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The story so far:
In the beginning the Universe was created.
This has made a lot of people very angry
and been widely regarded as a bad move.

— Douglas Adams, The Restaurant at the End of the Universe

Devoted to my mother and father.
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Abstract

A hot-carrier solar cell aims to generate power from energetic, photoexcited, charge
carriers, so called hot carriers, in order to reach higher conversion efficiencies than
current solar cell technology. Creating a hot-carrier solar cell has proven challenging
for two main reasons: hot carriers lose their energy very quickly, and they need to
be extracted over distances of a few hundred nanometers via energy selective filters.
Semiconducting III-V nanowires offer high flexibility and control in heterostructure
growth, enabling the realisation of numerous types of energy filters, in combination
with promising properties such as reduced thermal conductivity, increased hot-carrier
temperatures, and various possibilities to tune optical absorption.

This thesis aims to expand current knowledge of how to optimally design devices
for hot-carrier extraction in practice. Specifically, three experimental papers (I-III)
study the generation of electrical power by extracting charge carriers across energy
selective filters within single semiconducting nanowires. The fourth paper (Iv) reviews
current literature relating to hot carriers in nanowires. The experiments are based on
InAs nanowires with epitaxially defined heterostructures of InP or InAsxP1−x that
form energy filters. Charge carrier extraction is studied by three different means:
excitation of a non-equilibrium distribution by optical or electron-beam exposure, or
the generation of an equilibrium distribution by heat.

In Papers I and II, hot-carrier extraction is spatially resolved over a rectangular InP
barrier. Paper I uses the high spatial resolution of an electron beam, while Paper
II studies the operation of a similar devices under highly focused optical excitation.
Both papers observe hot-carrier extraction around the barrier. The mechanism for
extraction is better understood and valuable input for the future design of hot-carrier
photovoltaic devices is extracted, such as hot-electron diffusion lengths on the order
of a few hundred nanometers.

Paper III studies thermoelectric power generation in a nonlinear transport regime of
a ramp-shaped potential barrier, realised by gradually changing x in InAsxP1−x. It
is observed that fill factor, and thus maximum output power, can be tuned beyond
the linear response limits. This opens up a new door of possibility for tuning the
performance of both thermoelectric and hot-carrier photovoltaic systems.
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Popular science summary

How do we ensure reliable and predictable energy production that can last for all
foreseeable future? In contrast to gas, coal, or nuclear power, which rely on limited
natural resources, a renewable energy source is one that, per definition, does not con-
sume finite resources. However, even renewable energy sources are limited in the
amount of electricity they can generate. Sunlight is, in fact, the only energy source
that on its own contains enough energy to support the demands of the whole planet.
It is therefore of great interest to have efficient and cheap ways to convert solar energy
into electricity.

Solar cells convert sunlight into electricity using electronic materials known as semi-
conductors and the so-called photovoltaic effect. A solar cell requires no moving parts,
in contrast to most methods of generating electricity that rely on the movements of
electromagnets in an electrical generator (such as wind, hydro, and nuclear power).
Via the photovoltaic effect, electrons absorb energy directly from the sunlight. The
energy causes the electrons to move through an electrical circuit. The flow of elec-
trons leads to a current, and in this way current is generated from sunlight! Since
their invention in the 1950s, solar cells have significantly improved in performance
and gotten much cheaper, but they are still operating along the exact same principle.
Unfortunately, this principle comes with a severe limitation on how efficiently these

Figure 1: An electron sprinter gets energy from the sun, but is bad at conserving it. The artistic interpretations
in this section were generously provided by Dr. Sven Dorsch.
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can convert energy, a limitation which the work of this thesis addresses.

To help us grasp the problem, we can imagine the electrons that make up the electri-
cal current as running athletes. When the electrons absorb light, they gain a boost in
energy, and start to run very fast. This means that an electrical current is flowing. Un-
fortunately, the electrons are short-distance runners, and not very good at conserving
their energy. They very quickly exhaust and overheat themselves, losing a large part of
the energy they absorbed as heat. This severely limits the amount of current that can
be produced, and since solar cells made today do not address this energy loss, even
the most perfectly made device can still not convert more than about a third of the
energy contained in the sunlight into electricity.

So, how can this limitation be addressed? The fundamental idea is to make use of the
energy contained in these energetic electrons before they have time to lose it as heat.
This idea has been around almost as long as solar cells have existed, but, in practice, it
has proven very challenging. As of today, a solar cell operating along these principles
does not exist.

The challenge can be broken down into two parts. For one part, researchers are trying
to think of clever ways to make the electrons better at conserving their energy. Al-
though this is part of the solution, it is not in the nature of electrons to be conservative,
and there is only so much you can do about this. This leaves us with the challenge of
catching and using their energy very quickly, before they complete their short ener-
getic sprint. Here, we are talking of sprint distances of roughly 100 nanometers, 1000
times shorter than the width of a hair.

In this thesis, I address this problem by creating tiny race tracks for energetic elec-
trons where they have to use their energy to overcome obstacles. When an obstacle is
too large for a single electron to overcome, it can sacrifice some of its energy in order

Figure 2: A 100 nanometer obstacle race for electron sprinters generates a current.
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to help another one come over. While overcoming the obstacles, their energy can be
turned into electricity instead of heat. The unique aspect of my research is that I build
these race tracks using structures referred to as nanowires: long, thin semiconductor
structures with a diameter smaller than 100 nanometers. In these nanowires, obsta-
cles for the electrons can be created by manipulating the atomic composition of the
nanowire.

In this work, I apply various methods to provide the electrons with energy to make
them sprint. I then study the current generated as they run along the track and over-
come the obstacles. Thus, I address relevant questions, such as how far they can run,
if they still have enough energy to overcome the obstacles, or how the shape of the
obstacles affect their ability to overcome them.

The energetic electrons are referred to, by researchers, as hot carriers, because they
contain so much energy. The information from this thesis will be valuable to the future
development of hot-carrier solar cells, so that we can maximise the energy converted
from sunligt into electricity.
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Populärvetenskaplig sammanfattning

Att säkerställa en tillförlitlig och förutsägbar energiproduktion som kan räcka under
den överskådliga framtiden är en utmaning kanske mer aktuell idag än någonsin. Till
skillnad från gas, kol eller kärnkraft, som är beroende av begränsade naturresurser,
är en förnybar energikälla en som per definition inte förbrukar ändliga resurser. Även
förnybara energikällor är dock begränsade i den mängd el som de kan generera. Solljus
är faktiskt den enda energikälla som för sig själv innehåller tillräckligt med energi för
att tillgodose hela planetens behov (med stor marginal). Det är därför av stort intresse
att utveckla effektiva och billiga sätt att omvandla solenergi till elektricitet.

Solceller omvandlar solljus till elektricitet med hjälp av elektroniska material, så kal-
lade halvledare, och den fotovoltaiska effekten. En solcell kräver inga rörliga delar, till
skillnad från de flesta metoder för att generera en elektrisk ström som bygger på rörelse
av elektromagneter i en generator (såsom vind-, vatten-, och kärnkraft). Genom den
fotovoltaiska effekten absorberar elektronerna i halvledaren energi direkt från sollju-
set. Energin driver elektronerna genom en elektrisk krets. Flödet av elektroner bildar
en elektrisk ström, och på så vis genereras elektricitet från solljus. Sedan solceller upp-
fanns på 1950-talet har de förbättrats avsevärt i prestanda och blivit mycket billigare,
men de fungerar fortfarande enligt exakt samma princip. Tyvärr har denna princip
en stor begränsning i hur effektivt energi kan omvandlas från solljust till elektricitet.

Figur 3: En elektronlöpare får energi av solen men är dålig på att spara den. De konstnärliga tolkningarna i
denna del har skänkts av den generöse Dr. Sven Dorsch.
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Arbetet i denna avhandling handlar om hur denna begränsning ska kunna undvikas.

För att hjälpa oss att förstå problemet kan vi föreställa oss elektronerna som utgör den
elektriska strömmen som löpare. När elektronerna absorberar ljus får de en energikick
och börjar springa mycket snabbt. Detta innebär att strömmen ökar. Tyvärr är elektro-
nerna kortdistanslöpare och inte särskilt bra på att spara sin energi. De blir mycket
snabbt utmattade, överhettade och förlorar en stor del av den energi de absorberat
genom att generera värme. Detta begränsar kraftigt mängden ström som kan produ-
ceras. Eftersom solceller som tillverkas idag inte tar hänsyn till denna energiförlust,
kan inte ens den mest optimerade solcellen omvandla mer än ungefär en tredjedel av
den energi som finns i solljuset till elektricitet.

Hur kan man då åtgärda denna begränsning? Den grundläggande idén är att utnyttja
den energi som finns i de energirika elektronerna innan de hinner förlora den som
värme. Denna idé har funnits nästan lika länge som solceller har funnits, men det
har visat sig vara mycket svårt att uppnå i praktiken. Än i dag finns det ingen fullt
fungerande solcell som har lyckats med det.

Utmaningen kan delas upp i två delar. Å ena sidan försöker forskare komma på smarta
sätt att göra elektronerna bättre på att bevara sin energi. Även om detta är en del av
lösningen ligger det inte i elektronernas natur att vara återhållsamma, och det verkar
inte finnas så mycket vi kan göra åt detta. Detta lämnar oss med utmaningen att
fånga upp och använda deras energi mycket snabbt. Energin måste användas innan
elektronerna springer färdigt sitt korta sprintlopp, och då vi talar om sprintsträckor
på ungefär 100 nanometer, 1000 gånger kortare än bredden på ett hårstrå.

I den här avhandlingen tar jag itu med detta problem genom att skapa små tävlingsba-
nor för energirika elektroner där de måste använda sin energi för att övervinna hinder.
När ett hinder är för stort för en enskild elektron att övervinna kan den offra en del av

Figur 4: En 100-nanometers häcklöpningsbana för elektronlöpare genererar en ström.
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sin energi för att hjälpa en annan elektron att komma över. När de övervinner hind-
ren kan deras energi omvandlas till elektricitet i stället för värme. Den unika aspekten
av min forskning är att jag bygger dessa tävlingsbanor med hjälp av strukturer som
kallas nanotrådar: långa, tunna halvledarstrukturer med en diameter som är mindre
än 100 nanometer. I dessa nanotrådar kan man skapa hinder för elektronerna genom
att manipulera nanotrådens atomära sammansättning.

I mitt arbete tillämpar jag olika metoder för att förse elektronerna med energi, till
exempel från ljus och från värme. Jag studerar sedan den ström som genereras när de
tar sig igenom hinderbanan. På så vis undersöker jag frågor såsom hur långt de kan
springa, om de fortfarande har tillräckligt med energi för att övervinna hindren, och
hur formen på hindren påverkar deras förmåga att övervinna dem.

Forskare kallar de energirika elektronerna för heta bärare, på engelska hot carriers,
eftersom de innehåller så mycket energi. Informationen i denna avhandling kommer
att vara värdefull i den fortsatta utvecklingen av solceller som utnyttjar heta bärare, så
att vi i framtiden kan maximera energiutviningen från solljus.

xiii
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1. Introduction

I’d put my money on the sun and solar energy.
What a source of power!

I hope we don’t have to wait till oil and
coal run out before we tackle that.

– Thomas Edison

Sunlight is the only energy source, not based on finite resources, that could feasibly
produce enough energy to support the consumption of the whole planet [1]. Unfor-
tunately, in the conventional solar cell, converting energy from the sun directly into
electricity, a majority of the energy absorbed from the sunlight is lost in the form of
heat. If this energy could instead be used to generate electricity, solar cells would be
able to produce more power per unit area they cover.

A solar, or photovoltaic, cell operates by the photovoltaic effect, depicted in fig. 1.1: an
electron in a semiconductor material absorbs the energy, E, of a photon and uses it to
overcome the band gap energy, Eg, after which it can contribute to generate electrical
power. Because sunlight contains photons with a broad range (spectra) of energies, it

Figure 1.1: In a solar cell, no energy is absorbed when the photon energy is smaller than the band gap. If the
energy is larger than the band gap, any excess energy goes to the hot carrier and is subsequently
lost as heat. Solar cell adapted from Ref. [2].
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is challenging to construct a solar cell able to efficiently convert energy from photons
both at the high- and low-energy end of the spectra. At its core, there are two reasons
for this: (i) A photon with energy If E1 < Eg photon will not be absorbed, and the
energy is lost. (ii) A photon with energy If E2 > Eg, lifts electrons to energies above
Eg, so that they contain excess energy E2 − Eg. This energetic electron is referred
to as a hot carrier, and it will typically lose its excess energy in the form of heat in a
matter of picoseconds (10−12 s) [3]. Factor (i) can be addressed by choosing a smaller
value for Eg, but that would mean more energy lost as heat via factor (ii). Vice versa,
addressing factor (ii) by increasing Eg means more energy lost via factor (i). Ideally,
factor (ii) could be addressed in a different way so that Eg can remain small, and both
losses minimised.

The concept of such a hot-carrier solar cell, utilising the full energy Ephoton −Eg, has
been theoretically described almost as long as solar cells have been around (∼ 70 years)
[4, 5]. Realising a hot-carrier solar cell in practice, which is still not fully demonstrated
as of today, has proven challenging for two main reasons; hot carriers lose their excess
energy very quickly, and they need to be extracted over distances of a few hundred
nanometers (nm), via energy selective filters that only transmit hot carriers.

The advancement of nanofabrication techniques during the 21st century [6] have ush-
ered in some hope of addressing both of these challenges in practice [7]. Many studies
indicate that energy loss rates of hot carriers could be decreased in low-dimensional
structures such as quantum wells and quantum dots [8]. At the same time, energy
selective filters are easily realised in nanostructures because their synthesis allows for
variations in the chemical composition with a high degree of control [9].

A platform that has recently emerged as promising in this context are semiconducting,
III-V material, nanowires [10, 11]. Nanowires allow for excellent control and precision
in variations of chemical composition [12, 13], control of optical properties [14–17],
and reduced rates of hot-carrier energy loss [18–20]. Proof-of-principle hot-carrier
photovoltaic devices have been demonstrated in InAs nanowires containing a short
segment of InP, however with light-to-electricity conversion efficiencies below 1% [21,
22].

This thesis studies the generation of electrical power by extracting electrons across en-
ergy selective filters epitaxially defined within single semiconducting nanowires. The
electrons contain energy either in the form of heat or non-equilibrium distributions
(hot carriers). Two types of structures are studied: a rectangular, and a ramp-shaped
potential barrier. By using three different ways of providing the carriers with energy,
a number of questions that all relate to how a hot-carrier photovoltaic device should
be optimally designed are addressed.
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1.1 Papers

Paper I aims to remove any doubts as to whether a hot-carrier energy filter can be re-
alised within a nanowire, as well as to better understand the mechanism of extraction,
and gain input for the improvement of future device design. Previous experiments
were unable to pinpoint if observations of hot-carrier extraction in nanowires orig-
inated from the introduced heterostructure [21, 22]. Those experiments were done
under global illumination of the device. Therefore, other features such as a Schottky-
barrier at the semiconductor-metal interface, plasmonic resonance effects, or unin-
tentional variations in crystal quality could be responsible for the observations. By
performing electron-beam induced current (EBIC) measurements, hot carriers are
excited with a high degree of spatial control. It is observed that the position of ex-
citation within the nanowire has great impact on the current generated. Only when
excited roughly within 100 nm of the energy filter, hot-electrons can be extracted
and a current generated. This confirms the role of the heterostructure in hot-carrier
extraction. Estimated hot-electron diffusion length gives input towards the design of
future devices. A beam of energetic electrons does however differ from sunlight as
an excitation source. In the end it is necessary to evaluate the performance of these
devices under conditions more realistic for the operation of a solar cell.

