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Titre : Cellules solaires à base de naonfils III-V sur Si pour des applications tandem 

Mots clés : Photovoltaïque, III-V, nanofils, épitaxie, cellules solaires, tandem 

Résumé : Les cellules solaires tandem combinant 

une cellule à base de semiconducteurs III-V et une 

cellule en silicium (Si) offrent une voie prometteuse 

pour dépasser la limite de rendement des cellules 

traditionnelles à simple jonction en Si (29,4%). Grâce 

à leurs faibles diamètres, les nanofils (NFs) 

permettent de contourner élégamment les 

problèmes liés au désaccord de maille et aux 

différences d’expansion thermique, lors de la 

croissance directe de couches III-V sur Si. L'objectif 

de cette thèse est de fabriquer une cellule solaire à 

haut rendement constituée de NFs en GaAs, et 

ultimement de NFs en GaAsP, crus directement sur Si 

par épitaxie par jets moléculaires. Tout d’abord, la 

préparation du substrat de Si patterné a été 

optimisée pour obtenir de façon reproductible des 

réseaux ordonnés de NFs en GaAs, avec des taux de 

verticalité quasi-parfaits. Notre cellule record à base 

de NFs à jonctions GaAs/GaInP radiales a démontré 

un Voc élevé de 0,65 V et un rendement de près de 

3,7%, à l’état de l’art des cellules solaires à NFs à base 

de jonctions en GaAs radiales, crues sur Si. La 

caractérisation avancée de ces réseaux de NFs a  

indiqué de bonnes propriétés opto-électroniques, 

avec une séparation des quasi-niveaux de Fermi de 

0,84 eV à 1 soleil, et nous avons identifié des voies 

d’amélioration importantes. L'augmentation du 

dopage de type n dans la coquille des NFs pourrait 

être une des pistes d'amélioration. Dans ce contexte, 

nous avons étudié par cathodoluminescence 

l'efficacité et l’homogénéité de l’incorporation du 

tellure dans des NFs en GaAs auto-catalysés. Enfin, 

des cellules solaires à base de NFs à jonctions 

GaAs/GaAsP/GaP axiales ont été fabriquées pour la 

première fois dans notre groupe. Des caractérisations 

de luminescence ont indiqué des propriétés opto-

électroniques prometteuses, tandis que des 

simulations électroniques ont permis d’attribuer 

l’origine des performances limitées à des barrières 

d’énergie au niveau du contact de type n. En 

conclusion, ce travail de thèse a contribué à des 

avancées technologiques significatives, et les 

caractérisations avancées ainsi que les résultats de 

simulation présentés ont mis en lumière le potentiel 

et les défis des cellules solaires à base de NFs III-V sur 

Si. 

Title : III-V-on-Si nanowire-based solar cells for tandem applications 

Keywords : Photovoltaics, III-V, nanowires, epitaxy, solar cells, tandem 

Abstract : Tandem PV technologies combining a III-

V semiconductor cell over a silicon (Si) cell offer a 

promising pathway to exceed the efficiency limit of 

single junction Si solar cells (29.4%). Owing to their 

small diameters, nanowires (NWs) allow to mitigate 

the lattice constant and thermal coefficient mismatch 

issues associated with the direct growth of high-

quality III-V layers on Si. The goal of this PhD work is 

to fabricate a high-efficiency solar cell consisting of 

first GaAs NWs, and ultimately GaAsP NWs, directly 

grown on Si by molecular beam epitaxy. First, the 

patterned Si substrate preparation process was 

optimized to obtain ordered GaAs NW arrays with 

near-perfect and reproducible vertical yields. Our 

champion core–shell GaAs/GaInP NW solar cell 

demonstrated a high Voc of 0.65 V, and an efficiency 

of almost 3.7%, at the state-of-the-art of radial 

junction GaAs NW solar cells grown on Si. The 

calibrated photoluminescence characterization of  

these NW arrays indicated good optoelectronic 

properties, with a quasi-Fermi level splitting of 0.84 

eV at 1 sun, and we identified significant room for 

device improvement. Increasing the n-type doping 

level in the NW shell could be one way of enhancing 

device performance. To this end, we used 

cathodoluminescence to study the incorporation 

efficiency and homogeneity of tellurium in self-

catalyzed GaAs NWs. Finally, GaAs/GaAsP/GaP axial 

junction NW solar cells were fabricated for the first 

time in our group. Luminescence characterization 

indicated promising optoelectronic properties. Using 

electronic simulation, we attributed the limited 

performances to energy barriers at the n-type 

contact. Overall, this PhD work contributed to 

significant technological advances, and the detailed 

characterization experiments and simulation results 

presented shed light on the potential and challenges 

of III-V-on-Si NW-based solar cells. 



“Science, in the immediate, produces knowledge and, indirectly, means of action."
Albert Einstein, 1949
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General Introduction

Earth’s average surface temperature and climate have changed considerably throughout history.
During the last ice age 20 000 years ago, the average global temperature was 6°C cooler than
today [Tierney et al., 2020]. While these past changes occurred on geological timescales, the
global warming observed since the industrial revolution in the 18th century is taking place at an
unprecedented speed: the Earth’s average surface temperature has increased at an average rate
of +0.08°C/decade since 1880, and over twice that rate (+0.18°C/decade) since 1981, giving rise
to disruptive consequences and amounting to one of the greatest challenges humans have ever
faced [Dryzek et al., 2011]. In this general introduction, I first explain the crucial role of solar
photovoltaics for not only the global energy transition, but also to reduce air pollution and provide
affordable electricity access worldwide. Then, I introduce the main motivation and goals of this
PhD thesis.

The energy transition, a major challenge for the 21st century

Since the 1850s, the average global temperature has already increased by 1.1°C, unequivocally due
to greenhouse gas emissions resulting from human activities [IPCC, 2013]. While many countries
have committed to limiting global warming to 1.5°C compared to pre-industrial levels (Paris Agree-
ment 2015), scientists from the Intergovernmental Panel on Climate Change (IPCC) forecast an
increase of 1.4°C to 4.4°C by 2100, depending on the emissions scenario considered [IPCC, 2020].
Due to over 60% of the world electricity still being generated by the combustion of fossil fuels,
electricity production alone accounted for about 26% of global CO2 emissions in 2021 [Climate
TRACE, 2022]. With an electricity demand predicted to nearly double in 2050 due to further elec-
trification of the energy system [International Energy Agency, 2021b], a shift towards renewables
and other low emissions sources of electricity is imperative.

In 2020, renewables accounted for almost 30% of the electricity supply (3% solar photovoltaics).
To fulfill the targets set by the 26th Conference of the Parties (COP26) and achieve net zero green-
house gas emissions by 2050 [UN Climate Change Conference UK, 2021], the share of renewables
in the electricity mix has to increase to 88 % (33 % solar photovoltaics) by 2050.

Photovoltaics: a renewable energy solution

The sun is the source of nearly all energy on Earth and its heat and light are at the origin of life.
The sun’s energy can be harnessed in different ways, through the burning of accumulated plant
matter (fossil fuels, biomass), the use of air currents created by heated air and the Earth’s rota-
tion (windmills, wind turbines) or the accumulation of rainwater in dams from water evaporated
elsewhere by the sun.

Photovoltaics (PV) get their name from the process of converting sunlight (photons) into elec-
tricity (electrons) through the photovoltaic effect discovered in 1839 by Edmond Becquerel [Bec-
querel, 1839]. This simple and elegant method of harnessing the sun’s energy was exploited by
scientists at Bell Laboratories to demonstrate the first practical photovoltaic device in 1954, with
a power conversion efficiency of 6% [Chapin et al., 1957]. Their cell was made of silicon (Si), the
second most abundant element in the Earth’s crust and the basis for most electronics today. It is
such that the time period encompassing the late 20th century to the early 21st century is sometimes
referred to as the "Silicon Age" (also known as the Digital Age) [Dabrowski and Müssig, 2000;
Siffert and Krimmel, 2013]. For several decades, the high cost of PV technologies have prevented
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Figure 1: Champion photovoltaic module efficiency chart from the National Renewable Energy
Laboratory (NREL).

them to be considered for large scale power generation, and they were only used in niche applica-
tions such as space. As illustrated in Figure 1 and Figure 2, Si solar cell technologies have since
undergone significant cost-efficiency improvements, with prices falling to 0.18 e/Wp (2020), and
highest module efficiencies reaching 24.4% [Fraunhofer Institute for Solar Energy Systems, 2021].

Solar PV is thus already one of the cheapest sources of electricity in the world, overtaking carbon

© Fraunhofer ISE

Data: from 1980 to 2010 estimation from difference sources: Strategies Unlimited, Navigant Consulting, EUPD, pvXchange; from 2011: IHS markit, Graph: PSE 2021.

Figure 2: Photovoltaics price learning curve, encompassing all commercially available PV tech-
nologies (> 95% Si-based). Reprinted from [Fraunhofer Institute for Solar Energy Systems, 2021]
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intensive fossil fuels, and emitting over 25 times less CO2 equivalent per kWh of electricity produced
than an oil or coal power station [Perez-Lopez et al., 2020]. However, the current commercially
available Si-based PV technologies (> 95% of the modules sold today) will soon be limited by
their maximum theoretical power conversion efficiency of about 29% [Niewelt et al., 2022]. This is
due to the inherent absorption properties of silicon. As illustrated in Figure 3, Si cell technologies
can only absorb a small portion of the solar spectrum. Research and development in novel cell
architectures are thus required to increase the proportion of the solar spectrum exploited by PV
technologies. Only the latter will enable higher power conversion efficiencies at ever falling costs,
and help achieve net zero greenhouse gas emissions as soon as possible in order to limit global
warming effects.

Solar spectrum (AM 1.5G, 1000 W/m2)

Fraction of power theoretically exploitable by 
crystalline Si solar cells
Fraction of power actually exploited by state-
of-the-art commercial Si solar cells
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Figure 3: Standard AM 1.5G solar spectrum universally used to characterize terrestrial flat-plate
PV modules. The fraction of power theoretically exploitable by crystalline Si solar cells is shown
in mustard, while the fraction of power actually exploited by commercialized Si cells is shown in
purple.

Aim of this PhD work, and manuscript outline

In order to increase the fraction of solar power exploited by solar cells to produce electricity, differ-
ent PV materials can be stacked on top of each other, each optimized to absorb a specific portion
of the solar spectrum. When two materials are stacked together, we talk about a tandem solar
cell. Considering the maturity of the silicon PV technology and the superior properties of III-V
semiconductors, III-V-on-silicon (III-V/Si) solar cells appear as a very promising tandem device
configuration for high-efficiency PV devices. However, the fabrication of III-V/Si tandem cells is
currently challenged by the use of expensive III-V substrates, and the difficult integration of III-Vs
on Si due to lattice and thermal expansion coefficient mismatches. The direct growth of high
structural quality III-V nanowires (NWs) on mismatched Si substrates presents an elegant way to
overcome these challenges. The success of this strategy relies on the precise control of the NWs
grown on Si(111) substrates, their crystal structure, doping, junction formation, passivation, and
opportune contacts.

The ultimate goal of the research carried out in this PhD work is hence to fabricate a high-
efficiency tandem solar cell, consisting of GaAsP NWs with an optimal bandgap of 1.7 eV, directly
grown on a bottom planar Si solar cell. However, given the difficulty to control the composition
of ternary compounds in NW structures, the aim of this PhD work was firstly to develop a ro-
bust selective-area growth method for GaAs-based NWs grown on inactive Si(111) substrates, by
molecular beam epitaxy (MBE).

Chapter 1 (Theory and Methods) serves as an introduction to the physics required to under-
stand the operation of solar cells, and the processes occurring in them on a microscopic scale. An
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overview of the existing PV technologies is then given to highlight the interest and motivation
behind the development of nanowire-based III-V-on-Si tandem solar cells. Finally, the characteri-
zation techniques used to assess the properties and performances of the NW arrays grown in this
PhD work are presented.

Chapter 2 focuses on the fundamentals of NW growth by MBE and presents the set-ups used
in this PhD work for NW synthesis. The parameters influencing the epitaxial growth of regular
GaAs NW arrays on Si are also discussed using results from the literature. Finally, the substrate
preparation optimizations which allowed us to achieve near-perfect NW vertical yields and con-
trollable NW diameter are presented.

Secondly, the aim of this PhD work was to fabricate functional nanowire solar cells using the
optimized GaAs NW arrays.

Chapter 3 presents the second generation of NW solar cells developed in our group, which are
based on GaAs/GaInP NWs with radial heterojunctions. The state-of-the-art performances ob-
tained thanks to previous optimizations are first reported. Then, an in-depth investigation of the
cells’ optoelectronic properties, including a first-time quantification of the quasi-Fermi level split-
ting in NW array solar cells, is presented. Optical and electronic simulations carried out are also
discussed to provide insights into the main absorption and electrical losses, as well as guidelines to
design and fabricate higher-efficiency devices. In particular, improvements at the n-type contact
were found to be necessary to favor electron extraction.

Chapter 4 first introduces the importance of doping control in NWs, and highlights the dif-
ficulties in achieving high n-type doping levels in GaAs NW shells using the commonly used Si
dopant. The advanced characterization methods typically used to assess carrier concentration
in NWs are then presented, emphasizing the advantages of cathodoluminescence (CL). Next, the
room temperature and low temperature CL methods developed in our group to quantify electron
concentrations in Si-doped GaAs are validated on planar tellurium (Te)-doped GaAs samples from
Tampere University. These methods are consequently used to study the impact of the NW growth
temperature on the Te dopant incorporation efficiencies in GaAs NWs, in order to investigate the
use of Te as an alternative n-type dopant in GaAs NWs.

Chapter 5 first assesses the advantages and disadvantages of radial vs. axial NW junctions,
in terms of light absorption, charge carrier separation and collection, passivation and practical
NW solar cell performance. It then presents the preliminary results obtained on the optoelectronic
properties of GaAs/GaAsP axial junction NWs in which the catalyst droplet has not been consumed
in-situ. Next, the optimizations carried out on the NW solar cell fabrication process are reported,
before showing the performances of the very first axial junction NW solar cells fabricated in our
group. These performances are then discussed in light of electrical simulations.

Contributions
During my PhD, I had the opportunity of collaborating and working with different colleagues from
the two laboratories in which I carried out my research, namely the IPVF and the C2N. Here, I
would like to clarify their contributions, as well as mine, to the results presented in this manuscript.

The patterned Si substrates used in this project were mostly prepared by Andrea Cattoni,
researcher at the C2N and leader of the project. This was mainly due to his expertise on the
subject, and the use of electron beam lithography as well as hydrofluoric (HF) acid, both of which
I could not be trained for as a non-permanent researcher. I however helped with the SiO2 mask
layer deposition by PECVD, and the pattern transfer step using RIE etching. Andrea also acquired
the FTIR spectra shown in subsection 2.2.1, and developed the Marangoni substrate drying process
presented in the same section. The results presented in Appendix A were obtained prior to the
start of this PhD thesis, by Marco Faustini and Andrea.

I conducted all the NW growths presented herein using two different MBE reactors (Riber32
and Compact21), and subsequently observed them using SEM. The samples presented in Chapter 3
and Chapter 4 are however exceptions. The radial junction NW solar cells from Chapter 3 were
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grown and fabricated by the previous PhD student on this project, Romaric de Lépinau, with
whom I had the chance to work with during the first few months of my PhD. While he did the
microscopy characterization of the as-grown NW arrays from subsection 3.1.1, I did all the following
optoelectronic characterization of the solar cells. This includes the current-voltage, EQE and PL
measurements presented in Section 3.3. Amaury Delamarre, researcher at the C2N, showed me
how to use the hyperspectral PL set-up and analyze the resulting data. In addition, he helped with
some of the PL acquisitions. I also carried out the electronic simulations presented in Section 3.4
and subsection 5.4.3 using the SCAPS software. However, the absorption simulations presented in
subsection 3.2.3 were conducted by Andrea.

The Te-doped GaAs samples presented in Chapter 4 were grown by collaborators from the
Optoelectronics Research Center at Tampere University in Finland. They also performed the
electron microscopy observations, as well as Hall reference measurements, and PL characterization
of the thin film samples. I performed all the CL measurements presented in Chapter 4, with the
help of former PhD student, Thomas Bidaud, who trained me on the set-up and showed me how
to analyze the resulting data.

I carried out the luminescence measurements (PL and CL) on the axial junction NWs presented
in Chapter 5. However, the ORMOSIL solution used to planarize these NW arrays was developed
by Andrea. I then participated in the optimization of the planarization process, and fabricated our
first axial junction NW solar cells using photolithography, sputtering, and contact evaporation.
Finally, I performed the current-voltage and EQE characterizations of these axial junction NW
solar cells.
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Theory and Methods
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This chapter serves as an introduction to the physics required to understand the operation of
solar cells, and the processes occurring in them on a microscopic scale. An overview of the existing
PV technologies will also be given to highlight the interest and motivation behind the development
of nanowire-based III-V-on-Si tandem solar cells. Finally, the characterization techniques used to
assess the properties and performances of the III-V nanowire arrays grown in this PhD work will
be presented.
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Chapter 1. Theory and Methods

1.1 Physics of solar cells

This section offers a brief overview of solar cell and semiconductor physics involved in the results
that will be presented in the rest of this PhD manuscript. For detailed consideration of solar cell
and semiconductor physics, standard textbooks and reference works by [Nelson, 2003; Sze and Ng,
2007a; Würfel and Würfel, 2016; Smets et al., 2016] are recommended.

1.1.1 Basic principles

The photovoltaic effect

The process by which a photovoltaic (PV) device converts electromagnetic radiation into electricity
is known as the photovoltaic effect [Becquerel, 1839]. In most applications, the radiation is sunlight
and the building block of the devices are called solar cells. Light shining on a solar cell produces
both a current and a voltage to generate electric power. This process requires a material in which
the absorption of light (photons) gives rise to electron-hole pairs, which can be efficiently separated
and extracted to an external circuit to do electrical work. The main figure of merit used to assess a
solar cell performance is its power conversion efficiency (PCE). The latter is defined as the fraction
of incident power density (Pin) converted into electricity. The experimental parameters which
enable the determination of the PCE (also denoted η) include the short-circuit current density
(JSC), open-circuit voltage (VOC) and fill factor (FF), following:

η =
JSCVOCFF

Pin
. (1.1)

These parameters are typically measured under standard test conditions in order to compare
different solar cell technologies (cell temperature of 25°C, incident power density of 1000Wm−2,
AM 1.5G spectrum, see Figure 3).

Characteristics of an operational solar cell

The short-circuit current (ISC) corresponds to the photocurrent generated by a solar cell when
its external voltage is zero (i.e. the cell is short-circuited). It depends on the area of the solar
cell (the short-circuit current density (JSC) is commonly used to remove this dependence), the
power and spectrum of the incident light source, the absorption and reflection of the solar cell, and
the minority-carrier collection probability. To relate the JSC to the incident spectrum, the cell’s
external quantum efficiency (EQE) is thus required, which gives the probability that an incident
photon of wavelength λ will deliver one electron to the external circuit:

JSC = q

∫ λ2

λ1

ϕAM1.5G(λ)EQE(λ)dλ. (1.2)

Here q is the electronic charge, and ϕAM1.5G(λ) is the AM1.5G spectral photon flux density in the
wavelength range of interest λ1 − λ2 (units of photon s−1 m−2 nm−1).

The open-circuit voltage (VOC) is the maximum voltage available from a solar cell, and
corresponds to the difference of electrical potential between the solar cell terminals at zero net
current. It is a measure of the amount of carrier recombination in the device, and can be defined
by the following equation (in the one-diode model approximation):

VOC =
nkT

q
ln(

Iph
I0

+ 1). (1.3)

Iph and I0 correspond to the photogenerated and dark saturation currents, respectively, while n is
the ideality factor, k the Boltzmann constant, and T the cell temperature. Note that VOC increases
logarithmically with light intensity (ideally directly proportional to Iph).

The fill factor (FF) is defined as the ratio of the maximum power (Pmax) to the product of
ISC and VOC :

FF =
Pmax

ISCVOC
=

ImppVmpp

ISCVOC
. (1.4)
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It is directly affected by series and shunt resistances in the device.

Figure 1.1 shows the current-voltage (I-V) characteristics of an ideal solar cell under illumina-
tion and in the dark. As solar cells convert light into electricity, it might seem strange to measure
them in the dark. However, dark current-voltage measurements in which carriers are injected into
the circuit with electrical means rather than with light, provide complementary information on the
cell properties [Honsberg and Bowden, 2019]. Figure 1.1 follows the standard PV sign convention
which defines the ISC as positive [Nelson, 2003]. Nevertheless, the I-V curves presented in the
rest of this manuscript were flipped to follow the passive sign convention (with negative ISC). In
fact, when a voltage is applied to a solar cell the latter actually works as a passive component.
However, for ease of understanding, the absolute value of ISC and JSC will be referred to in the
discussions. The power-voltage characteristics of the cell under illumination are also shown in
grey in Figure 1.1, from which we can see that the solar cell produces power between 0 and VOC

(P > 0). At V < 0, the illuminated cell acts as a photodetector which consumes power to generate
a photocurrent. At V > VOC , the cell operates in the same regime as light-emitting diodes (LEDs)
and consumes power to emit light. Graphically, the FF corresponds to the ratio between the areas
of the inner and outer rectangles (dashed) in Figure 1.1.
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Figure 1.1: Current-voltage characteristics of an ideal solar cell under illumination (red) and in
the dark (blue). The power-voltage characteristics of the cell under illumination are shown in grey.
The maximum power point is reached at (Vmpp, Impp), and the FF can be obtained by calculating
the ratio between the areas of the inner and outer rectangles (dashed).

The equivalent circuit

To understand the current-voltage behavior of a solar cell, it is useful to create a model which is
electrically equivalent. An ideal solar cell can be modelled by a current source in parallel with
a diode. However, in reality series and shunt resistance components (Rseries and Rshunt, respec-
tively) also need to be taken into account, as illustrated in Figure 1.2.

The non-ideal current-voltage behavior of a solar cell can then be described by the following
equation:

I = Iph − I0(exp(
q(V + IRseries)

nkT
)− 1)− V + IRseries

Rshunt
, (1.5)

where n here is the ideality factor quantifying how closely the cell follows the behavior of an ideal
diode.
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Figure 1.2: Equivalent electrical circuit of a non-ideal solar cell.

Solar cells rely on the photovoltaic effect to convert sunlight into electricity, with a power
conversion efficiency which depends on the cell’s JSC , VOC and FF. The latter can be
obtained from current-voltage measurements.

1.1.2 Semiconductors and junctions
A variety of materials can satisfy the requirements of PV energy conversion, but the great majority
of solar cells use semiconductor materials in the form of a p-n junction. Semiconductor materials
can be pure elements, like the most commonly used crystalline silicon (Si), or compounds such as
gallium arsenide (GaAs). The latter is composed of elements from groups III and V of the periodic
table, making it part of the III-V semiconductors group which will be of particular interest herein.

Crystal structure

Most common semiconductors are crystalline solids in which there is an ordered arrangement of
atoms determining their physical properties. Many important semiconductors have diamond or
zinc blende (ZB) lattice structures (illustrated in Figures 1.3a and b, respectively), in which each
atom is surrounded by four equidistant nearest neighbours lying at the corners of a tetrahedron
[Sze and Ng, 2007a]. While in a diamond lattice like the one making up Si, all the atoms are the
same, in a ZB structure like the one making up GaAs, one sublattice is Ga and the other one As.
GaAs can also crystallize in the wurtzite (WZ) structure illustrated in Figure 1.3c, which consists
of two interpenetrating hexagonal close-packed lattices. While bulk GaAs crystals and planar thin
films crystallize only in the ZB structure, the formation probability of both ZB and WZ phases
can be similar in GaAs nanowires (NWs), often resulting in axial polytype heterostructures which
usually deteriorate the NW device performance [Senichev et al., 2018].

The distance between atoms in a crystal lattice determines the lattice parameter, which is
of primordial importance in the epitaxial growth of a crystal layer over a substrate of different
composition. In fact, strain and crystal defects can be introduced when the lattice parameters of
the different materials are not matched.

