling various structures and materials combinations that are not at-
tainable in bulk form, such as the previously mentioned axial heterostructures
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of lattice-mismatched materials within a nanowire [62, 63]. Other examples in-
clude the synthesis of III–V nanowires with a metastable wurtzite (WZ) crystal
structure which does not exist in bulk, and even axial crystal phase heterostruc-
tures with WZ and zinc-blende (ZB) segments [76, 77]. Methods for bottom–up
nanowire synthesis include vapor–liquid–solid (VLS) growth, selective area epi-
taxy and aerotaxy [75], of which mainly Au-seeded VLS growth will be discussed
in this thesis.

The VLS mechanism of crystal growth using Au seed particles was invented by
Wagner and Ellis at Bell Labs, who used it to grow Si wires [78]. The field
of III–V nanowires emerged in the 1990s after the VLS growth method was
successfully applied to III–V semiconductors [79–81]. VLS nanowire growth is
based on nanoparticles that facilitate the synthesis of a semiconductor crystal at
the interface between the particle and the substrate. The term derives from the
three phases involved in the synthesis – the vapor phase from which precursors
are supplied, the (presumed) liquid phase of the seed particle, and the solid
phase of the semiconductor crystal. Precursor atoms from the gas phase come
in contact with the seed particle and alloy with it, leading to a supersaturation
of the constituents atoms in the seed particle. This supersaturation drives the
nanowire crystal growth at the particle–semiconductor interface. All the nano-
wire arrays that the work of this thesis is based on are synthesized using the
VLS growth method with regularly placed Au seed particles.

In order to achieve the desired functionality, heterostructures of materials com-
position and doping within a nanowire are necessary. They can take the form
of axial as well as radial heterostructures. Axial heterostructures are usually
achieved by changing the provided precursor materials during the axially pro-
ceeding nanowire growth. Radial heterostructures, also called core–shell struc-
tures, are formed as a consecutive epitaxial step after the growth of the core
nanowire, by tuning growth parameters to favor radial shell growth [75].

2.6 III–V Nanowire Solar Cells

Regular arrays of III–V nanowires have attracted attention as a promising ap-
proach to achieve highly efficient next-generation solar cells [75]. Due to their
high refractive index and a diameter comparable to the wavelength of light,
nanowires contain strongly confined waveguided modes. The optical antenna ef-
fect enables an efficient coupling of the incoming light to these confined optical
modes, complemented by strong absorption due to the direct band gap of the
used III–V semiconductors [82–84]. By designing an array of nanowires with
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Figure 2.4: Schematic illustration of a single junction InP nanowire solar cell. On
the left, a free-standing nanowire is shown. The structure of a vertically-processed
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planarization, and an indium tin oxide (ITO) transparent top contact. The device can
be contacted via the Au pad on top, and a backside contact to the InP wafer.

proper pitch and diameter, almost complete absorption of the incoming visible
light can be achieved with a nanowire length of just 2 µm [20, 21]. The structure
of a nanowire solar cell is shown schematically in Figure 2.4, using the example
of axial single junction InP nanowire solar cells as processed within the work
presented in Chapter 4 as well as Paper I.

Interestingly, it has been shown that the single junction efficiency limit can
be slightly higher for nanowire solar cells than the Shockley–Queisser limit for
planar cells. As the emission from a nanowire array is directional, entropy losses
due to emission into a large solid angle are reduced, increasing the theoretically
attainable efficiency [85, 86].

The option of combining lattice-mismatched materials within a nanowire enables
a wider freedom of design to tailor the band gap as compared to planar het-
erostructures. This is relevant in particular for axially defined tandem junction
solar cells, where novel combinations of materials are possible in the nanowire
geometry.

III–V nanowire solar cells have been shown experimentally as well as in simu-
lations to withstand high-energy radiation better than planar cells made from
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the same materials [87, 88]. Due to their nanoscale dimensions, collisions with
high-energy particles are both less likely and induce fewer defects, as the colli-
sion cascades are truncated radially [88]. As radiation damage is an important
concern for solar cells deployed in space, this makes III–V nanowire solar cells
a promising candidate for space applications [88].

Due to the reduced materials requirement, III–V nanowire solar cells hold the
promise of delivering an efficiency on par with their planar counterparts at
substantially lower costs. Because III–V substrates are expensive, this requires
a strategy that does not rely on the use of a new III–V substrate for each
nanowire array growth cycle [89, 90].

One such strategy is to reuse the costly III–V substrate several times after peel-
ing off the nanowire array in a polymer film [91–97]. Apart from the promise
of cost reduction, such ultra-low weight thin film III–V nanowire solar cells em-
bedded in the thin polymer film would provide added value in several ways.
For space application, the low weight and resulting high specific power is an
important figure of merit [87]. The flexible nature of the resulting polymer
film embedded nanowire arrays also makes them interesting for building integ-
rated photovoltaics. Furthermore, by manipulating the spacing and diameter of
the nanowires, semi-transparent thin film solar cells can be envisioned, further
increasing the potential field of applications within building integrated photo-
voltaics [98].

A different option is the direct growth of III–V nanowire array solar cells on Si.
In this direction, the commonly pursued aim is to realize a III–V nanowire on
Si tandem junction solar cell – promising an efficiency increase compared to Si
solar cells, at potentially competitive added costs [25].

A third and distinctly different strategy is represented by Aerotaxy, a substrate-
free growth method in which seed nanoparticles pass through the reactor while
being suspended as an aerosol in the carrier gas [99]. By mixing the carrier gas
with precursor gases in the heated reactor, nanowire growth at very high growth
rates can be achieved, enabling mass production of III–V nanowires for solar cells
[25, 100–102]. While superior in terms of growth rate and throughput, difficulties
in accurately controlling the growth of complex heterojunction structures in
Aerotaxy persist [102].

Concerning the design of photovoltaic nanowires, two distinct categories can be
defined based on the direction of charge carrier separation. Axial junction solar
cells contain a p–n junction in the axial direction of the nanowire, separating
charge carriers between the bottom and top of the nanowires. On the other
hand, radial junction nanowire solar cells are based on a core–shell structure in
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which the charge carrier separation takes place between the differently doped
nanowire core and shell [103]. This brings the advantage of a shorter distance
for charge carrier separation, made possible by the decoupling of the axis of
light absorption (axial) and the direction of charge carrier separation (radial)
[24, 103]. This advantage weighs in mainly when the charge carrier lifetime in
the nanowire material is short [24, 103].

To date, a wide range of different nanowire solar cells have been manufactured
with respect to the choice of nanowire material, substrate, growth method and
junction geometry [75]. Record efficiencies of around 17 % have been achieved by
solar cells manufactured from arrays of InP nanowires [22–24], but also GaAs
nanowire solar cells have been shown to reach an efficiency of up to 15.3 %
[104]. Bottom–up synthesis using selective area growth as well as VLS growth
using a Au seed particle have been used successfully [22, 104–106], as well as
top–down manufacturing using selective etching of bulk InP [23, 24]. Axial
nanowire solar cells generally achieve higher efficiencies than those based on
a radial p–n junction and have thus been researched more extensively [75]. A
noteworthy exception is a p-InP-core n-ZnO/AZO-multishell solar cell published
by Raj et al. with an efficiency of 17.1 % [24]. While efforts have been made
to manufacture III–V nanowire solar cells on graphene, Si, and using peeled-
off nanowire arrays, the highest efficiencies are so far achieved using nanowires
standing on their native substrate [75, 107–109].