Consequently, in Paper II we ask ourselves whether a similar level of control in hot-
carrier excitation can be attained under optical excitation, and if the same mecha-
nisms still are present? So that the performance of hot-carrier extraction in various
nanowire devices can be evaluated and compared under more realistic conditions. The
optical beam induced current (OBIC) of similar nanowires as in Paper I are studied
by employing a laser beam focused close to the diffraction limit, and a high precision
piezomechanic stage to move the sample. Optically induced current generation from
hot-carrier extraction is observed to vary with excitation location in a similar way as
in Paper I, and optoelectronic performance parameters such as open-circuit voltage,
short-circuit current, and power are extracted. It is demonstrated that this can be
done while varying the location, energy, and intensity of the optical excitation. Esti-
mates for hot-electron diffusion lengths on the order of 300 nm are extracted. OBIC,
with the supporting information from EBIC, is demonstrated as a valuable tool to use
in the future evaluation and comparison of candidate systems for hot-carrier photo-
voltaics.

By using nanoscale energy filters, thermoelectric devices can be operated in regions
of nonlinear transport where novel properties such as thermal rectification can be
observed [23, 24]. The linear shape of conventional thermoelectric devices limits the
maximum power they can generate, as their fill factor is always 0.25. This can be
compared to conventional photovoltaic devices, which operate in a nonlinear region,
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where the fill factor can approaches 1. Paper III demonstrates how the fill factor, and
thus output power, in a thermoelectric system can be tuned by altering the shape of the
energy filter operating in a nonlinear region. This is done by thermally and electrically
biasing a single nanowire device containing a ramp-shaped potential barrier. The
device promotes thermoelectric currents when thermally biased in one direction, and
demotes it in the other direction, acting as a thremoelectric rectifier. These result
introduce a path towards optimising the performance of any device that generates
power by extracting charge carriers across heterostructure-defined energy filters, such
as thermoelectrics and hot-carrier photovoltaics.

Paper Iv is a review on the current literature relating to hot carriers in nanowires. It
highlights the various modifications of hot-carrier dynamics possible due to the quan-
tum confinement and increased boundary scattering in nanowires due to their geom-
etry. It showcases how nanowires have been used to demonstrate power production
from charge carriers energised both by heat and optically excited hot carriers. Several
questions that still need to be answered in order to fully evaluate the performance that
can be achieved in nanowire-based hot-carrier photovoltaic devices.

One question in particular is highlighted in Paper Iv, as well as in this thesis: Can
nanowires be used to experimentally identify the type of energy filtering design that
optimises the performance of a hot-carrier photovoltaic device in terms of both output
power and efficiency? Here, the synthesis of nanowires allow for the realisation of
many different types fo energy filters. Sesign variations to consider are, for example,
variations in barrier shape, filters with serial quantum dots that create box-shaped
transmission functions, and designs with two filters that extract hot electrons and
holes in opposite directions. Theory, due to the complexity of the system, struggles to
consistently describe and predict the effect of such variations on the performance of
hot-carrier photovoltaic devices [8]. Instead, it is possible they could be addressed by
applying the experimental techniques used in this thesis to compare the performance
of the different energy filter designs.

1.2 Outline

Before the Papers, a more thorough introduction to the field and the questions that
need to be answered are found. It is structured as follows: Chapter 2 briefly intro-
duces the concepts of electronic band structure, optical excitation, the fundamental
challenges to reaching high conversion efficiencies in solar cells, and potential solu-
tions to the problem (so called third-generation photovoltaics). Chapter 3 describes
how energy is distributed amongst electrons in a solid in both equilibrium and non-
equilibrium situations, the processes by which hot carriers lose their energy, and what
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to consider in order to prevent it. Building on this, Chapter 4 starts by evaluating two
conventional ways of extracting energy contained in charge carriers, thermoelectrics
and photovoltaics. Aspects from both of these approaches are used to describe the
design of a hot-carrier photovoltaic device, and various types of energy filters for hot-
carrier extraction are compared. Once the reader is familiar with all of these concepts,
the nanowire-platform is properly introduced in Chapter 5. Its various benefits for
hot-carrier devices are here briefly reviewed based on existing literature, and more
extensively in Paper Iv. The chapter also describes the specific experimental system
studied in this thesis and how it is synthesised. The experimental work of Papers I-
III is summarised in Chapter 6. Finally, Chapter 7 presents an outlook identifying
experimental systems for future investigation.
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2. Background

This chapter introduces basic concepts which the reader needs to be familiar with in
order to understand the work presented in this thesis. This includes a brief introduc-
tion to the electronic band structure of solids, and the optical excitation processes in
a semiconductor. The fundamental limitations to the conversion efficiency of a con-
ventional photovoltaic device are established. Some of the existing ideas for more effi-
cient, so called ”third generation”, photovoltaic devices are introduced, out of which
particular focus is on the hot-carrier approach, and the challenges it entails.

2.1 Electronic band structure

At the core of quantum physics is the strange notion that what we typically call a
particle can, in fact, behave both as a wave and as a physical particle. In 1926 Erwin
Schrödinger introduced a theory containing the mathematical tools for describing this
so called wave-particle duality [25]. In it, any particle is described by a complex wave
function

ϕ(r⃗) = eik⃗·r⃗, (2.1)

where r⃗ = (x, y, z) is the three-dimensional particle coordinate, and k⃗ is the wave
vector (analogous to its momentum). All information regarding a particles movement
and energy in a certain system can be found by solving the Schrödinger equation in
the a certain potential landscape, V (r⃗),

Hϕ(r⃗) =
(
− ℏ2

2m
∇2︸ ︷︷ ︸

Ekin

+V (r⃗)︸︷︷︸
Epot

)
ϕ(r⃗) = Eϕ(r⃗). (2.2)

where ℏ is the Planck constant, m is the particle mass, and ∇ =
(

∂
∂x ,

∂
∂y ,

∂
∂z

)
. Eq.

(2.2) is an eigenvalue equation where the Hamiltonian operator, H , returns the total
energy, E, of a particle described by ϕ(r⃗). The two parts contained in H represent
potential energy, Epot, and kinetic energy, Ekin.
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Solutions to the Schrödinger equation for a free electron is now considered. For a free
electron no potential energy is present, so that V (r⃗) = 0. This leaves us with

∇2ϕ(r⃗) = −2meE

ℏ2
ϕ(r⃗), (2.3)

with the solution

E =
ℏ2k2

2me
, (2.4)

where me is the electron mass, and k = |⃗k|. A typical energy dispersion based on eq.
(2.4) is shown in fig. 2.1(a). The free electron is able to take on any energy value along
this ”free electron parabola”. If one replaces k with the classical momentum p = ℏk,
we see that we are left with the classical equation for kinetic energy Ekin = p2/2me.

In a solid, where electrons are bound to a nuclei, they can only take on certain energy
values. The valence electrons, electrons in the outmost shells, are able to jump in be-
tween atoms, and can therefore be referred to as nearly-free electrons. To solve which
energies they can occupy, the underlying periodic structure of the nuclei building
up the crystal lattice needs to be considered. In the nearly free electron model, this
is done by assuming that the potential introduced by the nuclei can be completely
described by a periodic potential, V (r⃗) = V (r⃗ + a⃗), where the lattice vector a⃗ de-
scribes the distance between atoms in the crystal lattice. It should be noted that both
the free- and the nearly free electron model assume electron-electron interaction is
negligible, which simplifies the problem. The corresponding wave function also takes
on a periodic form (known as a Bloch wave function [26])

ϕ(r⃗) = eik⃗·r⃗u(r⃗), (2.5)

where u(r⃗) = u(r⃗ + a⃗).

As a result of solving the Schroedinger equation we get the so called band structure.
The band structure indicates which energy states are possible to possess for an electron
in a crystal lattice. Fully solving eq. (2.2) for an electron in lattice is complicated by
the fact that several periodicities can be identified, in different directions. This means
there will be several solutions, for different a⃗, that all need to be brought together.
An example of a full solution is seen for InAs in fig. 2.1(b). Here, W , X , Γ, L, U all
indicate different directions of periodicity in k-space. Numerous bands are available,
and they cross each other in a complex matter.

The band structure indicated which energy states that can be occupied by an electron.
How many states that are available at a certain energy is described by the so called
density of states, Z(E). The density of states will depend on the band structure
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Figure 2.1: Allowed energies as a function k for a) a free electron and b) an electron bound in an InAs crys-
tal. At the band extremes, the diagram can be approximated by a free electron parabola with an
altered effective mass, m∗

e . W, X, G, L, U represent various crystal-plane directions in k-space. c) It
is common to draw the conduction (valence) band edges, Ec (Ev) as a function of position, high-
lighting the band gap Eg. Band diagram calculated with Quantum ESPRESSO [27], Matlab script
courtesy of P. Hadley [28].

and the dimensionality of the systems, but it can generally be stated that in three
dimensions the density of states per unit volume is

Z(E) =
4π(2m)3/2

h3

√
E. (2.6)

Note that Z(E) only indicate energies which an electron may posses, i.e., available
states, not whether an electron is occupying the state. The population (distribution)
of electrons across the available states will be discussed in more detail in Ch. (3).

Looking at the band structure in fig. 2.1(b), there is an energy known as the band
gap, Eg, within which no allowed energy states exist. The band gap is defined by two
band edges, the lower energy is defined by the maximum, Ev, of valence band and
the top of Eg is defined by the minimum, Ec, of the conduction band.

A semiconductor material is defined by the fact that at T = 0 K (without doping),
all bands beneath the conduction band are fully occupied by electrons, while the con-
duction band and all bands above are fully unoccupied. Most of the unique properties
of semiconductor materials are related to the band gap. For example, optical excita-
tion of electrons typically happens around the band gap since it requires an available
electron, found abundantly in the valence band, and an empty state at a similar k but
higher energy, found abundantly in the conduction band.

The description of the bands can be simplified around points where ∂E/∂k⃗=0 using the
effective mass approximation. Around these points, the bands can be approximated
as free electron parabolas (see fig. 2.1(b)), as in eq. (2.4), if me is replaced by the so
called effective mass m∗

e . Mathematically, it means that a Taylor expansion can be
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done around the band edges to obtain

E(k) = Ei +
1

2

∂2E

∂k2
= Ei +

ℏ2k2

2m∗
e
, (2.7)

where Ei denotes the position of the band edge, e.g. Ev and Ec. The effective mass
is defined as

1

m∗
e
=

1

ℏ2
∂2E

∂k2
. (2.8)

We see that a larger m∗
e is the same as a ”smoother” parabola. Physically, this means

that the electron moving through the solid is disturbed by interactions with electrons
and nuclei so that it moves as if it had a different mass. Tabulated values for m∗

e are
usually given as the ratiom∗

e/me. The importance ofm∗
e in the design of a hot-carrier

photovoltaic devices is further discussed in section (5.4.1).

It is common to draw a simplified version of the band structure where only the edges
of the two bands are considered, as a function of position along a single dimension,
as for shown for x-direction in fig. 2.1(c). This way of drawing is very useful since it is
simple and most of the physics in a semiconductor happens around Ev, Eg, and Ec.

2.2 Optical excitation

During optical excitation, a photon is absorbed by an electron, using the energy to
transition to a higher lying energy band. At the same time, a hole, h+, is left where
the electron used to be. We say an electron-hole pair has been generated. The hole is
a quasiparticle that indicates an available state to which a neighbouring electron can
jump to. Mathematically, however, it can be treated just as if it was an electron with
a positive charge. Collectively, electrons and holes are referred to as charge carriers, as
they both can contribute to electrical current.

During the absorption of a photon there are two laws of conservation that must be
followed. The conservation of energy

Ee,f = Ee,i + hν, (2.9)

and the conservation of crystal momentum

k⃗e,f = k⃗e,i ± k⃗photon. (2.10)

where Ee,i, Ee,f, k⃗e,i, k⃗e,f are the initial and final energy and crystal momentum of the
electron. The incoming photon with frequency ν, and wave vector k⃗photon, has the

10



Figure 2.2: Simplified band structure depicting the process of optically exciting a hot carrier.

energy hν. In most situations, k⃗photon ≪ k⃗e such that k⃗e,f ≈ k⃗e,i. In a band structure
picture (fig. 2.2), this means that the electron transitions more or less vertically after
absorption. Because of energy conservation, the transition must happen at a k⃗ where
the energy difference between two bands match that of the photon.

When hν > Eg, hν − Eg will be distributed as Ekin between the electron and the
hole such that the total energy is distributed as

hν︸︷︷︸
Etotal

= Eg︸︷︷︸
Epot

+Ekin,e + Ekin,h.︸ ︷︷ ︸
Ekin

(2.11)

The carriers with a non-zero Ekin are referred to as hot carriers, indicated as orange
in fig. 2.2. The difference in shape of the conduction and valence band means that
typically Ekin,e ̸= Ekin,h. In most III-V materials, the conduction band is ”sharper”,
so that Ekin,e > Ekin,h at any specific k.

In a conventional solar cell, all of the Ekin is lost, and the portion of Etotal converted
to electrical work can never be larger than Epot. This is because hot carriers lose their
excess energy via various forms of inelastic scattering events. These processes (covered
in more detail in Ch. (3)), are referred to as hot-carrier relaxation, and typically occur
on timescales in the range between picoseconds to nanoseconds [3]. The quick relax-
ation of hot carriers introduces a difficult challenge if one wants to convert the kinetic
energy to electrical power.

In an ideal situation, the energy of the hot carriers would not be lost so that 100% of
Etotal could be converted into a photovoltage and used to produce electrical power.
One should however always keep in mind that when a researcher uses the wording,
”in an ideal situation”, this will likely never be the case in reality.
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2.3 Energy loss in a photovoltaic device

No matter how well you construct a photovoltaic device, there are some fundamental
limitations to how efficiently it can convert the incoming solar energy into electrical
power. When speaking of sunlight, it refers to the whole spectrum of photon energies
(wavelengths) emitted by the sun. Already in 1961, Shockley and Queisser [29] pre-
sented their famous detailed-balance calculations, predicting that at best roughly 30%
of the incoming energy in from the spectrum of sunlight can be converted to electrical
work. This limit is known in the field of photovoltaics as the Shockley-Queisser limit.
The remaining ∼ 70% of the energy is lost via a variety of mechanisms. These loss
mechanism are summarised in fig. 2.3, showing the relative impact of each loss as a
function of Eg. These calculations, by Hirst and Ekins-Daukes [30], are based on the
operational principles of a conventional solar cell (detailed in section (4.1.1)). The two
major sources of energy loss that can be identified are:

• Sub-band gap losses. A photon with energy hν < Eg cannot be absorbed. Thus,
such photons in the solar spectrum will not contribute towards generating elec-
trical power, and their energy is lost. To remedy this, the obvious solution is
of course to use a semiconductor with a smaller Eg, but this comes with a new
challenge.

• Carrier relaxation losses. The smaller the band gap, the larger part of the ab-
sorbed energy turns into Ekin of the carriers, in other words more hot carriers
are generated. All of this Ekin is lost during the hot-carrier relaxation pro-
cess. The smaller Eg, the larger Ekin, and the larger the loss via hot-carrier
relaxation.

Beside these two, other losses include:

• Carnot losses. In any process that can be likened to a heat engine (energy
transferred between two reservoirs at different temperatures), the efficiency is
bounded above by the Carnot efficiency (see section (4.1.2)). For a solar cell
this is set by the temperature of the sun, Tsun ≈ 6000K, and the temperature
of the cell which is roughly at room temperature, Tcell ≈ 300K. This results
in an efficiency limited to (Tsun − Tcell)/Tsun ≈ 95%.

• Boltzmann losses. The incoming photons from the sun arrive more or less as
parallel beams, but any light emitted by the solar cell can be spread out over
a very large angle. In other words, the emitted light is less ordered than the
incoming light, which means it has a higher entropy, and thus energy has been
lost.
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Figure 2.3: The relative distribution between fundamental sources of loss in a conventional, single pn-junction,
solar cell, and the energy available for conversion into power. Figure adapted from [30] with per-
mission.