(a) (b) (c)

Figure 1.3: (a) Diamond, (b) zinc blende (ZB), and (c) wurtzite (WZ) crystal structures, with a
being the lattice constant. Adapted from [Sze and Ng, 2007a].
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Energy bands and energy gap

For any given material, there are two distinct energy bands in which electrons may exist: the
valence band (VB) and the conduction band (CB) [Ashcroft and Mermin, 1976]. These bands
can either overlap (conductors), or be separated by a more or less wide forbidden energy gap
known as the bandgap (insulators and semiconductors, respectively). The bandgap (Eg) is one
of the most important parameters in semiconductor physics, and can be defined by the minimum
amount of energy required to excite a bound electron from the VB into a free-state in the CB to
conduct electricity. The excitation of an electron to the CB leaves behind a positively charged hole.

The bandgap determines the wavelengths of light that a semiconductor can absorb and emit.
In fact, only photons with energies above Eg can be absorbed to generate electron-hole pairs.
However, since electrons and holes tend to occupy energy levels at the bottom of the CB and the
top of the VB, respectively, photons with energies much higher than Eg will release their excess
energy as heat. This energy loss process is known as thermalization. The other main energy loss
process in solar cells comes from the non-absorption of photons that have energies lower than the
bandgap. Building on these reflections, Shockley and Queisser analyzed the maximum theoretical
efficiency of single-junction PV devices using the thermodynamic principle of detailed balance
[Shockley and Queisser, 1961; Tiedje et al., 1984]. Figure 1.4a shows the maximum theoretical
efficiency of single-junction solar cells as a function of bandgap, in the limits of the assumptions of
the Shockley-Queisser (SQ) model [Guillemoles et al., 2019].
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Figure 1.4: Impact of semiconductor bandgap on (a) the maximum theoretical efficiency of single-
junction solar cells under a 1-sun illumination within the limits of the SQ model, and (b) the lattice
parameter (reprinted from [Bett et al., 1999]).

From Figure 1.4a, we can see that a range of bandgaps are available for optimum cell efficiency.
One of the many advantages of III-V compound semiconductors is actually their highly tunable
bandgap, many of them which are direct, as illustrated in Figure 1.4b. In fact, semiconductors
can have either a direct or an indirect bandgap. In semiconductors with a direct bandgap (such
as GaAs), the maximal energy state in the VB and the minimal energy state in the CB have
the same crystal momentum. On the other hand, in indirect bandgap semiconductors (such as
Si), a change in crystal momentum via the intervention of phonons is required for an electron to
move from the maximal energy state in the VB to the minimal energy state in the CB. These
differences bear significant consequences on light absorption and charge carrier recombination
processes, with indirect bandgap materials not absorbing light as efficiently as ones with direct
bandgap. Nevertheless, the conducting properties of both types of semiconductors can be altered
in useful ways by introducing impurities into the crystal structure.

Doping: the p-n junction

Doping consists in introducing impurities which will vary the concentration of electrons and holes
in a semiconductor in order to modulate its electrical properties. The introduction of atoms with
one more (less) valence electron than the host lattice results in n-type (p-type) doping. When two
oppositely doped regions are brought together, a semiconductor p-n junction is created. While
other ways of separating electron and hole carriers in a solar cell exist, the p-n junction is the most
common one. The latter is also the elementary component of most modern electronic devices,
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making its working principles very well-documented [Seeger, 2004; Sze and Ng, 2007b].

At thermodynamic equilibrium, the large difference in carrier concentration between the n- and
the p-type regions causes diffusion of electrons from the n- to the p-type regions and holes from
the p- to the n-type regions. Due to this diffusion process, the region close to the junction becomes
depleted of charge carriers, giving rise to a space charge region (SCR), in which an electric field is
formed by the charge of the ionized donor and acceptor atoms remaining in the respective regions.
This internal electric field forces the charge carriers to move in a direction opposite to the concen-
tration gradient. However, at thermodynamic equilibrium, these drift and diffusion currents cancel
out such that no net current flows in the solar cell, as illustrated in Figure 1.5a by the constant
Fermi level (EF ).

EF
EC
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-q VOC
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n-type p-type
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(a) (b)

Figure 1.5: Energy-band diagram of a p-n junction (a) at equilibrium (in the dark, no external
applied bias), and (b) at open-circuit voltage under illumination.

Under illumination, additional electron-hole pairs are generated in a p-n junction and the con-
centration of minority carriers strongly increases (electrons in the p-type region and holes in the
n-type region). In such out-of-equilibrium semiconductors, the electron and hole populations are
described by their quasi-Fermi levels, Efc and Efv, respectively. Figure 1.5b shows the energy
band diagram of a p-n junction at open-circuit voltage under illumination, in which the electro-
static potential barrier across the junction has been lowered by an amount qVOC . This is analogous
to a solar cell under illumination but not connected to an external load.

When the n- and p-doped semiconductors are of the same material we talk about homojunctions.
Heterojunctions on the other hand, combine different materials and thus present the advantage
of having a bandgap variation which when optimized can favor charge carrier extraction. The
limitation in heterojunctions comes however from the strain and defects introduced at the interface
due to lattice-mismatch between the different materials.

The majority of solar cells are based on a semiconductor p-n junction, the properties of
which depend primarily on the semiconductor crystal structure, bandgap, and doping level.
Heterojunctions usually outperform homojunctions due to better energy band alignments,
but in order to grow dissimilar materials on top of each other without introducing strain
or defects, lattice matching is required. III-V semiconductors present the advantage of
having widely tunable composition (hence lattice constant and bandgap), allowing them to
be easily integrated into heterostructures.

1.2 PV technologies

1.2.1 Existing PV technologies and their limitations
The PV market is currently dominated by crystalline Si technologies which make up 95% of
the PV market share [Fraunhofer ISE, 2022]. The record efficiency for lab-size Si cells and PV
modules is 26.8% [LONGi, 2022], and 24.4% [Kaneka Corporation, 2016], respectively. Although
these technologies are mature and hence cost-effective, they are fast approaching the maximum
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efficiency limit of 29.4% for Si solar cells [Niewelt et al., 2022].

Chalcogenide thin film solar cells (mainly CIGS and CdTe) account for the remaining PV
market share, with record lab cell efficiencies at 23.4% and 22.1%, for CIGS and CdTe, respectively,
and record module efficiencies at 19.2% and 19.5% for CIGS and CdTe, respectively [Green et al.,
2022]. Despite their lower maturity, thin film technologies present several advantages over the
traditional Si devices, including better light absorption (hence thinner cell layers), flexibility, lower
carbon footprint [Bosmans et al., 2021], and potentially lower cost [Efaz1 et al., 2021]. However,
the widespread use of CIGS and CdTe thin film solar cells is still limited by concerns regarding
the efficiency of commercial modules.

III-V semiconductors currently make up the most efficient single-junction solar cells owing
to their excellent light absorption properties (29.1% for GaAs [Kayes et al., 2011]). Furthermore,
their widely tunable composition and optical characteristics enable their direct integration into
heterostructures and multi-junction cells. The latter will be further discussed in the next section.
Nevertheless, the high-cost of III-Vs have so far limited their use to niche applications such as
space and high-concentration systems.

Perovskite solar cells are a relatively new PV technology which has shown remarkable progress
in recent years, with efficiencies increasing from 3.8% in 2009 to over 25% today [Green et al., 2022].
However, despite the benefits of cheap production and simple manufacturing process, the commer-
cialization of perovskite solar cells is still hindered above all by low stability [Qiu et al., 2021].

Other less performant PV technologies include organic (18.2%), dye-sensitized (12.3%) and
amorphous Si (10.2%) solar cells [Green et al., 2022].

Today’s PV market is largely dominated by the crystalline Si technology, with a record
module efficiency of 24.4%. However, their power conversion efficiency is fast approaching
its physical limit, and other PV technologies, or combination of PV technologies, will be
required to achieve conversion efficiencies beyond 30%.

1.2.2 Advantages of III-V-on-Si tandem solar cells and their challenges
Tandem solar cells present a path to exceed the efficiency limits of single-junction devices by stack-
ing two p-n junctions made of different semiconductor materials. In fact, as the p-n junctions
have different bandgaps, they can each be optimized to absorb a specific portion of the broad
solar spectrum. Typically, the top cell absorbs high energy photons (it has a wider bandgap) and
the bottom cell absorbs low energy photons (narrower bandgap). There are two main designs for
tandem solar cells. Figure 1.6a illustrates the two-terminal (2T) architecture, while Figure 1.6b
presents the four-terminal (4T) architecture. In a 2T tandem design, the sub-cells are connected
monolithically in series, meaning that only two external electrical contacts are required, but the
top and bottom cells must be current-matched. The 4T design implies connecting each sub-cell
separately to an external circuit, requiring four contacts for one tandem cell. Although the 4T con-
figuration allows for greater design flexibility, it also increases the module-level cell interconnection
complexity, explaining why at present, 2T tandem configurations have been preferably used in all
industry-scale solar cell architectures [VanSant et al., 2021].

As mentioned in the previous section, solar cells based on III-V semiconductors currently out-
perform all other single-junction PV technologies, so their combination with the mature and low-
cost Si technology could hold great promise for high-efficiency solar cells. Figure 1.6 shows the
maximum efficiency achievable for a tandem device under the AM 1.5G spectrum, in either a 2T
tandem configuration (c), or a 4T one (d). We can see that for an industrially scalable 2T tandem
configuration with a bottom cell bandgap of 1.12 eV (Si), a maximum PCE of above 45% can be
achieved using an optimal top cell with bandgap 1.7 eV. Coming back to Figure 1.4b, indeed a
wide range of III-V compound semiconductor systems have a direct bandgap of 1.7 eV (namely
GaAs0.75P0.25, In0.6Ga0.4P and Al0.2Ga0.8As). However, none of them are lattice-matched with Si.
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Figure 1.6: Schematic illustration of (a) a two-terminal (2T), and (b) a four-terminal (4T), tandem
solar cell configuration. Theoretical maximum power conversion efficiency (PCE) achievable for
(c) a 2T, and (d) a 4T, tandem configuration, as a function of the bandgap of the top and bottom
cells. The dashed lines trace the maximum efficiency achievable for a tandem cell in which a Si
bottom cell is combined with a top cell possessing an optimal bandgap of 1.7 eV. The star indicates
the maximum PCE. Adapted from [Cheng and Ding, 2021; Eperon et al., 2017].

Three methods are currently employed to integrate III-V and Si sub-cells: heteroepitaxial
growth, wafer bonding, and mechanical stacking. Heteroepitaxial growth on Si is the most cost-
effective approach, but it is challenged by the lattice and thermal expansion coefficient mismatches
between the III-V and the Si materials, limiting the record efficiency to 25.9% for a GaInP/GaAs/Si
triple-junction solar cell [Feifel et al., 2021]. Wafer bonding consists in first growing the III-V
layers on lattice-matched III-V substrates, and then transferring them to the Si bottom cell. The
record efficiency achieved by such a wafer-bonded approach is 35.9% (triple-junction, 2T) [Green
et al., 2022], and demonstrates the potential of silicon-based tandem photovoltaics. However,
this method requires very expensive wafer surface preparation, making it difficult to implement
industrially. Mechanical stacking relaxes the requirements on the Si wafer surface preparation,
typically through the use of a 4T tandem configuration (record efficiency of also 35.9% for a triple-
junction device), but just like in the wafer-bonding approach, it involves the removal of expensive
III-V substrates, preventing implementation at an industrial scale.

Stacking different PV materials, each optimized to absorb a specific portion of the solar
spectrum, holds great promise for high-efficiency solar cells. Considering the maturity of
the Si PV technology and the superior properties of III-V semiconductors, III-V-on-Si solar
cells appear as a very appealing tandem device configuration. In fact, efficiencies above
35% have already been demonstrated for III-V-on-Si triple-junction solar cells fabricated
using the wafer bonding or mechanical stacking approach. However, the costly processes
involved in these approaches can hardly be extended to an industrial level.

1.2.3 Potential of III-V nanowires/Si
Nanowires (NWs) are high aspect-ratio structures with a diameter on the order of nanometers, and
unique properties.
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NW properties

Compared to their planar counterparts, III-V NWs offer many advantages for silicon-based tandem
PV devices. First, vertically-oriented III-V NWs have been shown to be able to absorb light from
an area larger than their physical cross-sections [Garnett et al., 2011; Anttu and Xu, 2013; Lapierre
et al., 2013; Krogstrup et al., 2013], allowing to harvest more photons with less expensive III-V
material. This enhanced absorption is due to resonant absorption mechanisms occurring in NWs,
which can also result in anti-reflection properties when the geometrical NW array parameters are
optimized [van Dam, 2016; Ghahfarokhi et al., 2016].

NWs can further reduce the III-V/Si tandem solar cell cost by enabling direct single-crystal
growth on inexpensive Si substrates. In fact, the strain typically induced by the lattice-mismatch
between the III-V and Si materials can be effectively relaxed through the NW sidewalls due to the
small NW diameters, avoiding the formation of crystal defects [Mårtensson et al., 2004; Chuang
et al., 2007; Kavanagh, 2010]. This enables a broader range of top cell absorption energies than is
possible with planar layers in a tandem solar cell configuration.

III-V NW solar cell performances

Promising efficiencies above 30% can be expected for such tandem solar cells consisting of III-V
NWs directly grown on Si [Lapierre, 2011; Huang et al., 2012]. However, a number of unresolved
issues must be addressed before they can be used in commercial devices. Table 1.1 reports the
performances of state-of-the-art III-V NW array solar cells, directly grown on both III-V and Si
substrates. We can see that a lot of research efforts have been focused on GaAs NWs. This is
because GaAs is one of the most studied III-V semiconductor materials, and as a binary compound
its composition can be more easily controlled than the ternary compounds required to achieve an
optimal top cell bandgap of 1.7 eV. GaAs, with its bandgap of 1.42 eV, was thus used as a proof-
of-concept material for the NW solar cells developed in the framework of this PhD work. The
performances of InP NW solar cells are also shown in Table 1.1 for reference as they currently hold
the record efficiency of 17.8% for III-V NW solar cells [Van Dam et al., 2016], although the latter
was obtained by a top-down fabrication method.

As seen from Table 1.1, the best GaAs NW solar cells grown on Si are currently still largely
outperformed by ones grown on GaAs (7.74% [Mukherjee et al., 2021] vs. 15.3% [Aberg et al.,
2016]), and planar thin films (29.1% [Kayes et al., 2011]). The difference with GaAs NWs grown
on GaAs substrates stems mainly from the use of gold (Au) as foreign catalyst for the vapour-
liquid-solid (VLS) growth of GaAs NWs on GaAs substrates. In fact, the use of foreign catalysts
allows for independent tuning of the growth parameters and hence higher growth reproducibility
and facilitated growth optimization. However, Au is not compatible with Si-based technologies as
it creates deep recombination centers and readily diffuses in bulk Si. To avoid degraded Si bottom
cell performance in a tandem configuration, self-catalyzed or selective-area growth of GaAs is thus
preferred. The mechanisms involved in NW growth will be discussed in detail in Chapter 2. The
only two III-V NW/Si tandem solar cells reported so far are presented in Table 1.1. A clear benefit
in terms of VOC can be observed, and an encouraging efficiency of 11.4% was obtained by [Yao
et al., 2015] despite an unoptimized Si bottom cell and unpassivated GaAs NWs with suboptimal
bandgap value for a tandem on Si.

The GaAs-based NW p-n junctions can be formed in the axial or the radial direction, each with
their specific advantages and disadvantages (see Chapter 5). Table 1.1 reveals that axial junction
NW solar cells currently demonstrate higher performances than radial junction ones. However,
both are still limited by low VOC and FF due to issues arising from NW doping, passivation and
contacting, all of which will be addressed to some extent in this PhD manuscript.
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Due to their small diameters and geometry, III-V NWs offer many advantages for a tandem
on Si solar cell configuration compared to their planar counterparts. However, despite rapid
development in the field in the past decade, the record efficiency of III-V NW solar cells
directly grown on inactive Si substrates is still below 10%. This is because many challenges
regarding NW synthesis and device fabrication still need to be overcome to fully exploit the
potential of NW solar cells.

1.3 Characterization of III-V NW solar cells

The nanoscale dimensions of NWs complexify the characterization of their properties. In this
section, I briefly describe the techniques that were used to characterize the as-grown NWs, as well
as processed NW solar cells presented in this manuscript.

1.3.1 Characterization of as-grown NWs

Electron microscopy

After growth, NW arrays were systematically observed using a standard scanning electron micro-
scope (SEM) to measure the NW dimensions and calculate the vertical yield. The latter corre-
sponds to the percentage of mask holes filled with a single vertical NW, and is a figure of merit
for regular NW array growth that will be used extensively in Chapter 2.

The crystal structure of selected individual NWs, mechanically transferred to a copper grid, was
observed using a transmision electron microscope (TEM). The TEM results presented in Chap-
ter 3 were obtained using a FEI Titan THEMIS operating at 200 kV at the C2N (more details
in [de Lépinau, 2020]). Insights on the chemical composition of the NWs were gained by energy-
dispersive X-ray spectroscopy (EDX) measurements using a Bruker Super X detector. The TEM
results presented in Chapter 4 were collected by collaborators at Tampere University in Finland.

Cathodoluminescence

Cathodoluminescence (CL) is an advanced spectroscopy technique based on the analysis of photons
emitted from a material bombarded by a focused beam of electrons. It is a contactless technique
with high spatial resolution, which allows the study of the crystal structure, surface passivation,
defect and doping levels in nanoscale materials.

• CL set-up and working principles:

A cathodoluminescence microscope manufactured by Attolight (model Allalin 4027 Chronos)
and located at the C2N was used in this PhD work. A schematic of the latter can be found in
Figure 1.7, from which three distinct ensembles are distinguishable, namely the electron emission
system (grey), the light collection optics (yellow), and the dispersion and detection systems (red).
The sample is securely mounted on a piezoelectric hexapod-like positioning system. A liquid he-
lium flow cryostat allows to work on a broad temperature range (10 K - 350 K) while keeping an
outstanding mechanical stability. Time-resolved measurements can also be performed in this CL
equipment thanks to the use of a pulsed laser triggering the electron beam and a streak-camera for
the time-resolved acquisition. However, these components have not been included in Figure 1.7 as
only the continuous operation mode was employed in this project.

The CL emission system is composed of a Schottky field emission gun and electron magnetic
lenses which accelerate the electrons at a voltage of typically 6 kV. The electron beam current is
controlled by the gun lens (typically a few nA) and the aperture (typically 100 µm). Once the
sample is placed in the focal plane of the optical collection path, the electron beam can be finely
adjusted. Focus (through the objective lens) and astigmatism (through deflector and stigmator)
are fine-tuned to obtain the best SEM image quality.
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Figure 1.7: Schematics of the cathodoluminescence set-up used. Three distinct ensembles can be
distinguished: the emission system (grey), the light collection optics (yellow), and the detection
and dispersion systems (red). The time-resolved system is not shown here as it was not used in
this PhD work. Adapted from [Bidaud, 2021].

Photons emitted by the sample are collected by a reflective objective and finally focused by an
achromatic doublet on the entrance slit of a Horiba iHR320 spectrometer equipped with a Peltier-
cooled Andor Newton Si charge-coupled device (CCD) (1024 x 256 pixels, 26 µm pixel width,
0.53 nm/pixel spectral dispersion). This configuration is suited for CL signals in the 300–1100 nm
luminescence range, fully compatible with the typical emissions of GaAs-based semiconductors.
All CL spectra presented herein were corrected for the diffraction efficiency of the grating and the
sensitivity of the CCD camera, and have a spectral resolution of roughly 1.5 nm (3 pixels).

One of the main advantages of the CL characterization technique is its spatial resolution, en-
abled by the scanning electron beam. In fact, by scanning the sample surface in an X-Y pattern
and collecting the light emitted from each excitation position, a hyperspectral map of the sample
can be obtained (2D image with a luminescence spectrum at each pixel). However, while the elec-
tron beam spot diameter is only about 10 nm, the volume of interaction between the impinging
electrons and the sample is larger. In fact, CASINO simulations [Drouin et al., 2007; Chen et al.,
2017] showed that for a GaAs slab excited in the aforementioned conditions, 75% and 95% of the
carriers are generated in a pear-shaped excitation volume within a radius/depth of approximately
30/95 nm and 110/185 nm, respectively. Moreover, it is important to keep in mind that while
the electron beam excitation is localized, emitted light can be collected from a much larger area.
This is because electrogenerated carriers can diffuse in the sample before radiatively recombining
some distance away from the excitation spot. The spatial resolution of the CL measurements is
thus generally governed by the carrier diffusion lengths, which can be of several micrometers in
high-quality, well-passivated III-V materials. In NWs however, the high surface/volume ratio and
presence of defects limit carrier diffusion, especially at low temperature. Paradoxically, while this
is undesired from a device perspective, it is beneficial to improve the CL spatial resolution.

A more detailed description of the CL set-up used and its working principles can be found in
[Chen, 2018; Bidaud, 2021].

• CL spectra analysis:

As mentioned previously, the emission of light from a semiconductor contains crucial informa-
tion on its optical and transport properties. Its relevance for NW doping characterization is shown
in Chapter 4, and the aim here is to explain how the CL spectra were fitted to determine the
electron concentration in GaAs NWs, at both room temperature (RT) and low temperature (LT).
The explanation below is based on previous work from our group [Chen et al., 2017, 2021b].
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At room temperature, the excitons are practically dissociated and shallow donors and accep-
tors are totally ionized. Band-to-band recombination of excess carriers is hence the most important
mechanism, facilitating the modeling of the luminescence spectra at RT. The precise analysis of
the RT luminescence lineshape is performed using the generalized Planck law and an absorption
model for doped GaAs. The generalized Planck law defines the emitted photon flux ϕ(h̄ω) as:

ϕ(h̄ω) =
A(h̄ω)

4π2h̄3c2
(h̄ω)2

exp(
h̄ω−(Efc−Efv)

kBT )− 1
. (1.6)

Here h̄ω is the photon energy, A the absorptivity, c the speed of light in vacuum, kB the Boltzmann
constant, T the absolute temperature, and Efc and Efv the electron and hole quasi-Fermi levels,
respectively. The absorptivity in a homogeneous slab of thickness d is:

A(h̄ω) = (1−R)[1− exp(−α(h̄ω)d)], (1.7)

where R is the reflectivity on the front surface, and α the absorption coefficient of GaAs. The latter
is obtained by using a model with parabolic bands, convoluted with an Urbach tail (low-energy
exponential decay representing sub-bandgap absorption), and taking into account the probability
of finding available states in the conduction and valence bands that match the energy h̄ω. This joint
probability of occupation is typically lowered when many carriers occupy the bands, for instance
in the case of high doping. In general, d can be regarded as a characteristic length over which
carriers are generated, travel and recombine radiatively [Katahara and Hillhouse, 2014].

The RT CL spectra of n-doped GaAs can then be fitted with the generalized Planck law using
the least-squares method to determine the bandgap Eg, the electron Fermi level Efc, and the
Urbach tail γ. The hole Fermi level Efv is fixed at several kBT above the VB edge, while the
temperature T and the thickness d are fixed at 300 K and 150 nm, respectively. For all GaAs
doping levels, a value of 14 800 cm−1 at h̄ω=1.6 eV is used for the ideal absorption coefficient
αideal, since at energies above, the absorption coefficient is rather independent of the doping level.
The fitted Efc can then be related to the electron concentration n through a theoretical relation
corrected for the nonparabolicity of the CB:

n = Nc[F1/2(
Efc − Ec

kBT
)− 15βkBT

4Eg
F3/2(

Efc − Ec

kBT
)]. (1.8)

Here Nc is the effective density of the CB, taken as 4.2 × 1017 cm−3, Fj is the Fermi integral of
order j, and β is the nonparabolicity factor taken as -0.83 for n-GaAs at RT [Blakemore, 1982].
Since for low-doped samples (< 5×1017 cm−3) accurate electron Fermi levels cannot be accurately
extracted from the luminescence analysis, the aforementioned method provides a quantitative de-
termination of high electron concentrations only (1× 1018–1× 1019 cm−3).

At low temperature, the luminescence tends to be dominated by defects and exciton re-
combination. As thermal broadening is practically suppressed at LT, the electron concentration
n can be obtained directly by fitting the full width at half maximum (FWHM) of the LT lumi-
nescence spectra following a phenomenological formula first established by [De-Sheng et al., 1982],
and revisited by our group using previous experimental results:

FWHM(eV ) = (3.75± 0.21)× 10−14 × n2/3. (1.9)

Here the electron concentration n is in cm−3, and ±0.21 indicates the 95% confidence interval of
the fitted parameter. This empirical relation can be used to determine electron concentrations in
the range of about 4× 1017–1× 1019 cm−3.