With several different types of III–V nanowire solar cells exceeding an efficiency
of 15 %, the technology has proven to be a promising contender in the hunt for
highly efficient and affordable next-generation photovoltaics. However, a further
increase of solar conversion efficiency is needed for the technology to become a
competitive option compared to currently existing Si and planar III–V solar
cells. To achieve efficiencies beyond the Shockley–Queisser limit, a tandem
structure solar cell design is to be used [89]. A number of combinations for
the top and bottom cell material exist with band gap energies that are suitable
for tandem solar cells. Given the feature of radial strain relaxation, material
combinations with relatively large lattice mismatch can be used. Most research
towards tandem junction nanowire solar cells has been performed on the III–V
nanowire on Si design, where only the top subcell is located in the nanowire,
and the bottom subcell is planar Si [25, 109]. Several subcells located within
the same nanowire have recently been grown successfully in our group, using
the GaInP/InP and GaInP/InP/InAsP materials systems [110, 111].
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3 Nanowire Synthesis and
Characterization

3.1 Substrate Patterning

When aiming to create regular arrays of nanowires like those needed for nano-
wire solar cells, a lithography method capable of creating the corresponding
nanoscale pattern is needed. The most commonly used patterning method in
nanotechnology research, electron beam lithography, is not suitable for the cre-
ation of patterns stretching large areas due to its sequential nature. Therefore,
we have used two lithography methods, nanoimprint lithography and displace-
ment Talbot lithography, that are able to produce periodic patterns on wafer-
scale areas in a parallel manner. Both methods are used successfully to define
the hexagonal arrays of Au nanoparticles with a pitch of 500 nm and diameter
of 180 − 200 nm which are used for most of the work in this thesis.

Nanoimprint lithography is a patterning technique that relies on physically
structuring the resist during the lithography step. To achieve that, the stamp
used for the lithography has three-dimensional features [112, 113]. When pressed
against the substrate at a high pressure and elevated temperature, the resist
layer on the substrate is molded, as the stamp creates holes in the resist [114].
A double-layer resist structure (LOR 0.7A/TU7-120) enables the widening of
the hole in the bottom layer by use of a wet chemical etching step, see the
scanning electron microscope (SEM) image in Figure 3.1 (a) for the resulting
structure. The undercut creates a discontinuity in the evaporated Au film, such
that all the Au on top of the resists can be removed by dissolving the resist
layers in Microposit Remover 1165, and only the Au that is placed inside the
holes will stay on the substrate – see Figure 3.1 (b) for the resulting array of Au
particles. During the growth process, a nanowire will grow from each of these
Au particles, leading to an array of vertical free-standing nanowires.
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(a) (b)

Figure 3.1: (a) Cross-sectional SEM image of the double layer resist structure prior
to evaporating Au. During the nanoimprint lithography step, holes are created in the
upper resist, TU7-120. An etching step using oxygen plasma widens the holes and
removes remaining residues of TU7-120 from them. The bottom resist, LOR0.7A, can
then be selectively etched in the developer MF319 to create an undercut and open up
the hole to the substrate. Scale bar: 500 nm. (b) SEM image of Au seed particles in
a hexagonal pattern. Scale bar: 500 nm.

Displacement Talbot lithography is a contact-free optical lithography technique
for the creation of periodic patterns [115]. The interference pattern produced by
collimated monochromatic light passing through the mask results in images of
the periodic pattern of the mask [116]. These images are repeated periodically
due to higher-order diffraction, the distance between them being the Talbot
distance. Displacement Talbot lithography relies on an integration along the axis
perpendicular to the mask by moving the substrate during the exposure, leading
to a very stable reproduction of the periodic features of the mask. Similarly to
nanoimprint lithography, a double-layer resist structure is used to enable lift-off
after Au evaporation [116].

3.2 Nanowire Growth by MOVPE

Metal-organic vapor-phase epitaxy (MOVPE) is a technique for semiconductor
epitaxy in which the constituent atoms are transported to the growth front in the
gas phase. In contrast to molecular-beam epitaxy (MBE), the constituents are
provided bound in precursor molecules, not as pure atoms. Since initial problems
of MOVPE regarding purity as well as limitations hindering the realization of
atomically sharp interfaces were overcome, MOVPE has become the main tool
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for research and production of compound semiconductor heterostructure devices,
such as LEDs, lasers and solar cells [117].

The precursor molecules used in MOVPE pyrolyze, i.e. break apart, when com-
ing in contact with the heated substrate, and thereby liberate the desired con-
stituent atom. The atoms will then diffuse on the surface of the substrate, and
end up on a low-energy site in the semiconductor crystal [117]. When growing
nanowires in the VLS growth mode, the Au seed particle acts as a reservoir for
some of the constituent atoms, and growth is enhanced at the interface between
Au particle and nanowire [118].

Important considerations concerning the choice of the precursor molecules are
the kinetics of pyrolysis. The precursors have to be stable in storage at ambient
temperature but pyrolyze readily when in contact with the heated substrate.
Additionally, the reaction byproducts of pyrolysis should readily desorb from
the semiconductor surface (often after reacting with each other), to prevent the
incorporation of defects into the crystal [117].

Many different precursor molecules have been developed, which often differ in
terms of bond strength and thus the dynamics and temperature of pyrolysis. For
group II and III elements, metal-organic precursor molecules are most commonly
used. For group V elements, metal-organic precursors are being developed, but
group V hydrides remain the most commonly used option. In the work presented
in this thesis, the group III precursors trimethylindium (TMIn), trimethylgal-
lium (TMGa) and triethylgallium (TEGa) are used. The differences between
using TMGa and TEGa stemming from their different pyrolysis characteristics
are investigated in Paper II. Phosphine (PH3) is used as a group V precursor.
For doping of III–V semiconductors, elements of group II and VI can be used as
acceptors and donors, respectively. In this work, diethylzinc (DEZn) is used as
an acceptor precursor, and hydrogen sulfide (H2S) and tetraethyltin (TESn) are
used as donor precursors. The dopant atom Zn is in group IIB, S in group VI,
and Sn in group IV. Group IV elements such as Sn can also be used as dopants,
and will act as donors or acceptors depending on whether they preferentially
replace a group III or group V atom in the III–V crystal structure.

Heterostructures can be grown in MOVPE by changing the precursors that are
added to the carrier gas during growth. Ideally, atomically sharp interfaces are
desired. In practice, that can be difficult to achieve due to limitations in the
speed of switching and replacement of precursor gasses, as well as adsorption
and desorption at reactor surfaces creating a reservoir effect. For VLS growth of
nanowires, precursor and dopant atoms dissolved in the Au particle can create
a further reservoir, which hinders the creation of atomically sharp interfaces.
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Figure 3.2 (a) schematically shows the VLS growth process, using the example
of InP growth by use of TMIn and PH3 precursors. Pyrolysis of the precursors
can occur in the gas phase but is enhanced on the semiconductor as well as Au
particle surface. The pyrolysis of TMIn liberates methyl radicals, while hydrogen
radicals are created from the PH3. Precursor molecules as well as the constituent
atoms can migrate on the surface by random diffusion processes, leading to a
certain probability that they will be transported to the Au particle, versus a
probability that they will either desorb or incorporate into the semiconductor
crystal in a planar growth process. Different materials have different diffusion
coefficients on the semiconductor surface, which governs the effective precursor
collection area of the Au particle. For example, the diffusion coefficient for
In adatoms is significantly higher than for Ga adatoms [119, 120]. Thus, In
atoms reach the Au particle to a large extent by means of surface diffusion,
while Ga adatom delivery to the Au seed particle is predominantly due to other
mechanisms, such as gas-phase diffusion of monomethylgallium (MMGa) [121].