• Emission losses. After an electron-hole pair has been excited, they will eventually
recombine. This means that the electron falls back from the conduction band to
an available state (hole) in the valence band, and typically a photon is emitted.
If this recombination happens before the electron-hole pair has contributed to
the photovoltage, the energy is lost.

All these losses vary as a function of the semiconductor band gap. The Eg that min-
imises the combined total loss, roughly 1.4 eV, is the value that is used to calculate
the Shockley-Queisser limit [29].

2.4 Third-generation photovoltaics

The Shockley-Quiesser limit does not tell us that all hope is lost if we want to make a
more efficient solar cell. What it tells us is that a solar cell will need to be designed in a
matter that addresses at least one of the losses in fig. 2.3 in order to reach an efficiency
larger than ∼ 30%. On this point, a number of approaches have been suggested and
attempted, all classified as ”third-generation” photovoltaics [31].

2.4.1 Tandem

The only photovoltaic technique that has managed to surpass the Shockley-Queisser
limit as of today are so called tandem-solar cells. In a tandem device, several semicon-
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ductor materials with different band gaps are stacked on top of each other, each one
designed to absorb a different portion of the sun’s energy spectrum. In this way, car-
rier relaxation losses and sub-band gap losses can both be reduced. Such a device can
thereby reach efficiencies significantly larger than the Shockley-Queisser limit [32].
Record efficiencies above 47% have been experimentally demonstrated by combining
six different band gaps [33, 34]. Because these devices are composed of various semi-
conductor materials that can be rare and expensive, on top of high costs for growth
substrates and fabrication facilities, they are so far are unable to compete with today’s
conventional Si solar cells when it comes to the price in dollars per kWh [35]. Because
of their high efficiencies they are however considered for extreme applications where
price is not the main issue, such as on satellites [36].

2.4.2 Multiple-exciton generation

In this technique, the goal is to use hot carriers with an energy at least two times larger
than the band gap, Ekin > 2Eg. Such hot carriers can undergo impact ionization (see
section (3.3)) to excite one or more additional electron-hole pairs across the band gap.
In this way, the energy of one incoming photon may be used to generate more than
one electron-hole pair. The existence of multiple exciton generation under optical
excitation has been experimentally demonstrated mainly in quantum dot systems [37–
40]. So far no devices operating at efficiencies or voltages above the Shockley-Queisser
limit have been presented [41]. This approach entails a trade off:A Eg ≫ hν can yield
a high current because many multiple electron-hole pairs can be generated, but the
smallEg may limit the voltage (see section (3.3)). A largerEg on the other hand means
the photon energy will not be sufficient to generate multiple electron-hole pairs. For
this reason it seems unlikely to by itself be the solution to a future high-efficiency
photovoltaic device. While not to be dismissed, the technique is not addressed further
in this thesis, and the reader is referred to existing reviews [41, 42].

2.4.3 Hot-carrier photovoltaics

A hot-carrier photovoltaic device attempts to directly utilise all the energy contained
in the hot carriers, i.e., both Epot and Ekin. This is possible if the hot carriers are used
to extract work before they have time to relax. If this is done, then the size of Eg
essentially does not matter. If the carrier relaxation losses are minimised then we see
in fig. 2.3 that a small Eg will be the ideal choice to maximise conversion efficiency.

In 1982, Ross and Nozik [5] presented a seminal paper where they attempted the first
full theoretical description of such a device, predicting that it could reach a conversion
efficiency of 66%. Expanding on their description 15 years later, Würfel [43] made cal-
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culations including impact ionization and solar concentration to suggest that an even
higher efficiency of 85% could be reached. Since then, a significant number of theo-
retical works have been presented during the last 20 years where efficiency estimates
range all the way from 1-85% [8]. This struggle in giving a consistent theoretical de-
scription of a hot-carrier solar cell hints at the complexity of the system. In fact, so
far no fully functional hot-carrier solar cell has been realised at a macro scale, and
the proof-of-principle devices that have been demonstrated are nowhere close to the
higher predicted efficiencies [8].

There are a number of challenges that need to be overcome if a hot-carrier solar cell
is to be realised in practice, the two overarching ones being:

1. Slowing down the hot-carrier relaxation process.

2. Designing energy selective filters capable of extracting work from hot carriers.

A significant amount of experimental work focused on challenge (1) have been done,
typically utilising various low-dimensional effects to increase the hot-carrier lifetime,
τHC, by modifying carrier-phonon interactions [8]. An increased τHC allows for more
time to use the Ekin of the hot carriers for performing electrical work, before the
energy is lost as heat. In a steady state situation, this means the hot-carrier distribution
can maintain a higher effective temperature. These concepts are explained in more
detail in Ch. (3), but challenge (1) is not specifically addressed in the experimental
work of this thesis.

The experimental work in this thesis focuses on addressing challenge (2). In order
to utilise the Ekin of hot carriers, a device design where only hot carriers of certain
energies are transmitted is required [5, 43]. The energy selective structure through
which the hot carriers are extracted is referred to as an energy filter. The short τHC
means that extraction has to happen over short distances. Just as the first challenge,
the second challenge is therefore tackled using low-dimensional structures, containing
features on the nanometer-scale [7].

The concept of extracting hot carriers across an energy filter is very similar to the
concept of nanoscale thermoelectric heat engines. The only real difference between
such a thermoelectric device and a hot-carrier photovoltaic system is the way by which
the energy is distributed amongst the carriers, as will be discussed during the next
chapter. Many of the conclusions in this thesis are thus applicable to thermoelectric
and hot-carrier photovoltaic systems. Indeed, Paper III is a study of a thermoelectric
system, with potential implications for hot-carrier extraction.
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3. Energetic charge carriers in semi-
conductors

The goal of this chapter is to give the reader an understanding of how energy is dis-
tributed amongst electrons in a solid, and in particular why hot carriers lose their
kinetic energy so fast. A carrier distribution can be classified as being either in equi-
librium or not in equilibrium. In this work, an equilibrium distribution is defined
as one where the carriers can be described as a Fermi-Dirac distribution at a certain
temperature. A non-equilibrium distribution of hot carriers is created during optical
excitation. It is during the strive of the hot carriers to get back to an equilibrium
distribution that their kinetic energy is lost. The mechanisms behind this relaxation
process are introduced, as well as methods for slowing it down.

3.1 Equilibrium distribution

What is temperature? At its core, at a microscopic scale, temperature is defined as
the energy contained in the movement of particles. One of the seven defining con-
stants of physics, the Boltzman constant kB, gives us a direct relation between the
average kinetic energy, Ekin, of a free particle and its temperature, T . According to
the equipartition theorem [44]

Ekin =
D

2
kBT, (3.1)

where D indicates the number of degrees of freedom. The equipartition theorem tells
us that by increasing the temperature of a macroscopic object, one increases Ekin of
its constituent particles.

In a system containing several electrons, the energy states that an electron can occupy
is limited by the so called Pauli exclusion principle [45]. It states that no two electrons
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Figure 3.1: a) The Fermi-Dirac distribution, f(E), plotted for three temperatures. b) The density of electrons
occupying a solid, N , indicated as red region, will depend both on f(E) and the density of states
Z(E).

in a system, with the same spin, can occupy the same energy state. Based on this, and
the distribution of kinetic energy amongst electrons via inelastic scattering with each
other, one can statistically derive the Fermi-Dirac distribution [46]. The distribution,
f(E), tells us the likeliness of finding an electron at a specific energy in a free electron
gas

f(E) =
1

e(E−EF)/kBT + 1
. (3.2)

The Fermi energy, EF, is defined as the energy where the probability of a state being
occupied by an electron is exactly 50%, i.e. f(EF) = 0.5.

At T = 0, we find the system in its state of lowest possible total energy, represented
by the blue line in fig. 3.1(a). Here, all electron states are occupied up until EF, and
all states above are unoccupied. As T increases (orange and red line in fig. 3.1(a)),
electrons gain Ekin, and scatter with each other more and more, such that the proba-
bility increases for finding an electron at energies above EF. Since f(E) is symmetric
around EF, each electron found above EF entails a hole below EF, with the proba-
bility 1− f(E).

The Fermi-Dirac distribution is purely statistical, it determines the probability to find
an electron at a certain energy, provided a state exists at that energy for an electron to
occupy. To get the total density of electrons, N , the density of available states, Z(E),
needs to be factored in as well, so that

N =

∫
f(E)Z(E)dE. (3.3)

Because Z(E) is closely related to the band structure, it will differ for the conduction
band, ZCB, and the valence band ZVB. The density of electrons in the conduction
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band, n, and the density of holes in the valence band, p, can then be calculated as

n =

∫ ∞

EC

f(E)ZCB(E)dE, (3.4)

and

p =

∫ EV

−∞
1− f(E)ZVB(E)dE. (3.5)

In fig. 3.1(b), a visualisation of how N may be distributed around the band gap of a
semiconductor is shown. At T = 0, all electrons will be in the valence band and none
in the conduction band, since EF is found inside the band gap. At a finite T (as in
the figure), f(E), will range across the band gap, so that there is a finite probability
of finding an electron at a state in the conduction band. Even if f(E) is non-zero,
Z(E) approaches zero at the band edges and vanishes in the band gap. The resulting
N , following eq. (3.3), is indicated as the red colored region .

Note that at any given T , a vast majority of electrons in a Fermi-Dirac distribution
are found in an energetic range of a few kBT around EF. At room temperature,
T ≈ 300K and kBT ≈ 30meV , whereas typical values of Eg are on the order of
1 eV. In other words, f(E) ≪ 1 in the conduction band, and fig. 3.1(b) is strongly
exaggerated for visual purpose.

An equilibrium distribution will in this work refer to a reservoir in which all electrons
can be described by a single Fermi-Dirac distribution at a certain temperature, T0. A
system may still contain several reservoirs all described by differentT0, each considered
to be in equilibrium. In contrast, thermal equilibrium refers to a system where T0 is the
same in all reservoirs, in other words constant over space and time. This distinction
will hopefully become make more sense after the next section, where distributions
that cannot be described by eq. (3.2) are introduced.

3.2 Non-equilibrium distribution

A non-equilibrium distribution is a distribution which cannot be described by Fermi-
Dirac statistics (eq. (3.2)). Such a distribution is for example created during optical
excitation of a hot electron, as visualised in fig. 3.2(a). Typically, only a small portion
of the electrons in the valence band are excited to hot electrons, while the majority
still remains as an equilibrium distribution that can be characterised by temperature
T0. The occupation probability of the hot electrons cannot be described by f(E, T =
T0). However, as they scatter and redistribute their kinetic energy amongst each other,
they may form a uniform distribution (blue region in fig.3.2(a)). This distribution
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Figure 3.2: a) Optical excitation generates non-equilibrium hot carriers at energies above the Fermi-Dirac dis-
tribution. The hot-carrier population can be characterised by an effective temperature THC > T0.
b) Simplified image of the excitation hot-carrier relaxation process, highlighting 1) carrier-carrier
scattering (thermalisation) 2) carrier-phonon scattering 3) electron-hole interactions such as impact
ionization and Auger recombination 4) radiative recombination.

can often be rather well described as the tail of a Fermi-Dirac distribution given by
an effective hot-carrier temperature THC > T0 [31, 43]. Note that THC is not a
temperature in a strict sense, only a simplified attempt to describe the non-equilibrium
distribution, which in reality is more complex [47].

3.3 Hot-carrier relaxation

After optically excited, the hot-carriers undergo a number of relaxation processes dur-
ing timescales ranging from picoseconds to nanoseconds [3]. This means that if no
further energy is put into the system, the hot carriers at THC will equilibrate with
the electrons at T0. Fully describing the formation and relaxation of the hot-carrier
distribution is an intricate problem beyond the scope of this thesis, but a basic under-
standing of the processes involved will be helpful in discussing the results. The main
processes involved in hot-carrier relaxation are summarised in fig. 3.2(b). Note that
these processes need not occur in the order presented here but in reality they happen
in parallel at various rates, depending on material system and excitation conditions.
Table 3.1 shows rough timescales, τ , during which each process is likely to occur. It
also shows the corresponding length,L, that an electron travels during that time based
on the thermal drift velocity at room temperature, (m∗

ev
2
th)/2 = 3kBT/2, calculated

for m∗
e = 1 and m∗

e = 0.05 [11].

1. Carrier-carrier scattering (thermalisation).

After excitation, hot carriers more or less immediately start to scatter with each other,
redistributing their Ekin. Assuming the density of hot carriers is high enough for
carrier-carrier scattering takes place, the distribution takes on a shape that can be
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Table 3.1: Typical time scale, τ , and length scale, L, during which the various relaxation processes occur.

Process τ L, m∗
e = 1 L, m∗

e = 0.05

Carrier-carrier scattering [48] 10−13 − 10−14 s 1− 10 nm 5 · 1− 10 nm
Carrier-phonon scattering [3] 10−12 s 102 nm 5 · 102 nm

Impact ionization [49] 10−11 − 10−12 s 102 − 103 nm 5 · 102 − 103 nm
Auger recombination [3] 10−10 s 104 nm 5 · 104 nm

Radiative recombination [3] ≥ 10−9 s ≥ 105 nm ≥ 5 · 105 nm

approximated by Fermi-Dirac statistics at THC. Typically, THC will be different for
the hot electron and the hot hole distribution, due to their different effective masses
(see table 5.1)).

The process by which hot carriers reach a Fermi-Dirac distribution that can be char-
acterised by THC is in this work refereed to as carrier thermalisation. This is not to be
confused with the way the word thermalisation is sometimes used in photovoltaics-
related literature, where it refers to the whole process of hot-carrier relaxation whereby
THC reaches T0.

During thermalisation, none of the Ekin is lost from the hot carriers, it is only redis-
tributed amongst them.

2. Carrier-phonon scattering.

The main channel via which energy is dissipated from the hot carriers is via carrier-
phonon scattering. To understand this process, we need to know that a phonon is a
quasiparticle representing the wave/particle nature of elastic vibrations in the atoms
of the lattice. A phonon consisting of atoms moving in a coherent wave is referred
to as acoustic, while an out-of-phase movement, such that two neighbouring atoms
move in opposite directions, is referred to as optical. Optical phonons only exist in
solids with two or more atoms per base (such as a III-V compounds), because it’s an
ionic effect requiring an electrical dipole moment [50].

Carrier-phonon scattering is an inelastic event where the carrier scatters with the lat-
tice and thereby sets off a vibration. The carrier loses some of its Ekin in generating a
phonon. Via a series of carrier-phonon scattering events, the hot carrier releases most
of its Ekin, and the distribution approaches the equilibrium distribution at T0.

After generation, the dynamics of phonons may still have an impact on the distribu-
tion and relaxation of hot carriers. In polar materials, such as the III-V semiconduc-
tors studied in this work, carrier-phonon scattering mainly generate optical phonons
[49] . These (higher-energy) optical phonons typically decay into multiple (lower-
energy) acoustic phonons [51, 52]. A large build-up of acoustic phonons may result
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in a phonon bottleneck effect that inhibits optical phonon relaxation [53–55]. This
can in turn affect the carrier-phonon scattering rate, and lead to a modified THC. It
is in principle also possible for acoustic phonons to be up-converted to higher energy
optical phonons [56], and for optical phonons to be reabsorbed by carriers [57].

While overall, carrier-phonon scattering is a channel of loss for hot carriers, the com-
plex dynamics describing the process will have a large impact on at which rates it
happens. There are various ways in which these can be modified in low-dimensional
structures [8], as discussed in more detail for nanowires in section (5.2). Acoustic
phonons are responsible for heat conduction in a lattice. The relation between acous-
tic phonon scattering, thermal conductivity, and hot-carrier relaxation will also be
explored further for nanowires in section (5.2).