Both the RT and LT CL spectra analysis methods described above will be used to determine
the electron concentration in Te-doped GaAs NWs in Chapter 4.
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The dimensions and vertical yield of as-grown NW arrays can be systematically analyzed
using standard SEM, while the crystal structure and chemical composition of selected in-
dividual NWs can be investigated using TEM and EDX. As a contactless characterization
technique with high spatial resolution, CL enables the determination of the electron con-
centration in individual GaAs NWs at both RT and LT, by fitting the lineshape of the CL
spectrum recorded. Electron concentrations between 1× 1018–1× 1019 cm−3 and 4× 1017–
1× 1019 cm−3 can be determined at RT and LT, respectively.

1.3.2 Hyperspectral photoluminescence
Photoluminescence (PL) is similar to CL as it also consists in analyzing the light emitted by an ex-
cited semiconductor in order to gain information on its optical and transport properties. However,
in PL the excitation source is composed of photons rather than electrons, typically originating
from a monochromatic laser or LED source. PL thus presents a lower spatial resolution than CL,
but it allows the characterization of both as-grown and processed NW arrays. The photogenera-
tion of carriers in PL also translates into a quasi-Fermi level splitting which can be related to the
emitted photon flux according to the generalized Planck law presented in Equation (1.6). In PL,
the absorptivity A corresponds to the absorption probability of an incident photon of energy h̄ω
on a surface element. In this PhD work, a home-made hyperspectral imager set-up located at the
IPVF and calibrated in absolute units was used for PL measurements.

Hyperspectral imager set-up

Hyperspectral imaging of a luminescence signal refers to the acquisition of a luminescence spectrum
for each pixel of a 2D image. As illustrated in Figure 1.8, the excitation light source used in the
hyperspectral imaging set-up located at the IPVF is a laser or LED beam, spread through a
diffuser to ensure wide-field illumination. The solar cells themselves, via a JSC measured at 1-sun
illumination, are generally used as power-meters to measure the intensity of the excitation light.
An objective with numerical aperture (NA) 0.6 is then used to focus the illumination on the sample
surface. The light emitted from the sample is collected through the same objective, and selectively
transmitted upwards using a beam splitter.

Figure 1.8: Schematics of the hyperspectral PL imaging set-up used, with here a green excitation
light source and a sample emitting red luminescence. Reprinted from [Bercegol, 2020].

In order to separate the spectral components of the emitted luminescence, a 2D spectral filter
based on volume Bragg gratings is used. The latter forms a 2D image acquired by the CCD camera.
Exposing the CCD camera to the luminescence signal for a given exposure time for each position
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of the grating (hence for each selected wavelength) then yields a 3D data cube (x-y-λ). This data
cube needs to be rectified by the acquisition software before being exploited to obtain spectrally-
resolved images with a minimal spectral resolution of 2 nm and a typical spatial resolution of 1µm
(determined by the numerical aperture of the objective).

A more detailed description of the hyperspectral PL imaging set-up used and its working prin-
ciples can be found in [Bercegol, 2020; Fournier, 2021].

Absolute calibration procedure

The acquired 3D data gives a number of counts, per pixel area, per wavelength step δλ of the acqui-
sition. In order to obtain spectrally-resolved PL images in absolute units (photon s−1 nm−1 m−2 sr−1),
a series of calibrations are required. The thorough calibration procedure is explained in [Delamarre,
2013], while its main steps are described below.

• Spectral accuracy: The grating’s spectral accuracy is verified by shining two lasers of
known wavelengths (783.6 nm and 1062.2 nm) into the objective.

• Dark image subtraction: For every data set, two cubes are acquired and rectified, one
in the illuminated condition (Iillum) and one in the “dark” condition (Idark), with similar
experimental parameters (especially the same exposition time texp). During the dark cube
acquisition, the sample is not illuminated. This allows the correction of the camera read
and dark current noises, as well as potential parasitic illumination from the surroundings by
subtracting the dark signal from the one acquired in the illuminated condition:

I(x, y, λ) =
Iillum(x, y, λ)− Idark(x, y, λ)

texp
. (1.10)

• Correction of the set-up response: Spatial and spectral sensitivity variations of the
set-up also need to be taken into account. In order to reconstruct the initial luminescence
spectrum, a white lamp with known spectrum is used. Its light is guided through an inte-
grating sphere placed at the sample position to ensure spatially homogeneous light emission.
The hyperspectral set-up then records a cube of the lamp’s luminescence (Ilamp), which is
to be compared to the lamp’s reference spectrum (Iref ) to give the set-up response (Rsetup):

Rsetup(x, y, λ) =
Iref (λ)

Ilamp(x, y, λ)
. (1.11)

• Converting counts to photons: A laser coupled into an optical fiber at the sample posi-
tion and directed towards the objective is used to calibrate the photon flux emitted by the
investigated sample. The laser photon flux (number of photons per second, nphotons) is first
deduced from its power (Plaser) measured with a power-meter:

nphotons =
Laser energy

Energy of 1 photon
=

Plaser

hc
λ

. (1.12)

Here λ is the laser wavelength, h the Planck constant, and c the speed of light in vacuum.
On the other hand, the product of the set-up response (Rsetup) and the hyperspectral cube
of laser emission (Ilaser), summed over the space and narrow laser bandwidth, results in a
corresponding number of counts per second (ncounts). Given that the photon flux coming out
of the optical fiber is entirely collected by the set-up due to its small solid angle of emission
compared to the collection angle of the microscope objective, a counts to photons ratio (Rctp)
can then be defined as:

Rctp =
nphotons

ncounts
=

nphotons∑
x,y,λ Rsetup(x, y, λ)Ilaser(x, y, λ)

. (1.13)

• Spatial calibration: One pixel of the CCD camera images a sample surface that we note
Spixel.The latter can be determined using a sample with characteristic dimensions. The size
of a pixel will vary depending on the objective used.
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• Solid angle normalization: A Lambertian emission profile is assumed for the sample’s
photoluminescence, however only a fraction of it is collected by the objective, depending on
its numerical aperture NA. The collection solid angle is given by Ω = πNA2. The output
cube is divided by Ω to be expressed in sr−1.

Putting everything together, a PL cube with absolute physical units (photon s−1 nm−1 m−2 sr−1)
can be obtained as follows:

Iabs(x, y, λ) =
Iillum(x, y, λ)− Idark(x, y, λ)

texp
·Rsetup(x, y, λ) ·Rctp ·

1

δλ · Spixel · Ω
. (1.14)

A home-made hyperspectral imager set-up located at the IPVF allows the collection of a
3D data set containing the PL spectrum at each point of a 2D image, calibrated in absolute
physical units. Hyperspectral PL measurements acquired with this set-up were used to
determine the quasi-Fermi level splitting and spatial inhomogeneities in GaAs/GaInP core-
shell NW arrays (see Chapter 3).

1.3.3 Characterization of processed NW arrays
After processing the NW arrays, functional solar cells can be obtained. The figures of merit for
the assessment of a solar cell performance have been previously presented in subsection 1.1.1. The
latter can be measured using a solar simulator and an external quantum efficiency set-up.

Current-voltage measurements using a solar simulator

The electrical performances (JSC , VOC , FF, and PCE) of the NW solar cells were measured at the
C2N using a Keithley 2601B source measure unit in a four-probe configuration at room tempera-
ture, in the dark and under a 1-sun illumination. The latter is provided by a Newport 94011A-ES
solar simulator equipped with an AM1.5G filter. Its power was calibrated to 1000Wm−2 using a
known Si reference cell at 25°C.

External quantum efficiency (EQE)

As briefly explained in subsection 1.1.1, the EQE measures the probability for an incident photon
of generating an electron that will be collected at the solar cell contacts. The measurement of the
EQE (at 0 V) allows the determination of the cell’s JSC through integration with the AM1.5G
spectrum (Equation (1.2)), in a more accurate way than when a solar simulator is used. This is
because JSC determination from EQE has the advantage of being independent of the spectral shape
of the light source. The EQE can also be expressed as a convolution of the position and wavelength-
dependent normalized carrier generation rate (Gn(λ, z)), and the position and voltage-dependent
collection function (ηc(z, V )), as follows [Scheer and Schock, 2011]:

EQE(λ, V ) =

∫
Gn(λ, z) ηc(z, V ) dz. (1.15)

EQE measurements under potential bias can thus yield valuable information on carrier collection
in a solar cell.

A Xenon light source coupled with a Horiba Triax monochromator is used for EQE measure-
ments at the C2N. The illumination spot has a diameter that can be tuned between tens of nm
and a few mm using different microscope objectives (and diaphragms), and is focused at nearly
normal incidence on the investigated sample surface. EQE measurements always start by a wave-
length scan over the spectral range of interest (300–1000 nm for GaAs, 5 nm interval) performed
on a reference Si photodiode. Knowing its spectral sensitivity allows to determine the number of
incident photons from the measurement of the current. Then, the investigated solar cell is placed
at the same position as the reference diode, and is electrically contacted using four-point probes
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connected to a Keithley source measure unit. The photocurrent recorded under the same illumi-
nation conditions then gives a number of collected electrons. The EQE of the cell can be deduced
from the ratio between the number of collected electrons and the number of incident photons.

1.4 Chapter conclusions

In this chapter, the physics behind the working principles of solar cells based on a
semiconductor p-n junction were introduced. The figures of merit used to assess the per-
formance of PV devices were also given, and used to compare different existing technologies.

While Si-based PV technologies currently dominate the market, the higher performance of
III-V materials were highlighted. I stressed the importance of tandem solar cell architec-
tures to achieve power conversion efficiencies beyond 30%, with in particular the III-V/Si
configuration having great potential for high-efficiency devices. However, cost-related
issues, as well as ones associated with lattice constant and thermal expansion coefficient
mismatches were exposed as reasons behind the so far limited large-scale development
of III-V/Si solar cells. I then presented the unique properties of NWs, which offer many
advantages for Si-based tandem PV devices. However, the reported performance of
state-of-the-art III-V NW solar cells showed that a number of unresolved issues must be
addressed before their potential can be fully exploited.

To improve the performance of NW solar cell devices it is important to characterize them
thoroughly. In Section 1.3, I thus presented the advanced characterization techniques em-
ployed in this PhD work. Electron microscopy techniques such as SEM and TEM were
used to analyze the dimensions, vertical yield and crystal structure of as-grown NWs. The
CL methods developed in the group and used to quantify the carrier concentration in in-
dividual NWs were also explained. I then detailed the principles of the hyperspectral PL
set-up which can be used to investigate the optoelectronic properties of both as-grown and
processed NW arrays. Finally, the solar simulator and EQE set-ups used to measure the
performance of functional NW solar cells were also presented.
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Growth of Vertical GaAs Nanowire
Arrays on Silicon
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The eagerly pursued integration of defect-free III-V materials on silicon can be achieved by using
epitaxially grown NWs. In this chapter, the fundamentals of NW growth by molecular beam epitaxy
(MBE) will be introduced, along with the MBE set-ups used in this PhD work. The parameters
influencing the epitaxial growth of regular GaAs NW arrays on Si will then be discussed using
results obtained from the literature. Finally, the substrate preparation optimizations which allowed
us to achieve near-perfect NW vertical yields and controllable NW diameter will be presented.
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2.1 Molecular beam epitaxy (MBE) for NW growth

2.1.1 Epitaxial growth of semiconductor NWs
The term epitaxy, from the Greek roots epi (above) and taxis (an ordered manner), refers to the
process of growing new crystalline layers of a well-defined orientation relative to the underlying
crystalline substrate. A wide range of materials can be grown by epitaxy (oxides, metals, organics,
etc.), but its main commercial applications are in the semiconductor industry. In fact, the highly
controlled epitaxial growth environment allows for the deposition of crystal layers with extremely
low impurity levels and controlled material composition and doping, as required for the fabrica-
tion of semiconductor devices such as transistors, diodes, lasers, and solar cells. In the case of
homoepitaxy, the epitaxial layer is made of the same exact material as the substrate, while in
heteroepitaxy, the epitaxial layer is of a different composition. High-quality layers are difficult to
obtain in heteroepitaxy when there is a mismatch in the lattice constants and thermal expansion
coefficients of the substrate and the grown layer.

Semiconductor NWs can be prepared by either a top-down or bottom-up approach. In the top-
down approach, bulk material is selectively removed by lithographic techniques to form NWs. The
variety of substrates on which the NWs can be formed is hence limited in this approach by the lattice
constants and thermal expansion coefficients of the substrate and the grown layer. In addition,
the material selectively removed in between the NWs is usually lost in the process, reducing the
cost-efficiency of this approach. In the bottom-up approach however, NWs can be directly grown
on dissimilar substrates (such as silicon for III-V NWs), with relatively little material loss.

To grow 1D nanostructures such as NWs perpendicular to the substrate, the addition of material
during the growth process must occur only along one direction [Zhang et al., 2016]. This is most
commonly achieved by using the vapour-liquid-solid (VLS) growth mechanism, but can also occur
via vapour-solid (VS) growth.

Fundamentals of VLS and VS growth mechanisms

Semiconductor NW growth occurs predominantly via the VLS growth method, which was first
demonstrated in 1964 by Wagner and Ellis with the growth of sub-micrometer Si whiskers using
a gold catalyst [Wagner and Ellis, 1964]. In fact, in VLS growth, a liquid metal droplet is used
to catalyze the growth of high-quality NWs, whose position and diameter are determined by the
location and size of the droplet on the substrate. The droplet can be composed of either one of
the growth constituents (self-catalyzed growth approach), or of a foreign element such as gold. In
the case of gold, the droplets can be localized on the substrate using lithography techniques, or
randomly positioned through the deposition and subsequent heating of a gold film. However, due
to the well-known incompatibility of gold with Si technology [Lang et al., 1980; Tavendale and
Pearton, 1983], the growth of III-V nanowires on Si substrates is usually promoted by the group
III metal, which sits at the top of the NW and acts as a material collector during growth, as
illustrated by the blue arrows in Figure 2.2. Upon supersaturation of the group V element within
the droplet, precipitation of the semiconductor material begins at the triple phase line [Glas et al.,
2007], ultimately resulting in fast one-dimensional crystal growth [Fontcuberta i Morral et al.,
2015; Zhang et al., 2016]. During NW synthesis by the VLS mechanism, some radial growth also
occurs concurrently through the VS mechanism due to atom incorporation via the NW sidewalls
[Oehler et al., 2018]. This is illustrated in Figure 2.1, and in Figure 2.2 by the brown arrows, and
will be further explained in the next paragraph. Typically, NWs with a diameter of 20-200 nm and
a length of up to several microns can be obtained by the VLS growth mechanism using modern
epitaxy techniques such as molecular beam epitaxy (MBE) and metal-organic chemical vapour
deposition (MOCVD) [Dubrovskii, 2014].

NWs can also be grown entirely by a catalyst-free (VS) process, in a manner similar to thin
film growth, typically through selective area growth (SAG) [Motohisa et al., 2004; Ikejiri et al.,
2007; Kim et al., 2018]. In SAG, the nucleation sites are defined by a template method (see
Figure 2.2) involving the deposition of amorphous films on the substrate surface (typically SiO2 or
SiN), and their subsequent patterning using lithography techniques. Although several works have
demonstrated excellent control of NW properties using SAG [Yao et al., 2015], no consensus has
however been reached regarding the exact growth mechanisms involved. In particular the complete
absence of catalyst droplet during SAG is still debated [Gao et al., 2016], and in both MBE and
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axial growth (VLS)

radial growth (VS)

time

Figure 2.1: Schematics of the NW morphology evolution resulting from simultaneous axial (VLS)
and radial (VS) growth. Black lines indicate example marker layers used in the morphology
evolution study. Reprinted from [Oehler et al., 2018].

MOCVD, VS growth has been found to result in a higher number of stacking faults in the NWs
as compared to VLS [Güniat et al., 2019]. As a consequence, it is common to grow self-catalyzed
III-V NW arrays on patterned substrates, especially for the formation of radial structures, in which
a NW core is first synthesized via the VLS mechanism and after droplet consumption, the axial
elongation is replaced by radial (shell) growth via the VS mechanism [Colombo et al., 2009; Couto
et al., 2012; Vettori et al., 2019]. This is illustrated in Figure 2.2. The subsequent radial NW
growth is enabled by the dependence of the crystal growth velocity on crystallographic orientation
[Güniat et al., 2019], and is further dictated by the group III atoms’ diffusion characteristics along
the NW sidewalls. The different NW core and shell growth mechanisms also result in varying
dopant incorporation pathways, which can affect the doping profile along the growth direction.
This will be discussed in more detail in Chapter 4.

Vapor-liquid-solid (VLS) growth mechanism

Substrate Substrate

Liquid metal
droplet

VLS

Selec�ve-area growth via the vapor-solid (VS) mechanism

Catalyzed selec�ve-area growth of core-shell NWs (VLS followed by VS growth)

Substrate

Substrate Substrate

Template

VS

Substrate Substrate

VS

Substrate

Substrate Substrate

SubstrateSubstrate

Substrate Substrate

Triple phase
line

Figure 2.2: Mechanisms of VLS, selective-area (VS), and catalyzed selective-area growths. The
arrows indicate the main atom incorporation pathways.

Main epitaxial growth methods

Several epitaxial growth techniques exist and can be classified according to the phase (liquid or
vapor) of the material used to form the solid epitaxial layer. The first epitaxial growth technique
used to produce complex electronic devices was liquid-phase epitaxy (LPE) [Capper et al., 2007;
Pohl, 2013]. Nowadays, more sophisticated methods based on vapour-phase epitaxy (VPE) are
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used for the growth of electronic and optoelectronic devices, with the most prominent ones being
metal-organic chemical vapour deposition (MOCVD) and molecular beam epitaxy (MBE) [Capper
et al., 2007].

• Metal-organic chemical vapour deposition (MOCVD)
MOCVD is a chemical vapor deposition method which occurs in a pressure regime comprised
between 15–750Torr, and uses complex and often toxic metal-organic and hydride sources
rather than elemental sources. In MOCVD, a carrier gas (typically hydrogen) is required
to transport the reactants to the substrate surface, where they react chemically to form
epitaxial layers at high growth rates (typically around 5 µm/h, but growth rates beyond
100 µm/h have been demonstrated [Lang et al., 2018, 2020]). As a consequence, MOCVD is
eligible for industrial-scale epitaxial films production.

• Molecular beam epitaxy (MBE)
MBE growth is a physical vapor deposition method which occurs in an ultra-high vacuum
(UHV) environment (base pressure 1× 10−10 Torr), resulting in highly directional elemental
beams and exceptional material purity. However, the high vacuum requirements of the MBE
means less setup variability, long maintenance periods and greater cost. Epitaxial growth
rates are typically on the order of 1µm/h. As a consequence, MBE is often used for lab-scale
demonstrations of new device concepts [Farrow, 1995; Pelzel, 2013], as it is the case in the
framework of this PhD work.

NWs are most often grown by the VLS mechanism in which a liquid droplet acts as cata-
lyst. Such growth can occur at random positions, or in an ordered manner on substrates
patterned with a dielectric mask. The latter enables the growth of regular NW arrays
with reproducible characteristics. Such catalyzed selective-area growth can be used to form
core-shell NW structures when the axial VLS growth is followed by radial VS growth af-
ter droplet consumption. The most prominent epitaxial growth methods include MOCVD
and MBE, each with their own advantages and disadvantages. Nevertheless, MBE is more
suited for lab-scale demonstrations of new device concept, such as the ones presented in
this PhD work.

2.1.2 Principle and components of MBE
MBE was developed during the 1960s as a thin film growth technique for GaAs-based structures
[Orton and Foxon, 2015]. It involves the generation of atomic or molecular fluxes (molecular beam)

RHEED gun
+ Fluorescent

screen

Rotating substrate
holder

Quadrupole
mass spectrometer

Effusion
cells

Shutters

Beam flux
monitoring gauge

Gate
valve

Viewport

Liquid nitrogen
cooled panels

Stationary
substrate heater

Figure 2.3: Schematic diagram of a typical MBE growth chamber. The key components are
highlighted in bold and explained in the main text. Adapted from [Orton and Foxon, 2015]
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directed towards the substrate which react at its surface to form a single-crystal layer with well-
defined crystalline orientation with respect to the substrate (epitaxy, see subsection 2.1.1).

In solid-source MBE, elementary sources in their ultra-pure solid form are contained in in-
dividual Knudsen effusion cells (crucibles with heating filaments, cooling system, and orifice
shutter), as depicted in Figure 2.3. In order to grow single-crystal layers, the effusion cells are
heated up to an appropriate temperature at which the elements undergo sublimation. The gaseous
elements then travel from the effusion cells to the substrate surface where they condense and react
with each other to form a crystalline layer. Uniform growth is enabled by mounting the substrate
on a rotating holder placed in front of a stationary heater. As previously mentioned, MBE
systems operate under UHV environments to ensure negligible unintentional impurity levels in
the epitaxially grown layer. These demanding vacuum conditions are achieved in the MBE by
primary, secondary and cryogenic pumps, as well as liquid-nitrogen cooled cryopanels. The
UHV growth environment also enables in-situ monitoring of both the growth rate and structural
quality of the growing film through the use of reflection high energy electron diffraction
(RHEED). As the absolute molecular beam fluxes (number of atoms per unit area per unit time)
cannot be measured directly, a beam flux monitoring ionization gauge placed at the substrate
position is used to monitor instead the system-dependent beam equivalent pressures (BEPs), which
after calibration gives a reading that is proportional to the absolute molecular beam flux and hence
growth rate.

Growth rate and flux ratio calibration by RHEED

The crystalline quality and morphology of NWs depend strongly on the growth rate and group V
to group III flux ratio (referred to herein as V/III ratio) used during growth. RHEED intensity
oscillations provide a fast and accurate in-situ growth rate determination method for 2D materials.
However, the growth rate of NWs cannot be measured directly, and 2D equivalents are typically
given as references. In a RHEED system, a beam of electrons generated by an electron gun strikes
the sample surface at grazing incidence (1-3°), and diffracts from atoms at the topmost layers of
the sample. A small fraction of these diffracted electrons interfere constructively at specific angles
and form diffraction patterns on a fluorescent screen placed opposite the electron gun, as depicted
in Figure 2.3. These diffraction patterns depend on the surface features of the sample, and the
intensity of individual diffraction spots fluctuate in a periodic manner as a result of the varying
surface coverage (roughness) during monolayer (ML) growth. As illustrated in Figure 2.4, when
the sample surface is atomically flat, the intensity of the diffracted pattern is maximal. When a ML
starts to grow, the surface coverage (roughness) increases, resulting in a reduction of the RHEED
signal intensity, until the ML is complete. Therefore, when epitaxial growth occurs ML by ML,
the time required to grow a ML is given by the period of the RHEED signal oscillation, and its

Monolayer growth Electron beam RHEED signal

Figure 2.4: Real space representation of the formation of a single monolayer, monitored by RHEED
oscillations. θ gives the fractional layer coverage. Reprinted from [Ohring, 2001].
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inverse corresponds to the growth rate in ML/s. A ML of GaAs corresponds to the thickness of
one full layer of Ga and one full layer of As atoms. Knowing the crystal lattice parameter of GaAs
thus allows the growth rate to be converted from ML/s to nm/s, and even to atoms/cm2/s (flux).

When III-V semiconductor growth is carried out under an excess of group V elements, the
growth rate is said to be group III limited. On the contrary, when growth occurs under an excess
of group III elements, the growth rate is said to be group V limited. Growth in a group V limited
regime is however not sustainable as group III droplets form rapidly on the surface, degrading
the sample. Figure 2.5a shows the variation of the planar GaAs growth rate with varying Ga cell
temperatures in a group III (Ga) limited regime, as determined from RHEED intensity oscillations
on a GaAs(100) substrate. Figure 2.5b shows the transition between a group III (Ga) limited regime
and a group V (As) limited regime at a fixed Ga cell temperature of 963°C and a varying As flux
(adjusted with the As valve opening). The latter enables the determination of the stoichiometry
point, at which the V/III ratio is 1, i.e. the atomic fluxes of Ga and As are equal. The typical
growth rates of GaAs and GaP NWs grown in this PhD work are 0.71 ML/s (2 Å/s) and 0.66 ML/s
(1.8 Å/s), respectively, with a typical V/III ratio of 1.2, calibrated using the aforementioned
method.
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Figure 2.5: Evolution of the planar GaAs growth rate on a GaAs(100) substrate at 600°C, with
respect to (a) Ga cell temperatures following an Arrhenius law in Ga limited conditions, and (b)
the As flux (adjusted with the As valve opening) at a constant Ga cell temperature of 963°C, as
measured by RHEED intensity oscillations. The transition between the As limited regime and the
Ga limited regime gives the stoichiometry point at which the V/III ratio is 1, i.e. the atomic fluxes
of Ga and As are equal.