Most group III elements including In readily dissolve in the Au particle at el-
evated temperatures to form an alloy [122]. Contrary to what the name of the
VLS growth mode suggests, the Au alloy particle is not necessarily liquid – de-
pending on the growth temperature and the concentration of group III elements
in the Au particle, it can either be in liquid or solid state [118]. Diffusivities of
the group III elements in both liquid and solid Au are very high [123], enabling
nanowire growth in both cases [118, 122].

Group V atoms such as P, on the other hand, are not soluble in the Au particle
at growth conditions [118]. Instead of being dissolved in the Au particle, they
will diffuse to the growth front via the boundary of the Au particle and the NW,
or along the grain boundaries of a solid Au particle [118].

3.3 Characterization of Nanowire Arrays

Characterization of the nanowire array properties was carried out using a num-
ber of techniques, which will be introduced below. They are used to characterize
different properties of the nanowires, including the nanowire dimensions, the
composition of ternary materials such as GaInP, and the doping profile.
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Figure 3.2: (a) Schematic illustration of the VLS growth process using trimethyl-
indium (TMIn) and phosphine (PH3) precursors and a Au seed particle for the growth
of an InP nanowire. (b) SEM image of InP nanowires in a hexagonal pattern with a
pitch of 500 nm. Au seed particles are visible at the tip of each nanowire. Scale bar:
1000 nm.

3.3.1 In-Situ Characterization by use of Optical Reflectometry

Optical reflectometry performed in-situ during nanowire growth is a powerful
tool, making it possible to continuously evaluate the nanowire length during
growth. This enables a high degree of control over nanowire growth, as the
growth time of each nanowire segment can be adjusted to yield the desired
segment length.

The used Laytec EpiR DA UV optical reflectometry setup measures the reflect-
ance of the substrate in the 400−800 nm wavelength range in situ in the MOVPE
reactor. As the length of the nanowires increases, interference of the reflections
from the substrate and the Au particles at the nanowire tips occur, as shown
in Figure 3.3 (a). As long as the length of the nanowires in the array is ho-
mogeneous, this produces an interference pattern, with local maxima/minima
in reflectance due to constructive/destructive interference, respectively. Fig-
ure 3.3 (b) shows measurement results of a nanowire growth process, where the
shift of local maxima and minima with increasing nanowire length is seen. At
each point in time, the length of the nanowires can be inferred by comparing
the measured nanowire array reflectance with optical modeling results [124].
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Figure 3.3: (a) Schematic illustration of the optical reflectometry measurement pro-
cess during nanowire growth. The condition for constructive interference between the
light reflected at the substrate and at the nanowire tips is indicated. L is the nanowire
length, n the effective refractive index of the nanowire array, λ the wavelength of light
and m an integer. (b) Results of an in-situ Laytec optical reflectometry measurement
during nanowire growth. The shift of the local extrema towards longer wavelengths
over time reflects the increasing length of the nanowires.

3.3.2 Scanning Electron Microscopy

One of the most versatile characterization tools in nanotechnology is the scan-
ning electron microscope (SEM). A focused electron beam is scanned over the
sample surface, where the high-energy incoming electrons interact with the
atoms close to the spot position. The beam electrons can be elastically scattered
back out of the sample as so-called backscattered electrons by interaction with
nuclei. They can also interact with other electrons, transferring a fraction of
their energy to an electron which is knocked out of the atom it was previously
bound in and is called a secondary electron. The filling of the resulting orbital
vacancy with an electron from a higher-energy orbital can lead to the emission
of X-ray photons [125].

Backscattered electrons, secondary electrons as well as X-ray photons can be
detected, and data is collected pixel by pixel and reconstructed to form an im-
age. Both the backscattered electron and the secondary electron images give
information about the local morphology and surface topography, while the de-
tected X-rays can mainly be used to determine the materials composition of
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the sample [125]. For the characterization of nanowires, SEM with a secondary
electron detector was used to determine the nanowire morphology, measure the
length and diameter, and check for defective or missing nanowires in an array.
The SEM images can also give some limited insight into the nanowire crystal
phase and composition.

3.3.3 Electron-Beam Induced Current Measurements

As discussed in section 2.1, the working principle of most solar cells, including
the III–V nanowire solar cells discussed in this work, is based on the separation
of photon-generated electron–hole pairs in the electric field on a p–n junction. In
order to optimize device functionality, good control and evaluation of the dop-
ing level is desired. However, for nanowires, the standard technique of doping
evaluation by Hall effect measurements is much more challenging to implement
compared to planar layers. Both the fabrication of the Hall structure and the
measurement on a single nanowire is challenging, as electron-beam lithography
is needed to define contacts at the sides of a nanowire [126–128]. Alternative
methods of nanowire doping evaluation include optical methods based on pho-
toluminescence measurements that are easier to implement, but more prone to
possible systematic errors [100, 128–131].

A different approach lies in the characterization of the doping heterostructure
by electron-beam induced current (EBIC) measurements. While EBIC is not
suitable for obtaining an absolute value of dopant or charge carrier concentra-
tions, it can help in understanding the functionality of the p–n junction device
by characterizing the junction location.

EBIC is performed inside an SEM which is equipped with a nanoprobe for
contacting a single nanowire. The piezo-controlled conductive probe is used
to make an electrical contact to the Au particle at the nanowire tip. This
enables electrical measurements of the contacted single nanowire, both in dark
conditions and under illumination [132]. For performing an EBIC measurement,
the electron beam is scanned across the nanowire, just like it is when recording
an SEM image. Instead of recording the number of emitted secondary electrons,
the current through the nanowire is measured for each position of the scanning
electron beam, and reconstructed into an image.

When the focused electron beam interacts with the semiconductor material,
it creates electron/hole pairs within the excitation volume, i.e. within a certain
distance from where the electron beam hits the sample. If the excitation happens
within the depletion region of the p–n junction, the charge carriers are separated
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Figure 3.4: (a) Results of an EBIC measurement. Left panel: SEM image of the
measured nanowire. Center panel: color-coded image of the EBIC current as a function
of the electron beam position. Right panel: EBIC current as a function of axial position,
averaged over the width of the nanowire. The SEM image is overlaid for reference.
(b) Normalized X-ray diffraction intensity as a function of 2Θ measured on three
different GaInP/InP tandem junction nanowire arrays standing on InP substrates. The
upper x-axis shows the corresponding Ga content x for GaxIn1−xP, calculated by use
of Vegard’s law. The three arrays of GaInP/InP tandem junction nanowires have a
different Ga content of the GaInP subcell, creating peaks at different 2Θ angles. The
samples share the InP peak and a peak at high Ga content (around 85 %) which
corresponds to the GaInP segment of the Esaki tunnel junction.

by the built-in electric field of the p–n junction, contributing to a current through
the nanowire. This effect can be used to map the location of the depletion region
within the nanowire. In the example shown in Figure 3.4 (a), an InP p–i–n
junction nanowire, the depletion region spans the intrinsic and a large fraction
of the n-type region.