3. Electron-hole interactions.

Electrons and holes form separate distributions that may be described by separate
THC . Still, there is direct interaction between these two distributions in the form of
processes such as impact ionization, Auger recombination, and various electron-hole
scattering effects. Impact ionization is a process by which one energetic charge carrier
loses parts of its energy in order to excite an additional electron-hole pair. Auger
recombination (basically the reverse process) is the recombination of an electron hole
pair, where the energy released becomes kinetic energy for another carrier [58].

4. Radiative recombination.

An electron in the conduction band can at any point relax to the valence band if
there is a hole with a similar k. When an electron-hole pair is recombined, a photon
is typically emitted with the same energy as the difference between the electron and
hole. This is referred to as radiative recombination. It mostly involves carriers close to
the band edge, with a low Ekin and similar k. As can be seen in table (3.1), radiative
recombination is a relatively slow process [3].

3.4 Maintaining a hot-carrier population

The fast relaxation of hot carriers poses a serious challenge if the goal is to utilise
their Ekin. Experimental efforts towards slowing down hot-carrier relaxation started
during the 80’s and 90’s. Numerous works were published containing time-resolved
studies of the hot-carrier relaxation process in quantum well systems, based mainly on
GaAs/AlGaAs heterostructures [59–69]. These studies demonstrated how hot-carrier
distributions in the quantum well could be decoupled from the equilibrium distri-
bution at T0 and described by THC. Observations of slower rates of relaxation, i.e.
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increased lifetime τHC, were attributed to hampering in the phonon relaxation rate
(i.e. phonon bottlenecks) and reduced carrier-phonon interactions. These effects
can be expected in low-dimensional structures, partially due to phonon and electron
confinement effects modifying their density of states [70]. More recently, similar ob-
servations have been made in a number of more exotic III-V quantum well systems
[71–77]. Increased τHC have also been predicted and observed in several bulk mate-
rials, such as InGaN [78], due to their phonon and electron band structures [78–83].
While these studies are important, it should be noted that most of these studies are
done at excitation powers significantly larger than that of the sun, and under excita-
tion with very short pulses (down to femtoseconds). These are conditions that will
not occur in a normal solar cell under operation. So far, significantly slowing down
the hot-carrier relaxation under reasonable operational conditions seems to remain a
challenge.

Any photovoltaic device operating under continuous illumination is said to be in a
steady state situation, where there’s a continuous flow of energy into and out of the
device at various rates. The overarching rates in a hot-carrier photovoltaic system are
summarised in fig. 3.3. Energy from the irradiation source enters the system at the
rate Γlight, which depends on the source of excitation and the absorption process. The
distribution of excited hot carriers lose energy at rate Γrelax, which is a sum of all the
various rates for relaxation and recombination. As the hot carriers perform work,
energy is extracted at rate Γwork. The balance between these rates will determine the
THC of the hot-carrier distribution that can be maintained in the system. A higher
THC generally indicates more efficient thermalisation and a lower Γrelax, so that the
Ekin is only redistributed amongst hot carriers, but not lost. A lower THC on the
other hand indicates a higher Γrelax, i.e., Ekin is lost via carrier-phonon scattering and
other loss mechanisms.

Experimental demonstrations where a hot-carrier population is maintained at THC
significantly larger than T0 in a steady state situation exist [19, 71, 84]. Perhaps most
notably are the results of Tedeschi et al. [19],presenting THC more than a 100 K above
T0 in semiconducting nanowires. They observe an increase in THC with shrinking
diameter of the nanowire, further discussed in section (5.2.2).

Figure 3.3: Overview of the rates of energy flowing in and out of a hot-carrier population.
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Figure 3.4: Conceptual schematic of a device were hot carriers are excited within an enclosed absorption re-
gion.

Intriguingly, recent theoretical work describing a hot-carrier photovoltaic device un-
der steady state operation suggests that both a higher power, and efficiency, can be
reached when the work is extracted from a non-thermalised, non-equilibrium dis-
tribution [47]. That is, a non-equilibrium which cannot be described by an effec-
tive temperature THC. In the study, the energy transfer between the sun, electrons,
phonons, and work extraction is described by separate rates, and it is found that the
system performs better when energy is extracted both from thermalised carriers, as
well as carriers that have interacted with phonons. A conclusion that can be drawn
from this when looking at experimental data is to not stare blindly at the THC. As
stated before, THC is indeed not a real temperature. It is a simplification that allows us
to approximately describe a hot-carrier distribution which in reality is more complex.

Conceptually, representing the distribution with THC is a very useful tool when ex-
plaining the operations of a hot-carrier photovoltaic device, and will thus continue
to be used throughout this work to simplify discussion. Representing the hot-carrier
population as a thermalised distribution also highlights the point that extracting work
from a non-equilibrium distribution is in fact very similar to doing it from an equi-
librium distribution. Which is what is done in a thermoelectric device, as detailed in
section (4.1.2).

In a hot-carrier photovoltaic device, it is important to trap the hot-carrier popula-
tion within a small absorption region, as pictured in fig. 3.4. Based on the previous
paragraphs several reasons for this can be identified: the distance hot carriers diffuse
before relaxing is under ideal cases 100 − 1000 nm (see table (3.1)), focusing sun-
light to a small region will increase the excitation power so that a higher density of
hot carriers can be excited, and confinement effects in combination with increased
hot-carrier density can contribute to increased τHC [85, 86]. This means that in the
absorption region, hot electron and hole temperatures, THC,e and THC,h respectively,
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may be maintained above T0.

Assuming a system as the one in fig. 3.4 where hot carriers effectively thermalise at a
high THC, the next challenge is how to extract work from the hot-carrier distribution.
This is where the work of this thesis enters the picture. Power can be generated if
hot carriers are extracted from the absorption region via energy selective filters. The
design of these filters will determine the rate Γwork, as well as the power that can be
produced by the device at what efficiency. Going back to fig. 3.3, Γwork will also have a
second-hand effect on the THC that can be maintained in the absorption region. This
thesis investigates how to design and experimentally realise such energy filters using
nanowires. The next chapter explores and compares various types of energy filters.
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4. Charge-carrier extraction for power
generation

Given a distribution of charge carriers that contain energy in the form of equilib-
rium or non-equilibrium, how can the energy be used to generate electrical power?
This chapter introduces two conventional methods for generating power from: a) An
equilibrium distribution using the thermoelectric effect, extraxting the kinetic en-
ergy, Ekin, contained in a temperature gradient. b) A non-equilibrium distribution
using the photovoltaic effect, extracting potential energy, Epot, from optically excited
electron-hole pairs. A hot-carrier photovoltaic device needs to extract energy of both
types, Epot and Ekin, and borrows concepts from both fields. In particular, there al-
ready exists a lot of valuable knowledge about using energy selective filters to realise
nanometer-scale thermoelectric devices.

4.1 Current generation

In order to generate an electrical current and produce power from energy contained in
charge carriers, a mechanism that causes a net flow of electrons and holes in opposite
directions is required. Here, three approaches are introduced: the photovoltaic, the
thermoelectric, and the hot-carrier photovoltaic device.

4.1.1 Conventional photovoltaics

In a conventional photovoltaic device, optically excited electron-hole pairs are sepa-
rated via built-in electric fields in the semiconductor, so called pn-junctions, in order
to generate an electrical current. As will be made clear, this approach only allows for
making use of the potential energy, Epot, that carriers gain by excitation across the
band gap, but none of the kinetic energy, Ekin, contained in hot carriers.
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Optical excitation at position r⃗ leads to a local increase in the density of electrons in
the conduction band, n(r⃗), and holes in the valence band, p(r⃗), as seen in fig. 4.1(a).
Note that unless the intensity of excitation is extremely high, only a small fraction
of the total available number of carriers will be excited. It is thus safe to say that
the overall (equilibrium) Fermi-Dirac distribution, at temperature T0, remains un-
changed and constant throughout the semiconductor. Until recombined, the excited
carrier distributions, n(r⃗) and p(r⃗), are non-equilibrium distributions that cannot be
described by T0.

Anywhere there exists a gradient in carrier concentration, ∇n(r⃗) and ∇p(r⃗), carriers
in a region with higher concentration diffuse to regions with lower concentration.
The ensuing diffusion current for electrons, J⃗n, diff, and holes, J⃗p, diff is described as

J⃗n,diff = qDn∇n(r⃗), (4.1)

and
J⃗p,diff = −qDp∇p(r⃗). (4.2)

The diffusion coefficient of electrons (holes), Dn (Dp), is defined generally as

Dn,p = µn,p
kBT

q
, (4.3)

where µn, p stands for electron, and hole mobility respectively [87].

Because of the opposing signs of electrons and holes, the two diffusion currents will
typically work against each other, so that the total current J⃗total = J⃗n,diff+ J⃗p,diff = 0.
A difference between ∇n(r⃗) and ∇p(r⃗) can thus lead to a non-zero J⃗total.

In the conventional photovoltaic device, a pn-junction containing a ”built-in” electric
field, E⃗, sweeps electrons and holes in opposite directions. In this way, the side of
the pn-junction where electrons are swept will have a high injection of ∇n(r⃗), and
thus J⃗n, diff > J⃗p, diff. On the other side of the junction the situation is opposite,
J⃗n, diff < J⃗p, diff, so that both sides generate a non-zero J⃗total in the same direction.

Fig. 4.1(b) shows a pn-junction photovoltaic device operating under short-circuit con-
ditions. That is, connected by a circuit with negligible resistance, R = 0. In this con-
figuration, all separated electron-hole pairs will contribute to the short-circuit current,
ISC. If the circuit is instead connected in series with an infinite resistance, as in fig.
4.1(c), it is referred to as open-circuit conditions. Under such conditions, no current
will flow. As carriers are separated, a difference in chemical potential, µL and µR,
builds up on the two sides. The difference in chemical potential results in a voltage
eV = µR − µL. The voltage build up will continue until it reaches the open-circuit
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Figure 4.1: a) Optical excitation of electron-hole pairs and ensuing diffusion as a result of b) gradient in carrier
concentration but constant temperature. c) The electric field of a pn-junction is used to sepa-
rate excited electron-hole pairs, increasing n(r⃗) on one side and p(r⃗) on the other, resulting in
a short-circuit current, ISC, across a circuit with resistance R = 0. At open-circuit conditions (se-
ries connection with infinite resistance), the separation of charge carriers results in the build up of
open-circuit voltage VOC.

voltage, Voc. At this point, the difference in µL and µR causes a back-flow of carriers
(red arrow in fig. 4.1(b)) that exactly cancel out the flow caused by excitation.

The largest amount of energy that can be extracted from the device is determined by
µR − µL. However, in order for the device to produce power, P = IV , it must be
connected in series to a finite resistance, 0 < R < ∞, where eV < Eg will always be
the case. Since Eg = Epot, this means that any of the Ekin possessed by a hot carrier
cannot contribute to producing power. A solar cell based on a pn-junction is in other
words only able to harvest the Epot component of a photo-excited carrier.

Two parameters of importance for the performance of a photovoltaic device is the
conversion efficiency, ηPV, and the fill factor, FF , defined as

ηPV = P/Pin, (4.4)

and
FF =

Pmax

ISCVOC
. (4.5)

Here, Pin is the incident power from the source of illumination, P the power pro-
duced by the device, and Pmax the maximum power the device can produce. Eq. (4.5)
ranges between 0 and 1, where the ideal case of FF = 1would yield Pmax = ISCVOC.
A good solar cell on the market today typically reaches FF ≈ 0.8 [88].

4.1.2 Thermoelectric

In contrast to a photovoltaic device, a thermoelectric device relies on Ekin as the re-
source available for power generation. The thermoelectric device produces power by

29



connecting two equilibrium distributions at different temperatures, a ”hot” reservoir
at temperature TH, and one ”cold” reservoir at TC (see fig. 4.2(a)).

The difference in the Fermi-Dirac distributions at the hot, fH(E), and cold, fc(E),
sides will result in a variation in the spectral carrier density. At energies above EF this
causes a diffusion towards the cold side, and at energies below EF a diffusion towards
the hot side. At all points, the distributions remain in equilibrium, according to
the definition in section (3.1), since no injection of electrons or holes is taking place.
This means that unless additional energy selectivity is introduced, n(r⃗) and p(r⃗) are
constant throughout the system, in contrast to the photovoltaic system in fig. 4.1.

In order to generate a thermoelectric current, some mechanism that promotes electron
transport in one direction over the other is required. In any semiconductor there
will naturally be a variation in the electronic states available, due to variations in the
density of states. This introduces an energy dependence in the carrier transport such
that there is always a built-in preferred direction for thermoelectric transport. The
preference in directionality and magnitude of thermoelectric current can be described
by the Seebeck coefficient

S = −∆V

∆T
= −V1 − V2

T1 − T2
. (4.6)

Where V is voltage and sub-scripts 1 and 2 refer to two different reservoirs at different
temperatures. The total current, J , in such a system is then given by

J = σV −σS∇T︸ ︷︷ ︸
Jth

, (4.7)

where σ is the electrical conductivity and Jth the thermoelectric current.

Eq. (4.7) is said to describe the linear response transport region, where current depends
linearly on the∆V and∆T . The transport is in a linear response regime as long as any
change in the carrier distribution is small over distances on the order of the electron
mean-free-path [89, 90]. That is, as long as ∆V and ∆T are small in comparison to
T .

Almost all bulk systems operate in linear response since the electron mean free path is
typically on the order of 100 nm. Here, the thermoelectric performance of a system
is quantised by linear response parameteres σ, S, and thermal conductivity k, which
can only be tuned by choice of material. This puts limitations on what values that can
be attained [91, 92].

In contrast, a system under nonlinear response refers to one in which the current takes
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Figure 4.2: a) Connecting a hot and cold electron reservoir, electrons will diffuse between the reservoirs any-
where there is a difference in Fermi-Dirac distributions. c) A current can be generated by the
introduction of an energy selective filter described by its transmission, T (E).

on any form of higher order dependencies on V and ∆T , such that

I = αI + β∆T︸ ︷︷ ︸
linear response

+γV 2 + δ∆T 2 + ϵV∆T + ζV 3 + κ∆T 3 + ... (4.8)

where α,β,... are constants containing physical parameters describing the particular
system.

During the 90’s, it was realised that using low dimensional structures, such as quantum
wells and nanowires, one can enter transport regions of nonlinear response. Here,
large variations in V and ∆T can be observed on distances shorter than the electron
mean-free-path [23, 93, 94]. In particular, such systems can be realised by introducing
variations in chemical composition that result in energy filters with highly energy
selective transmission at the nanometer scale [95–98].

The nature of the energy selective filters are best characterised by their transmission
function, T (E), a value between 0 and 1 that describes the probability of transmission
for a carrier at a certain energy. Fig. 4.2(b) shows a simple example where T (E) = 0
below EF, and T (E) = 1 above EF. The introduction of this T (E) blocks the
thermoelectric transport in one direction, resulting in a net flow of electrons from
hot to cold.

When the shape of T (E) determines the current, transport is typically in the non-
linear regime. The current between two reservoirs, separated by T (E), is often times
easier described by the Landauer-Büttiker scattering framework [99] where

I =
e

2πℏ

∫
T (E)[fH(E)− fC(E)]dE. (4.9)

This equation highlights the importance of choice of T (E) in a nanoscale thermo-
electric device. Both the factor T (E) and fH(E) − fC may contain nonlinear de-
pendencies, as discussed further in section (4.2).
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Figure 4.3: a) A thermoelectric short-circuit current is generated between a hot and a cold reservoirs separated
by an energy filter with transmission function T (E). b) Under open-circuit conditions a voltage
VOC is built up until no net current flows between the two reservoirs.