MBE machines are complex systems operating under ultra-high vacuum conditions. Atomic
or molecular fluxes are typically generated by effusion cells, and directed towards the sub-
strate to react at its surface in order to form an epitaxial layer. The growth rate and
structural quality of the growing layer can be assessed in-situ using RHEED. The beam
fluxes are typically also carefully monitored using an ionization gauge, to ensure desired
flux ratios (here V/III ratio) during growth.

2.1.3 MBE set-ups used in this work
Two solid-source MBE set-ups were used for the NW growths presented in this PhD manuscript,
namely a Compact21 reactor located at the IPVF and a Riber32 reactor located at the C2N. This
is mainly due to the move of the former during the PhD project.

The Riber32 MBE set-up is a much older model, and has previously been used for the growth of
Au-catalyzed NWs, unlike the Compact21 set-up which has only been used for self-catalyzed III-V
NWs and planar layers. It is also smaller and more compact, with the source cells disposed on one
side of the growth chamber over two rows, facing the substrate holder. Dissimilar to the Compact21
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system, the substrate normal in the Riber32 set-up is not perpendicular to the XY-plane, and the
cells’ angles of incidence relative to the substrate normal are not identical, as illustrated in the
schematics of Figures 2.6a and b. The different flux incidence angles in the two MBE systems
can lead to different growth dynamics for NWs. Other differences that can be expected from the
change of the MBE set-up are related to the sample temperature, which can slightly vary from one
pyrometer/thermocouple reading to another, and the residual impurities in the MBE chamber due
to the history of the machines, but these have not been studied here.
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Figure 2.6: (a) Side-view and (b) top-view of the geometrical configuration of the source cells in
the Riber32 and Compact21 MBE set-ups located at the C2N and the IPVF, respectively. Adapted
from [de Lépinau, 2020]. (c) Photographs showing the components of the two MBE systems.

Two MBE set-ups were used for NW growth in this PhD work, namely a Compact21 reactor
located at the IPVF, and a Riber32 reactor located at the C2N.

2.1.4 State-of-the-art of GaAs NW arrays grown on Si
Given that to make large-area solar cells the uniformity of the NWs is critical, the literature review
below focuses on regular NW array growth. In particular, it focuses on the self-catalyzed growth
of GaAs NWs on patterned Si substrates. This is because GaAs is one of the most studied III-V
semiconductors, and has been used extensively as a proof-of-concept material for NW devices. The
key growth parameters of the state-of-the-art GaAs NW arrays reported in the literature in the
past 10 years are presented in Table 2.1. All the Si substrates used in these growths have a ⟨1 1 1⟩
orientation to follow the preferred GaAs NW growth direction [Zeng et al., 2020]. The figure of
merit chosen to compare the GaAs NW arrays is the NW vertical yield, defined as the percentage of
mask holes filled with a single vertical NW. In fact, one of the main challenges of GaAs NW growth
on patterned Si substrates is to obtain high NW vertical yields in a reproducible manner [Barrigón
et al., 2019]. Several studies have been dedicated to investigating the parameters controlling the
NW vertical yield, and in fact 1/3 of the references cited in Table 2.1 contain explicitly the word
“yield” in their title. As pre-growth (substrate preparation) and growth parameters can both
impact the NW vertical yield, it is important to deconvolute their influence.
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Pre-growth (substrate) parameters influencing the NW vertical yield

The patterned substrate preparation directly determines the quality of the NW growth. The pre-
growth parameters that will be discussed in the next paragraphs using Table 2.1 as support, are:
the properties of the dielectric mask layer, its thickness and patterning technique, the mask hole
diameters and interhole distance (pitch), and finally the cleanliness of the Si surface in the mask
hole openings.

As previously mentioned, all the NW arrays reported in Table 2.1 are grown on ⟨1 1 1⟩-oriented
Si substrates to follow the preferred GaAs NW growth direction. Most substrates are also p-
doped to pursue p-n junction NW solar cell devices. As observed in Table 2.1, the most popular
dielectric material used for self-assisted selective-area-growth of GaAs NWs is silicon oxide,
either thermally grown, or deposited by plasma-enhanced chemical vapour deposition (PECVD).
When comparing SiO2 layers deposited by the two aforementioned methods, [Plissard et al., 2011]
observed detrimental parasitic growth only on PECVD-deposited SiO2, and suggested that mask
selectivity differences can arise due to the quality of the deposited layers. Hence, regardless of the
deposition method used, it is important to optimize the dielectric layer quality to obtain the desired
mask surface chemistry and diffusion properties. This will be further discussed in Section 2.2 using
our experimental results.

The dielectric mask thickness is another important parameter for successful NW growth,
and more precisely it is the mask hole aspect ratio (hole diameter/mask layer thickness) which was
reported to play a prominent role in producing the most-suited Ga droplets for achieving high NW
vertical yields [Vukajlovic-Plestina et al., 2019]. However, we can see from Table 2.1 that while
the community seems to have converged to mask layer thicknesses between 10 and 30 nm after
wet etching, the optimized mask hole diameters vary largely, from below 40 to above 200 nm,
depending on the patterning method used. Many groups observed that increasing the hole diameter
eventually resulted in the growth of multiple NWs in one hole, due to an increased collection area
for Ga at the substrate, combined with unfavorable wetting of the droplets [Plissard et al., 2011;
Zhang et al., 2014; Bahrami et al., 2020]. This is further discussed in the next subsection on the
growth parameters influencing the NW vertical yield.

As seen from Table 2.1, the two dominating lithography techniques used for the SAG of NWs
are electron-beam lithography (EBL) and nanoimprint lithography (NIL). The latter is typically
preferred for large pattern sizes because it is faster than the sequential process used in EBL.
However, it is still difficult to realize feature sizes as small as the ones achievable with EBL,
although [Küpers et al., 2017] have demonstrated a conventional NIL process combined with an
indirect pattern transfer (NIL-IPT) technique that can result in hole diameters below 50 nm.

The interhole distance (pitch) used in the different studies have been summarized in Table 2.1
as an indication, but actually its value was found to not have a significant impact on the NW
vertical yield for pitches above 100 nm [Plissard et al., 2011; Russo-Averchi et al., 2015; Schroth
et al., 2019; Wilson et al., 2021]. The pitch is rather chosen according to the final NW density
required.

The cleanliness of the Si surface in the mask openings is also critical for the nucleation
of GaAs NWs [Küpers et al., 2017], and the community has converged on the importance of
a hydrofluoric acid (HF)-based chemical etch prior to MBE-loading to remove the native oxide
formed on the Si surface in the mask openings. Most often however, a thin layer of native oxide
forms again before the substrate is loaded into the UHV MBE chamber. Since III-V growth is
inhibited on the oxide layer, its formation has been identified as the reason for the previously
reported low reproducibility and yield for III-V NWs grown on Si substrates [Heiss et al., 2014].
It is now known that an in-situ high-temperature annealing carried out in the MBE chamber can
thoroughly clean and free the patterned holes of native oxide, allowing high-yield GaAs NW growth
on Si [Heiss et al., 2014; Zhang et al., 2014; Munshi et al., 2014; Vettori et al., 2019].

Growth parameters influencing the NW vertical yield

The growth temperature and V/III flux ratio are growth parameters that have been shown to
primarily control the NW dimensions and morphology, when they are kept within a reasonable
range [Colombo et al., 2008; Paek et al., 2008; Plissard et al., 2010]. In the following paragraphs,
the discussion will hence be focused on the impact of the Ga droplet formation inside the holes
prior to growth (Ga pre-deposition step), and the influence of a GaP stem.
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Chapter 2. Growth of Vertical GaAs Nanowire Arrays on Silicon

10 µm200 nm

(b)(a) (c)TION 4. The role of p-Si/p-GaAs NW interface on device
rmance and the impact of GaAsSb nucleation stem on p-

GaAs NW array

2 µm1 µm
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Figure 2.7: Regular GaAs NW arrays grown on Si(111) with vertical yields > 90%, from (a) [Plis-
sard et al., 2011], (b) [Zhang et al., 2014] (GaAsP NWs), (c) [Vukajlovic-Plestina et al., 2019], (d)
[Wilson et al., 2021] (GaP stem) and (e) [Mukherjee et al., 2021] (GaAsSb stem). The correspond-
ing pre-growth and growth parameters can be found in Table 2.1, along with the as-grown NW
array characteristics.

In VLS NW growth, Ga droplets can form spontaneously without intentional pre-deposition, as
in the studies in Table 2.1 for which a Ga pre-deposition step has not been indicated (“-” in the
column “Ga pre-dep.”). However, many groups have reported that allowing Ga droplets to form in
the mask openings prior to NW growth significantly improves the NW vertical yield, in particular
when Ga completely fills the holes. In fact, all the studies that investigated the influence of the Ga
pre-deposition on the NW yield observed an optimal pre-deposition duration that corresponded to
a complete filling of the holes [Plissard et al., 2011; Munshi et al., 2014; Vukajlovic-Plestina et al.,
2019]. Hole filling by the Ga droplet has been modeled [Zhang et al., 2014; Wilson et al., 2021],
and a 90° contact angle between the droplet and the Si surface has been reported to favor NW
growth perpendicular to the substrate [Matteini et al., 2016]. Hence, it is essential to calibrate
the Ga droplet volume with respect to the hole dimensions, and this can be done by varying the
duration for which Ga is evaporated at a given rate, without any group V flux (Ga pre-deposition
time). Care needs to also be taken with the growth temperature, which can influence the Ga
droplet dimensions above a certain threshold (around 640°C according to [Munshi et al., 2014]),
due to substantial desorption of Ga adatoms on the substrate surface at high temperatures.

Finally, GaP NW arrays have been observed to consistently present higher vertical yields than
GaAs arrays in the same growth conditions [Boulanger et al., 2016; Dastjerdi et al., 2016; Scac-
cabarozzi et al., 2020; de Lépinau, 2020]. The reasons behind this yield enhancement from GaAs
to GaP have not yet been elucidated, but could be related to the fact that unlike GaAs, GaP is
nearly lattice-matched to Si (see Figure 1.4b). However, GaAsSb NWs were also found to exhibit
better vertical yields [Mukherjee et al., 2021], and it has a greater lattice-mismatch than GaAs on
Si... Following these empirical observations, it has become common to initiate GaAs NW growth
with a small stem of GaP or GaAsSb to enhance the NW vertical yield. SEM images of the NW
arrays from Table 2.1 with a vertical yield above 90% are shown in Figure 2.7. A stem was used in
two of the five growths shown (Figure 2.7d and e), while in one of them GaAsP NWs were grown
(Figure 2.7b).

Taking into consideration the pre-growth and growth parameters previously discussed, we
choose to grow GaAs NW arrays on p-Si(111) substrates covered by a SiO2 layer deposited by
PECVD, and patterned with EBL. The mask hole diameters and pitch have been widely varied to
optimize the Ga pre-deposition step which allows to achieve high NW vertical yields. For the same
reason, the GaAs NW growth is initiated by a GaP stem. In the following section, the detailed
substrate preparation method used for our NW samples will be presented, highlighting how we
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managed to overcome issues of poor mask selectivity and sample inhomogeneity in order to achieve
near-perfect NW vertical yields. Then, the growth parameters used for our GaAs NW arrays will
be presented, accompanied by a discussion on the control of the NW diameter and morphology via
mask hole diameter and V/III ratio optimization.

The figure of merit typically used to assess and compare the growths of regular NW arrays is
the vertical yield. The latter can be impacted by many parameters. Among the pre-growth
parameters influencing the NW vertical yield, we can find the mask material quality and
thickness, the diameter of the mask holes, and the cleanliness of the Si surface in the mask
openings. Among the growth parameters directly influencing the NW vertical yield, there
is the Ga pre-deposition time, and the presence of a GaP or GaAsSb stem. All of these
parameters have been studied in the literature in the aim of optimizing the NW vertical
yield. However, despite significant research efforts, not many groups have been able to
achieve NW vertical yields above 90%.

2.2 Towards 100% vertical GaAs NWs grown on Si with tune-
able diameter

In order to fabricate highly efficient GaAs-based NW solar cells, the NW vertical yield first needs
to be optimized. In this section, I will present the optimizations carried out on different steps of
the substrate preparation process, which allowed us to achieve near-perfect vertical yields on two
different solid-source MBE systems (presented in subsection 2.1.3).

2.2.1 Optimizing the patterned substrate preparation for near-perfect
yields

Two-inch p-doped (B) Cz Si(111) wafers supplied by Siltronix were used for the NWs grown in this
work, with a thickness of 250–300 µm and a nominal resistivity of 0.01–0.02Ω cm. Si surfaces are
naturally prone to oxidation and contamination by organic and inorganic impurities [Morita et al.,
1990], so a reliable cleaning procedure is critical to ensure the quality of the layers grown on top.

A robust silicon substrate cleaning procedure

The silicon wafer cleaning process previously developed in our group first starts with a 4 min
oxygen plasma in a capacitively coupled plasma-reactive ion etching (CCP-RIE) chamber with a
bias voltage of 190 V. On one hand, the high energy ions from the plasma mechanically break
the molecular bonds of high molecular weight carbon impurities, and on the other hand, the
oxygen species created in the plasma react with low molecular weight carbon contaminants to
produce even smaller and more volatile species which easily evaporate from the surface [Robinson
et al., 2004; Shun’ko and Belkin, 2007]. The top few nanometers of the silicon wafer are also
oxidized, trapping the remaining surface contaminants. The wafer is then immersed in a 5%
HF solution which removes the oxidized silicon layer and the potential contaminants trapped
inside, leaving the dangling bonds from the silicon surface saturated with hydrogen [Angermann
et al., 2000]. In total, 3 cycles of oxidation/etching are performed to ensure an ultra-clean silicon
wafer surface [Madiomanana et al., 2015] before dielectric mask deposition. This specific wafer
cleaning procedure improved the wafer-to-wafer reproducibility and NW vertical yield significantly
(systematically above 90%), as summarized in Figure 3.23 of the PhD manuscript of [de Lépinau,
2020].

Depositing high-quality dielectric layers for good mask selectivity

PECVD is used to deposit a thin layer of SiO2 (50-70 nm) on the clean silicon substrate, which
will later on be patterned. At the beginning of my PhD, I struggled to obtain good NW vertical
yields despite the previously presented robust Si wafer cleaning procedure, due to very poor mask
selectivity (presence of Ga droplets not only in the mask openings but also on its surface). After
investigation, we ascribed the poor mask selectivity to some carbon contamination in the PECVD
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chamber, which could be avoided by pre-conditioning it before the dielectric layer deposition.
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Figure 2.8: (a) FTIR spectra of SiO2 and SiOC films with identified bonds, adapted from [Oh
and Choi, 2010]. (b) FTIR spectra of two 50 nm SiO2 layers deposited on Si(100) in a PECVD
chamber, one with a silica pre-deposition of 6 min in the chamber (green), and one without pre-
deposition (red). SEM images of the SiO2 surface outside mask openings after NW growth, for
(c) a sample on which SiO2 was deposited without pre-deposition in the PECVD chamber, and
(d) with pre-deposition. (e) and (d) corresponding NW arrays grown on patterned areas of the
substrate (pitch 500 nm, nominal hole diameter 90 nm). Note that the growth duration differs for
the two samples, resulting in NWs of different dimensions. Scale bar = 500 nm.

Figure 2.8a shows the Fourier-transform infrared spectroscopy (FTIR) spectra of SiO2 and
SiOC films obtained by [Oh and Choi, 2010]. Figure 2.8b compares the FTIR spectra of a SiO2
layer deposited in our PECVD chamber after a 6 min silica pre-deposition prior to loading the
Si substrate (green), to the one of a SiO2 layer directly deposited on a Si substrate (red). Both
spectra show characteristic peaks of the Si-O-C bonds, revealing some carbon contamination in the
PECVD chamber. However, the peaks are less pronounced in the FTIR spectrum of the SiO2 layer
deposited after a 6 min silica pre-deposition (green), suggesting that the extent of carbon contam-
ination in the PECVD chamber depends on its pre-conditioning. The SEM images in Figure 2.8
show the amount of parasitic Ga droplets outside mask openings after NW growth, on (c) a SiO2
mask directly deposited on the Si substrate (no pre-conditioning of the PECVD chamber) and (d)
a SiO2 mask deposited after a pre-deposition in the PECVD chamber. A much higher selectivity
can be observed for the SiO2 mask deposited after a pre-deposition in the PECVD chamber, as
revealed by the significantly lower amount of parasitic Ga droplets present outside mask openings
after NW growth. This is most likely due to less impurity atoms acting as nucleation sites on the
SiO2 mask deposited after a pre-deposition in the PECVD chamber. Figures 2.8e and f show the
SEM images of the corresponding NW arrays grown in the SiO2 mask openings. Again, many
parasitic Ga droplets can be seen on the SiO2 mask deposited without any pre-deposition in the
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PECVD chamber, and we can expect the presence of these Ga droplets, which act as material
collector in the array, to disturb the thermodynamics and kinetics of VLS NW growth, as seen in
Figure 2.8e. The detailed NW growth recipes for these samples can be found in subsection 2.2.2.
Note that the growth duration differed for the two samples, resulting in NWs of different dimensions.

After having seen how the dielectric layer quality can impact the mask selectivity and hence NW
growth, in the next sections I will present our substrate patterning process and demonstrate how
important it is to thoroughly clean the mask surface before growth in order to obtain homogeneous
samples with near-perfect NW vertical yields.

Mask patterning process

After silica deposition, the substrates are coated with an electron-sensitive resist (495PMMA, 2%)
and patterned in an electron-beam lithography (EBL) machine operating at 100 kV. Typical sub-
strate designs include hexagonal hole patterns found in large squares and smaller matrices. The
large squares (red in Figure 2.9), familiarly referred to as “spot patterns”, have sides ranging from
1-5 mm and are patterned by injecting a single electron dose at the center of each hole. The
diameter of the holes depends on the injected electron dose (expressed in µCcm−2), while the
interhole distance (pitch) is a direct input. The smaller matrices found in the pattern design are
on the other hand composed of arrays with different pitches and hole diameters (see magnified
schematic of the matrix in Figure 2.9), patterned pixel-by-pixel in the EBL machine with a beam
step size of 1 nm to ensure that small circles can be defined. Despite longer patterning times,
the hole dimension and edge definition are much better controlled using pixel-by-pixel patterning,
which has previously been linked to higher NW vertical yields in the matrices [de Lépinau, 2020].
In the next section, I will demonstrate that by removing the native oxide in the mask openings
and thoroughly cleaning its surface prior to MBE loading, near-perfect vertical yields can also be
obtained in the large squares (spot patterns), enabling faster patterning of large areas needed for
the fabrication of devices.
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Figure 2.9: Schematics showing the substrate patterns of samples D146 (PNW314, standard N2

drying) and D163 (PNW318, Marangoni drying). Spot patterns undergo a single EBL exposure
on a large-area of the substrate, while matrices are patterned pixel-by-pixel and contain several
smaller patterns with varying pitches and nominal hole diameters, as indicated in the magnified
schematic. The pitch is differentiated from the hole diameter by a letter ’p’ in front of the numbers.

After EBL, the hexagonal hole pattern in the PMMA is transferred to the SiO2 mask by CCP-
RIE at 7 mTorr, with a mixture of SF6 and CHF3 gases (flow rate ratio of 8:20) and a bias voltage
of 190 V. The etching time is a crucial parameter for successful NW growth as it will determine the
remaining mask thickness and patterned hole dimensions (see discussion in subsection 2.1.4). Care
is also given here to not completely etch open the mask holes in order to avoid plasma-induced
damage to the Si [Arora, 1987; Oehrlein, 1989]. As a clean silica mask surface is required to ensure
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adsorbed Ga atom diffusion or re-emission during growth, a 4 min oxygen plasma is then carried
out at a bias voltage of 300 V to remove any residual resist particles and carbon contamination
left after the lithographic processing. The choice of the bias voltages used in both the SF6-CHF3
and O2 RIE processes is explained in Appendix A. Finally, the substrate is cleaned with an HF
1% solution for 30 s (then rinsed in deionized (DI) water and N2 dried), to remove the oxide layer
before being loaded into the MBE chamber. However, as explained in subsection 2.1.4, a thin layer
of native oxide may form again in the mask openings before the substrate is loaded into the UHV
MBE chamber [van der Heide et al., 1989], and an in-situ high-temperature annealing is required
to thoroughly clean and free the patterned holes of native oxide. In all the NW growths presented
in this PhD manuscript, a 20 min thermal annealing was carried out at 750°C prior to growth,
enabling the high NW vertical yield seen in Figure 2.10b.

Sample D146 (standard N2 drying)
Scale bar = 2 µm

45%75%

77% 92%

Average NW vertical yield = 72%

(a) (b)

(c) (d)

Figure 2.10: SEM images of the 4 spot patterns from sample D146 (standard N2 drying) with
pitch 360 nm, corresponding to the red squares in Figure 2.9 (left). Although having been exposed
to the exact same preparation procedure, the 4 spot patterns demonstrate significantly different
NW vertical yields, as indicated by the given percentages.

However, the above-mentioned efforts still did not allow high vertical yields to be obtained
homogeneously across the sample surface, as observed from the SEM images of the 4 spot patterns
from sample D146, whose substrate design is illustrated in Figure 2.9 (left). In fact, although the 4
spot patterns were exposed to the exact same EBL process and subsequent substrate preparation
and growth steps, very different NW growths were obtained in them, with vertical yields varying
from 45-92% depending on the spot pattern. As we were bewildered by the significant sample
inhomogeneity revealed by the repeated substrate pattern designs (which were chosen to facilitate
subsequent device processing tests), we decided to investigate the origin of the substrate surface
non-uniformity. Our first hypothesis was prompted by the traces observed by eye on some of the
substrate surfaces after NW growth (Figure 2.11). These led us to suspect a correlation between the
sample inhomogeneity and impurities which could have been introduced on the substrate surface
during DI water rinsing after the final HF dip, and left there by the standard N2 flow drying.
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Figure 2.11: Photograph of a patterned Si substrate after NW growth, on which inhomogeneous
traces can be seen by eye.

New drying method for pristine and homogeneous substrate surface

To confirm the hypothesis stated above, which correlates the sample inhomogeneity to impuri-
ties from the rinsing water after the final HF dip, drying experiments taking advantage of the
Marangoni effect were carried out. The Marangoni effect [Marangoni, 1865] describes the mass
transfer along an interface between two phases due to a surface tension gradient, and it has been
exploited to develop an extremely clean Si wafer drying process called Marangoni drying [Leenaars
et al., 1990]. The schematics in Figure 2.12 show the experimental set-up used in Marangoni dry-
ing: a wafer is withdrawn from a rinse bath (water), while at the same time N2 gas with a trace of
organic vapor is passed along its surface. The organic vapor comes from an organic solvent with
a vapor pressure lower than the one of water, and stored in an aspirator bottle through which N2
gas is bubbled. The wafer surface is kept at a temperature greater than that of the rinse bath, so
that the organic solvent vapor does not condensate on the wafer surface. Instead, it condensates
on the surface of the water from the rinse bath, and remains there thanks to its lower surface ten-
sion, resulting in a surface tension gradient in the film wetting the substrate. This surface tension
gradient causes a mass transfer along the interface between the solvent and the water (Marangoni
flow), which forces the impurities to remain in the water (see magnified schematic in Figure 2.12).

(1)

(2)

(3)
(4)

(5)

(6)

substrate
surface

vapor does not condense

organic vapor

liquid flow

water 1 mm

Figure 2.12: Schematic representation of the Marangoni drying experimental set-up and process,
with (1) N2 flow, (2) bottle containing organic liquid, (3) N2 flow partly saturated with organic
vapor, (4) silicon wafer, (5) water and (6) lever with clamp. Adapted from [Leenaars et al., 1990].