3.3.4 X-ray Diffraction

X-ray diffraction (XRD) measurements are a standard method for measuring the
lattice constant in crystalline materials. Constructive interference of reflected
X-ray radiation from each lattice plane occurs when Bragg’s law 2d sin Θ = nλ
is satisfied [28]. d denotes the distance between successive lattice planes, Θ is
the angle between the plane and the incoming X-ray beam, and λ is the X-ray
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wavelength. The measurement is done by scanning over the Θ angle, and is
reported as X-ray intensity as a function of 2Θ.

For III–V semiconductor nanowire arrays, the measurement of the lattice con-
stant by use of XRD can yield information about the composition of the mater-
ial. The lattice constant of a ternary material can, to first approximation, be
calculated as the weighted mean of the binary lattice constants, which is known
as Vegard’s law. For example, an XRD measurement of the GaInP ternary
along the [111] crystallographic direction will result in a peak located between
2Θ = 26.28◦ for InP (a = 5.870 Å) and 2Θ = 28.34◦ for pure GaP (a = 5.451 Å)
[133]. An example of XRD measurements on GaInP/InP tandem junction nano-
wires is shown in Figure 3.4 (b), showing an InP peak, and two peaks of GaInP
with different compositions for each of the three measured samples. These peaks
stem from different segments of the GaInP/InP tandem junction nanowires –
the GaInP segment with a high Ga content is part of the Esaki tunnel junction,
and the other GaInP peak stems from the GaInP sub-cell.

3.3.5 Photoluminescence and Photoluminescence Mapping

Photoluminescence (PL) measurements are performed by illuminating a sample
and measuring the light emitted by it. The excitation is performed using a laser
which provides focused light with a photon energy above the band gap of the in-
vestigated semiconductor material. After the optical excitation of electron–hole
pairs and the thermalization of the charge carriers, radiative recombination can
lead to the emission of light, which is collected through an objective and detected
by use of a spectrometer. The photon energy of the emitted light will be determ-
ined by the band gap of the material, the presence of radiative defect states near
the band edges, the intensity of excitation and resulting state-filling, as well as
the temperature [134]. Apart from radiative recombination, charge carriers can
also be trapped and recombine non-radiatively, through the Shockley–Read–Hall
(SRH) recombination mechanism or via surface recombination [134].

PL characterization of nanowires can be performed on individual nanowires
broken off from the substrate and transferred to a different substrate, often a
Si wafer, for a low background and the highest possible measurement accuracy
[135–137]. It is also possible to perform PL measurements on nanowires standing
on the native substrate in sufficiently dense arrays, as the nanowires absorb the
short wavelength excitation light efficiently [138].
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By focusing the excitation on a small area, the collected PL contains information
about that local position on the sample. In PL mapping, the sample is moved
in small steps in order to create a map, which contains the PL information as a
function of the position on the sample.

3.3.6 Time-Resolved Photoluminescence

Time-resolved photoluminescence (TRPL) is used to gain an understanding of
the temporal dynamics of the processes that charge carriers undergo after excit-
ation. In particular, it is used to measure the carrier lifetimes in the material,
which can give an indication of the materials quality. In particular, a high
concentration of defect states can lead to short carrier lifetimes due to higher
rates of nonradiative recombination, which can be quantified using TRPL. Due
to their geometry, nanowires inevitably have a large surface-to-volume ratio.
An increased number of defects at the nanowire surface can therefore dominate
the nonradiative recombination rate of the nanowire, which makes surface pas-
sivation essential for achieving a high performance in nanowire optoelectronic
devices [139–141].

The basic working principle of TRPL is the use of a short laser pulse to generate
electron–hole pairs, followed by the time-resolved detection of the PL signal
emitted from the sample. The detection can take place using time-correlated
single photon counting, or a streak camera that provides both spectral and
temporal resolution, but at the cost of a lower quantum efficiency and higher
complexity of the measurement setup [134, 142].
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4 Processing and Character-
ization of Nanowire Solar Cells

4.1 Processing of Nanowire Solar Cells

The processing of nanowire solar cells comprises several steps, leading from an
array of free-standing nanowires to a number of photovoltaic devices, each con-
necting millions of nanowires in parallel. The starting point for the devices
described in the following are p–i–n doped InP nanowires, which matches the
structure used in Paper I. The p/n stands for p-doped/n-doped segments, re-
spectively, and i denotes a compensation doped segment, which is intended
to behave like intrinsic material [141, 143]. More complex tandem junction
GaInP/InP nanowires can be processed into devices following the same proced-
ure.

The working principle p–i–n photovoltaic nanowires is equivalent to that of
planar p–n-junction based solar cells, which is discussed in section 2.1. The
role of the additional intrinsic middle segment is to create an extended deple-
tion region, leading to the presence of the built-in electric field and an efficient
separation of electron–hole pairs along most of the nanowire [143]. Just like in
a p–n-junction, the built-in electric field of the p–i–n-junction acts to separate
photogenerated charge carriers, and transports electrons to the n-side (top) and
holes to the p-side (bottom) of the nanowires, creating a current [144]. The
charge carriers are finally collected through the front and back electrodes, with
the additional requirement for the front electrode to have good transparency for
the incoming solar radiation. Figure 4.1 (a) shows a schematic of the processing
steps involved in contacting the nanowires, and Figure 4.1 (b) shows an SEM
image of the fully processed nanowire array.
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Figure 4.1: (a) Illustration of the steps involved in the processing of nanowire arrays
into solar cells. The leftmost nanowire is shown as-grown. The center nanowire is
shown coated with SiOx and planarized with BCB. An opening has been etched into
the SiOx using RIE, and the Au particle has been removed by wet chemical etching.
The rightmost nanowire is shown following the deposition of 150 nm thick ITO as a
transparent top contact. (b) SEM image of a vertically processed nanowire array,
corresponding to the rightmost nanowire in the illustration in panel (a). Scale bar:
1000 nm.

The first processing step is to protect the nanowire sidewalls using silicon oxide
(SiOx), which is deposited using atomic layer deposition (ALD) with the precurs-
ors tris(tert-butoxy)silanol (TTBS) and trimethylaluminum (TMAl) [143]. The
resulting oxide is termed SiOx (as opposed to SiO2) because it is not necessarily
stoichiometric, and it furthermore contains a low amount of Al (≈ 0.6 at.%) [145].
A high concentration of defect states can be located at the sidewalls of the nano-
wires, leading to increased nonradiative recombination. The role of the SiOx is
therefore to passivate and protect the NW sidewalls from unwanted interaction
with chemicals used during the processing [141].