Fig. 4.3 shows a thermoelectric device with an energy selective filter, characterised by
a transmission function T (E), operating in series with a resistance. The short-circuit
current, fig. 4.3(a), is simply the net flow of carriers from the hot to cold reservoir.
With a finite resistance, 4.3(b), a voltage builds up and the difference in µH and µC
results in a modification of fH(E)−fC(E), such that a flow in the opposite direction
of ISC is generated (see eq. (4.7)). At open-circuit conditions, the flow of carriers from
both sides exactly cancel out, such that I = 0. Compared to the photovoltaic system
introduced in section (4.1.1), in such a thermoelectric system it is ∆T and T (E) that
sets the fundamental limit to VOC, as opposed to Eg.

The overall efficiency of energy conversion in a thermoelectric system is defined as the
ratio between the produced power and the heat flow going out of the hot reservoir,
Jh,

ηTE =
P

Jh
. (4.10)

The maximum achievable efficiency for a heat engine is limited above by the Carnot
efficiency [91]

ηC = 1− TC

TH
, (4.11)

such that ηTE ≤ ηC. Note that ηC approaches 1 as we go toward a situation where
TH >> TC. Further, when a thermoelectric system is operated at the point where
it produces maximum power (typically where a power-producing device is operated),
the maximum efficiency that can be extracted is described by the Curzon-Ahlborn
efficiency [100]

ηCA = 1−
√
TC/TH. (4.12)
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Figure 4.4: Hot carriers are generated inside the absorption region, electrons (holes) are extracted to the right
(left) via energy filters Te(E) (Th(E)). For simplicity, it is here assumed that hot electrons and hot
holes both thermalise at the same THC.

4.1.3 The hot-carrier photovoltaic device

The hot-carrier photovoltaic device needs to generate power using bothEpot andEkin.
In this sense it combines concepts both from the conventional photovoltaic and ther-
moelectric device. The need for high control in synthesis of nano-structures explains
why barely no experimental work existed on hot carriers before the 21st century [31].
During the last 20 years, with the maturity of nanofabrication techniques, a num-
ber of experimental demonstrations of hot-carrier extraction have been reported via
energy filters in the form of resonant tunneling structures [101–107], quantum wells
[108–111], and colloidal particles [112]. This section will introduce the ideal vision for
how a hot-carrier solar cell could be designed, an approach which by today hasn’t been
fully demonstrated in experiment.

A hot-carrier population is ideally confined within a small region, as discussed in
section (3.4) (see fig. 3.4). The absorption region depicted in fig. 4.4 can be considered
a hot reservoir with an effective temperature hot-carrier temperature THC. On either
side of the absorption region are equilibrium distributions, at temperature T0, so that
a temperature difference ∆T = THC − T0 exist in both directions. For simplicity, it
is here assumed that THC is the same for hot electrons and holes.

In order to generate a current, energy filters that selectively extract carriers from the
hot to the cold regions are required [7, 8, 43]. In fig. 4.4 this is depicted as light
grey regions, indicating a transmission function that is tailored to extract either hot
electrons, Te(E), or hot holes, Th(E). The voltage, and therefore the energy, that
can be extracted from such a device is given as eV = µR − µL = Epot + Ekin,e +
Ekin,h. Compared to a photovoltaic device, the energy extracted is no longer bounded
above by Eg. Compared to a thermoelectric device, additional energy is gained from
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the Epot that results from excitation of electron-hole pairs across the band gap [113].
Because the hot-carrier distribution is not an equilibrium distribution, it is possible
to experimentally achieve ∆T > 100 K [19, 71, 72, 84]. Note that realising such a
high ∆T over a distance on the order of nanometers is very challenging to achieve in
a traditional thermoelectric device.

Carrier extraction from the absorption region can be described as either internal photo-
emission or thermionic emission, illustrated in fig. 4.4. The former, also known as
ballistic transport, refers to hot carriers extracted before they have thermalised and
redistributed any of their Ekin. Such extraction is typically only possible within ap-
proximately 100 fs, or over distances shorter than 100 nm (see table (3.1)). Thermionic
emission is the extraction of hot carriers that have had time to thermalise with other
hot carriers and form a distribution at THC.

A power generating device operating on the principle of internal photo-emission has
no advantages in terms of efficiency compared to conventional photovoltaics, since all
of the Ekin will be lost after the carrier has been extracted and relaxes. If extracted via
thermionic emission, the Ekin of hot carriers can instead contribute to maintaining
a high THC so that a higher ηTE can be achieved. For this reason, it is generally
expected that a hot-carrier photovoltaic device should be operated under conditions
where carriers are extracted via thermionic emission [43].

There is no standardised way for describing the efficiency of a hot-carrier photovoltaic
device. Looking at a complete device, it is evaluated in terms of ηPV, but for describing
several processes within the device it can prove useful to evaluate its performance also
in terms of ηTE.

4.2 Energy filters

The shape of T (E) in the energy filters will have a huge role in both the conversion
efficiency and power that can be generated in a hot-carrier photovoltaic device. In
the ideal device, the energy filter allows for a significant rate of electron extraction,
Γwork, against a large voltage eV > Eg, while at the same time avoiding detrimental
effects on THC due to the rate of extraction, Γwork. So far, few theoretical studies exist
on the role of T (E) when extracting carriers from a non-equilibrium (hot-carrier)
distribution [47]. However, since the concept is very similar to that of extracting
carriers from a hot to a cold reservoir at equilibrium, a lot can be learnt by looking at
the literature for thermoelectric heat engines [90, 114–116].

For thermoelectric heat engines, the choice of energy filter always comes at a trade-off
between the power it can produce, and at which efficiency. Increasing one typically
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Figure 4.5: A hot and cold reservoir separated by a transmission function, T (E), with a) delta-shape, b) box-
shape, and c) step-shaped.

decreases the other. Three types of energy filters are now discussed, with various pros
and cons when it comes to this trade-off. They are categorised after the shape of their
transmission function T (E); delta-,box-, or step-shaped. Due to the symmetry of
the system in fig. 4.4, the discussion is simplified by focusing only on the extraction
of hot electrons, while any conclusions remain equally true for the extraction of hot
holes.

4.2.1 Delta-shape

The type of transmission depicted in fig. 4.5(a) only transmits electrons at one specific
energy, E0,

T (E) =

{
1, E = E0

0, otherwise.
(4.13)

The delta-shaped transmission allows for reversible transport between the two reser-
voirs without the generation of any entropy, a requirement to reach ηC [10, 115].
In practice, a perfect delta function cannot be achieved in experiment. However,
a Lorentzian function where transmission is allowed within a full width at half max-
imum, ∆ϵ, centered around E0, can be realised using resonant tunneling structures
on quantum dots [90, 117]. For ∆ϵ ≪ kBTHC (typically below 1 meV), it is in prin-
ciple possible to reach ηTE near ηC when extracting electrons between two reservoirs
[114, 118]. Reaching ηC will require carefully placing E0 at a specific value where
fH(E) = fC(E), a value that will depend both on the chemical potential and tem-
perature of the two baths [115]. At such a point, transport between the two reservoirs
can be reversible at no cost of entropy, and thus the temperature of the two reservoirs
is preserved. It is in principle also possible to reach ηC in a system with two cold
reservoirs, and two energy filters, as depicted in fig. 4.4 [119]. Experimentally, devices
with resonant tunneling structures have been realised that reach ηTE up to 70% of ηC
[120].

A delta- or Lorentzian-shaped T (E) is the type of transmission most often used when
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describing the ideal hot-carrier photovoltaic system [5, 43, 48, 121]. Because it effec-
tively blocks internal photo-emission, so that only thermalised carriers are extracted,
and because it minimises entropy losses, it allows for theoretical predictions of ηPV up
to 85% [43]. Experimental demonstrations of hot-carrier extraction via resonant tun-
neling structures have been realised, but so far at low efficiencies [101, 103, 105, 106].

In an energy conversion device the factor that one typically wants to maximise is
however first most the output power, ideally still at a decent efficiency. A device
operating at the point of ηC in fact produces no power, as it is a reversible process
that generates no entropy [115]. In the field of thermoelectrics it has been recognised
for quite some time that the delta-shaped transmission function results in a very low
power output [122, 123]. Simply put because a narrow transmission only permits the
transport of a small amount of electrons, resulting in a low Γwork. Considering hot-
carrier photovoltaics, more recent work have started to acknowledge that what one
needs to maximise is really the efficiency at the point of maximal power production,
ηmax P

PV , rather than ηPV [8, 47].

It should also be noted that the tuning of energy levels inside a resonant tunneling
device is a process that already in lab environments is a time-consuming and difficult
process for a single device. A large voltage bias will also seriously distort and degrade
T (E) [124]. Scaling up the approach of using delta shaped transmission for significant
power production is, if at all possible, no small challenge.

4.2.2 Box-shape

The box-shaped transmission function, fig. 4.5(b), transmits all electrons in a window
between energies E0 and E1,

T (E) =

{
1, E0 < E < E1

0, otherwise.
(4.14)

Here, the windowE1−E0 can be up to several 100 meV wide [47, 123, 125–127], much
larger than the with of the Lorentzian transmission of resonant tunneling devices that
is typically on the order of 1 meV [114, 118]. Out of the types of T (E) described
in this chapter, this shape has been theoretically predicted to yield the highest ηmax P

TE
[123, 127]. This is possible since the wider transport window allows for a larger power
output than the delta-shaped. The wider the box, power output increases, while the
efficiency decreases (as entropy generation increases). The width thus allows for tuning
the trade-off between power and efficiency to find the ideal point of operation [123].
Recent theoretical work has also reported that a box-shaped T (E) maximises ηPV in
a hot-carrier photovoltaic device where carriers are extracted by thermionic emission
(after thermalisation) [47].
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While it may be the best approach in theory, realising a box-shaped T (E) in practice is
challenging and has to the authors knowledge not been experimentally accomplished.
Theoretical work suggests it could be realised by connecting a series of quantum dots
in a chain-like structure [128–130], as well as in graphene nanoribbons functionalised
by heavy adatoms and nanopores [126].

4.2.3 Step-shape

The third type of energy filter, fig. 4.5(c), transmits all electrons above a certain thresh-
old, E0,

T (E) =

{
1, E > E0

0, E < E0.
(4.15)

The step-shaped T (E) offers the highest power output because it allows for the largest
Γwork [47, 122]. It comes at a cost of efficiency, since entropy increases, and thus energy
is lost, when electrons are transmitted at energies far above E0. This is especially
true in a hot-carrier photovoltaic device, where a big portion of hot carriers may be
extracted via internal photoemission. The reduction in efficiency compared to a box-
shaped transmission saturates whenE1−E0 ≈ 1 eV, and theory suggests an efficiency
ηPV ∼ 50% could still be achieved [131]. The trade-off between P and ηTE is however
significantly better than that of a delta-shaped transmission. One theoretical paper
predicts that the efficiency at maximum power conditions can reach ηmax P

TE = 0.36ηC
in a 1D step-shaped T (E), compared to ηmax P

TE = 0.17ηC for delta-like transmission
[122].

The step-shaped T (E) might be the most realistic approach to realise a hot-carrier
photovoltaic device [8]. It offers the highest power output of the types presented
here, a decent trade-off between power and efficiency, and is by far the easiest struc-
ture to realise in an experimental device. Proof-of-principle devices have been realised
using nanowires where hot carriers are extracted over epitaxially defined, 1D-like,
rectangular-shaped, potential barriers [21, 22]. This type of system is further investi-
gated in Papers I and II.

4.2.4 Nonlinearities in energy filters

Which are the physical sources of nonlinearities that can arise in a system with two
reservoirs separated by an energy filter? The Landauer-Büttiker scattering framework
eq.(4.9) highlights that nonlinear dependencies can be observed both in the trans-
mission function T (E, V ), and the range of particles that participate in transport

37



Figure 4.6: Two electron reservoirs separated by a rectangular potential barrier. a) without any bias, b) with
voltage bias, c) with thermal bias, and d) with thermal and voltage bias

fH(E, TH, V )− fC(E, TC, V ). When changes in voltage and temperature are con-
sidered, the transmission is a function of energy and voltage, while the Fermi-Dirac
distribution is a function of energy, voltage (V shifts the chemical potential), and
temperature. Nonlinear effects can thus be separated as having two different origins,
illustrated for a rectangular potential barrier (step-shaped T (E)) separating a left (L)
and right (R) reservoir in fig. 4.6:

(i) Voltage induced changes.
An electrical bias will change T (E, V ) as it changes the shape of the potential barrier,
see fig. 4.6(b). It will also change the range of particles that participate in transport,
since µL ̸= µR → fL ̸= fR.

(ii) Temperature induced changes.
A thermal bias will alter the range of particles that participate in transport, fig. 4.6(c),
since TL ̸= TR → fL ̸= fR.

A thermoelectric device producing power will operate in a regime where both V and
∆T are non-zero (fig. 4.6(d)), such that nonlinearities of both origin (i) and (ii) can
exist. Of relevance for the work in this thesis is whether operating in this nonlinear
region can allow for tuning parameters that are typically linear.

The fill factor FF , eq. (4.5), is an important parameter to tune in conventional
photovoltaic devices. It can be visualised, as shown in fig. 4.7, as the ratio of the area of
a box spanned by Pmax, divided by the area spanned by ISC and VOC. In other words,
for a given ISC and VOC, the shape of the current-voltage curve is what determines
Pmax. A thermoelectric device typically operates in a linear response region, where
FF is always 0.25 [132]. For this reason the fill factor is usually not mentioned in the
context of thermoelectrics. In a thermoelectric device where transport is dominated by
the shape of an energy filter this need no longer be the case. Two cases are indicated
in fig. 4.7: a more ”concave” shape of the curve, resulting in FF < 0.25 and a
decreased Pmax, and a more ”convex” shape, resulting in FF > 0.25 and thereby
Pmax.
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Figure 4.7: Current-voltage curves with three different fill factors. At linear response FF = 0.25 (black line),
while a nonlinear curve can yield a smaller (red) or larger (blue) FF .

Paper III experimentally demonstrates a system containing nonlinearities of both type
(i) and (ii), where FF can be tuned in both directions by using an asymmetric energy
filter. This is further discussed in section (6.2).

4.3 Hot-carrier diffusion length

An important aspect of designing a hot-carrier photovolatic device is how far away
from the point of excitation a hot carrier can diffuse and still have sufficient energy to
surpass an energy filter, here defined as the effective hot-carrier diffusion length L∗

HC.
When designing, e.g., the width of the absorption region in a hot-carrier photovoltaic
device, L∗

HC will need to be considered. For a first estimate of the length scales to be
expected for L∗

HC, expected diffusion lengths based on thermal drift velocity can be
found in table (3.1). The distance before significant carrier relaxation takes place is
seen to be around the order of 100− 1000 nm.

To be more precise, L∗
HC, in a device will depend on the interaction between a mul-

titude of parameters such as the initial distribution of excited hot carriers, various
scattering rates and transport properties of the material, as well as the type and shape
of energy filter used for extraction. Instead of trying to theoretically predict these,
a simple model for experimentally determine L∗

HC for a particular system is applied
in Papers I and II. All the hot-carrier relaxation rates are assumed to be exponential
decays, and the model only considers one dimension (along the nanowire axis). The
probability, P (z), of finding a hot carrier at a distance, z, from it’s point of excitation
is expected to decrease exponentially such that

P (z) ∼ e−z/L∗
HC . (4.16)

In Papers I and II this proportionality is used to make experimental estimates of L∗
HC,

see also section (6.1).
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The following chapter will look into why and how semiconducting nanowires can be
used to realise devices that use energy filters to extract work from both equilibrium
and non-equilibrium carriers.
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5. Nanowire hot-carrier photovoltaic
devices

Semiconducting III-V nanowires are elongated objects with a high length-to-diameter
aspect ratio, and a diameter on the order of a hundred nanometers or smaller. Due
to their geometry, and the ability to incorporate heterostructures within them with
high precision and control, they allow for the tailoring of electronic, thermal, and
optical properties [9, 12–14, 133]. Nanowires are being considered for a wide range
of applications such as transistors [134], light emitting diodes [135], solar cells [133],
quantum computing [136, 137], and thermoelectrics [120, 138].