We adapted the set-up shown in Figure 2.12 to a dip-coating equipment in which the substrate
withdrawal speed and atmosphere composition and temperature could be precisely controlled.
Similarly to the experiments performed by [Leenaars et al., 1990], we used a 1 M NaCl bath to
simulate a water rinse bath with impurities, and carried out tests on Si(100) substrates (covered
with native oxide) using 3 different solvents and 3 different withdrawal speeds. The solvents inves-
tigated included isopropyl alcohol (IPA), methyl isobutyl ketone (MIBK), and 2-methoxyethanol,
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with vapor pressures of 44 mbar, 21 mbar, and 8 mbar, respectively. The dip-coater chamber
atmosphere was heated to an optimal temperature of 100°C to facilitate the drying process of the
silicon oxide surface, which unlike silicon is hydrophilic. The substrate surfaces obtained after dif-
ferent Marangoni drying experiments were analyzed using an optical microscope and are shown in
Figure 2.13. The dark traces correspond to the NaCl salts remaining on the substrate surface after
Marangoni drying. We can see that the cleanest substrate surface is obtained after Marangoni
drying with a N2/2-methoxyethanol flow at a substrate withdrawal speed of 2 mm/s (draining
regime). The higher ability of 2-methoxyethanol for forcing NaCl salts to remain in the water
could perhaps be correlated to its vapor pressure of 8 mbar, which is far lower than the one of
water (32 mbar) compared to the other two solvents.
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Figure 2.13: Optical microscopy images of Si(100) wafer surfaces obtained after Marangoni drying
experiments in a dip-coating chamber at 100°C, using different solvents and substrate withdrawal
speeds. Scale bar = 200 µm.

The optimized Marangoni drying process described above (N2/2-methoxyethanol, 2 mm/s) was
used to prepare the patterned substrate of sample D163. As observed from the SEM images in
Figure 2.14, near-perfect NW vertical yields were obtained homogeneously across 7 spot patterns,
located on different areas of sample D163 (see red squares in Figure 2.9 (right)). The comparison
with sample D146 (Figure 2.10), in which the patterned substrate was dried using a standard N2
flow is here striking, and emphasizes the importance of a pristine substrate surface for high quality
NW growth. Note that the NWs in sample D163 are shorter than the ones in sample D146 due to
a shorter growth duration (7 min vs. 12 min).

A specific Si wafer cleaning procedure consisting of 3 consecutive cycles of oxidation/etching,
was previously observed to improve wafer-to-wafer reproducibility and NW vertical yield.
The dielectric mask selectivity, which is also of critical importance to ensure good NW
growth, has been here related to the quality of the dielectric mask layer. We observed that
SiO2 layers deposited after a pre-deposition in the PECVD chamber resulted in significantly
higher mask selectivity due to less carbon contamination. This highlights the importance
of the pre-conditioning of the PECVD chamber. Nevertheless, despite these patterned sub-
strate preparation optimizations, high NW vertical yields could not be obtained homoge-
neously across the sample surface. We suspected this to be related to impurities introduced
on the substrate surface during water rinsing after the final HF dip, and left there by the
standard N2 drying. As a consequence, we investigated a new drying method known as
Marangoni drying. The cleanest substrate surface was obtained after Marangoni drying
with a N2/2-methoxyethanol flow at a substrate withdrawal speed of 2 mm/s. The latter
allowed near-perfect NW vertical yields (average 99.5%) to be obtained homogeneously on
7 large-area patterns spread out across the sample surface.
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Sample D163 (Marangoni drying)
Scale bar = 500 nm

99.6%

99.6%

99.1%
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Average NW vertical yield = 99.5%
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Figure 2.14: SEM images of the 7 spot patterns from sample D163 (Marangoni drying) with pitch
360 nm, corresponding to the red squares in Figure 2.9 (right). Near-prefect NW vertical yields
are observed homogeneously across the 7 spot patterns, as given by the percentages which were
calculated on larger areas (roughly 100 µm2).

2.2.2 NW diameter variation with mask hole size
All the optimized patterned substrate preparation steps described in the previous section also
allowed us to achieve near-perfect vertical yields across a wide-range of mask hole diameters in
matrix patterns (see pattern design in Figure 2.9). In these matrices, the NW diameter was
observed to depend on the mask hole diameter. This correlation could enable NWs of different
diameters to be obtained in a single array, and hence maximize NW array absorption [Wu et al.,
2017b,a].

Standard NW growth recipe

Once the patterned substrate has been prepared following the above-mentioned procedure, it is
loaded into the MBE chamber and first outgassed in the preparation chamber at 600°C for 1h in
order to desorb the water molecules. Then it is transferred to a rotating holder in the MBE growth
chamber (10 rpm) for a 20 min in-situ high-temperature annealing at roughly 750°C, as monitored
by an IRCON 0.9 µm pyrometer. After annealing, the substrate temperature is brought down to
the desired growth temperature of 600°C.

The self-catalyzed VLS growth of GaAs NWs is initiated by a 3 min Ga pre-deposition step in
which a Ga flux corresponding to a two-dimensional GaAs equivalent growth rate of 0.71 ML/s
(2 Å/s), is used to localize the Ga droplets in the holes of the patterned substrate, as it was summa-
rized in Table 2.1. A Be flux corresponding to a hole concentration in planar GaAs of 6×1018 cm−3

is also introduced for p-type doping. After Ga pre-deposition, the phosphorous valve is opened to
begin the growth of a Be-doped GaP segment at a P2/Ga effective atomic flux ratio of 1.2. After
20 s of Be-doped GaP growth, the P valve is closed linearly while opening the one of As over the
course of 30 s, resulting in a linearly graded GaP/GaAs transition which contributes to flatten the
valence band offset between GaP and GaAs for solar cell device performance purposes [Boulanger
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et al., 2016; Tong et al., 2022b]. The Be-doping is also introduced to anticipate the fabrication of
functional p-n junctions. GaAs NWs are then grown under an As4/Ga flux ratio of 1.2, and the
same Be flux during 7 and 9 min, for samples 77407 and D163, respectively. Note that sample
77407 was grown in the MBE Riber32 set-up while D163 was grown in the MBE Compact21. Rel-
atively short NW growth times were used in order to facilitate the NW dimensions measurements
(no shadowing from neighboring NWs).

The recorded NW dimensions from matrix patterns of samples 77407 and D163, with a 250 nm
pitch and nominal hole diameters varying from 20-100 nm, are summarized in Figure 2.15 and will
be discussed below.

NW morphology evolution with mask hole size

The table in Figure 2.15a indicates the pre-growth and growth parameters that differ for samples
77407 and D163. The NW diameters and lengths were measured on at least 10 NWs in a way that
is illustrated in Figure 2.15b, except for the patterns with vertical yields below 50%, for which less
NWs were measured. The plots in Figures 2.15c and d show the evolution of the NW diameter
at the top and at the base, as well as NW length, with nominal mask hole diameter for samples
77407 and D163, respectively. SEM images of representative NWs from each array are shown above
the plots. The corresponding vertical yields determined from areas greater than 5 µm2 are also
indicated. The full SEM images from which the representative NWs were extracted can be found
in Figure 2.16. In sample D163, NWs from the 20 nm hole array were found to be missing due to
unopened mask holes.
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Figure 2.15: (a) Table summarizing the pre-growth and growth parameters which differ for samples
77407 and D163. (b) Illustration of each NW dimension’s measuring method. (c) and (d) Evolution
of the NW diameters (at the base and at the top) and NW length with nominal mask hole diameter
in matrix patterns with a 250 nm pitch, for samples 77407 and D163, respectively. The SEM image
of a representative NW from each array is shown at the top, along with the NW vertical yields
calculated on areas > 5 µm2. The complete SEM images from which the single NWs were extracted
can be found in Figure 2.16.
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As we can see from the plots in Figure 2.15, NWs from sample 77407 (D163) have base diame-
ters between 70-140 nm (70-170 nm), top diameters between 50-100 nm (60-100 nm), and lengths
between 250-600 nm (140-220 nm). The significantly shorter NW lengths observed for sample D163
are a result of a shorter NW growth duration (7 min vs. 9 min, as indicated in Figure 2.15a), which
also impacts the final NW top diameters. As previously mentioned in subsection 2.1.1, some radial
VS growth always occurs concurrently during VLS growth (see schematics in Figure 2.1). However,
this mainly occurs after a NW length exceeding the Ga diffusion length on the NW sidefacets has
been reached. For growth conditions similar to ours, the diffusion length of Ga adatom on the
NW sidewalls has been found to be above 500 nm [Dubrovskii et al., 2015; Küpers et al., 2018].
Considering the relatively short NW lengths obtained here (< 650 nm), radial VS growth can thus
be neglected, and the following discussion will be mainly focused on the relationship between the
NW diameter and the catalyst droplet dynamics. The different growth conditions which may arise
in the two MBE reactors used could also have an effect on the final NW morphologies, but we
assume that the latter is negligible. Keeping these elements in mind, we will discuss the evolution
of the NW diameters with mask hole size in the next paragraphs.

The slightly bigger base diameters obtained for the NWs from sample D163 could be related
to bigger mask holes compared to sample 77407, resulting from an originally thicker mask layer
(70 nm vs. 60 nm, as indicated in Figure 2.15a). In fact, despite the same electron beam dose used
during EBL, slightly different proximity effect corrections were applied to take into account the
samples’ different mask layer thicknesses. This could result in marginally different real electron
beam doses in the mask holes and hence different hole diameters. In addition, during pattern
transfer from the PMMA to the mask using CCP-RIE, in order to obtain the same final mask layer
thickness, the initially thicker mask of sample D163 had to be over-etched compared to the one of
sample 77407. This should lead to a slightly different hole profile with somewhat bigger mask hole
diameters for sample D163.

A clear correlation between mask hole and NW diameters can be seen from both Figures 2.15c
and d, in which the NW diameters increase with increasing mask hole size. This can be related
to the fact that although the same Ga pre-deposition time and flux were used for all arrays of
both samples, larger initial mask hole diameters lead to smaller initial Ga droplet contact angles,
and hence larger NW base diameter. This statement is only true when the mask holes are free
from any oxide layer, and the Ga droplet does not spill over the holes. In our growth conditions,
mask hole diameters of initially 20–100 nm can lead to NW base diameters between 70–140 nm,
for NW lengths below 650 nm. Looking at the state-of-the-art self-catalyzed GaAs NWs from the
literature (Table 2.1), we can see that wide NW base diameters (> 100 nm) are typically only
obtained for NW lengths > 1–2 µm, that is after a considerable radial VS growth. The fact that
we managed to obtain relatively wide NW base diameters with negligible radial VS contribution
suggests that a tight control of the NW diameter can be achieved, using lithography techniques
that allow the precise patterning of mask holes, and specific substrate cleaning and drying proce-
dures like the ones we implemented. To the best of our knowledge, similar correlations between
mask hole size and NW diameter have never been observed before. In the study by [Wilson et al.,
2021], mask hole diameters between 57–101 nm resulted in NWs with base diameters varying be-
tween 120–160 nm, but with no specific trend (see Figure 3a from their article). In their study,
for a pitch of 360 nm, the NW base diameter obtained from an 87 nm mask hole was found to
be bigger than both the ones obtained from 71 nm and 101 nm mask holes. The absence of an
observed correlation between the mask hole size and NW base diameter in the literature could be
due to still unoptimized patterned substrate preparation in the community. In fact, we believe
that native oxide previously remaining in our mask openings and formerly dirty mask surfaces have
prevented us to notice clear trends in the past. However, the absence of an observed correlation
between the mask hole size and NW base diameter in the literature could also be due the fact that
typically longer NWs are grown. As a matter of fact, radial VS growth becomes significant for
the growth of NWs longer than the Ga diffusion length on the NW sidewalls, which enlarges the
NW base diameter and makes it difficult to directly correlate mask hole size and NW base diameter.

As the growth continues under constant fluxes, the NW diameter varies according to the mor-
phology evolution of the droplet, which itself depends on the balance of Ga and group V (As or P)
species reaching it. When less Ga atoms reach the droplet compared to the ones being incorporated
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Figure 2.16: Tilted SEM images (45°) of the arrays containing the single NWs presented in Fig-
ure 2.15. The pitch is 250 nm for all arrays, and the nominal mask hole diameter varies between
20–100 nm, as indicated above the SEM images. Scale bar = 500 nm.
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in the NW for growth, the droplet will slowly shrink and lead to a positive NW tapering like the
one observed in our NWs for nominal hole diameters > 70 nm (Figure 2.16). In smaller holes, the
Ga droplet can be expected to have an initially higher contact angle, resulting in smaller NW base
diameters. When more Ga atoms reach the droplet compared to the ones being incorporated in the
NW for growth, the droplet will slowly inflate and may even eventually fall off to one side. This
is observed in our NWs for nominal hole diameters < 40 nm (Figure 2.16). These observations
are in agreement with previous work stating that the instantaneous NW diameter is governed by
the size and morphology of the catalyst droplet [Gudiksen and Lieber, 2000; Priante et al., 2013;
Dubrovskii et al., 2015]. From Figures 2.15a and b (dashed), less significant variation of the NW
top diameter with respect to mask hole size can be observed in both samples 77407 and D163. This
could be related to a self-equilibration effect of the NW diameter. In fact, under constant fluxes,
the diameter of self-catalyzed NWs with initially widely distributed Ga droplet sizes (in holes of
the same size), has been observed to eventually converge towards a critical value related to the size
evolution of the droplet during growth [Dubrovskii et al., 2015]. Although this self-equilibration
effect cannot be directly observed in our samples due to the growth time not being long enough
to reach the size-uniform state, it could still explain the less significant variation of the NW top
diameter with respect to mask hole size compared to the variation of the NW diameter at the base.

In order to obtain untapered NWs before reaching the size-uniform state, the growth conditions
then need to be carefully tuned. First, the Ga pre-deposition time has to be adjusted to completely
fill the holes in order to promote vertical NW growth (the variation of NW vertical yield in our NW
arrays will be discussed in the next section). The V/III flux ratio then needs to be continuously
adapted to the size of the droplet so that it neither shrinks nor inflates during NW growth, especially
after the NW length exceeds the Ga diffusion length on the NW sidewalls, or shadowing effects
are no longer negligible. This can be achieved by a two-step growth approach which decouples
NW nucleation in the mask holes from NW elongation. In fact, [Küpers et al., 2018] managed to
obtain untapered NWs with diameters of 45 nm at a length of 2.5 µm in an array with a pitch of
1 µm. Nevertheless, they emphasize that indeed for long NWs, a large part of the NW volume can
result from radial VS growth, in which case the latter needs to be taken into account along with
the droplet dynamics when optimizing the NW morphology. It is also interesting to notice that
untapered NWs with different diameters can be obtained in a single growth run by varying the
pitch [Dubrovskii et al., 2015] and taking advantage of the shadowing effect [Sibirev et al., 2012;
Schroth et al., 2019]. However, it seems like the pitch needs to be varied significantly in order to
obtain small changes in the NW diameter. In the study from [Dubrovskii et al., 2015], regular
arrays of 50, 60, and 70 nm diameter NWs were obtained from pitches of 250, 500, and 1000 nm,
respectively.

NW vertical yield variation with mask hole size

As seen from Figures 2.15c and d, for sample 77407 (D163) very high NW vertical yields were
obtained for arrays with nominal hole diameters varying between 40–100 nm (30–50 nm), which
to our knowledge is unprecedented. In fact, near-perfect NW vertical yields were also obtained
by [Wilson et al., 2021] for a hole diameter of 87 nm, but the yield was observed to dramatically
decrease for slightly smaller or bigger hole dimensions (see Figure 2 in their article). For instance,
they obtained NW vertical yields below 20% for a hole diameter of 57 nm. An optimal vertical yield
of around 80% was also obtained by [Vettori et al., 2019] for a nominal hole diameter of 40 nm,
but it rapidly decreased to below 60% for nominal hole diameters just below (30 nm) and above
(50 nm), and reached a value lower than 10% for holes larger than 80 nm. So in comparison, we
managed to obtain very high NW vertical yields in our NW arrays across a wide range of nominal
hole diameters.

Nevertheless, our NW vertical yields were also observed to decrease when the hole size would
deviate too much from the optimal one (with respect to the growth conditions). Curiously, lower
NW vertical yields were obtained for sample D163 for which a Marangoni drying procedure was
used after HF etching, than for sample 77407 for which standard N2 drying was employed. The
exact reasons behind the yield differences between these two samples, and between the spot and
matrix patterns of sample D163 (Figure 2.14) have not yet been elucidated. It may be that the
substrate of sample 77407 was very clean even without the use of the Marangoni drying process, but
that reproducibility issues at the time prevented us from obtaining the same results twice. However,
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for both samples 77407 and D163, the NW vertical yield seems to be decreasing at smaller hole
diameters mainly due to a change of NW growth direction during its elongation. Indeed, it looks
like at some point during growth in small holes, the droplet becomes too big for the thin NW body
and ends up falling on its side, driving growth in a different direction. This can be observed in the
SEM images in Figure 2.16 when looking at the non-vertical NWs from sample 77407 (D163) with
nominal hole diameters between 20–40 nm (30 nm). For bigger hole diameters, the decrease in NW
vertical yield is only observed in sample D163, and seems to be mainly due to “crawling” NWs
and some 2D crystal growth. This can be seen from the SEM images in Figure 2.16 for sample
D163, nominal hole diameters between 60–100 nm. This defective growth could be attributed to
poor seed configurations throughout the early stages of growth due to unoptimized Ga filling of
the holes [de Lépinau, 2020], but the latter has not been investigated further here. We do believe
however that the different vertical yield evolution obtained for samples 77407 and D163 are a result
of slightly different effective hole aspect ratios resulting from different initial mask thicknesses, as
explained in the previous section.

The optimization of our patterned substrate preparation process enabled the observation of
a direct correlation between the mask hole size and NW diameter, for two samples grown
in different MBE reactors. For both samples, the NW base diameter was observed to vary
more significantly with mask hole size than the NW top diameter, probably due to a self-
equilibration effect of the diameter of self-catalyzed NWs. Nevertheless, we managed to
obtain NW base diameters that are much wider than the ones obtained in the literature
given the NW lengths. This highlights the importance of precise mask hole patterning and
cleaning in controlling the NW base diameter in a reproducible manner. The careful tuning
of fluxes during growth could then enable untapered NW morphologies to be obtained before
the size-uniform state is reached, but this was not investigated here.
Very high NW vertical yields were observed in both NW samples across a wide range of
nominal hole diameters. However, the sample in which Marangoni drying was used did not
show better yields in the matrix patterns than the sample for which a standard N2 drying
was carried out. The exact reasons behind these unexpected results still have to be further
elucidated, but we believe that the slightly different effective hole aspect ratios resulting
from different initial mask thicknesses in the two samples contributed to the different vertical
yield evolution with mask hole size.

2.3 Chapter conclusions

The epitaxial growth of semiconductor NWs for solar cell applications is preferentially
carried out by self-catalyzed selective-area growth, the fundamentals of which have been
explained at the beginning of this chapter. I then presented the principle and components
of the two MBE reactors used in this PhD work for NW growth, one located at the IPVF
and one at the C2N. A review of the pre-growth and growth parameters influencing the NW
vertical yield was then given based on the growth results obtained from state-of-the-art
self-catalyzed GaAs NW arrays grown on Si(111) substrates. The NW vertical yield
was used as a figure of merit throughout the chapter to assess the different NW array
growths. Despite significant research efforts, not many groups have been able to achieve
NW vertical yields above 90%, which is essential for fabricating high-efficiency NW devices
with homogeneous properties.

In the second part of the chapter, I presented our patterned substrate preparation
procedure. The relation between good mask selectivity and mask layer quality was
exposed. In fact, carbon contamination in the PECVD chamber used to deposit the mask
layer was observed to dramatically impact its selectivity. We managed to improve the
latter by pre-conditioning the PECVD chamber. High NW vertical yields resulted from
this mask layer quality optimization, but not homogeneously across the sample surface.
We believe that the inhomogeneous NW growth may have been a result of impurities
introduced on the substrate surface during DI water rinsing after the final HF dip, and
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left there by the standard N2 drying. In fact, the implementation of a Marangoni drying
system allowed us to obtain near-perfect NW vertical yields homogeneously across several
large-area spot patterns of the sample (average 99.5%). The optimization of our patterned
substrate preparation process also enabled the observation of a direct correlation between
the mask hole size and NW diameter, for two samples grown in different MBE reactors.
This opens up new opportunities for the precise control of the diameter of self-catalyzed
NWs. However, although very high NW vertical yields were obtained in the matrix
patterns of both samples across a wide range of nominal hole sizes, the sample with
Marangoni drying actually showed lower vertical yields compared to the sample for which
standard N2 drying was employed. We believe that this could be a result of the slightly dif-
ferent effective hole aspect ratios in the two samples, but it needs to be further investigated.
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The first generation of NW solar cells fabricated in our group was based on GaAs NWs with
radial homojunctions [de Lépinau, 2020]. In this chapter, I will present the second generation of
NW solar cells fabricated in our group, which is based on GaAs/GaInP NWs with radial hetero-
junctions. The latter show better performances than the homojunction solar cells, mainly owing to
more selective contacts. After reporting the state-of-the-art performances we managed to obtain
due to previous optimizations, I will present an in-depth investigation of the cells’ optoelectronic
properties, in part through a first-time quantification of the quasi-Fermi level splitting in NW
array solar cells. Optical and electronic simulations carried out will also be discussed to provide
insights into the main absorption and electrical losses, as well as guidelines to design and fabricate
higher-efficiency devices. The majority of the results presented in this chapter was published in
[Tong et al., 2022b].
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3.1 Experimental methods

3.1.1 Growth of GaAs/GaInP core-shell NW arrays on Si

Patterned substrate preparation

One-sixth of a two-inch p-Si(111) wafer with the characteristics described in subsection 2.2.1 was
used for the growth of the core-shell NWs presented in this chapter. The wafer surface was cleaned
following the robust cleaning procedure described previously. A 37 ± 1 nm thick SiO2 layer was
deposited via PECVD, before being patterned following the substrate preparation process detailed
in subsection 2.2.1 (hexagonal pattern with 500 nm pitch). The SiO2 remaining inside the holes
was removed by a 30 s dip in a 1 % HF solution. After rinsing with deionized water and drying
with N2, the sample was stored overnight in a box filled with N2 before being transported the
next day to the Riber32 MBE chamber, which used to be located in the manufacturer’s laboratory
prior to its move to the IPVF. Marangoni drying was not used here because this sample was grown
before the drying experiments presented previously in subsection 2.2.1. Finally, the substrate was
outgassed in the preparation chamber at 500-550°C until a pressure of 3× 10−9 Torr was reached.

MBE growth recipe

Prior to growth, the substrate was held at 690°C for 10 min in the MBE growth chamber on a
rotating holder (10 rpm), after which the growth temperature was stabilized at 620°C as monitored
with a 0.9µm IRCON pyrometer. The growth procedure was initiated by a 1 min Ga pre-deposition
with an equivalent thickness of 42 ML GaAs(100), and a Be flux of 6×1011 cm−2 s−1. A Be-doped
GaP stem (p-GaP) was grown during 80 s at a P2/Ga flux ratio of 1, before linearly closing the P
valve while opening the one of As over 30 s. This results in a linearly graded GaP/GaAs transition
which contributes to flatten the VB offset between GaP and GaAs [Boulanger et al., 2016]. The
main Be-doped GaAs core segment (p-GaAs) was then grown under an As4/Ga flux ratio of 1.2,
and the same Be flux during 12 min. The Ga flux during the GaP stem and GaAs core growths was
set to correspond to a 2 Å/s growth rate on GaAs(100). The liquid Ga catalyst droplet was then
consumed in situ during 20 min at the same temperature by shutting down the Ga flux and using
an As4 flux at 16% of its value during core growth. A nominally intrinsic GaAs shell (i-GaAs)
was grown during 30 min at a substrate temperature of 590°C, under a Ga flux of 0.74 Å/s and
an excess of As4 (As4/Ga flux ratio of 7.1). The substrate temperature was finally set to 470°C
for the 25 min growth of a Si-doped GaInP shell (n-GaInP), aiming at a planar growth rate of
1.1 Å/s, a planar composition of In0.58 Ga0.42P and a planar doping level of 6× 1018 cm−3. The
NW structure was terminated by an n-type delta-doped GaInP capping layer (n+-GaInP). GaInP
was grown during 32 s before stopping the Ga and In flux and providing an increased Si flux under
excess P2 for another 32 s, resulting in a Si surface concentration of 1.4× 1012 cm−2 in one atomic
plane. This cycle was repeated 10 times, resulting in an equivalent GaInP layer grown during
5 min 35 s with an average planar Si concentration of 1.7× 1019 cm−3.