Next, a planarization step is performed by spin-coating bisbenzocyclobutene
(BCB, product name Cyclotene 3022-46), and etching it back using reactive
ion etching (RIE) to expose the nanowire tips. RIE is also used to create an
opening in the SiOx at the NW tips, such that it will be possible to contact them
electrically at the top. To obtain a top contact with good electrical conductivity,
the Au seed particles are etched, and 150 nm thick indium tin oxide (ITO) is
sputtered as a top electrode. To create several photovoltaic devices with a well-
defined area on the sample, three photolithography steps are used, as illustrated
in Figure 4.2 (a). The first lithography step takes place before the deposition
of ITO. To define a frame around the active device area, S1828 photoresist is
applied and hard-baked. After ITO sputtering, the ITO between devices is
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Figure 4.2: (a) Definition of solar cell devices by use of photolithography. Step 1:
The (hard-baked) S1828 frame defines the device area, in which the nanowire tips
are exposed. BCB for planarization is present on the entire sample. Step 2: ITO is
sputtered onto the sample, and then selectively etched between the devices. An etch
mask of S1813 is used to protect the ITO from the HCl-based etchant. In the active
area of the device, where the nanowire tips are exposed, the ITO acts as a top contact.
Step 3: A bus bar of Au is evaporated around the active area of the device for the
collection of the generated current. The bus bar is made wider on one side, where it
acts as a contact pad for contacting with a probe or by wire bonding. For the largest
devices, fingers extend over the device area to minimize resistive losses in the conductive
ITO layer. A lift-off procedure using the negative photoresist ma-N 490 is used for the
Au bus bar definition. (b) Photograph of a processed 2-inch InP nanowire solar cell
sample, with devices ranging in size between 200 × 200 µm and 10 × 10 mm. The back
side of the wafer is connected to the copper plate using conductive silver paste.

etched using a photoresist etch mask, in order to electrically isolate the devices
from each other. Finally, to define Au contact pads, an evaporation and lift-off
procedure with a negative photoresist is used.

The Au pad of a device can then be contacted with a probe to measure the
photovoltaic device performance. As the nanowires are standing on a conductive
substrate, the contact to the bottom of the nanowires can be made at the back
side of the substrate, by evaporating Ti/Zn/Au and mounting the substrate on
a copper plate by use of conductive silver paste1. This means that the back
contact is made to all of the nanowires on a sample simultaneously, while only
the nanowires in the active area of a selected device are contacted from the top
via the respective Au contact pad.

1The Zn layer helps to create an ohmic contact to the p-type substrate. When processing
nanowire arrays standing on an n-type substrate, only Ti/Au is used.
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Figure 4.3: (a) Schematic plot of a possible EQE curve for an InP solar cell (red
curve). The black curve shows the spectral power density of the AM1.5G solar spectrum.
The shaded area marks the photons that contribute towards the short-circuit current,
obtained by multiplying the solar spectrum with the EQE. (b) Schematic drawing of
J−V curves of an InP solar cell in the dark and under illumination (black lines). The
red line shows the power density as a function of voltage. The area spanned by JSC
and VOC is highlighted in light blue, while the area spanned by the operating voltage
and current density at the maximum power point (MPP) is marked in dark blue.

The size of the processed nanowire photovoltaic devices is defined by the used
UV lithography masks and can be varied in a wide range. An image of processed
nanowire solar cells on a full 2-inch wafer is shown in Figure 4.2 (b).

4.2 Characterization of Nanowire Solar Cells

To characterize nanowire solar cells, the well-established methods of solar cell
characterization used for planar solar cells can be applied.

4.2.1 External Quantum Efficiency

The basic operating principle of a solar cell is, as described in section 2.1, the
separation of light-generated electron–hole pairs by the built-in electric field of
a p–n junction. The external quantum efficiency (EQE) of a solar cell measures
the ratio of the current – measured as the number of electrons – to the number
of incoming photons under short-circuit conditions. The EQE depends on the
wavelength of the incoming light and is reported as a function of wavelength.
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Ideally, each incoming photon with an energy ℏω > Eg can create one electron–
hole pair which contributes to the current, which would represent an EQE of
100 % for that wavelength. In reality, a number of factors limit the EQE, such as
the reflection of incoming light, recombination of charge carriers, and incomplete
light absorption. A schematic depiction of the EQE of an InP nanowire solar
cell is seen in Figure 4.3 (a). Low-energy photons with a wavelength above
950 nm, corresponding to an energy below the InP band gap, are not absorbed.
For short wavelengths below 400 nm, the EQE is reduced because of absorption
in the ITO front contact, reflection, as well as strong light absorption near the
top contact of the nanowires, which leads to enhanced recombination.

4.2.2 Current Density–Voltage Characteristics

To generate power, a solar cell is operated under forward bias conditions. The
total current density in the p–n junction is described by the diode equation

J = J0

(
exp

(
eV

nkBT

)
− 1

)
− Jph (4.1)

where J0 denotes the dark saturation current density, e is the elemental charge,
V the voltage, kBT the thermal energy, and n the diode ideality factor [146].
Under illumination, a photocurrent Jph is generated in the reverse direction of
the diode.

Figure 4.3 (b) shows schematic current density–voltage (J−V ) curves. The
state in which U = 0 V is called short-circuit, characterized by the short-circuit
current density JSC. The open-circuit voltage VOC is similarly defined as the
voltage under open-circuit conditions, i.e. J = 0 mA/cm2. While JSC and VOC
are important parameters of a solar cell, no power is generated under both short-
circuit and open-circuit conditions. Instead, the output power density J · V is
largest when both the current density J and the voltage V are high, at a point
called the maximum power point MPP. As both JMPP < JSC and VMPP < VOC,
the maximum power density Pmax = JMPP ·VMPP = JSC ·VOC ·FF will be smaller
than JSC ·VOC, where the fill factor FF is defined as the fraction of the maximum
output power divided by JSC · VOC. Graphically, this can be understood as the
area fraction of the rectangle spanned by the origin and the maximum power
point MPP to the area of the rectangle defined by JSC and VOC, as illustrated
by the shaded area in Figure 4.3 (b).
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4.2.3 Photoluminescence and Light-Beam Induced Current
Mapping

Apart from measurements on single nanowires and nanowire arrays (discussed
in section 3.3.5), photoluminescence (PL) measurements can also be recorded
on fully processed solar cell devices. PL mapping measurements in particular
can be used to obtain spatially resolved information indicating local defects on
the solar cell. The possibility to apply a voltage to the solar cell and measure
the PL intensity as a function of applied voltage adds further characterization
options [147, 148].

The contacts to the solar cell can also be used to measure the photocurrent
generated by the illuminating laser spot, in a so-called light-beam induced cur-
rent (LBIC) measurement. To achieve this, a laser beam is scanned over the
sample surface, and the induced photocurrent is measured for each position of
the laser beam [149–151]. LBIC mapping and PL mapping measurements can
be performed in the same measurement setup in order to enable an analysis
correlating the two recorded maps, as done in Paper I.

4.2.4 Electroluminescence Imaging

The process of light emission by radiative electron–hole recombination is com-
plementary to the process of light absorption and generation of electron–hole
pairs. This means that a material with a high photovoltaic quantum efficiency
will in theory also be a good light emitter [152]. In practice, solar cells and
light-emitting diodes (LEDs) are optimized using different objectives and thus
differ substantially from each other. However, the basic notion that a solar cell
can also work as an LED remains valid, and electroluminescence (EL) can be
used to characterize solar cells [153]. To obtain an EL signal, the solar cell is
operated under high forward bias, where electrons and holes are injected into the
p–n junction and recombine. Imaging the EL emission of a solar cell, often at
several different bias voltages, can be used as a rapid way of extracting spatially
resolved information about the solar cell performance [154–156]. Compared to
the sequential processes of PL and LBIC mapping, an EL emission image can be
recorded in a single exposure using a microscope objective and a CCD detector.
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Figure 4.4: Characterization results on a large area 10×10 mm2 device compared to a
smaller, 1 × 1 mm2 sized device on the same sample. (a) External quantum efficiency.
(b) J−V characteristics. Values of VOC, JSC, fill factor FF and solar conversion
efficiency η are indicated. Figures adapted from Paper I.