Previous chapters introduced the two main challenges that need to be addressed in
order to realise a hot-carrier photovoltaic device: (i) maintaining a steady state hot-
carrier population at an elevated effective temperature THC > T0, and (ii) extracting
a selection of these hot carriers via energy selective filters in order to produce power.
This chapter introduces nanowires as a platform with the potential to address both of
these challenges.

5.1 Nanowire growth

The nanowires in this thesis are grown epitaxially via a technique generally referred to
as vapor-liquid-solid (VLS) [139]. Droplets of Au, so called seed particles, are used to
catalyse the growth of gaseous group III and V elements onto a solid substrate. The
seed particles can be defined, e.g., by lithography, or deposited as aerosol particles.
The size of particles will determine the nanowire diameter.

During growth, the substrate containing the seed particles is placed inside a vacuum
chamber. Various precursors containing group III or V materials are injected in the
chamber. As the substrate is heated, precursor molecules undergo pyrolysis at the
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Au interface and get absorbed by the droplet. Once the droplets are saturated, they
facilitate crystal growth at the liquid-solid interface directly underneath them. In this
manner, nanowires are grown one atomic layer at a time. For more details see, e.g.,
Ref. [140, 141].

Nanowires are particularly useful to the work in this thesis because their growth en-
ables the realisation of energy filters tailored to extract hot carriers. The material
composition of the nanowire can be changed abruptly by turning on and off the flow
of various precursor gasses [13]. At the same time, the small diameter of the nanowire
reduces the strain on the atomic lattice, which allows for the combination of III-V
compounds with a large mismatch in lattice spacing [12]. Since all the materials differ
in band gap and relative band-offsets, heterostructures in the nanowire can be de-
signed to match a desired potential landscape. In this way, energy filters with various
types of transmission functions can be engineered.

The specific technique used to synthesise the nanowires used in this thesis is chemical
beam epitaxy (CBE) [142]. CBE is performed in an ultrahigh vacuum environment,
allowing the flow of gaseous particles to be directed in a beam [143]. The nanowires
used in Papers I-III are grown from aerosol gold particles with a diameter of 40-50 nm,
on InAs (111)B substrates. They consist of mainly InAs with some heterostructures of
InP and InAs1−xPx, all in wurtzite (WZ) crystalline structure except for some stacking
faults [144].

5.2 Alterations of phonon and hot-carrier dynamics

Simply due to the geometrical shape of nanowires, one can expect changes in the
dynamics of both phonons and charge carriers, affecting parameters such as the hot-
carrier relaxation time τHC [20, 145], effective temperature THC [18, 19], and thermal
conductivity k [146, 147]. These changes can be traced in general to two physical
origins: (i) Increased boundary scattering when the diameter, d, is on the order of the
particle mean free path, and (ii) quantum confinement effects when d approaches the
wavelength of the particles. This section provides a short review of what is currently
known on this topic, while a more comprehensive review can be found in Paper Iv.

5.2.1 One-dimensional nanowires (really thin)

When the length in any dimension of a solid approaches the wavelength of an electron
or phonon, particles travelling in that dimension will experience quantum confine-
ment and be severely limited in the energy state they can occupy [6]. For electrons
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Figure 5.1: a) When the diameter, d, is around 10 nm, a nanowire can be considered to have a 1D Z(E).
Electron and phonon (ph) transport is directed along the nanowire axis. b) As d approaches 100
nm, Z(E) takes on the 3D shape, but the dynamics of phonons and carriers may still be influenced
by surface scattering effects due to the high ratio of surface area to volume. c) In a true bulk
material surface scattering is a minor effect.

and holes, quantum confinement becomes notable when the confined dimension ap-
proaches the exciton Bohr radius, on the order of 1 − 10 nm in most III-V semi-
conductors [148–150], for example 30 nm in InAs [151]. Phonon confinement effects
become notable when the diameter approaches the phonon coherence length, on the
order of 10 nm for acoustic modes [70, 152].

In a nanowire with sufficiently small d, particles experience quantum confinement
along the radial direction, and thus only move freely in the axial direction. Such a
nanowire is referred to as one-dimensional (1D). It has a density of states, Z(E), with
a high dependence on energy, see fig. 5.1(a). Particle transport is directed mainly along
the axial direction in a 1D structure, where there is no confinement and thus more
available states [122]. This directionality of momentum is highly desirable in a hot-
carrier device. If a hot carrier has momentum in several directions, only the fraction
of kinetic energy directed along the desired transport direction can be converted to
power.

Phonon confinement in thin nanowires can have significant impact on hot-carrier
relaxation rates [152–154], reduced rates of phonon-carrier scattering [155], promote
phonon bottleneck effects [156], and suppress heat conductivity [157].

The diameter of the nanowires experimentally investigated in this work is d ∼ 50 nm,
and cannot be strictly classified as 1D. There is however no sharp boundary where a
system goes from none to full quantum confinement, rather it is a gradual transi-
tion. Potentially, the momentum of generated hot-carrier may still experience some
preference in directionality along the nanowire axis when d ∼ 50 nm.
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5.2.2 Bulk-like nanowires (not quite as thin)

Nanowires depicted in fig. 5.1(b) are here referred to as bulk-like. They have a d large
enough (∼ 100 nm) that Z(E) is best described as three-dimensional (3D) but still
smaller than the mean free paths of carriers or phonons (see typical length scales in
table (3.1)). There is gathering evidence indicating that the increased surface scattering
of phonons in such nanowires may have significant impact on the overall dynamics
of hot carriers [11], as compared to a true bulk system (fig.5.1(c)).

The effects on phonon scattering in bulk-like nanowires can be observed by studying
the thermal conductivity, k, since heat transport in a solid is carried mainly by acous-
tic phonons. There is a well established correlation of k decreasing with d, described
both theoretically [146, 158–160], and observed experimentally [147, 161–169]. Many
of these studies link the decrease in k with an increase in phonon boundary-scattering
as d shrinks. In a similar manner, a decrease in k is also observed in nanowires when
modifying boundary scattering in other ways than decreasing d, such as the introduc-
tion of super-lattice heterostructures [168], and surface roughness [166].

Increased phonon boundary-scattering may in turn affect the hot-carrier relaxation
process. This is supported by experimental observations of THC increasing both with
decreasing d [19], and increasing density of super-lattice structures [18]. As these
observations are on nanowires with d ∼ 100 nm, quantum confinement alone is
not sufficient to explain the link. It is possible that the boundary-scattering modifies
the phonon relaxation process, and consequently the hot-carrier distribution, possibly
through the formation of an acoustic phonon bottleneck [18, 19]. It is also possible
that the effect can be connected to a decrease in the carrier-phonon coupling strength
(i.e., scattering rate), which has been observed to scale with decreasing d in ZnO [170]
and ZnTe [171] nanowires.

While further work is required to fully explain the link, it appears possible to increase
THC compared to bulk systems by using the nanowire geometry. This can in turn
allow for a higher photovoltaic energy conversion efficiency, ηPV, assuming proper
energy filters can be designed and realised.

5.3 Optical absorption in nanowires

As depicted in fig. 3.4, optical absorption in a hot-carrier photovoltaic device should
ideally be focused into a small absorption region.

There are several ways in which the optical absorption in nanowires can be spatially
modified . Because the dimensions of nanowires are on the same range as the wave-
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lengths of optical light, strong resonant electromagnetic modes with intensity maxima
at various positions may form in the nanowire [15–17, 172]. The location of these max-
ima depend on, for example, nanowire geometry, material (refractive index), and the
energy (wavelength) of irradiation [173]. This effect has been used experimentally
in order to control the location of generation of a hot-carrier population in single-
nanowire devices similar to the ones studied in this thesis [15]. Additionally, in vertical
arrays of nanowires, d and the spacing between nanowires have been used to strongly
enhance light absorption in certain regions along the axial direction [174, 175].

Another method that can be used to focus optical absorption to a small region within
the nanowire is to implement metallic plasmonic elements. A tiny metallic structure
with a spatial gap on the order of 10 − 100 nm couples into waves of certain wave-
lengths, and greatly enhances the optical field in the region around the gap [176].
Such a method has in previous work been used to generate, and study, the extraction
of hot carriers within InAs nanowires [22].

5.4 Device realisation

The experiments in this thesis require the fabrication of electronic devices where cur-
rent and voltage in a single nanowire can be measured under exposure to various
stimulation such as electrical bias, thermal bias, and optical illumination. This sec-
tion offers an overview of (i) the internal structure of the nanowires, the materials
used and the resulting barriers in conduction and valence band that form energy fil-
ters, and (ii) the design and nanofabrication steps taken to fabricate devices around
these nanowires.

5.4.1 Choice of material

The absorber material in a hot-carrier photovoltaic device should have a low Eg to
minimise sub-band gap losses. In addition, a low k may help maintain higher tem-
perature gradients, and, as reviewed in section (5.2.2), may be linked with increased
THC in nanowires. Amongst the most common III-V materials, presented in table
(5.1), InSb has both the smallest Eg and k, followed by InAs.

Unfortunately, forming good Ohmic contacts to InSb is rather challenging. This is
because the Fermi level at the InSb surface typically is pinned in the valence band,
resulting in the formation of Schottky barriers for electrons at metal-semiconductor
interfaces [177, 178]. InSb nanowire devices have however been successfully demon-
strated in a handful of cases [179, 180]. As the work in this thesis is of a more funda-
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Figure 5.2: Simplified band structure, showing the valence (conduction) band edge, Ev (Ec), for three struc-
tures. a) An InAs-metal interface, where the InAs-band bends downward due to the Fermi level
pinning at the surface, resulting in an Ohmic contact for electrons. b) An InAs-InP heterostructure
forms a rectangular potential barrier in Ev and Ec. c) A ramp-shaped barrier formed by gradually
changing the composition.

mental nature, we restrain from using InSb in order to avoid the additional complex-
ities in device fabrication. This does not exclude the possibility that InSb could be
considered in future devices once more fundamental challenges have been addressed.

The absorber material used in this thesis has instead been InAs, which still has among
the smallest Eg and k. An additional advantage working with InAs is that it naturally
forms Ohmic contacts at metal-semiconductor interfaces. This is because the Fermi
level at InAs surfaces is pinned in the conduction band (fig. 5.2 (a)) [182]. Electrons
travel unhindered across the contact, while holes face a Schottky barrier which may
hinder them from being extracted [183]. As long as transport is dominated by elec-
trons, this will not be a noticeable effect, but it may have an impact when generating
additional electron-hole pairs, as observed for InAs nanowires without heterostruc-
tures in the SI’s of Papers I and II.

Energy filters in this work are realised by introducing short InP segments in the InAs
nanowire, where the conduction (valence) band offset compared to InAs is 0.56 (0.38)
eV [184]. In this way, as in Papers I and II, a rectangular potential barrier can be formed
both in the conduction and valence band, as shown in fig. 5.2(b). Paper III studies
a ramp-shaped barrier realised by gradually changing the composition from InAs to
InAs1−xPx, and then abruptly back to InAs, as in fig. 5.2(c).

Table 5.1: Band gap, Eg , thermal conductivity, k, and ratio between hole, m∗
h, and electron, m∗

e , effective
mass for some of the most common III-V semiconductors [181]. The values for m∗

h used here are
from the heavy hole band, as this is the band with the largest density of states around the band
edge.

Material GaP GaAs GaSb InP InAs InSb Si

Eg [eV] 2.26 1.42 0.73 1.34 0.35 0.17 1.12
k [Wcm−1 ◦C−1] 1.1 0.55 0.32 0.68 0.27 0.18 1.3

m∗
h/m

∗
e 2.6 6.7 5.7 12.6 17.8 28.6 2.3
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Figure 5.3: Overview of device design. A single nanowire is deposited on top of an electrically insulated Si
substrate under which a backgate voltage VBG can be applied. Metalic contacts to the nanowire
allow for the application of a voltage bias, VSD. In Paper III metal leads, so called top heaters, are
deposited on top of the source-drain contacts, electrically insulated by HfO2. The application of a
voltage, ∆VH, to the top heaters leads to Joule heating.

5.4.2 Design and processing

Fig. 5.3 shows the general design of the single-nanowire devices used in the experi-
ments of Papers I-III. Individual nanowires are horizontally deposited on electrically
insulated Si substrates that allow for the application of a global back gate voltage,
VBG. Metallic leads are contacted to the nanowire to facilitate voltage biasing. In the
case of Paper III, additional electrically insulated metal leads are fabricated on top of
the contacts to apply a thermal bias, ∆VH. This section provides a summary of the
fabrication techniques used. They are not unique and more details can be found for
example in Ref. [185] and [186].

5.4.2.1 Substrates

Single nanowires are mechanically transferred onto the substrate from a growth-chip
containing numerous nanowires as grown. The substrate consist of a heavily p-doped
Si wafer, with a 117 nm thick layer of thermally grown SiO2 on top for electrical
insulation between nanowire and substrate.

The substrate contains pre-defined gold patterns with a number of fields where the
nanowire may be deposited for contacting (fig. 5.4(a,b)). Each such field contains
a number of designated larger metallic leads, as well as a coordinate grid on top of
which the nanowire is deposited. Two designs are used for the substrate. The 4-lead
designs are sufficient for devices where only source and drain contact to the nanowire
is necessary, as in Papers I and II. The more complex devices in Paper III include
contacts for applying a thermal bias, and are fabricated using the 12-lead design.

After depositing a nanowire in one of the fields, the nanowire is imaged by scanning
electron microscope in order to determine its location and orientation on the coor-
dinate grid (inset fig. 5.4(c,d)). This information is needed to high accuracy, as it is
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Figure 5.4: a,b) Optical and c-f) scanning electron microscope images of substrate and device. Top row shows
the 4-lead per write filed design used to contact nanowires in Papers I and II. Bottom row shows
the 12-lead per write field design used to contact wires for Paper III including top heaters.

used to design the lithography-pattern for the device.

5.4.2.2 Contacting

Contacting the nanowire to the predefined leads in each field is done using electron
beam lithography in the following steps:

1) Liquid polymer PMMA (type 950 A5) is deposited on top of the substrate by spin
coating at 5000 RPM for 60 seconds, and subsequently baked at 180 ◦C for 3 min-
utes. This results in a roughly 300 nm thick layer of hardened polymer covering the
substrate.

2) For each field with a nanowire, the corresponding design pattern is written in the
resist by electron beam lithography. PMMA is a positive resist, meaning when it is
exposed to an electron beam the polymer chains break, making them more soluble.

3) The exposed resist is removed by submerging the sample in solvent solution con-
sisting of methyl isobutyl ketone (MIBK) and isopropanol (IPA) in a concentration
MIBK:IPA = 1:3 for 40 seconds.

4) To ensure all resist is removed from the exposed regions, the sample is ashed by an
oxygen plasma at 5 mbar for 30 seconds. The ashing step is not a selective process and
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it removes resist across the whole sample, wherefore one has to be careful in not doing
it for too long or else the exposed pattern will vanish. By performing this step with
the sample shielded under a small Faraday cage, the ashing rate is slowed so that only
a couple of nanometers of resist is removed.

5) When contacts to the nanowire are made, a step of etching and surface passivation
is included in order to remove native oxides and contaminants from the InAs surface.
This step is necessary to ensure good, Ohmic contact at the metal-semiconductor
interface. The passivation technique used here is by submerging the sample in an
ammonium polysulfide, (NH4)2Sx, water solution. This is a well-proven technique
for the passivation of InAs nanowires [186].

6) Metal is evaporated on top of the sample in a high-vacuum environment. Au is the
contact metal of choice, but it does not adhere to InAs very well, and for this reason a
thin layer of Ni is first deposited. Typically a 25 nm layer of Ni is deposited followed
by a 75 nm layer of Au, for a total contact thickness of 100 nm.