Characterization of as-grown NW arrays

From the SEM image of the as-grown NW array shown in Figure 3.1b, the NWs height and
diameter could be determined as 1800 ± 130 nm and 220 ± 20 nm, respectively. The p-GaAs NW
core diameter reported in Figure 3.1a was obtained from the measurement of NW cores previously
grown in nearly identical conditions. The i-GaAs shell thickness was deduced by subtracting the
p-GaAs NW core diameter from the total width of the As-containing region, as determined by
cross section EDX (Figure 3.2). Similarly, the GaInP shell thickness was determined from the
lateral extension of the (In,P)-containing regions of the cross-section EDX maps. Note that these
EDX-determined shell thicknesses are rough estimates and significant errors are expected due to
several factors. First, the diffusion dynamics of group III adatoms vary depending on the species
and the growth temperature. Some regions in the shell may collect more or less material due to
shadowing of surrounding NWs, resulting in non-uniform thickness. Furthermore, the NW core
diameter was also found to vary between growths and after droplet consumption (typically within
± 20 nm). Finally, the geometrical surface orientation relative to the angle of the MBE cell leads
to severe growth rate differences between the NW head and sidewall, as much as a factor of six, as
measured using a scanning transmission electron microscope (STEM), see Figure 3.2. On average
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Figure 3.1: (a) Schematic of the dimensions of a core-shell GaAs/GaInP heterojunction NW with
a delta-doped GaInP capping layer. (b) Tilted (35°) SEM overview of an as-grown GaAs/GaInP
NW array with a 500 nm pitch.

the GaInP NW sidewalls were found to be richer in Ga [de Lépinau, 2020], which is why we corrected
the nominal target Ga fraction to Ga0.42In0.58P, instead of using the theoretical GaAs-matched
composition of Ga0.51In0.49P. However, as seen from the quantitative EDX analyses of the final Ga
content in the GaInP shell (Figure 3.3), the latter still varies significantly across the NW axis, from
on average 36% close to the NW foot to 50% towards the top of the NW, with major fluctuations
in the tip segment. From the still important discrepancy with the GaAs-matched composition of
Ga0.51In0.49P, a maximum lattice-mismatch of around 1% is expected between the GaAs NW core
and GaInP NW shell [de Lépinau, 2020], which based on theoretical models from the literature
[Raychaudhuri and Yu, 2006; Aifantis et al., 2007; Haapamaki et al., 2012; Salehzadeh et al., 2013]
should be above the critical mismatch beyond which plastic relaxation occurs in our NWs. In
fact, extended defects such as dislocations and twins are visible on the STEM image in Figure 3.2.
Theoretical calculations from the literature suggest that plastic relaxation could be avoided if shells
with a uniform thickness of 15 nm could be grown with a composition maintained within ±5% of
the GaAs-matched composition of Ga0.51In0.49P (misfit < 0.4%). Please note that the presented
STEM-EDX analyses were obtained by the PhD student working on the project before me, and
more details can be found in [de Lépinau, 2020].

Figure 3.2: (left) STEM image taken with a high-angle annular dark field (HAADF) detector. The
white arrow indicates the GaAs [111]B growth direction. (right) Corresponding In, Ga, As, and P
elemental maps of the final NW section, indicated by the red square in the STEM image, obtained
by EDX analysis. The core-shell heterostructure can be seen from the ⟨112⟩ zone-axis. Adapted
from [de Lépinau, 2020], also published in [Tong et al., 2022b].
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Figure 3.3: Combination image assembled from the HAADF image (black and white) and the
corresponding In, Ga, As, P, elemental EDX maps (colour) from Figure 3.2. The values indicated
in percentage are the chemical composition parameter x of the In1-xGaxP shell for each selected
zones (green rectangles). The left image is an overview of the final NW section, while the right
image shows the bottom of the NW. Adapted from [de Lépinau, 2020], also published in [Tong
et al., 2022b].

The doping levels were estimated in the core and shell of previous GaAs NW samples grown
in similar conditions using CL spectroscopy by fitting the spectrum to a generalized Planck law,
as described in our earlier work [Chen et al., 2021b,a]. The core p-type doping with Be is thus
expected here to be close to p = 5× 1018 cm−3, whereas the shell n-type doping with Si is limited
to n < 1× 1018 cm−3 [Chen et al., 2021a], despite the use of the delta-doping technique [Schubert,
1990] in the outer-most NW shell [de Lépinau, 2020]. The size and carrier concentration of the
p-GaP stem are difficult to measure. Estimations from growth parameters suggest a roughly 80 nm
long and 40 nm wide p-GaP stem, with a doping concentration similar to the one in the p-GaAs
core. Potential hole extraction barriers in the NW device arising from the introduction of this
additional heterojunction at the foot of the NW are discussed in Section 3.4.

3.1.2 NW solar cell fabrication
The as-grown NWs were embedded in a benzocyclobutene (BCB) matrix for planarization. Plasma
CCP-RIE etching and a dip in 1 % HF followed to reveal the NW heads. Photolithography was
then used to deposit 150 nm of indium tin oxide (ITO) and Ti/Au contacts on specific areas of
the sample to electrically connect NWs of the same cell, and ensure good mechanical and electrical
contact with measurement probes. The back contact was formed by depositing a 300 nm Al layer
on the back surface of the p-Si(111) wafer. The final device is made up of several circular cells
with diameters ranging from 140 µm to 1mm. The champion cell (B276-18k-1c), which will be
extensively characterized in the next sections, is shown in Figure 3.4a. It has an outer diameter of
600 µm and an inner diameter of 440 µm. After device characterization, a cross section view of the
same cell was obtained by focused ion beam (FIB) milling and tilted SEM imaging (Figure 3.4b).

The Ga content in the shell of GaAs/GaInP core-shell NWs grown by MBE on patterned
Si(111) was found to vary significantly along the NW axis. Quantitative STEM-EDX mea-
surements of the Ga content in the GaInP NW shell enabled an estimation of the lattice-
mismatch with the GaAs NW core, which is expected to be at the origin of the crystal
defects observed in the NWs. Nevertheless, the GaAs/GaInP core-shell NWs were success-
fully processed into functional solar cell devices, whose characteristics will be analyzed in
the next sections.
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Figure 3.4: (a) Top view stereo microscope image of the champion NW solar cell presented in this
chapter (B276-18k-1c). (b) Tilted (45°) SEM image of the cell, showing its different layers. The
as-grown NWs are colored in yellow, while the Si substrate, BCB matrix and ITO are uncolored
and can be easily distinguished.

3.2 Optoelectronic properties of the NW solar cell

3.2.1 Current-voltage (J-V) characteristics
The electrical performances of 13 NW solar cells from the aforementioned sample were measured
under a 1-sun illumination (AM1.5G) using the solar simulator described in subsection 1.3.3. The
recorded open-circuit voltage (VOC) and fill factor (FF) values are summarized in Figure 3.5.
The short-circuit current (JSC) values exhibited were determined from EQE integration across the
relevant wavelength range, as JSC determination from EQE has the advantage of being independent
of the spectral shape of the light source. The red star indicates the performances of the champion
cell.
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Figure 3.5: Box plots showing the VOC , JSC , FF and efficiency values of 13 NW solar cells from
the same sample. While the VOC and FF were obtained from solar simulator measurements (1
sun, AM1.5G), the JSC values exhibited were obtained from EQE integration. The latter were
used to determine the efficiency values reported. The cell investigated in-depth in this chapter
corresponds to the champion cell, whose performances are indicated by the red stars (VOC = 0.65
V, JSC = 14.2mAcm−2, FF = 40%, η = 3.68%).

The J-V characteristics of the champion cell in the dark and under a 1-sun illumination
(AM1.5G) are shown in Figure 3.6a. A high VOC of 0.65 V was obtained, along with a JSC

of 14.2mAcm−2 (as determined from EQE integration across the relevant wavelength range, oth-
erwise JSC(solar simulator) =15.5mAcm−2), and a FF of 40%. As seen from Table 1.1, the resulting
power conversion efficiency of 3.68% is at the state-of-the-art of solar cells with GaAs-based radial
junction NWs grown on Si. However, it can also be noticed that the performances of this NW
solar cell are still far behind the ones of the best GaAs thin film solar cell. The cross-over between
the dark and the illuminated curves at 0.7 V suggests an electron barrier in the conduction band
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which is reduced upon photodoping. The slope of the illuminated J-V curve near the short-circuit
current point indicates either a voltage-dependent photocurrent (hence charge carrier collection
function), or an illumination-dependent shunt path which drains a higher current under illumina-
tion. This will be further investigated in the next section when analyzing the cell’s EQE response
under applied forward and reverse biases. The semi-logarithmic plot of the J-V curve in the dark
is shown in Figure 3.6b along with a one-diode model fit. A high and unfittable reverse-current can
be observed, while the forward current was accurately fitted with a high ideality factor of 4 and
a recombination parameter of J0 = 4.1 × 10−6 Acm−2. Satisfying shunt and series resistance of
7.2×103 Ωcm2 and 0.17Ω cm2, respectively, were also obtained from the fit of the forward current.
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Figure 3.6: (a) J-V curves in the dark (blue) and under a 1 sun illumination using an AM1.5G
spectrum (red). * The JSC value reported corresponds to the one determined from EQE integration
(otherwise JSC(solar simulator) =15.5mAcm−2). (b) Semi-logarithmic plot of the J-V curve in the
dark (blue), along with a one-diode fit (black). (c) EQE response of the champion cell (red) and
simulated absorptions for GaAs, GaInP and ITO (dashed) using the simplified design shown in
Figure 3.8a.

3.2.2 External quantum efficiency (EQE) response
A custom-built setup described in subsection 1.3.3 was used to measure the external quantum
efficiency (EQE) of the NW solar cell. The resulting EQE spectrum is shown in Figure 3.6c (red).
Between 700 and 800 nm the EQE remains relatively constant around 60% and is higher than
the EQE values measured in other radial junction GaAs-based NW solar cells [Dastjerdi et al.,
2016; Boulanger et al., 2016]. Below 700 nm the EQE decreases steadily, although experiments
showed that a high-temperature annealing could increase the short wavelength part of the EQE
by improving contact conductivity [de Lépinau, 2020].

Due to light scattering, specular reflectivity measurements could not be used to explicitly
differentiate absorption issues from carrier collection issues, so EQE measurements were performed
under forward and reverse biases to investigate carrier collection. Simulations of the absorption
in the different regions of the NW solar cell were also carried out in subsection 3.2.3 to analyze
potential absorption losses.
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Figure 3.7: EQE response obtained under forward (solid lines) and reverse (dashed lines) biases,
using a monochromator set-up located at (a) the C2N (see set-up description in subsection 1.3.3)
and (c) the IPVF. The above unity EQEs observed in the grey region of (a) are artifacts arising
from the absence of an optical chopper and lock-in amplifier system on the C2N monochromator
set-up. The set-up at the IPVF uses an illumination spot size that is bigger than the measured
cell, resulting in an uncalibrated EQE response. The ratios between the EQE response under bias
and at 0 V are presented in (b) for the C2N measurements and (d) for the IPVF ones.

EQE measurements were performed under forward and reverse biases, on a NW solar cell from
the aforementioned sample, with a VOC of 0.53 V, JSC of 13.9mAcm−2 and FF of 43%, giving
an overall efficiency of 2.9% (cell B276-20k-2c). These measurements were not performed on the
champion cell (B276-18k-c) because at the time of this study the latter had already undergone
surface damage caused by successive electrical measurements using contact probes. Figure 3.7
shows the EQE response recorded under forward (solid lines) and reverse (dashed lines) biases,
between (a) -0.05 V and 0.05 V, using the monochromator set-up located at the C2N (described in
subsection 1.3.3), and (c) -0.2 V and 0.2 V, using the monochromator set-up located at the IPVF,
which has an illumination spot size bigger than the NW cell area, resulting in EQE responses
that are not calibrated. The above unity EQEs observed in the grey region of Figure 3.7a are
artifacts arising from the absence of an optical chopper and lock-in amplifier system on the C2N
monochromator set-up. In fact, these artifacts are not observed in the measurements carried out
using the IPVF set-up.

From Figure 3.7, the EQE response is seen to increase with reverse bias (carrier collection is
enhanced) and decrease with forward bias, in such a way that the variation of the JSC values
obtained from the integration of the EQE curves in Figure 3.7c (not shown here) retraces the slope
of the illuminated J-V curve near the short-circuit current point (Figure 3.6a). This indicates
that the slope of the illuminated J-V curve near the short-circuit current point is a result of
a voltage-dependent photocurrent (and hence collection function), rather than an illumination
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dependent shunt path in the NW solar cell. A voltage-dependent photocurrent can arise due to
several mechanisms, including variations with voltage of the SCR width, interface recombination,
and photocurrent barrier [Scheer and Schock, 2011].

A voltage-dependent width of the SCR can be diagnosed by looking at the ratio between the
EQE at different voltages and the EQE at 0 V (Figures 3.7b and d), and in particular its wavelength
dependence. Typically, when the width of the SCR varies with voltage, the EQE/EQE(0V) ratio
approaches unity at short wavelengths and increases (decreases) at longer wavelengths under reverse
(forward) bias. Ignoring the artifacts at short and long wavelengths due to noise (background
signal), this is not observed in our measurements. A voltage-dependent photocurrent arising from
a voltage-dependent SCR width can thus be ruled out in these NW solar cells.

Both interface recombination and photocurrent barrier result in EQE variations under applied
potential bias that are independent of wavelength, making the two mechanisms tougher to distin-
guish from one another. Charge carrier recombination at the absorber interface increases when
the electric field at the junction decreases (under applied forward bias for instance), resulting in
a photocurrent that typically decreases with forward bias and increases with reverse bias, as ob-
served in the EQE measurements previously presented. In our NW solar cells, charge carriers may
recombine at the dislocations near the i-GaAs/n-GaInP interface, introduced due to the GaInP
shell composition variation along the NW axis (see discussion in subsection 3.1.1).

A photocurrent barrier arising from a CB offset at the absorber interface can also lead to a
voltage-dependent photocurrent when a decrease (increase) in the electron concentration at the
interface occurs under forward (reverse) bias. In our case, a small CB offset is indeed expected at
the i-GaAs/n-GaInP interface (see CB spike in the simulated band diagram in Figure 3.11a), which
could constitute a photocurrent barrier. It is likely that the voltage-dependent photocurrent (and
hence EQE response) observed in our NW solar cells is a result of the presence of both interface
recombinations and a photocurrent barrier.

After having reviewed carrier collection issues in the GaAs/GaInP NW solar cells, we will
discuss absorption losses in the next section using optical simulations as support.

3.2.3 Nanowire absorption modelling
A frequency-domain modal method known as the Rigorous Coupled-Wave Analysis (RCWA)
[Hugonin and Lalanne, 2005; Lalanne and Morris, 1996; Li, 1997; Lalanne and Jurek, 1998] was
used to model absorption in the GaAs NWs, the GaInP contact and the ITO layer. A top view
of the unit cell (hexagonal lattice) used to generate the NW array solar cell in the simulations is
shown in Figure 3.8a (left). A cross-section view of the simulated NW solar cell along a single
NW is also shown in Figure 3.8a (right). This simplified design incorporates the main elements of
the NW solar cells previously presented, with the GaInP segment only present at the top of the
NW as it is 6 times thicker than the GaInP shell, and is expected to be the main source of photon
absorption in GaInP. A more refined design is not justified also due to the morphology dispersion
between the different NWs of the NW array composing a cell. The absorption in each material
(Figure 3.6c, dashed curves) was calculated using 20 Fourier orders, and the optical constants used
for the RCWA simulations are plotted in Figure 3.8b.

The simulated absorption in the GaAs NWs (brown in Figure 3.6) is slightly higher than the
experimentally measured EQE of the solar cell (red), although the general trend of the EQE is well
reproduced by the simulations. The calculated short-circuit current, assuming that all the photo-
generated carriers are collected, is 18.77mAcm−2. The difference of about 4.5mAcm−2 with the
experimentally obtained JSC may be a result of a non-perfect carrier collection as previously dis-
cussed, or to an underestimation of the parasitic absorption inside the GaInP contact and/or the
ITO. The parasitic absorption inside the GaInP contact is relatively high (2.84mAcm−2) even
without considering the 34 nm-thick GaInP shell in the simulations.

The performances of the NW solar cell presented could thus be hindered by poor crystalline
quality NWs, defective interfaces and contacts both at the foot (interface between the GaP stem
and the Si substrate) and at the top of the NWs (contact between the GaInP shell and the ITO).
As high optoelectronic quality NWs are essential for a performant solar cell, hyperspectral PL was
used to assess the quasi-Fermi level (qFl) splitting developed in the NWs under illumination. The
latter has been shown to represent the maximum VOC that a solar cell can achieve [Feuerbacher
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and Wurfel, 1990; Delamarre et al., 2012], and is discussed in the following section.
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Figure 3.8: (a) Schematics of the NW solar cell model used in the RCWA simulations: (left) a top
view of the unit cell (hexagonal) composing the NW array and (right) a cross-section view of the
NW solar cell along a single NW. (b) Refractive indices (n) and extinction coefficients (k) used in
the absorption simulations presented in Figure 3.6c.

The champion GaAs/GaInP core-shell NW solar cell demonstrated a high VOC of 0.65 V,
a JSC of 14.2mAcm−2 and a FF of 40%, resulting in a PCE of almost 3.7%. Although
the latter is at the state-of-the-art of GaAs-based radial junction NW solar cells grown on
Si, these performances are still far behind the ones of the best GaAs thin film solar cell.
Current-voltage and EQE measurements under potential bias revealed carrier collection
limitations, while optical simulations indicated absorption losses in the GaInP and ITO
layers. In the next section, the intrinsic optoelectronic properties of the NWs will be
investigated.

3.3 Absolute photoluminescence (PL) and quasi-Fermi level
(qFl) splitting analysis

To better assess the optoelectronic properties of the NWs, a spatially and spectrally resolved hyper-
spectral imager set-up calibrated in absolute units was used (see subsection 1.3.2 for more details).
LED excitation at 450 nm was carried out through a microscope objective with numerical aper-
ture (NA) 0.6. Measurements were performed at illumination intensities varying from below 1 sun
to 81 suns. The measurement at 12 suns was carried out with a 532 nm laser due to a set-up change.

According to the generalized Planck law presented in Equation (1.6), the absolute photon flux
(ϕ(h̄ω)) emitted from a semiconductor under illumination into a hemisphere above its flat surface
can be related to the carrier temperature (T) and the qFl splitting (∆µ), assuming the latter is
constant. For a semiconductor under quasi-thermal equilibrium with photon energies several kBT
larger than the separation of the quasi-Fermi levels, the Fermi distribution can be approximated
by a Boltzmann distribution, giving:

ϕ(h̄ω) = A(h̄ω)
(h̄ω)2

4π2h̄3c2
exp(

−h̄ω

kBT
)exp(

Efc − Efv

kBT
). (3.1)

This equation assumes an entirely collected Lambertian emission profile which has been shown
to be an accurate description of the angular emission profile of non-optimized NW arrays [Cui
et al., 2016]. The absorption probability A(h̄ω) in Equation (3.1) can be approximated by the
experimentally measured EQE(h̄ω), such that:

ϕ(h̄ω) = EQE(h̄ω)
(h̄ω)2

4π2h̄3c2
exp(

−h̄ω

kBT
)exp(

∆µ

kBT
). (3.2)
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We consider this approximation to be reasonable considering the good match between the
experimentally measured EQE and the modeled A(h̄ω) in Figure 3.6c.

3.3.1 Hyperspectral PL maps and average PL spectra
Figure 3.9 shows the PL maps of the champion NW cell emission at 870 nm (1.43 eV), under an
illumination of (a) 12 suns and (b) 81 suns. Note that the measurements at 12 suns and 81 suns were
carried out in separate campaigns and hence not performed at the exact same cell location. Figures
3.9c and d present the corresponding qFl splitting maps obtained by fitting the absolute photon flux
using the generalized Planck law (Equation (3.2)) between 1.43 and 1.52 eV, with a fixed carrier
temperature of 330 K. Some qFl splitting variations can be observed across the maps due to spatial
inhomogeneity which probably arose during device processing. However, this has not been further
investigated as qFl splitting variations of less than ± 30 meV are observed, demonstrating in fact
a relatively high qFl splitting homogeneity over the characterized device surface. The boxed areas
in Figures 3.9a and b are roughly 50 x 50 µm2, and present the cell surface from which an average
PL spectrum was extracted. The semi-logarithmic plot in Figure 3.10a presents the average PL
spectra under both illuminations (dotted lines). The solid curves correspond to the PL spectra
divided by the cell’s EQE (from Figure 3.6c), while the red lines are their generalized Planck law
fit, from which qFl splittings of 0.95 eV (12 suns) and 1.01 eV (81 suns) were obtained. These two
data points are indicated in light blue and cyan, respectively, in Figure 3.10b, and are comparable
to the average qFl spltting values obtained in the red boxed areas of Figures 3.10c and d.

Due to lower signal-to-noise ratio at weaker illumination intensities (< 12 suns), instead of
directly measuring spectrally resolved images we measured simple luminescence images, that inte-
grate all wavelengths above the 850 nm long-pass filter, therefore presenting more intense signals.
This way we obtain the relative variation of the luminescence from the 81 suns illumination down
to 0.7 sun, which is proportional to exp( ∆µ

kBT ) according to Equation (3.2). Since ∆µ was de-
termined to be 1.01 eV at 81 suns, ∆µ for lower illuminations can be deduced, as displayed in
Figure 3.10b (dark blue squares). After interpolation, a qFl splitting of 0.84 eV was determined
for a 1 sun illumination. This qFl splitting value is considerably higher than the measured qVOC

at 1 sun (black squares in Figure 3.10b), and to the best of our knowledge constitutes a first-
time quantification of the qFl splitting in NW array solar cells. As here the qFl splittings were
determined by using a generalized Planck law fit in which the absorption probability A(h̄ω) was
approximated by the EQE(h̄ω) (Equation (3.2)), the resulting qFl splitting values correspond to
upper limits. Lower limits of the qFl splittings can be deduced by using a 30% higher absorption,
as obtained from the optical simulations in subsection 3.2.3. The latter would translate into an
8 meV decrease in the qFl splitting values (kT ln(1.3), where T = 330 K). The ideality factors
n∆µ and nVOC

indicated in Figure 3.10b were obtained by fitting the slope of the variation of ∆µ
and VOC , respectively, with illumination intensity, and they are discussed at the end of this section.

The high qFl splitting of 0.84 eV at 1 sun indicates a better optoelectronic quality than what
could be deduced from electrical measurements and STEM observations alone. It also evidences
significant room for device improvement, which can only be achieved if the mismatch between the
qFl splitting and the qVOC is clarified.

3.3.2 Investigating the mismatch between qFl splitting and qVoc

A first reason for the lower measured qVOC (VOC = 0.65 V, qVOC = 0.65 eV) as compared to qFl
splitting (0.84 eV) could be inhomogeneous NW properties. Let us consider a situation where the
NWs can be grouped into two distinct families: family 1 and family 2.