4.3 Large Area Nanowire Solar Cells – Results of
Paper I

Nanowire solar cells are an emerging technology, and the research has so far fo-
cused on improving the performance of small, mm- or sub-mm-scale devices [75].
In Paper I, we explore the effects of increasing the device size to 10 × 10 mm2,
performing the nanowire growth and device processing on a full 2-inch wafer.
The objective of this study was to bring nanowire solar cells closer to commercial
viability in niche markets, such as space applications [87, 88]. A photograph of
the resulting vertically processed 2-inch wafer is seen in Figure 4.2 (b), featuring
devices ranging between 200 × 200 µm2 to 10 × 10 mm2 in size.

Working on a full 2-inch wafer means that approximately 9 billion vertically
standing nanowires are grown at the same time. As shown in previous work,
wafer patterning and nanowire synthesis can be performed with good homogen-
eity at this size scale [157]. The largest devices defined during processing, with
an area of 10×10 mm2, connect 460 million nanowires in parallel. On these large
devices, defects from patterning, nanowire growth and processing are present in
every device. Paper I explores the extent to which these defects impact device
performance using PL and LBIC mapping, concluding that the defects present
on the investigated device prevent current generation locally, but have a limited
impact on the total performance of the device.
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Figure 4.4 shows EQE and IV measurements of a processed large area nanowire
solar cell, as well as the performance of a smaller device on the same sample, for
comparison. Importantly, the EQE and short-circuit current density JSC of the
large area nanowire solar cell are on par with the smaller device, confirming the
successful parallel contacting of most nanowires constituting the 10 × 10 mm2

nanowire solar cell. However, the fill factor FF in the J−V curve of the large
area device is significantly lower, limiting the overall device efficiency. By per-
forming EL measurements, the series resistance of the ITO transparent top
contact is found to be the cause of the reduced fill factor.

4.4 Peel-Off of Nanowire Arrays

Removing the nanowires from the substrate using a polymer film promises a
number of advantages. It makes the re-use of the growth substrate possible, as
well as enabling the fabrication of flexible solar cells based on nanowire arrays
embedded in a thin polymer film. Additionally, it is possible to make the result-
ing nanowire solar cells semi-transparent. Usually, a complete absorption of the
incoming sunlight is desired, to attain a maximum possible efficiency. However,
semi-transparent solar cells open up for new applications where opaque solar
cells cannot be used [158]. Most strikingly, by integrating semi-transparent solar
cells into windows, solar power generation could be combined with a reasonable
transparency of the window. Applications for this approach include energy-
efficient office buildings as well as agricultural applications such as integrating
solar cells into greenhouses [159, 160].

Transparency of a solar cell can be achieved in different ways, which all come at
the cost of reduced light absorption and thus efficiency. One option is to make
the absorbing material thin enough to enable a fraction of the above-band gap
light to pass through the solar cell [158]. Geometric structuring can also be used
to create adjacent areas where light is absorbed/transmitted. If these areas are
spaced close enough to each other, an overall semi-transparent impression can
be achieved [158].

Furthermore, by using a semiconductor material with a high band gap, the
portion of visible light that has a photon energy below the band gap can be in-
creased, also contributing to better transparency [161]. However, this approach
suffers from the problem that only a very low fraction of the energy contained
in sunlight is found in the ultraviolet spectral region with high photon energy,
as seen from the AM1.5G solar spectrum in Figure 4.5 (a). Thus, a solar cell
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Figure 4.5: (a) Spectral power density of the AM1.5G solar spectrum. (b) Simulated
absorption (A), transmission (T) and reflectance (R) of a free-standing InP nanowire
array for transparent solar cell applications. The visible region (420 − 680 nm) is indic-
ated. Figure adapted from Paper II.

achieving transparency by means of a high band gap energy will have a very
small number of photons available for absorption.

In contrast, a large portion of the solar energy is found in the infrared spectral
parts of the spectrum. However, absorbing parts of the infrared light requires
a low band gap – which in turn leads to strong absorption also in the visible
region. In Paper II, the authors present a strategy to obtain InP nanowire
arrays with good transparency to visible light and simultaneous absorption in
the near-infrared.

4.5 Peel-Off of Semi-Transparent Nanowire Arrays –
Results of Paper II

The main idea of Paper II is utilizing the strong absorption of light coupling
into the fundamental optical mode of nanowires. By tuning the nanowire dia-
meter, the wavelength of the absorption peak due to optical resonance can be
adjusted [20, 162]. For nanowire array solar cells it is usually tuned to generate
the strongest possible absorption of light around the maximum of the solar spec-
trum. In Paper II, in contrast, the InP nanowire diameter of 170 nm is chosen
to have maximum absorption around 850 nm, outside of the visible spectrum.
By spacing the nanowires in a sparse array with a pitch of 1000 nm, a good
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transmission of visible light is achieved, while maintaining strong absorption
of the near-infrared light around the optical resonance peak. This is demon-
strated in Figure 4.5 (b), which shows the simulated absorption, transmission,
and reflection of light by such an InP nanowire array.

Experimentally, Paper II presents the results of peeling off an array of InP
nanowires by embedding them into a polydimethylsiloxane (PDMS) film, curing
the PDMS, and mechanically removing the PDMS film including the embedded
nanowires from the substrate. Optical transmission and reflection measurements
have verified the simulation results, showing good transmission of visible light
as well as strong absorption in the near-infrared.
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5 GaInP/InP Tandem Junc-
tion Nanowire Solar Cells

5.1 Working Principles of Tandem Junction Solar
Cells

The idea of tandem junction solar cells is to use separate sub-cells for the absorp-
tion of different parts of the solar spectrum. By absorbing high-energy photons
in a high band gap semiconductor and lower energy photons in a low band gap
semiconductor, thermalization losses are minimized. Figure 5.1 illustrates this
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Figure 5.1: Spectral power density of the AM1.5G solar spectrum (black curve) and
schematic EQE curves (red) for (a) a single junction InP solar cell, and (b) a tandem
junction GaInP/InP solar cell. In both panels, the lightly shaded area shows the amount
of photons that are absorbed and contribute to the short circuit current density JSC.
The darker, more intensely colored area represents the fraction of energy that can be
extracted from these photons by the solar cell, where thermalization losses have been
subtracted.
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by highlighting the fraction of the solar spectrum which can be converted to
electrical power by a single junction and a tandem junction solar cell, respect-
ively. In theory, the higher the number of junctions made from different band
gap materials, the smaller the wavelength range absorbed by each segment, and
thermalization losses are reduced further for each added junction [163].