7) After metal is deposited on the whole sample, all the resist in the non-exposed
regions, along with any metal on top of it, are washed away by submerging the sample
in acetone at 50 ◦C for approximately 20 minutes. This leaves only the metal in the
lithographically defined regions (steps 2 and 3).

8) A final step of ashing for 60s is performed in order to remove any resist residue
from the surface. An example of a complete device can be seen in fig. 5.4(d).

In Paper III, some additional steps are required in order to fabricate top heaters. These
are fabricated on top of, but electrically insulated from, the electrical contacts. The
following additional steps are taken, further detailed in Ref. [187]:

9) An insulating hafnium oxide,HfO2, layer is deposited by atomic layer deposition
over the entire sample surface. The deposition is done with Tetrakis (dimethylamino)
hafnium(IV) (TDMAH), for 80 cycles at 100 ◦C, resulting in a thickness of roughly
8 nm.

10) The entire surface of the chip is now coated in an electrically-insulating oxide
layer. It is therefore necessary to open windows in the oxide so that top heaters can be
connected to the predefined gold pads. The window is opened by focused ion-beam
milling at the predefined metallic leads where the heaters will make electrical contact.

11) Steps 1-8 are repeated but with the design for the top heaters. A complete device
with top heaters is shown in fig. 5.4(f ).
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6. Experiments on carrier extraction
in nanowires

This chapter summarises the experimental work done in Papers I-III in two parts.

The first part presents the studies of Papers I and II, spatially resolving hot-carrier
extraction in single nanowires by exciting hot carriers via either an electron or optical
beam. The nanowires contain a rectangular potential barrier, epitaxially defined, as
energy selective filter. Current generation from hot-carrier extraction is observed, and
the results provide confirmation and further knowledge about the mechanism of hot-
carrier extraction in such systems.

The second part summarises the work in Paper III. It is investigated whether the shape
of an energy filter can be used to tune the fill factor and power of a thermoelectric
device while operating in a nonlinear transport regime. The thermoelectric response
of a ramp-shaped, heterostructure, defined within a nanowire, is observed under tem-
perature gradients in either direction along the nanowire. The experiments are further
compared to a transport model based on the Landauer-Büttiker scattering theory. It
is also observed that the asymmetric shape of the potential barrier may be used for
thermoelectric rectification.

6.1 Spatially resolving hot-carrier extraction in single nanowires

Current generation from optically excited hot-carrier extraction has previously been
observed in InAs nanowires with epitaxially defined InP heterostructures under global
illumination [15, 21, 22]. The mechanism envisioned to explain the current generation
in these devices is depicted in fig. 6.1. The rectangular barriers result in step-shaped
(eq. (4.15)) transmission functions, T (E), for electrons (holes) in the conduction
(valence) band. A more detailed image of the bandstructure is found in fig. (5.2).
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Because of the high ratio m∗
h/m

∗
e in InAs (see table (5.1), a majority of the excess

kinetic energy during excitation goes towards the hot electron. Thus electrons are
more likely to make it over the barrier, while the less energetic holes are reflected.
If excitation of a hot-carrier population can be focused to one side of the barrier, a
current may be generated from the extraction of hot electrons.

Limpert et al. [21] exposed such nanowires to global illumination, and directed the
absorption to one side of the barrier by utilising naturally occurring wave mode max-
ima within the nanowire. During these measurements an open-circuit voltage, VOC,
in excess of the Shockley-Queisser limit for InAs was observed. Such an observation
is a strong indication of hot-carrier extraction, since it is not possible in conventional
single pn-junction solar cells, as discussed in section (4.1.1).

Chen et al. [22] instead locally enhanced the absorption on one side of the barrier by
employing lithographically designed metallic segments in the vicinity of the barrier,
so called plasmonic antennas [188]. These observations further supported the hot-
carrier extraction interpretation by demonstrating the presence of both thermionic
transmission and internal photoemission in the device. When illuminated by energies
larger than ∼ 1 eV (the distance from InAs valence band to InP conduction band), a
linear dependence between photocurrent and intensity was observed, as expected for
internal photoemission. For excitation energies below ∼ 1 eV the measured current
was at least one order of magnitude smaller and the dependence on intensity was
polynomial, as expected for thermionic emission.

The fact that these studies globally illuminate the nanowires means that it cannot be
determined with certainty where in the device current generation is taking place. It
is possible the current originates from hot-carrier extraction at other locations in the
device than the heterostructure defined in the nanowire. For example, photocurrent
generation has previously been observed to originate around the semiconductor-metal
contact interface in devices with single nanowires of GaAs [189], Si [190], and VO2

[191]. Those observations were explained as photothermoelectric (heating of the metal
contact), or a as result of band bending at the contact interface, i.e. Schottky contacts.
Resolving current generation in the nanowire as a function of excitation location could
determine the role of the InP segment in current generation.

Knowledge on the relation between the location of excitation and power produced in a
hot-carrier photovoltaic device would provide input for future improvement of their
design. For example, experimentally determining the effective hot-carrier diffusion
lengths, L∗

HC, which are difficult to theoretically predict (see section (4.3)). It would
be difficult to perform such a study using the above mentioned techniques for focusing
of absorption. The fabrication of plasmonic antennas around single nanowires is a
time-consuming process that requires careful alignment of the plasmonic elements,
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Figure 6.1: Conceptual sketch of the scanning-beam induced current measurement approach used to study sin-
gle nanowire devices in Papers I and II, indicating composition and band structure of the nanowires
used, and the mechanism of charge carrier separation via hot-electron extraction.

resulting in a low yield. The approach of utilising internal absorption hot spots is also
hard to control as their location will depend on factors such as the geometry of both
nanowire and metallic contacts, as well as the illumination wavelength [15]. A more
direct way of studying hot-carrier extraction as a function of excitation location is for
these reasons highly desirable.

To address these issues, Papers I and II apply two types of scanning beam induced
current methods, as depicted in fig. 6.1, to spatially resolve hot-carrier extraction in
similar single nanowire devices. In Paper I a beam of electrons accelerated by a high
electric field is used, while Paper II employs a highly focused optical beam. Both
papers study nanowires from the same growth, InAs nanowires with a diameter of
around 50 nm and a 25 nm long InP heterostructure segment around the center in
axial direction, the same type of structure as Ref. [21, 22].

As the source of excitation scans along the sample, the current generated in the device
is mapped as a function of excitation location. If the source of excitation is close
enough to the barrier, the hot electron is able to diffuse over the barrier before it loses
too much energy. As the source moves further away it becomes exponentially less
likely for the electron to make it (see section (4.3)).

Effective hot-electron diffusion lengths, L∗
e , are extracted from both studies by adapt-

ing a model to the results. The initial spatial distribution of the hot electrons is de-
scribed by a generation density, G(z, z0), where the z-coordinate indicates distance
along the nanowire axial direction, and z0 the position of the excitation source. A
qualitative expression for the current generated is then given by

I(z0) ∼
[ ∫ barrier

left contact
G(z, z0)e

−z/L∗
e dz −

∫ right contact

barrier
G(z, z0)e

z/L∗
e dz

]
. (6.1)
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Figure 6.2: a) Monte Carlo simulation of electron path calculated with CASINO software b) Approximate distri-
bution of the deposited energy as a function of carrier density, a majority of the excited electrons
are found within a few eV above the band edge [192]. a) adapted from the supplemental material
of Paper I.

This model assumes that the transport is dominated by hot electrons, neglecting holes.
This is partially justified by the fact that hot electrons are the main carrier type ex-
tracted over the barrier. Electrons are also the majority charge carriers because the
InAs nanowires are n-type conductors with the chemical potential pinned in the con-
duction band. Ohmic contacts for the electrons at the metal-semiconductor interface
makes sure electrons are easily extracted to the circuit. The results from Papers I and
II are now presented individually followed by a comparison of the two.

6.1.1 Electron beam induced current (Paper I)

The diffraction limit puts a theoretical minimum to the width a beam of wavelike
particles can be focused as half of its wavelength. This severely limits the resolution
that can be achieved using optical illumination, where the wavelenghts are typically
∼ 500−1000 nm or larger. In Paper I this limitation is circumvented by employing a
beam of highly accelerated electrons. The wavelength of the electrons is small enough
to not be limiting to the spatial resolution. Electron-beam induced current (EBIC)
measurements have for this reason been used rather extensively to study current gen-
eration in nanowires, but so far not with a focus on hot carriers [193–198].

In EBIC, a beam of highly energetic electrons is used to excite secondary electron-
hole pairs via a cascade of inelastic scattering events [192, 199, 200]. As the energetic
electrons hit the sample, they will scatter at numerous occasions with atoms in the
lattice, each collision giving away some Ekin that can excite an electron-hole pair.
Once excited, these carriers can be considered hot carriers similarly as if they were
optically excited: they have received an increase in Ekin, and are initially not in equi-
librium with the lattice temperature. Depending on the acceleration voltage of the
electron-beam, a single energetic electron can excite 1000s of such hot carriers [201].
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Figure 6.3: a) Overlay of EBIC measurement (red and blue color) on top of a scanning electron microscope
image, arrows indicate direction of electron net flow, for scale see (b). b) linecut of EBIC along the
nanowire axis. c) adapted model (red line) to EBIC measurements on four samples. Adapted from
Paper I.

Since secondary electrons scatter in all directions, the excitation volume may be sig-
nificantly larger than the initial spot-size of the beam. Fig. 6.2(a) shows how electrons
spread through InAs, based on Monte-Carlo calculation (using the CASINO software
[202]) for parameters similar to the presented experiment. Even though the excitation
volume is larger than the initial spot-size, we see that 95% of all energy is deposited
within a diameter of roughly 60 nm, close to the diameter of the nanowires used.

It is assumed that the density of hot electrons along the nanowire axis, z, is spatially
distributed as a Gaussian distribution

Ge(z, z0) = e−
(z−z0)

2

2w2 . (6.2)

As for the distribution of energy among the secondary electrons, it is generally ex-
pected to have a shape similar to fig. 6.2(b). A smooth, polynomial increase in the
density of electrons, n(E), the closer one gets to the band edge () [192]. In other
words, despite the high energy of the electron beam, the majority of secondary (hot)
electrons will still be found within a few eV of the conduction band, a similar range
to optically excited hot carriers.

Fig. 6.3(a) shows the measured EBIC. The image is an overlap of a scanning electron
microscope image and the EBIC scan, which are done simultaneously. Red (blue)
color indicates positive (negative) current through the device, arrows indicate the di-
rection of electron transport. A swap in polarity of the current is seen around the
center of the nanowire, where the InP segment is expected to be. We conclude that
the potential barrier is located at this point, defined as z = 0 in fig. 6.3(b). Note also
that the current recorded is roughly two orders of magnitude larger than the beam of
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primary electrons, assuring that the detected current is indeed from excited secondary
electrons.

The sign of the current tells us that the net electron flow is always directed towards
the barrier no matter on which side excitation takes place. This is interpreted as more
electrons than holes being extracted over the barrier, as depicted in fig. 6.1. Electrons
and holes not making it over the barrier will recombine without contributing to gen-
erating a current, only when a separation of electrons and holes take place is a current
generated.

Further supporting this conclusion is the observation of an exponential decay in cur-
rent as the excitation source moves further away from the barrier. This is interpreted
as the hot electrons being exponentially less likely to be transmitted the further away
from the barrier they are excited. A value of L∗

e = 110 (±30) nm is determined by
adapting eq. (6.1) to the line-profile of EBIC along the nanowire axial direction, as
shown for several measurements in fig. 6.3(c). The relaxation length estimated here
appears reasonable as it is within the same range as the estimates in table (3.1). It is
naturally expected that L∗

e will vary depending on the excitation conditions. The ex-
citation with an electron beam in Paper I might not represent realistic conditions for
a photovoltaic device. The value of L∗

e found in Paper I should thus only be seen as a
rough guideline, and it will later (section (6.1.3)) be compared to that extracted from
Paper II under optical excitation.

Paper I concludes that the previously observed current generation in these type of
nanowires does indeed originate from the separation of charge carriers centered around
the InP heterostructure, consistent with the mechanism depicted in fig. 6.1. Exposure
of the metallic contacts does not generate any current (fig. 6.3(b)), and no significant
current appears to be generated around the semiconductor-metal interface. If the
EBIC was a result of some form of potential barrier at the metal-semiconductor in-
terface, we would expect the opposite polarity in current as that observed here, as
observed in the supplemental material of Paper I. The possibility of a Schottky barrier
being responsible for electron-hole separation can thus be ruled out.

The electron-beam does however not represent realistic excitation conditions for a
hot-carrier photovoltaic device. The performance in terms of power production must
be evaluated under optical excitation. Under optical excitation, plasmonic effects or
other forms of interference could still be present that are not seen during the OBIC.
What EBIC gains in spatial resolution, it lacks in spectral resolution. In other words, it
lacks in control of the energy of excited hot carriers, making it challenging to perform
studies on the energy-dependence of hot-carrier extraction. The results of Paper I will
guide the interpretation of Paper II, where spatial resolution is limited.
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6.1.2 Optical beam induced current (Paper II)

Optical beam induced current (OBIC) measurements, also known as scanning pho-
tocurrent microscopy, is a widely applied technique in studying photothermoelectric
effects in micrometer scale devices such as graphene [203–211] and various other 2D
materials [212–214]. It has been applied in some extent to study the photoresponse in
nanowires from materials such as VO2 [191], GaAs [189], InAs [215, 216], PbS [183]
and GaN [217] but without any internal axial heterostructures. Likely due to the fact
that these heterostructures are on much smaller length scales than can be spatially
resolved with OBIC.

Paper II applies OBIC to study nanowires from the same growth as Paper I. Because
the results are qualitatively similar to the EBIC measurements, the results in Paper II
can be well understood even with its limited spatial resolution. In addition, perfor-
mance parameters of interest for hot-carrier photovoltaic devices such as open-circuit
voltage (Voc), short-circuit current (Isc), and power (P ), are extracted as a function
of excitation location, energy and power.

The experimental setup is relatively simple, cheap, and easy to modify. It is based on
a modified atomic force microscopy setup where the device is electrically connected,
and mounted on a stage which is moved with piezo-electric engines. A laser diode
is focused on the stage by a single optical lens, and the stage moves while the laser
is fixed. Results with two different excitation wavelengths are presented, a 785 nm
(1.58 eV) laser focused to a spot-size of roughly 500 nm, and a 1310 nm (0.95 eV)
focused to roughly 1000 nm spot-size. All measurements are done at room tempera-
ture in an open-air environment, resembling the operational conditions of a normal
photovoltaic device. Because the optical microscope cannot resolve the nanowire de-
vice, previously-taken scanning electron microscopy images are necessary to indicate
the device orientation (inset fig. 6.4(a)).

The OBIC results of fig. 6.4(a) closely resemble those seen with EBIC in Paper I,
but with a lower spatial resolution. Two regions with current of opposite polarity are
seen. The direction of current flow and general shape of the line-profile along the
nanowire (fig. 6.4(b)) is the same as observed in Paper I. The mechanism for hot-
carrier extraction depicted in fig. 6.1 thus appears to be consistent also under optical
excitation. Just as in Paper I, it is assumed that the potential barrier (InP segment) is
located at the point where the current swaps polarity (at z = 0 in fig. 6.4(b)).

The experimental data are well adapted with eq. (6.1) when L∗
e = 280(±30) nm (fig.