In family 1, the NWs sustain a qFl splitting ∆µ1, and emit a luminescence signal Aϕbbexp(
∆µ1

kBT ).
In family 2, the NWs present a negligible qFl splitting ∆µ2, and emit a negligible luminescence.
Such a situation relies on two assumptions: (i) The effective carrier lifetimes of both NW families
are significantly different. (ii) Resistances or current barriers must be present in between NWs,
which could originate from processing issues, e.g. local incomplete BCB removal or inhomogeneous
TCO deposition. Otherwise, the qFl splitting of each individual NW would equal its voltage, and
the voltage of both NW families would equilibrate. It is possible that points (i) and (ii) are true
for our solar cells, as they have been observed in similar NWs (VLS grown GaAs NWs on Si) by
atomic force microscopy (AFM)[Mikulik et al., 2017] and electron beam induced current (EBIC)
measurements [Barrigón et al., 2020], and in GaN/InGaN core-shell NWs by scanning photocurrent
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Figure 3.9: PL maps of the champion NW cell emission at 870 nm (1.43 eV) calibrated in absolute
units, under an illumination of (a) 12 suns and (b) 81 suns. (c) and (d) show the qFl splitting
maps of the same areas obtained by fitting the PL spectra using the generalized Planck law (Equa-
tion (3.2)) between 1.43 and 1.52 eV with a fixed carrier temperature of 330 K.

microscopy (SPCM) [Howell et al., 2013]. Therefore, ∆µ1 and ∆µ2 can differ, as well as their
luminescence emissions. Nevertheless, they cannot be distinguished by luminescence imaging,
since the NW-to-NW distance is in the order of the diffraction limit (500 nm). The luminescence
density recorded on an area comprising an equal number of NWs from families 1 and 2 will be an
average of their respective emission, i.e. Aϕbbexp(

∆µ1

kBT )× 0.5 ≈ Aϕbbexp(
∆µ1−20 meV

kBT ). This means
that the determined qFl splitting (here ∆µ1−20meV) is close to its highest value. Simultaneously,
the voltage can take any value in between ∆µ1

q and ∆µ2

q , depending on the local resistances. In
the extreme situation where NWs 1 are totally disconnected and NWs 2 are connected without
resistance, we have V = ∆µ2

q . In the opposite case (NWs 1 connected, NWs 2 disconnected),
V = ∆µ1

q .
The fact that the qFl splitting obtained is higher than the measured qVOC of the cell could

also be attributed to additional recombinations at heterointerfaces. This has been observed in
other types of solar cells, e.g. CIS [Elanzeery et al., 2019], CIGS [Lombez et al., 2014; Sood et al.,
2021] or perovskites [Stolterfoht et al., 2019]. In our case, the efficient extraction of the majority
charge carriers may be prevented by the p-Si/p-GaP/p-GaAs heterointerface at the foot and by
the i-GaAs/n-GaInP/ITO heterointerface at the top, and they may recombine at the dislocations
near the i-GaAs/n-GaInP interface introduced due to GaInP shell composition variation along
the NW axis, as already mentioned previously. Although these were not investigated here, more
details on charge generation, separation, recombination and collection could be obtained by using
for example two-photon induced photocurrent [Parkinson et al., 2013].

The difference in the ideality factors obtained from the variation of ∆µ and VOC , respectively,
with illumination intensity (for more information on the determination of the ideality factors
please refer to page 51 of the book by D. Abou-Ras et al. [Abou-Ras et al., 2016]) could also be
explained by inhomogeneous NW properties and/or the presence of potential barriers at interfaces
and recombination currents. As the ideality factor provides insight on the location of the dominat-
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Figure 3.10: (a) Absolute PL spectrum of the champion cell from under an illumination of 12 suns
and 81 suns (dashed curves). The PL spectra were averaged over a cell area of roughly 50 x 50 µm2.
The same spectra divided by the cell’s EQE from Figure 3.6c are also shown (solid curves), along
with their generalized Planck law fit carried out between 1.43–1.52 eV (red lines). (b) Evolution
of the quasi-Fermi level splitting (∆µ, blue) and the open-circuit voltage (VOC , black) with illu-
mination intensity. The light blue and cyan squares correspond to qFl splittings obtained from
spectrally resolved luminescence images, while the dark blue squares are obtained from simple
images that integrate all wavelengths. The record VOC for planar GaAs cell (red star) corresponds
to the one obtained by Alta Devices [Kayes et al., 2011].

ing recombination mechanism in a solar cell [Scheer and Schock, 2011], the higher ideality factor
nVOC

= 2.6 compared to the optical ideality factor n∆µ = 1.4 suggests the presence of an additional
recombination channel at the GaAs absorber interfaces. However, these ideality factors are still
lower than the one obtained from a one-diode model fit of the dark current-voltage characteristics
of the cell (n = 4, Figure 3.6b), and further studies would be required to elucidate this matter.

The quasi-Fermi level splitting in GaAs/GaInP NW arrays composing a solar cell was as-
sessed for the first time using hyperspectral PL measurements. A value of 0.84 eV was
determined at 1 sun (up to 1.01 eV at 81 suns), which is considerably higher than qVOC

(0.65 eV) and indicates NWs of good optoelectronic quality, but device performances hin-
dered by inhomogeneous NW properties and/or the presence of energy barriers and recom-
bination channels at heterointerfaces.

3.4 Modelling hole transport at the p-type contact

The GaP stem introduced at the p-type contact of the NW structure (brown in Figure 3.1a) to
enhance the vertical yield of the NWs is an additional heterostructure which could be a barrier
for hole extraction [Gudovskikh et al., 2016]. To study the impact of this barrier, we simulated a
simplified one-dimensional structure of the NW cell, using the solar cell device simulator SCAPS
[Burgelman et al., 2000].

3.4.1 Simplified 1D cell structure modelled using SCAPS
The modelled NW structure is illustrated at the top of Figure 3.11a. Since charges in core-
shell NWs are separated radially, the modelled structure first follows the NW axis and then the
direction perpendicular to the NW axis. Figure 3.11a presents the simulated band diagrams of the
modelled structure under a 1 sun illumination and an applied bias corresponding to the maximum
power point (VMPP ), for different acceptor doping concentrations in the GaP stem, ranging from
1×1018–8×1018 cm−3. All band diagrams have been shifted such that the conduction bands (EC)
are aligned on the n-GaInP side. The parameters used in the SCAPS simulations are detailed in
Table 3.1.
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Figure 3.11: (a) Band diagrams obtained from 1D SCAPS simulations under 1 sun illumination and
VMPP bias for different GaP acceptor doping concentrations. (b) Current-voltage characteristics
(values in brackets correspond to VOC , JSC , FF, and η), and (c) hole current densities obtained
from the same SCAPS simulations.

3.4.2 A hole concentration-dependent potential barrier in the VB
As observed in Figure 3.11a, the increase of acceptor doping concentration in GaP brings about a
narrowing of the VB potential barrier there. This is also evidenced by the current-voltage curves
in Figure 3.11b through the improved VOC , fill factor, and hence efficiency, with increased doping
concentration. In fact, as the potential barrier width in GaP is decreased with increasing doping
concentration, hole tunnelling becomes more efficient. This is illustrated in Figure 3.11c where the
current density of intra-band tunnelling holes at VMPP (grey/black curves) is almost doubled at
the GaP/Si interface when the doping concentration changes from 1 × 1018 cm−3 (light grey) to
8×1018 cm−3 (black). For a doping concentration above 5×1018 cm−3, the hole tunnelling current
densities (two darkest curves) become comparable to the total hole current density (red lines),
indicating that a high doping concentration can help overcome the VB potential barrier in GaP
thanks to intra-band tunnelling. The more efficient transport of holes via intra-band tunnelling at
higher doping concentrations can also be observed in the band diagrams in Figure 3.11a, through
a lower potential drop across the GaP/Si interface.

The threshold doping concentration required for holes to predominantly tunnel through the
potential barrier depends however on the GaP/Si VB offset, which was found to vary considerably
in the literature, as will be discussed in the next section.
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Figure 3.12: Impact of the VB offset (∆EV ) at the GaP/Si interface on the SCAPS simulation
results. (a) Comparison between the lower and upper bound GaP/Si VB offset values found in
the literature (∆EV =0.6 eV [Supplie et al., 2015] and ∆EV =1.1 eV [Roychowdhury et al., 2017],
respectively) and the average value of 0.9 eV used in the simulations presented in the main article.
The corresponding electron affinities for Si and GaP (χSi and χGaP ) are also indicated. (b)
Band diagrams obtained from 1D SCAPS simulations under 1 sun illumination and VMPP bias for
different GaP acceptor doping concentrations. (c) Corresponding current-voltage characteristics
under 1 sun illumination. The figures of merit VOC , JSC , FF, and η are summarized in table (d).

3.4.3 Impact of the GaP/Si VB offset
The VB offset (∆EV ) at the GaP/Si interface directly impacts the aforementioned simulation
results, and its experimentally determined value varies from 0.6 eV to 1.1 eV in the literature
[Supplie et al., 2015; Roychowdhury et al., 2017]. An average ∆EV of 0.9 eV was used in the
simulations presented in the previous section (corresponding to a GaP electron affinity of 3.8 eV
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[Ioffe Institute]). The simulation results obtained using the lower and upper bound VB offset values
found in the literature are presented in Figure 3.12.

As we can see from the simulated J-V curves in Figure 3.12c, when the GaP/Si VB offset
corresponds to the lower bound value of 0.6 eV, the solar cell performances do not vary much
with increasing GaP doping concentration. However, as the GaP/Si VB offset increases, the cell
performances degrade and become more impacted by the GaP doping concentration, as seen in
Figures 3.12c and d.

The uncertainty on the VB offset value at the GaP/Si interface thus makes it difficult to
determine a target threshold doping concentration in the GaP which would allow efficient transport
of holes. Moreover, determining precisely the size of the actual GaP stem in the NW structure
and its doping concentration is also a challenge. Previous CL studies have shown that the Be
doping concentration in our GaAs NW cores, which are grown via the same VLS mechanism, can
be superior to 5×1018 cm−3 [Chen et al., 2021a]. It is reasonable to assume that the doping level in
the GaP stem is similar, and hence that with a GaP/Si VB offset between 0.6–1.1 eV, the potential
barrier in the VB does not significantly impact hole extraction at the p-type contact of our devices
thanks to hole tunnelling.

Numerical 1D SCAPS simulations showed that while the GaP stem introduced at the p-
type contact of the NW structure for vertical yield enhancement can indeed be a barrier
for hole extraction, the latter can be overcome if the GaP stem is sufficiently doped. As
we expect the hole concentration in the GaP stem to reach 5× 1018 cm−3, we are confident
that the performances of our NW solar cells are limited rather by recombination currents
and potential barriers at the n-type contact (GaInP/ITO).

3.5 Chapter conclusions

Core–shell GaAs/GaInP NW solar cells directly grown on Si by MBE were successfully
fabricated. The champion cell demonstrated an efficiency of almost 3.7% and a state-of-the-
art VOC of 0.65 V. A quasi-Fermi level splitting of 0.84 eV at 1 sun (up to 1.01 eV at 81 suns)
was determined from hyperspectral PL measurements for the first time in NW array solar
cells, which is considerably higher than qVOC . This indicates NWs of good optoelectronic
quality and significant room for the improvement of our devices, which is very encouraging
information for the NW solar cells community! Numerical 1D simulations showed that
the potential barrier at the p-type contact can be overcome if the GaP stem is sufficiently
doped. As we expect the hole concentration in the GaP stem to reach 5×1018 cm−3, we are
confident that our NW solar cells’ performances can be further enhanced by improvements
at the n-type contact (GaInP/ITO).
The n-type contact could be limited by recombinations at the i-GaAs/n-GaInP/ITO het-
erointerface, due to the presence of dislocations arising from the GaInP shell composition
variation along the NW axis. Furthermore, electron extraction could also be hindered
by the Schottky barrier formed at the GaInP/ITO interface. In fact, ITO (In2O3:SnO2)
is a polycrystalline material considered as a wide bandgap (< 3.75 eV) degenerate semi-
conductor. Due to its high electron concentrations and mobilities, ITO has been widely
used as transparent contact for thin film solar cells, but it is known to form an important
Schottky barrier with GaAs and GaInP [Bachmann et al., 1979; Balasubramanian and Sub-
rahmanyam, 1990; Morgan et al., 1992; Lee et al., 1998], and has been previously indicated
as an interface limiting III-V NW solar cell performances [Otnes et al., 2018]. Encourag-
ingly, high doping levels in the III-V layer have been shown to enable good conductivity
at the GaInP/ITO contact [de Lépinau, 2020], however these are difficult to achieve using
the commonly used Si dopant. In the next chapter, we will investigate the use of Te as an
alternative to Si for high n-type doping levels in III-V NWs.
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The intentional introduction of foreign impurities into a semiconductor (doping) is key for tun-
ing its electrical, optical, and structural properties. High doping levels are of particular importance
in NWs to mitigate the effects of high surface recombination velocities and surface depletion. How-
ever, high doping levels are difficult to achieve in NWs due to non-uniform dopant distribution
and compensation effects, especially in n-type GaAs NW shells doped with the commonly used
silicon dopant. Tellurium (Te), as a group VI element, is an alternative n-type dopant which could
enable higher electron concentrations to be achieved in GaAs NWs. During my PhD, I had the
opportunity of collaborating with the Optoelectronics Research Center from Tampere University
(Finland), to study the incorporation of Te in GaAs NWs using cathodoluminescence mapping.
After an introduction on doping control in NWs, I will present in this chapter how we validated the
room temperature and low temperature CL analysis methods previously developed in our group
for Si-doped GaAs, using five Te-doped GaAs thin film samples. Then I will apply these methods
to two Te-doped GaAs NW samples grown at 640°C and 620°C, respectively, in order to study
the impact of the NW growth temperature on the Te incorporation efficiencies by vapor-solid and
vapor-liquid-solid processes. The majority of the results presented in this chapter were published
in [Tong et al., 2022a].
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4.1 Doping control in NWs

In this section, I will first discuss some doping-related challenges observed in GaAs NWs, and
then present a few commonly used doping characterization techniques which can help identify and
mitigate the former. The specificities of cathodoluminescence spectroscopy, which was chosen for
the study presented in this chapter, will also be highlighted.

4.1.1 Doping related challenges in GaAs NWs

Surface-driven effects

In high surface-to-volume structures such as nanowires, surface states can be detrimental due to
Fermi level pinning and depletion of charge carriers. Surface states in the midgap of GaAs are
known to pin the surface Fermi level and cause particularly high surface recombination velocities.
While in moderately doped NWs, the depletion region consists of a cylindrical ring surrounding a
central conducting channel, in poorly doped NWs the entire cross section can be depleted and hence
insulating. For a 100 nm diameter GaAs NW, [Chang et al., 2012] found that doping concentrations
below 1× 1017 cm−3 result in completely depleted NWs, and doping concentrations above roughly
7 × 1017 cm−3 are required to generate a significant amount of free carriers. Heavy doping and
surface passivation with a wide bandgap semiconductor are two ways of mitigating high surface
recombination velocities and surface depletion [Chen et al., 2021a]. The introduction of an intrinsic
region to form p-i-n NW junctions can also significantly reduce the depleted zone [Petronio, 2019].

Non-uniform dopant distributions

During NW growth, different dopant incorporation paths (VLS or VS) can lead to both axial and
radial inhomogeneities in dopant distributions, especially when tapered growth occurs [Kim et al.,
2021]. Due to the catalyst droplet acting as a secondary reservoir, a lack of sharpness in NW
junctions grown by VLS has also been observed [Christesen et al., 2014; Darbandi et al., 2016].
Both tapering and reservoir effects can lead to not only non-uniform dopant distributions in single
NWs, but also wire-to-wire inhomogeneity, directly impacting final device performance and its
reproducibility.

Segregation of dopant atoms in GaAs NWs can also lead to inhomogeneities in dopant distri-
butions. This has been observed in particular for Se- and Te-doped GaAs NWs [Oyama et al.,
2000].

Compensation effects

Si is a widely used dopant in GaAs due to its high sticking coefficient, low diffusion length, and
disinclination to surface segregation. However, as a group IV element, Si can either incorporate
in Ga-sites and act as a donor (n-type dopant) or incorporate in As-sites and act as an acceptor
(p-type dopant). This amphoteric behavior is not problematic for planar GaAs layers with (001)
surface orientation, as Si incorporation in Ga-sites (n-type doping) is more favorable. In fact,
electron concentrations up to 7×1018 cm−3 have been achieved in Si-doped GaAs thin films [Neave
et al., 1983]. At higher Si concentrations, increasing proportions of Si atoms occupy As sites
to accommodate lattice strain, and the formation of Si donor-acceptor pairs reduces the doping
efficiency through compensation effects (deactivation of the Si donors) [Chai et al., 1981; Neave
et al., 1983; Domke et al., 1996].

In GaAs NWs, both n-type and p-type doping can be achieved using Si, depending on the
primary incorporation mechanism (VLS or VS). For GaAs NWs grown by MBE in VLS mode, Si
doping is usually p-type [Hijazi et al., 2019; Colombo et al., 2009; Dubrovskii et al., 2020], while
NW shell doping by VS mode is typically n-type [Dimakis et al., 2012; Colombo et al., 2009].
Regardless of the doping type, strong level of compensation is often observed in Si-doped GaAs
NWs [Hilse et al., 2010]. As a consequence, it is particularly difficult to obtain high n-type doping
in GaAs NWs, although compensation effects can be attenuated by decreasing the growth temper-
ature to below 490°C and using a high V/III flux ratio, both of which reduce the proportion of As
vacancies [Dimakis et al., 2012].
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The maximum electron concentration our group could achieve in Si-doped GaAs NW shells
is 5 × 1017 cm−3 at a growth temperature of 475°C [de Lépinau, 2020; Chen et al., 2021a]. This
is an order of magnitude below the target electron concentration level. Furthermore, significant
parasitic deposition was observed on the SiO2 mask as a result of the low growth temperature.
To achieve higher electron concentrations in GaAs NWs, tellurium, as a group VI element, could
be considered. Previous studies have already demonstrated the successful incorporation and ac-
tivation of Te dopants in GaAs NWs [Suomalainen et al., 2015; Goktas et al., 2018; Hakkarainen
et al., 2019], and [Orrù et al., 2016] reported electron concentrations up to the 1019 cm−3 range
without compensation. However, both axial and radial Te doping gradients have been observed
in Te-doped GaAs NWs [Hakkarainen et al., 2019], although the carrier concentration gradients
could not be quantified. In the next section, I will present some of the most prominent NW doping
characterization techniques, and explain why cathodoluminescence mapping was chosen in this
study to probe the carrier concentration gradients in Te-doped GaAs NWs.

Due to the important surface-to-volume ratio in NWs, their properties are often degraded
by high surface recombination velocities and surface depletion. High NW doping is one way
of mitigating these phenomena, however the latter is difficult to achieve due to non-uniform
dopant distribution and compensation effects, especially in n-type GaAs NW shells doped
with the commonly used Si dopant.

4.1.2 Characterizing carrier concentration in NWs
In order to obtain the desired electronic contribution from the dopant species, the latter need to
be activated in the host semiconductor. Hence, more than the doping atom concentration, it is
important to be able to quantify the carrier concentration. However, the small dimensions and
complex geometry of NWs prevent the use of standard Hall effect measurements for carrier density
assessment. Below I present the advantages and disadvantages of the most important NW carrier
concentration characterization techniques based on electrical, optical, and scanning probe methods.

Electrical characterization techniques

The adaptation of standard electrical techniques to measure carrier concentration in NWs was
enabled by recent progresses in the nanofabrication of good ohmic contacts at the extremities of
individual NWs laid down on insulating substrates [Kim et al., 2021].

• Field effect measurements: The first quantification of doping levels in NWs was achieved
by [Cui et al., 2000] using NW field-effect transistor (FET) devices, in which the measurement
of the source-drain current variation as a function of the gate voltage enables the assessment
of the charge type and carrier concentration [Kim et al., 2021]. However, the accuracy of
such measurements is often questionable due to the number of assumptions made, and contact
resistances that are often not considered [Wallentin, 2013; Kim et al., 2021].

• Hall effect measurements: An alternative to field effect measurements is Hall measure-
ments, which enable a more direct assessment of the carrier concentration and were performed
on NWs for the first time in 2012 [Storm et al., 2012; Blömers et al., 2012]. In Hall effect
measurements, the interaction between the current flowing in the NW and a perpendicular
magnetic field leads to the build-up of an electric potential from which the carrier concen-
tration can be directly obtained.

Although these electrical methods have been widely used to determine carrier concentration
in single GaAs NWs [Gutsche et al., 2009; Casadei et al., 2013; Wallentin et al., 2013; Hultin
et al., 2016], they cannot map the variation of the carrier concentration in a NW. In addition,
these electrical methods require the complex and time-consuming fabrication of localized contacts,
which can be avoided by using optical characterization techniques.

Optical characterization techniques

Rapid and non-destructive characterization techniques like photoluminescence, Raman spectroscopy
and optical pump-terahertz probe spectroscopy, are highly attractive for NW doping assessment.
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However, due to the use of light as excitation source, the spatial resolution of these techniques is
limited to the one of light diffraction, typically just below the micrometer scale (around 500 nm),
making them more suited for the analysis of NW ensembles.

• Photoluminescence (PL): It is well known that heavy doping leads to changes in the
band structure of semiconductors, which can be unveiled by analyzing the luminescence
spectrum of the material [Casey and Stern, 1976; Lee et al., 1995]. A laser is typically
used as a source of excitation in photoluminescence to generate minority charge carriers,
whose radiative recombination is at the origin of the recorded emission spectrum. The
carrier concentration dependent broadening and shift of the luminescence peaks then enable a
quantitative determination of the carrier concentration through advanced line-shape analyses
of the PL spectrum [Casey and Stern, 1976; Olego and Cardona, 1980; De-Sheng et al., 1982;
Borghs et al., 1989]. When performed at low temperature, PL also allows to observe states
with a small binding energy such as excitons, shallow energy impurities and defects, which
can bring valuable information on the studied material.

• Raman spectroscopy: Resonant Raman spectroscopy relates the local vibrational modes
of the semiconductor crystal with the concentration of dopants when the former are Raman
active [Ketterer et al., 2010; Ojha et al., 2016]. It is widely used to study as-grown NW
arrays [Kim et al., 2021], but a few analyses on single NWs can also be found [Mohajerani
et al., 2016; Hakkarainen et al., 2019].

• Optical pump-terahertz probe (OPTP): Another established method is OPTP spec-
troscopy, in which a THz pulse is used to probe far-infrared absorption changes initiated by
an ultrashort optical pulse [Němec et al., 2002]. The complex conductivity spectra recorded
allow the measurement of a comprehensive set of electronic properties at room temperature,
including dopant concentration, carrier lifetimes, mobilities and surface recombination ve-
locities [Joyce et al., 2013, 2016]. OPTP can thus overcome the difficulties associated with
standard contact-based electrical transport measurements, and the carrier concentration of
several GaAs NW ensembles have been investigated by the Johnston group using this tech-
nique [Boland et al., 2015, 2016, 2017].

Scanning characterization techniques

Scanning probe characterization techniques have higher spatial resolutions than the aforementioned
techniques owing to the combination of nanometric probes (such as an electron beam) and scanning
over macroscopic areas [Kim et al., 2021]. They thus respond to the need of investigating carrier
concentration profiles in a large number of single NWs with very little nanofabrication required.

• Electron beam induced current (EBIC): EBIC measurements can be performed in a
SEM or STEM configuration on semiconductors containing an internal electric field (i.e. p-n
junction). Upon excitation by the scanning electron beam, electron-hole pairs are created
in the semiconductor and collected in an external circuit, creating an induced current which
can be correlated to the material’s electronic band structure, and hence defects and minority
carrier properties. Quantitative carrier concentration can be determined in NW p-n junctions
using EBIC, with a limit of detection around 1017 cm−3 [Piazza et al., 2019].

• Cathodoluminescence (CL): CL also uses a scanning electron beam in an SEM or TEM
environment, but unlike in EBIC measurements, neither electrical contacts nor a rectifying
interface is required for carrier concentration determination. Similarly to PL, carrier con-
centrations can be obtained from CL spectra by advanced line-shape analyses. The detailed
working principles of CL can be found in subsection 1.3.1. The main advantage of CL com-
pared to the characterization techniques previously presented is the high spatial resolution.
With an electron beam spot size of around 10 nm, the spatial resolution is mainly limited by
the interaction volume (10–100 nm) and the diffusion length of charge carriers, allowing to
investigate the carrier concentration distribution in individual NWs. Compared to electrical
characterization techniques in which complex sample fabrication is required, in CL individual
NWs need only to be laid down on an external substrate for analysis. Furthermore, as it is a
contactless method, contact resistances are not an issue and CL spectra can be acquired at
both room- and low-temperature. The use of CL for carrier concentration determination in
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NWs is however relatively new [Lindgren et al., 2015], and has not yet been applied to many
different semiconductor/dopant systems. Our group has demonstrated rigorous methods for
the quantitative assessment of carrier concentration in Be-doped (p-type) and Si-doped (n-
type) GaAs thin films [Chen et al., 2021b] and NWs [Chen et al., 2017, 2021a]. In the next
sections, I will validate the n-type methods for Te-doped GaAs, and use them to discuss the
impact of NW growth temperature on the Te incorporation efficiency in GaAs NWs.