The standard concept for splitting the solar spectrum into wavelength ranges
absorbed by different sub-cells is to stack the sub-cells on top of each other.
In this way, the below-band gap photons not absorbed by the top junction
semiconductor are available for the next junction. In principle, each of the sub-
cells could be contacted as an individual solar cell and operate independently
from the other sub-cells. However, the need for a transparent conducting layer
for each intermediate contact complicates this setup significantly [163, 164].
Therefore, a 2-terminal configuration with just one top and one back contact
is most common, where the sub-cells are connected in series. In this case, the
voltages of the sub-cells are added, and the current must be the same in each
subcell. The sub-cell with the lowest generated current thus acts current-limiting
for the entire device. To achieve maximum performance, the sub-cells need to
be current-matched, which can be achieved by tuning the respective band gap
[165].

5.1.1 Esaki Tunnel Diode

To connect the sub-cells in a tandem junction solar cell, an ohmic connection
should be made between the n-type and p-type segment of the respective sub-
cells. To achieve this, an Esaki tunnel junction is used. The Esaki tunnel
junction is formed between degenerately doped p- and n-type regions of a p–n
junction if the depletion region is short enough to allow tunneling from one
side of the p–n junction to the other, as visualized by the red arrow in the
band diagram shown in Figure 5.2 (a). Electrons from the conduction band
on the n-doped side can tunnel into the empty states in the valence band on
the p-side. In the other direction, electrons from the valence band on the p-
side can tunnel into empty states in the conduction band on the n-side. At
thermal equilibrium, i.e. U = 0, these processes are in balance, and the net
current is 0. Under forward bias, the tunneling of electrons from n-side to p-
side increases, leading to a forward current, as seen in the red region marked in
the schematic J−V curve in Figure 5.2 (b). As the forward bias increases, fewer
electrons will be able to tunnel through the diode, because fewer of the occupied
energy levels on the n-side are aligned with the empty levels on the p-side,
decreasing the current and leading to the phenomenon of negative differential
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Figure 5.2: (a) Band structure of an Esaki tunnel diode, realized by degenerate
doping on both sides of the junction. The red arrow indicates the tunneling of electrons
through the junction, which dominates the current at negative bias and low forward bias
conditions. (b) Schematic J−V curve of an Esaki tunnel diode. The red curve shows
the tunneling current, the blue curve the diffusion current, and the black curve the total
current. The blue area highlights the region with a negative differential resistance. The
red area shows the operating region of the Esaki tunnel junction in a tandem junction
solar cell.

resistance in the region marked light blue. At higher forward bias, the Esaki
junction behaves as a normal p–n junction, as tunneling is not possible under
those conditions. In a tandem junction solar cell, the Esaki tunnel junction is
operated under low forward bias conditions (the red region in Figure 5.2), where
its J−V characteristics are approximately ohmic. It thus acts just like a resistor
connected in series with the sub-cells.

5.1.2 Voltage Addition in Tandem Junction Solar Cells

To illustrate the structure of a tandem junction solar cell, we can consider the
case of a GaInP/InP nanowire solar cell, as presented in Paper IV. The full
structure of the GaInP/InP tandem junction nanowire solar cell is shown in
Figure 5.3. The band structure shows the two p–n junctions connected in series
with the Esaki tunnel diode between them. The incoming light is partially
absorbed in the high band gap GaInP top junction, with high-energy photons
being absorbed and below band gap energy photons transmitted. These can
then be absorbed in the lower band gap InP bottom junction. The current
generated in the two subcells has to be equal due to the fact that they are
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Figure 5.3: Band diagram of a tandem junction GaInP/InP nanowire solar cell show-
ing the axial direction of the nanowires as x-axis and energy as y-axis, together with a
schematic drawing of the nanowire. High energy photons are absorbed in the GaInP top
cell, below band gap photons are transmitted through it. They can then be absorbed
in the InP bottom cell which has a lower band gap. The sub-cells are connected by an
Esaki tunnel junction. Figure reprinted from Paper IV.

connected in series. The Esaki tunnel junction will be in a slightly forward
biased state in which the current through it matches the photocurrent of the
subcells. We can summarize that Jtot = JGaInP = JTunnel = JInP, which is a
reverse (photo-)current for the GaInP and InP subcells, but a forward current for
the Esaki tunnel junction which is oriented in the opposite direction. The total
voltage will be the sum of all voltages, which can be expressed as Utot = UGaInP−
UEsaki +UInP, where all voltages are positive with respect to the direction of the
respective junction. Figure 5.4 illustrates the voltage addition of the subcells
and the Esaki tunnel junction. The voltage of the Esaki diode is subtracted
because of the opposite direction of the Esaki tunnel junction.

5.2 MOVPE Growth of GaInP – Results of Paper
III

GaInP is an attractive top junction material for tandem junction nanowire solar
cells [162]. Paper III focuses on the growth and characterization of GaInP nano-
wire segments by use of two different Ga precursors, trimethylgallium (TMGa)
and triethylgallium (TEGa). The aim of the paper is to understand which of
these two precursors is most suitable for the growth of the GaInP segment of
tandem junction solar cells. In order to have similar conditions as during the
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Figure 5.4: J−V curves of the Esaki tunnel junction (panel (a)) as well as the sub-
cells (panels (b) and (c)) in a tandem junction solar cell. In panel (d), the voltages
of the subcells at equal current density are added up. The cyan curve represents the
voltage addition of the two sub-cells, and the black curve represents the full structure
including the voltage drop over the Esaki tunnel junction. In this case, the subcell in
panel (c), plotted with a blue line, is current limiting. In each panel, the shaded area
represents the generated/dissipated power. Both subcells generate power, while the
Esaki tunnel junction dissipates a small amount of power.

growth of the tandem junction nanowires (with a structure as shown in Fig-
ure 5.3), the GaInP nanowire segment was grown on top of an undoped InP
segment, as shown in Figure 5.5.

It is known that TEGa has favorable pyrolysis properties compared to TMGa
due to a lower homogeneous pyrolysis temperature, resulting in a reduced con-
sumption of the precursor material [166]. The results of Paper III confirm the
favorable growth dynamics of GaInP nanowire segments grown using TEGa,
including the more efficient utilization of the precursor.

It has been shown that the addition of the dopant precursor diethylzinc (DEZn)
can strongly affect the TMGa pyrolysis and, by extension, the composition of
the GaInP [167]. No similar investigation had been performed for the case of
GaInP nanowire segments grown by use of the TEGa precursor. To address
this question, Paper III investigates the effects of doping with hydrogen sulfide
(H2S), tetraethyltin (TESn) and DEZn on the GaInP composition and crystal
structure. No pronounced influence of the dopant precursors on the GaInP
composition is found when using the TEGa precursor, in contrast to the case
of using TMGa, for which the strong effect of DEZn on the GaInP composition
is confirmed [167]. Thus, the use of the TEGa precursor is favorable for the
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Figure 5.5: SEM image of GaInP/InP nanowires used for the GaInP growth study
in Paper III. As indicated, the GaInP top segment doping is varied between samples,
while the InP bottom segment is not doped. Scale bar: 500 nm.

growth of GaInP nanowires with doping heterostructures, such as the n–i–p
doped GaInP subcells for tandem junction nanowire solar cells.

The properties of GaInP nanowires have previously only been studied for nano-
wires grown using the more common precursor TMGa [128, 168–170]. For future
use of the alternative Ga precursor TEGa it is important to know if the GaInP
nanowires grown by use of this precursor have a comparable materials quality.