6.4(b)). The value differs somewhat from that observed in Paper I, but is on the same
order of magnitude as expected from table (3.1). The values are further compared
in section (6.1.3). The optical generation density, G(z, z0), was here determined by
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Figure 6.4: a) OBIC scan with λ = 785 nm, scanning electron microscope iamge in inset shows the orientation of
device, and white dashed line the expected location of nanowire. b) Linecut of OBIC along white
dashed line in (a), along with adapted model (red solid line) from which L∗

e = 280 (±30) nm is
extracted. Band structure and expected directions of electron/hole transport is indicated. Adapted
from Paper II.

solving the Maxwell wave equations in a 3D optical model with the finite element
method, see supplemental material in Paper II. It is possible that mathematical post-
treatment of the data in fig. 6.4 to account for the shape of the optical beam, i.e.
deconvolution [218], could further enhance the resolution. Such treatment has not
been done. It is however not clear that such treatment would affect the extracted value
for L∗

e , which is already smaller than the beam spot.

Current-voltage characterisation (fig. 6.5(a)) with the optical beam fixed at the points
of maximum and minimum current in fig. 6.4 demonstrate that the device is indeed
capable of power-generation. At the point of maximum current, zmax, ISC = 2.2
nA, VOC = 80 mV, and the maximum power Pmax = 58 pW. This VOC is still
below the Schockley-Queisser limit. Worth noting is that the points chosen to gather
this data (zmax and zmin) are the points that give the highest current, not necessarily
the points that maximise voltage or power. A more systematic study with current-
voltage curves at several points along the nanowire would provide further valuable
information here.

An OBIC measurement with near-infrared wavelengths of 1310 nm (0.95 eV) is
shown in fig. 6.5(b,c)). The results are qualitatively consistent with the previously re-
ported results, indicating the applicability of the technique across illumination wave-
lengths. The larger spot-size on the order of 1 μm results in a reduced spatial reso-
lution. The excitation energy is right at the threshold of directly exciting an electron
from the valance band to the conduction band and above the barrier. Therefore, a
lower portion of electrons are expected to be extracted, and the smaller current re-
sponse (accompanied by higher sensitivity to noise) is expected. Even at this low cur-
rent, it is possible to study the dependence of current generation and the irradiance
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Figure 6.5: a) Current-voltage curves collected with the optical beam fixed at the two points in fig 6.4(a) that
yield the maximum and minimum current respectively, as well as with beam turned off. b) OBIC
scan of similar device with λ = 1310 nm, and c) corresponding linecut with the maxima as a function
of laser power in inset. Adapted from Paper II.

of the excitation source (inset fig. 6.5(c)).

The results of Paper II demonstrates the devices ability to produce power from hot-
carrier extraction at various points of excitation. They are consistent with previously
proposed mechanisms. Guided by EBIC measurements, OBIC allows for the sys-
tematic study of performance parameters such as power production and hot-carrier
diffusion lengths as a function of excitation energy, irradiance and location. Addi-
tionally, OBIC is a very accessible tool that can be assembled in basically any lab
environment and sued with a relatively high throughput so that different types of de-
vices can be studied and compared. It can also be combined with various scanning
probe measurements such as scanning gate and atomic force microscopy, as recently
demonstrated on nanowires from the same growth as in Papers I and II in Ref. [219].

6.1.3 Comparison of EBIC and OBIC

The EBIC measurements of Paper I are here compared with those of OBIC collected
at 785 nm illumination in Paper II, see fig. 6.6. While qualitatively similar, there are
several quantitative points to compare between the results of Papers I and II.

The L∗
e extracted with OBIC (280 nm) is roughly three times higher than that of

EBIC (110 nm), highlighting the large role the nature of the excitation will have
on the dynamics of hot carriers. Since the samples are close to identical, the hot-
carrier distribution is likely the largest difference between the two cases. This goes
to show that in the end, a hot-carrier photovoltaic system may need to be optimised
for certain excitation conditions. The extracted values for L∗

e does however provide a
valuable ball-park number around a few 100 nm that should be consider when further
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Figure 6.6: Comparison of EBIC data from fig. 6.3(b) and OBIC data from fig. 6.4(b). Adapted from Papers I
and II.

developing the design of hot-carrier photovoltaic devices.

The difference in spatial resolution between the two methods is clearly seen by com-
paring the separation, W , between the maxima and minima. For the OBIC measure-
ment WOBIC ∼ 500 nm, while for the EBIC WEBIC ∼ 100 nm. Both values are
similar to the experimental spot-sizes used in the corresponding experiments. This
tell us that the extreme points in current production occur roughly when the beam
is entirely on one side of, but as close as possible to, the barrier. When the beam is
e.g., right above the barrier, at z = 0, no current is generated since just as many hot
carriers are generated on either side of the barrier.

An intriguing result is that the currents recorded in both experiments are of very
similar magnitude, roughly 1 nA. We have not yet been able to determine whether
this is a coincidence or if there is a physical explanation. In the OBIC measurements
with 1310 nm, a significantly smaller current on the order of a few pA is recorded.
One possible explanation for this could be that the number of free electrons available
in the nanowire is small enough that there is a point where they are all excited. That
would lead to a saturation in current as further increase of irradiance past that point
would not result in generation of more electron-hole pairs.

Combined, the EBIC and OBIC techniques provides both high spatial and spectral
resolution. Both types of measurements can be done at a relatively high throughput
on the same device. The methods presented here could thus be used to experimentally,
systematically, assess and compare the performance of hot-carrier extraction through
various energy-filtering designs.
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6.2 Thermoelectric, nonlinear transport in an asymmetric bar-
rier (Paper III)

The high temperature and voltage differences over short distances in a hot-carrier
photovoltaic device, as well as a nanoscale thermoelectric device, means their non-
linear transport properties must be considered. Operating thermoelectric devices in
a nonlinear regime can lead to novel functionalities such as thermoelectric rectifica-
tion, suggested in theory [220–222] but rarely realised in practice [24]. Conventional
solar cells are already operated in a nonlinear regime, a fact that allows for the tuning
of parameters such as the FF in order to maximise power production [223]. Under
linear response, as in the conventional thermoelectric, the fill factor is always 0.25 by
definition (see section (4.2.4)).

In Paper III, the thermoelectric transport in a nonlinear transport regime of an asym-
metric barrier is studied with two questions in mind: (i) Could such a structure allow
for thermoelectric rectification? (ii) Can the shape of the barrier be used in order to
alter the shape of the current-voltage curve in order to improve the fill factor, and
thereby power?

The high degree of control in nanowire growth has enabled the synthesis of a rather
unique, epitaxially defined, ramp-shaped potential barrier (fig. 6.7(a)). The composi-
tion is gradually changed from InAs to InAs0.35P0.65 and then abrubtly back to InAs.
The ramp-shaped potential has a length of L = 92 (±7) nm and a height Utop = 340
(±4) meV.

A temperature gradient, ∆T , can be induced in either direction along the nanowire
via top-heaters [187] positioned at each end of the nanowire (fig. 6.7(a)). The top
heaters are placed on top of, but electrically insulated from, the metal contacts on both
the gradient (G) and steep (S) side of the barrier. By applying a voltage, ∆VH , across
a top-heater, a current is driven that will generate Joule heat. This heat is thermally
conducted via the metallic contacts to the nanowire. Current-voltage characterisation
of the device is done by applying a voltage, VSD, via the source-drain contacts. A
scanning electron microscope image of a completed device is shown in fig. 6.7(b).

The results are theoretically interpreted using the Landauer-Büttiker scattering theory
(eq. (4.9)). To find the transmission probability, T (E), the Schrödinger equation
(eq. (2.2)) is fully solved for a ramp-shaped potential barrier. The expression is rather
lengthy and can be found in the supplemental material of Paper III, it is however
similar to the Fowler-Nordheim expression [224].

The current-voltage curves collected under various thermal bias configurations can be
seen in fig. 6.8(a). Black solid lines shows adaptation of model to the experimental
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Figure 6.7: a) Device layout with band structure of the nanowire. b) Scanning electron microscope image of
the device. c-h) Modification of conduction band and Fermi distributions under (c,d) electrical bias,
(e,f) thermal bias, and (g,h) electrical and thermal biases. The length of arrows indicate relative
size of electron transport. Adapted from Paper III.

results , a good fit is only found when transport is occurring in a tunneling regime
where µ0 ≪ Utop. The fit gives a relation between ∆VH and ∆T as shown in the
inset of fig. 6.8(a).

When ∆T = 0, the current depends nonlinearly on VSD as soon as VSD is larger than
a few meV, as expected from the type (i) nonlinearity depicted in fig. 6.7(c,d). The
difference in T (E) in fig. 6.7(c) and fig. 6.7(d) results in an asymmetric shape of the
current-voltage curve with regards to the sign of VSD. Increase of ∆VH,G (∆VH,S)
results in the curves shifting downward (upward), as an increasing additional thermal
current is generated.

Nonlinear response originating from thermal bias, type (ii) in fig. 6.7(e,f ), can be
isolated and observed by studying the dependence between ISC and∆T in fig. 6.8(b).
This nonlinearity originates from the change in the energy range of electrons that
participate in transport. In other words, the difference in Fermi-Dirac distributions
on the two sides, combined with the strong energy dependence in T (E). Because
T (E) remains unchanged, there is no asymmetry in ISC with regards to which side
of the barrier is heated. The fact that ISC is symmetric is an important confirmation
that the two top heaters result in the same ∆T for a certain applied ∆VH.

When the device is operated in a power producing regime, nonlinear effects of both
type (i) and (ii) (see fig. 6.7(g,h)) can be expected. An asymmetry in maximum
output power is seen, fig. 6.8(d), when comparing heating on the gradient and steep
side. Heating on the steep side is seen to result in a close to two-fold increase in

62



Figure 6.8: a) Current-voltage curves collected under various thermal voltages (red and blue data points), black
lines indicate adaption of model, inset shows the adapted temperature gradient against heating
voltage. b-e) short-circuit current, open circuit voltage, maximum power, and fill-factor, respec-
tively, as functions of the temperature gradient. Points indicate experiment and solid lines model.
Adapted from Paper III.

Pmax compared to the other side. The only possible source of this asymmetry is the
asymmetric change in T (E, VSD)with respect to the sign of VSD. This demonstrates
that an asymmetrically shaped barrier could be used to realise a thermoelectric rectifier.

The perhaps most noteworthy result is that the shape of the current-voltage curves,
characterised by FF , is modified asymmetrically in the two heating configurations
(fig. 6.8(e)). Starting at the linear response value of FF = 0.25, the value steadily
increases (decreases) with ∆T when heating on the steep (gradient) side. This tells us
that the T (E) of a barrier with the shape of fig. 6.7(f ) results in a FF > 0.25 and
corresponding increase in Pmax, while a shape as fig. 6.7(e) results in a FF < 0.25.
In the nonlinear regime investigated here, the shape of the barrier can thus be used
to tune the FF of a thermoelectric system and increase it beyond the linear response
limit.

Since non-linear current response is seen both under the application of electrical and
thermal biases, it is surprising that the VOC appears to have a linear response (fig.
6.8(c)). We are unable to pinpoint an explanation for this. It could be that it only
appears linear within the temperature range probed here, or that the response is lin-
ear by coincidence at this specific point. In this linear response regime, an experi-
mental Seebeck coefficient of 1.5 mV/K is extracted. Without the introduction of
a heterostructure, n-type InAs typically has values on the order of S = 0.1 mV/K
[225, 226].

The findings of Paper III represent a new path towards optimising the power pro-
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duction in thermoelectric devices, and possibly hot-carrier photovoltaic devices. It
also introduces a system where the thermoelectric current is clearly stronger in one
direction than the other, similar to a thermoelectric rectifier. The triangular shape
used here is only the most simple example of an asymmetric shape, and many oth-
ers could be imagined. The combination of experiment and modelling in this paper
can be expanded to guide the design of energy filters for carrier extraction and power
production.
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7. Outlook

Proof-of-principle hot-carrier photovoltaic devices have been realised in single nanowires
[21, 22, 227, 228]. The main question moving forward is how they can be designed
in order to increase the performance in terms of output power and efficiency. Sev-
eral concrete steps are now identified towards experimentally identifying the type of
heterostructure that can be realised in practice and yield the highest efficiency at max-
imum power production.

Paper III identifies asymmetry of the heterostructure as a new parameter that could
potentially be used to tune the fill factor and power production, as long as the trans-
port occurs in a nonlinear regime. It remains to be investigated whether this is also the
case when transport occurs above the barrier. Other types of asymmetric shapes than
the ramp-like one used here could be investigated. The theoretical work in Paper III
could be expanded to identify candidate shapes worth experimentally investigating,
both symmetric and asymmetric.

Theoretically, the box-shaped transmission type has been predicted to offer the high-
est efficiency at maximum power production [123]. An intriguing challenge is to ex-
perimentally realise an energy filter with such a transmission function. It has been
predicted that this should be possible with a series of quantum dots [123]. Epitaxially
defined quantum dots [229], superlattices [230], and multiple quantum wells [231] of
high quality are regularly realised in the axial growth direction of nanowires. The real-
isation of serial quantum dots in a nanowire, in order to tailor a box-like transmission
function, seems like a feasible challenge.

A hot-carrier solar cell should ideally have two energy filters, one for hot electrons and
holes respectively, as depicted in fig. 7.1(a). In this way, hot carriers are prevented
from diffusing in the wrong direction and a higher ηPV compared to the single bar-
rier devices used in Papers I-III should be possible. Confinement effects between the
two barriers might also lead to secondary positive effects such as the increased density
of hot carriers resulting in higher effective hot-carrier temperatures. To the author’s
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Figure 7.1: a) Band structure and b) scanning electron microscope image of a nanowire with an InAs/InP/GaAs
”double-barrier” heterostructure. The barriers introduce carrier- and energy selectivity, extracting
hot holes and electrons in opposite directions after optical excitation.

knowledge, a hot-carrier photovoltaic device has not yet been demonstrated with two
energy filters specifically dedicated to extraction of hot electrons and holes respec-
tively, presenting an intriguing challenge. Work is in fact ongoing towards realising
such a structure inside InAs nanowires, using InP and GaAs heterostructures to realise
two different rectangular potential barriers (see fig. 7.1(b)). Hot electrons typically
get the majority of the excess kinetic energy during optical excitation in III-V mate-
rials. Therefore, the most important task of the hot-hole filter is its carrier-selectivity
(transmitting only holes) rather than energy-selectivity. Whether or not such a struc-
ture leads to an improvement in performance compared to previously studied single
barrier devices is information that would guide further efforts to evaluate the potential
of hot-carrier photovoltaic devices.

If a promising hot-carrier photovoltaic system should ever be realised within a sin-
gle nanowire, the next step will be to scale up the system. Parallelisation of a very
large number of nanowires will be required to produce a notable power. Growth
of nanowires in organised, vertical, arrays for realising conventional solar cells is al-
ready today an active field, with devices reaching conversion efficiencies up to 17,8%
[133, 232]. Creating a hot-carrier solar cell from such a system would entail the chal-
lenge of focusing the optical absorption to the dedicated absorption region in the
nanowire. For this purpose one could envision the use of plasmonic elements [22], or
the naturally non-homogeneous absorption of light in nanowire arrays [174, 175].

Moving forward, I envision the use of the nanowire system as a platform for experi-
mentally realise and compare the performance of various designs to hot-carrier pho-
tovoltaic devices. The flexibility and control in nanowire synthesis allows for the re-
alisation of many types of energy filter designs, with potential added benefits from
modifications in hot-carrier dynamics such as higher hot-carrier temperatures. The
evaluation of the various device designs will require experimental techniques that pro-
vide spatial control of hot-carrier excitation, and that can be applied with relatively
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high throughput under realistic operational conditions. The electron- and optical-
beam induced current measurements applied in Papers I and II can here prove a useful
experimental combination in evaluating and comparing various energy filter struc-
tures. Together they may allow for the comparison of optoelectronic performance
parameters such as fill factor, power, and efficiency as functions of excitation energy,
intensity, and location. Regardless of whether nanowires will be an integrated part of
a future hot-carrier solar cell or not, they can play a vital role in addressing challenges
that need to be tackled along the way.
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