In Paper III, time-resolved photoluminescence (TRPL) lifetimes are used as a
proxy for the assessment of the GaInP materials quality. Figure 5.6 shows a
comparison of the TRPL decay for GaInP nanowires grown by use of either
TMGa or TEGa. GaInP nanowires with different compositions were measured,
and a general trend of shorter lifetimes with increasing Ga content was observed,
which is in line with previous results [171]. Comparing the nanowire arrays
grown by different precursors but with similar Ga content, somewhat longer
lifetimes are observed for the nanowires grown by use of TEGa. This suggests
that the number of defects in these GaInP nanowires is smaller, compared to
nanowires with similar composition but grown with the TMGa precursor.

In conclusion, the findings of Paper III support the use of the Ga precursor
TEGa for the growth of GaInP nanowire segments.

42



(a) (b)

TMGa, GaxIn1–xP1

0.1

0.01

0.001
0

P
L 

in
te

ns
ity

 (
a.

u.
)

100 200 300 400
Delay time (ps)

x = 0.20
x = 0.34

x = 0.43
x = 0.62

TEGa, GaxIn1–xP

x = 0.30
x = 0.52

1

0.1

0.01

0.001
0 100 200 300 400

P
L 

in
te

ns
ity

 (
a.

u.
)

Delay time (ps)

Figure 5.6: Composition-dependent TRPL decays of GaInP nanowire arrays. The
GaInP nanowire composition is indicated in the legend. (a) Nanowires grown using
TMGa (b) Nanowires grown using TEGa. Figures adapted from Paper III.

5.3 Processing and Characterization of GaInP/InP
Tandem Junction Nanowire Solar Cells – Results
of Paper IV

The topic of Paper IV are tandem junction GaInP/InP nanowire solar cells. In
previous work in our group, nanowires containing a GaInP/InP double junction
as well as nanowires containing a GaInP/InP/InAsP triple junction were realized
and characterized in single-nanowire form [110, 111]. Devices based on arrays
of tandem junction nanowires, connecting thousands of nanowires in parallel,
have not been manufactured previously.

In Paper IV, tandem junction GaInP/InP nanowire solar cells with different
compositions of the top junction GaInP material are presented. As the GaInP
composition is changed, the band gap of the top junction is shifted, changing the
parts of the solar spectrum absorbed in either subcell. The expectation is that
a higher Ga content will lead to a larger band gap of the GaInP material and
thus an onset of absorption at a shorter wavelength. The EQE measurements
presented in Paper IV, reprinted in Figure 5.7, follow this expectation. As the
absorption range of the GaInP top cell changes, the EQE of the InP bottom cell
is also affected. Only the light passing through the GaInP cell, which is mostly
the light with an energy below the GaInP band gap, is available to the InP
subcell. This means that the EQE plot can be roughly divided into two regions,
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Figure 5.7: EQE of the GaInP and InP sub-cells of GaInP/InP tandem junction
nanowire solar cells. The top cell GaxIn1−xP composition differs between the samples,
and the Ga content x is indicated in the caption of each panel. The short-circuit current
density JSC as calculated from the product of the sub-cell EQE with the solar spectrum
is given. Figures adapted from Paper IV.

with most absorption happening in the GaInP (InP) subcell for energies above
(below) the GaInP band gap, respectively.

For each EQE curve of a subcell, the current density expected from that subcell
is indicated, calculated as the integral of the EQE multiplied by the spectral
irradiance of the solar illumination,

JSC =
∫

EQE(λ) · FAM1.5G(λ)dλ

Due to the low EQE of the GaInP subcell, JGaInP
SC < J InP

SC for all of the solar
cells, which means that the GaInP subcell is current limiting.

Figure 5.8 shows J−V measurements performed on the same devices. As ex-
pected from the EQE of the current limiting GaInP subcell, the JSC of the
GaInP/InP tandem junction solar cells is quite low, and is in approximate agree-
ment with the values calculated from the GaInP subcell EQE.

As described in section 5.1.2, the voltages of the subcells add to the total voltage
of the tandem junction device. This means that we can expect an open circuit
voltage VOC larger than the VOC of either subcell. This is confirmed by the J−V
measurements shown in Figure 5.8, with the VOC of different devices ranging
between 1.37 − 1.91 V, depending on the GaInP composition. With increasing
Ga content of the GaInP, the total VOC of the GaInP/InP tandem junction solar
cells increases. This is in agreement with the increase of the GaInP band gap
and thus GaInP subcell VOC.
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Figure 5.8: J−V curves of GaInP/InP tandem junction nanowire solar cells under
AM1.5G illumination. The top cell GaxIn1−xP composition differs between the samples,
and the Ga content x is indicated in the caption of each panel. Values of JSC, VOC, FF
and solar conversion efficiency η are given. Figures adapted from Paper IV.

In conclusion, Paper IV reports on the manufacturing of nanowire tandem junc-
tion solar cells using the GaInP/InP materials system. Further improvement of
the solar cells is needed to achieve a competitive efficiency, most importantly by
optimizing the GaInP subcell.
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6 Outlook

The work presented in this thesis attempts to inspire and inform further progress
in the development of III–V nanowire solar cells. Paper I has demonstrated the
feasibility of relatively large area InP nanowire solar cell fabrication, which could
enable commercial viability in niche applications, such as solar cells for space-
craft. Current limitations were also shown, inspiring further work to improve
the front contacting scheme.

The use of the TEGa precursor in Paper III to grow GaInP segments resulting in
high quality according to the observed TRPL lifetimes has informed the use of
TEGa as a Ga precursor in the development of the GaInP/InP tandem junction
nanowires. The successful fabrication of tandem junction nanowire solar cells in
Paper IV presents a milestone of nanowire solar cell development. The successful
open circuit voltage addition demonstrates the proper functioning of the GaInP
and InP subcells connected by the Esaki tunnel diode. However, due to the low
quantum efficiency of the current-limiting GaInP subcell, the tandem junction
device is far from exceeding the single junction Shockley–Queisser limit. Further
work thus has to focus on improving the GaInP subcell. As surface defects are
assumed to be responsible for the low performance of the GaInP subcell, surface
passivation of the GaInP nanowire segment needs to be explored. The necessity
to find a surface passivation scheme that works well for both subcells of the
tandem junction nanowire could present a further challenge in these efforts.

After achieving a GaInP subcell with a good quantum efficiency, current match-
ing between the GaInP and InP subcells will become relevant for achieving a
high overall efficiency. As a next step, a third subcell, for example the low
band gap InAsP could be introduced, further increasing the theoretical effi-
ciency limit, but also risking to introduce challenges concerning passivation,
current matching and processing.
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In terms of cost reduction, the synthesis of nanowires at a large scale is para-
mount. The results presented in Paper I concerning growth and processing on
2-inch wafers are a first step in this direction, but much more work is needed to
make the III–V nanowire solar cells cost-competitive. Of course, this will have
to include a strategy to re-use the expensive III–V substrates, for example based
on the concept of nanowire array peel-off used in Paper II. However, the cost re-
ductions with such an approach are limited, comparable to the case of epitaxial
lift-off for planar III–V devices [60]. Direct competition with established Si solar
cells is thus not realistic in the foreseeable future, and the possible applications
of nanowire solar cells are cost-insensitive niche markets such as solar cells for
spacecraft, and possibly building-integrated photovoltaics. Assuming that the
current challenges can be overcome, highly efficient III–V nanowire solar cells
might present themselves as an attractive option for these applications.
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