Advanced characterization methods are required to quantify carrier concentration in NWs
due to their small dimensions and complex geometry. While optical techniques can avoid
the sophisticated and time-consuming fabrication of localized contacts required in electrical
techniques, the spatial resolution of the former is unfortunately limited to the one of light
diffraction (around 500 nm), preventing the investigation of carrier concentration distribu-
tion in single NWs. Scanning probe characterization techniques like cathodoluminescence
on the other hand require very little sample preparation while having at the same time
higher spatial resolutions owing to the combination of nanometric probes (electron beam)
and scanning over macroscopic areas. This is why cathodoluminescence was chosen herein
to study the impact of NW growth temperature on the Te incorporation efficiency in GaAs
NWs.

4.2 Experimental methods

4.2.1 Epitaxial growth of Te-doped GaAs thin films and NWs
All samples were grown by solid source MBE at Tampere University in Finland, in a reactor
equipped with effusion cells for Ga and GaTe. As was provided by a valved cracker operating at
920°C to provide As2 dimers.

A series of 1 µm thick planar Te-doped GaAs samples (labeled Te-TF1 to Te-TF5) were grown
on semi-insulating GaAs wafers to be used as a reference for the CL measurements and to act as Hall
measurement calibration samples for the GaTe cell temperatures. The growth temperature and
V/III ratio used for these planar samples are summarized in Table 4.1. The electron concentration
determined in the 5 thin film samples by Hall effect ranged from 5× 1017–1× 1019 cm−3.

Two samples of self-catalyzed GaAs NWs (labeled Te-NW1 and Te-NW2) were grown on Si(111)
substrates by using droplet-epitaxy mediated lithography-free oxide patterns as a template. Details
of the template fabrication method are given in [Hakkarainen et al., 2015]. The NW growth was
carried out at 620°C and 640°C for samples Te-NW1 and Te-NW2, respectively. For both samples,
growth was initiated by a 40 s Ga pre-deposition and followed by simultaneous opening of the
GaTe shutter and As needle valve. The Ga flux corresponded to a 0.3µm/h planar (100) GaAs
growth rate, and the GaTe flux corresponded to a 2 × 1019 cm−3 doping level on planar GaAs,
as calibrated by Hall measurements for the 0.3 µm/h growth rate. After 60 min, the NW growth
was terminated by shutting all fluxes simultaneously and rapidly ramping down the substrate to
preserve the Ga droplets.

Table 4.1: Epitaxial growth temperature (Tgrowth) and V/III ratio of the 5 reference thin film
samples (Te-TFx), and the 2 nanowire samples (Te-NWx).

Sample Name Tgrowth (°C) V/III ratio
Te-TF1 520 10
Te-TF2 521 10
Te-TF3 580 15
Te-TF4 520 11
Te-TF5 571 15
Te-NW1 640 9
Te-NW2 620 9
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4.2.2 Characterization

Electron microscopy observations of Te-NW1 and Te-NW2.

SEM images of the as-grown NW arrays can be found in Figure 4.1. Their analysis, along with the
results from [Hakkarainen et al., 2019]), show that the NWs in Te-NW1 are on average 3700 nm
long and have a uniform diameter of 170 nm throughout their length, whereas NWs in Te-NW2
are longer (4950 nm) and tapered with a bottom diameter of 220 nm and a top diameter of 160 nm.

Representative single NWs from samples Te-NW1 and Te-NW2 were also characterized by
TEM (see Figures 4.2 and 4.3). The TEM analysis revealed that both NWs have predominantly
ZB crystal structure with frequent twinning. In Te-NW1 the twinning increases towards the NW
tip, where twinning superlattices are witnessed, whereas in Te-NW2, the most frequent twinning
is found in the middle section of the NW. The tip region of Te-NW2 shows stacking faults and
polytypism which evolve into longer WZ segments followed by a segment with mixed crystal phase
and finally short ZB segment right below the droplet. Such microstructure can be explained by
a gradual decrease of the droplet contact angle caused by lower As evaporation rate at the lower
growth temperature of 620°C [Panciera et al., 2020]. Thus, based on the NW dimensions and the
microstructure, we can conclude that Te-NW2 was grown with a higher As supersaturation than
Te-NW1, and we will see in the next sections how the latter influences Te dopant incorporation.

Figure 4.1: Tilted view (30°) SEM images of samples (a) Te-NW1 and (b) Te-NW2.

Figure 4.2: TEM images of a single NW from sample Te-NW1. (a) High resolution TEM overview
and selected-area diffraction patterns measured from 4 different areas along the NW axis, showing
twinned zinc blende crystal structure with frequent twinning. (b) and (c) show high-resolution
TEM micrographs from area 1.
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Figure 4.3: TEM data for a single NW from sample Te-NW2. (a) High resolution TEM overview
of the NW. (b) Selected-area diffraction patterns from 2 different locations along the NW show
polytypism, stacking faults and twinning. (c) High-resolution TEM micrographs from areas 1 and
2.

Luminescence characterization methods

PL measurements were carried out at Tampere University at RT on all 5 thin film samples. A
532 nm laser was used as an excitation source and the PL signal was detected using a spectrometer
and a CCD array.

For cathodoluminescence analysis in an Attolight Chronos cathodoluminescence microscope
system located at the C2N, NWs were dispersed on Si substrates. The luminescence was collected
by an achromatic reflective objective (numerical aperture of 0.72). The acceleration voltage of the
electron beam was set to 6 kV, while the probe current of 2 nA was kept constant within less than
± 5%. As detailed in our previous work [Chen et al., 2021b], in these excitation conditions the
CL injection level (< 1016 cm−3) is expected to be more than one order of magnitude lower than
the carrier concentrations studied. CASINO simulation showed that 75% and 95% of carriers are
generated in a pear-shaped excitation volume within a radius/depth of approximately 30/95 nm
and 110/185 nm, respectively. In the CL set-up, the luminescence spectra are dispersed with a
diffraction grating (150 grooves/mm) in a Horiba iHR320 spectrometer and recorded with an Andor
Newton CCD camera (1024 × 256 pixel2, pixel width 26 µm). The corresponding spectral dispersion
is 0.53 nm per pixel, and the image of a NW on the CCD (zero-order, no dispersion) is less than
3 pixels in length (NW length < 5 µm, magnification: 13), which results in a spectral resolution of
about 2 nm. Luminescence spectra were corrected for the diffraction efficiency of the grating and
the sensitivity of the CCD camera. The CL intensity spectra plotted hereafter correspond to a
spectral density of photon flux per unit of energy (counts s−1 eV−1) [Chen et al., 2017]. The scale
of the panchromatic CL intensity maps correspond to a spectral density of photon flux integrated
over all energies (counts s−1). LT spectra were recorded for a sample holder set at 10 K. For
GaAs thin film samples, RT and LT CL spectra were averaged over hyperspectral maps (64×64
pixel2) measured over a 31×31 µm2 area. For sample Te-NW1, the RT CL hyperspectral map was
recorded with an integration time of 500 ms per pixel. To limit the image drift, the exposure time
was reduced for Te-NW2 down to 50 ms for the RT CL hyperspectral map, and 25 ms for the LT
map. The narrow length distribution witnessed in similarly grown NWs [Koivusalo et al., 2017]
strongly suggests that the dopant incorporation is uniform from NW to NW. Nevertheless, for each
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NW sample presented in this chapter 3 NWs were measured, and similar results were obtained.

Five Te-doped GaAs thin film samples (Te-TF1 to Te-TF5) with electron concentration
between 5 × 1017–1 × 1019 cm−3 were grown as reference for the CL measurements and to
act as Hall measurement calibration samples. Electron microscopy observations of the two
Te-doped GaAs NW samples (Te-NW1 and Te-NW2) grown at 640°C and 620°C, respec-
tively, showed morphology and crystal structure differences arising from different Ga droplet
supersaturation conditions during growth. The latter’s impact on Te dopant incorporation
in the NWs will be analyzed in the next sections.

4.3 Electron concentration determination in GaAs:Te thin
film references

Our group has previously developed a method to quantitatively assess the electron concentration
in Si-doped GaAs using cathodoluminescence [Chen et al., 2021b,a]. In the following, we extend
this work to Te-doped GaAs thin films with different doping concentrations (growth parameters
summarized in Table 4.1). Their luminescence spectra were measured at room and low tempera-
ture, and used to confirm the consistency between Te-doped and Si-doped results.

Figure 4.4a shows the RT PL (grey) and CL (black) spectra of the 5 GaAs:Te thin film samples
from Table 4.1. Figure 4.4b shows their LT CL spectra (blue). The carrier concentration (nHall)
of each sample was determined using Hall effect measurements. The red curves correspond to the
fits of the RT CL spectra obtained using the generalized Planck law as described in detail in [Chen
et al., 2017] and [Chen et al., 2021b]. The fitted band gap (Eg) and electron Fermi level (Efc) are
indicated on the fits with circles and squares, respectively.

All the RT and LT CL spectra exhibit a distinct peak corresponding to GaAs band-to-band
emission. A clear blueshift and broadening of this peak at both RT and LT can be observed with
increasing electron concentration, as expected from conduction band filling (Burstein-Moss effect
[Burstein, 1954; Moss, 1954]) and indirect recombinations between free electrons and localized
holes acting as acceptor-like states [De-Sheng et al., 1982]. Sample Te-TF2 presents a low-energy
shoulder on the GaAs emission peak, which is even more pronounced in Te-TF1 and has been
previously attributed to donor-acceptor pair luminescence coming from the substrate region [De-
Sheng et al., 1982]. Sample Te-TF1 also presents a distinct CL peak around 1.28 eV which has been
previously attributed to sub-bandgap states [Chen et al., 2017]. Finally, a good correlation can be
observed between the RT CL and PL spectra from Figure 4.4a. The small discrepancies between
PL and CL at energies below the bandgap (sample Te-TF1) come from the higher injection level
of CL which may partly saturate the defects.

The Efc values obtained (with the bottom of the conduction band (EC) as zero-energy ref-
erence) from the RT CL spectra of samples Te-TF1 and Te-TF2 are plotted in Figure 4.4c and
compared to the electron Fermi levels obtained previously from Si-doped GaAs thin film samples
(green) [Chen et al., 2021b], as well as to a theoretical model (solid curve) relating the electron
Fermi level to the electron concentration [Blakemore, 1982; Lee et al., 1995]. The model assumes
a conduction band effective density of states of NC = 4.2 × 1017 cm−3 [De-Sheng et al., 1982;
Raymond et al., 1979] and accounts for the non-parabolicity of the conduction band. Like the
Si-doped GaAs thin film samples, the data from Te-doped GaAs samples correlate well to the
theoretical model. However, the Efc values from this study are slightly lower than the ones from
Si-doped GaAs samples. This could be explained by bandgap shrinkage due to non-negligible elec-
tron occupation in CB tail states [De-Sheng et al., 1982], surface depletion in GaAs or reabsorption
effect [Chen et al., 2021b]. Since the CB only starts to be filled above a doping concentration of
5×1017 cm−3 in GaAs [Burstein, 1954; Moss, 1954], the electron Fermi level cannot be determined
below this doping concentration. Between 5 × 1017 cm−3 and 1 × 1018 cm−3, the Efc still cannot
be accurately determined, which is why Te-TF3, Te-TF4 and Te-TF5 do not appear in Figure 4.4c
and their electron Fermi level is indicated as negative in Figure 4.4a. Nevertheless, the results ob-
tained in this study are consistent with previous results from Si-doped GaAs [Chen et al., 2021b]
above 1× 1018 cm−3. Figure 4.4d compares the FWHM values extracted from the LT CL spectra
of the thin film samples (dark blue) to the relation (green) obtained by [Chen et al., 2021b] from
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Figure 4.4: (a) Room temperature PL (grey) and CL (black) spectra of GaAs:Te thin films, and
the fits of CL spectra (red). Red circles and squares correspond to the fitted bandgaps (Eg) and
electron Fermi levels (Efc), respectively. (b) Low temperature (10 K) CL spectra of the same
samples. The Hall doping (nHall), Efc and FWHM measured at LT are reported. (c) Electron
Fermi levels (with EC as a zero reference) extracted from RT CL spectra fits (red) are compared
to values obtained on Si-doped GaAs thin films [Chen et al., 2021b] (green) and a theoretical
model accounting for the non-parabolicity of the conduction band [Blakemore, 1982; Lee et al.,
1995; Chen et al., 2021b] (solid curve). (d) FWHM extracted from LT CL spectra of the thin film
samples as a function of the electron concentration (nHall). The green solid line is the relation
derived by [Chen et al., 2021b] from Si-doped GaAs thin film samples. It is used to determine the
electron concentration in Te-NW2 (light blue region). All electron concentrations (nHall) in this
figure were determined using Hall effect measurements.

Si-doped GaAs thin film samples, relating the peak FWHM to the electron concentration (n) in
cm−3:

FWHM(eV ) = 3.75× 10−14 × n2/3 (4.1)

This relation enables the determination of doping concentrations between 1 × 1017 cm−3 and
1× 1019 cm−3. The LT FWHM values obtained from the Te-doped GaAs thin film samples are in
very good agreement with this model.
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Table 4.2: Summary of the carrier concentrations of GaAs:Te thin films obtained from CL spectra
at RT and LT (10 K), compared to values obtained from Hall effect measurements at RT.

Sample
Carrier concentration
CL from Efc (RT)

cm−3

Carrier concentration
CL from FWHM (LT)

cm−3

Carrier concentration
Hall effect (RT)

cm−3

Te-TF1 9.1 x 1018 1.1 x 1019 1.3 x 1019
Te-TF2 4.5 x 1018 5.4 x 1018 6.8 x 1018
Te-TF3 < 1 x 1018 1 x 1018 9.8 x 1017
Te-TF4 < 1 x 1018 7.5 x 1017 7.5 x 1017
Te-TF5 < 1 x 1018 8.6 x 1017 4.9 x 1017

Overall, both the RT and LT cathodoluminescence-based methods developed in our group
for determining carrier concentrations in Si-doped GaAs can also provide an assessment
of the electron concentration in Te-doped GaAs, with an accuracy comparable to Hall
effect measurements. The results deduced from Efc and FWHM applied to the reference
models are summarized in Table 4.2. The RT and LT methods allow for the determination
of electron concentrations above 1 × 1018 cm−3 and 4 × 1017 cm−3, respectively. These
methods will be used in the next section to determine the electron concentration in single
NWs from samples Te-NW1 and Te-NW2.

4.4 Electron concentration mapping in GaAs:Te nanowires

Single NWs from the two NW samples described above were characterized using CL mapping in
conditions similar to that of the thin film samples. Due to a small drift attributed to charge effects
during the CL measurement of Te-NW1, the hyperspectral images shown in Figure 4.5b-d were
drift corrected by 1 pixel (areas 1, 2 and 3 only).

4.4.1 NWs grown at 640°C (Te-NW1)

Room temperature CL analysis

From the liquid Ga droplet seen on the SEM image of Te-NW1 (Figure 4.5a), the top of the NW
can be easily distinguished from the bottom. Figure 4.5b shows the panchromatic CL intensity
map of Te-NW1 obtained at RT, from which an axial intensity gradient can be observed. We also
note a blueshift and a broadening of the emission peak towards the top of the NW (Figures 4.5c
and d), which is a signature of electron concentration gradient. In order to quantify the electron
concentration, CL spectra were averaged over each of the 9 areas shown in Figure 4.5b (5 x 6 pixel2
each, or 0.46 x 0.55 µm2) and plotted in Figure 4.5e. The CL spectra are dominated by band-to-
band recombination around 1.43 eV, although sub-bandgap emission is also observed and can be
attributed to shallow defects. The main emission peak blueshifts and broadens from the bottom
to the top of the NW (areas 1 to 9). It is fitted using the generalized Planck law and an absorption
model using the method previously described for the thin film samples and detailed in [Chen
et al., 2017] and [Chen et al., 2021b]. The fitted electron Fermi levels (squares in Figure 4.5e)
enabled the determination of electron concentrations ranging from 1.6 × 1018 cm−3 (area 4) to
3.3× 1018 cm−3 (area 9), see Figure 4.5f. As previously explained, the RT method only allows the
determination of electron concentrations above 1× 1018 cm−3, preventing the quantification of the
electron concentration in areas 1, 2 and 3.

Low temperature CL analysis

At LT, although defect bands dominate the CL spectra, the same blueshift of the GaAs CL emis-
sion peak can be observed from areas 1 to 9 (Figure 4.6c and e). The variations in FWHM are of
the same order of magnitude as the RT FWHM values (Figure 4.6d), from 104 meV to 135 meV,
and they further confirm the gradient of electron concentration along the NW axis. However, as
the low-energy (defect) emission screens the GaAs band-to-band emission peak (Figure 4.6e), the
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Figure 4.5: A single NW from sample Te-NW1 studied by RT cathodoluminescence. (a) SEM
image, (b) RT panchromatic CL intensity map (27 x 64 pixel2). Corresponding (c) CL peak
energy and (d) FWHM maps. (e) CL spectra averaged over the 9 different areas (5 x 6 pixel2 each)
shown in (b), and their respective fits with a generalized Planck law (colored curves). Circles and
squares correspond to the fitted bandgaps and electron Fermi levels (Efc), respectively. Efc values
are also reported next to the CL spectra, along with the corresponding electron concentrations
(nEfc) determined using the non-parabolic band model, as shown in (f).

LT CL results could not be used to corroborate the previously determined electron concentrations,
or estimate the ones missing in areas 1, 2, and 3 of Te-NW1.

An axial electron concentration gradient ranging from below 1×1018 cm−3 to 3.3×1018 cm−3

was determined in Te-NW1 using RT CL results with a spatial resolution of 500 nm, cor-
responding to the height of each of the 9 rectangular areas chosen along the NW axis.

4.4.2 NWs grown at 620°C (Te-NW2)
Sample Te-NW2 was grown at a temperature 20°C lower than Te-NW1, and as discussed in sub-
section 4.2.2, higher As supersaturation in the Ga droplet resulted in longer and more tapered
NWs.

Room temperature CL analysis

Figure 4.7a shows the SEM image of a single NW from Te-NW2, while Figures 4.7b and c present
the RT and LT panchromatic CL intensity maps of this NW, respectively. At both RT and LT,
the CL intensity is highest in areas 2 and 4, and lowest in areas 1 and 3, although the contrast
between the different areas is more visible at LT. As seen from the TEM data in Figure 4.3, Te-
NW2 contains many defects arising from polytypism, stacking faults and twinning, which could
act as non-radiative carrier recombination centres. The CL intensity variations may be the result
of such bulk defects, but also depend on changes in the diffusion length and surface recombination.
The CL maps suggest a higher density of such defects in areas 1 and 3. A slightly higher sub-
bandgap emission is also observed in areas 1-3 (Figure 4.7h). The overall stronger CL intensity
obtained from Te-NW2 compared to Te-NW1 can be understood by their different microstructures
and dimensions. In order to quantify the carrier concentration in Te-NW2, an average RT CL
spectrum was extracted from each of the 5 areas shown in Figure 4.3b (2 x 8-9 pixel2 each, or
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Figure 4.6: (a) SEM image of the NW from Figure 4.5 (Te-NW1) and its corresponding maps
measured at LT: (b) panchromatic CL intensity, (c) CL peak energy and (d) FWHM (31 x 64
pixel2). The 9 areas indicated (5 x 6 pixel2 each) correspond to the areas over which the CL
spectra in (e) are averaged.

0.28 x 1 µm2). These 5 RT CL spectra were then normalized by their maximum and plotted in
Figure 4.7h (black curves). The similarities in CL peak energy and FWHM for all averaged RT
CL spectra (corresponding CL maps in Figures 4.7d and f) imply a relatively homogeneous axial
electron concentration. This electron concentration could however not be quantified using the
generalized Planck law method because the CL spectra could not be fitted accurately (red curve
in Figure 4.7h, Efc < 0), suggesting an electron concentration below 1× 1018 cm−3.

Low temperature CL analysis

The LT method based on the FWHM was then used to quantitatively determine the electron
concentration in each of the 5 areas of Te-NW2 (3 x 8-9 pixel2 each, or 0.41 x 1 µm2). The FWHM
values were extracted from each average LT CL spectra in Figure 4.7h (blue) and related to the
electron concentrations according to Equation (4.1), as shown in Figure 4.4d (light blue region).
The LT CL analysis confirms the homogeneous electron concentration along the NW axis with
values between 6.2× 1017 cm−3 and 8.2× 1017 cm−3.

Relatively homogeneous electron concentration values (6.2 × 1017–8.2 × 1017 cm−3) were
obtained along the axis of Te-NW2 from low temperature CL measurements, suggesting
different Te incorporation efficiencies in samples Te-NW1 and Te-NW2. The reasons behind
these discrepancies will be further discussed in the next section.

4.4.3 Comparison
Figure 4.8 compares the electron concentrations determined in the two NW samples described
above. The dotted lines serve as a guide to the eye to emphasize the inhomogeneous electron
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Figure 4.7: A single NW from sample Te-NW2 studied by RT and LT cathodoluminescence. (a)
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blue, respectively). Red lines correspond to the fits of the RT CL spectra with the generalized
Planck law, circles and squares indicate the fitted bandgaps (Eg= 1.41 eV) and electron Fermi
levels (Efc < 0), respectively. The electron concentrations (n) next to the spectra were obtained
from the LT FWHM values indicated in blue, using the empirical model illustrated in Figure 4.4d.
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Figure 4.8: Spatial dependence of the electron concentration along the axis of the NW grown at
640°C (Te-NW1, red) and at 620°C (Te-NW2, blue). The bottom of the NW is at 0 µm. The
dotted lines serve as guides to the eye.

concentration in Te-NW1 as opposed to the homogeneous electron concentration in Te-NW2.

Generally, both Te-NW1 and Te-NW2 show around an order of magnitude lower electron con-
centration than the nominal dopant concentration calibrated by thin film growths. This is consis-
tent with earlier reports on Te-incorporation in NW growth [Hakkarainen et al., 2019; Dubrovskii
et al., 2020]. The electron concentration gradient obtained for Te-NW1 is in good agreement with
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previous Raman spectroscopy results collected from the same sample [Hakkarainen et al., 2019],
which indicated a carrier concentration of 1.2× 1018 cm−3 at the bottom and of 4.1× 1018 cm−3 at
the top of the NW. In contrast, Te-NW2 exhibits lower maximum doping than Te-NW1, with no
carrier concentration gradient observed. The reasons for these discrepancies are explained in the
next paragraph.

As shown by [Hakkarainen et al., 2019], the primary incorporation mechanism of Te into self-
catalyzed GaAs NWs at a growth temperature of 640°C is the VLS mechanism through the Ga
droplet, as the Te incorporation via radial VS growth is inefficient at these elevated temperatures
due to the high vapor pressure of Te [Collins et al., 1982]. The primary VLS incorporation of Te
via the droplet actually leads to both axial and radial dopant gradients as follows: during NW
growth, the droplet increases continuously in size, forming an inversely tapered NW core which has
grown in VLS mode and thus has higher doping. Simultaneously, VS growth on the NW sidewalls
compensates the inverse tapering, forming untapered NWs with a shell exhibiting lower doping
(see schematics in Figure 2.1). Hence, at the bottom of Te-NW1, only a thin core of the NW is
doped via the VLS mechanism, whereas the tip of Te-NW1 has grown fully via VLS growth. Te
diffusion inside the NW mainly affects the radial gradients because of the high aspect ratio of the
investigated NWs. Te-NW2 was grown at a lower temperature of 620°C and thus an increase of VS
incorporation efficiency via the sidewalls is expected. On the other hand, Te incorporation by the
VLS process is reduced by differences in the kinetics and shape of the droplet. In fact, Te-NW2
NWs have a smaller droplet contact angle and were grown with a larger axial growth rate. Both
of these features show that the droplets have exhibited higher As supersaturation during the NW
growth. Since Te incorporates to As lattice sites [Schubert, 1993], it is expected that the higher As
supersaturation in the liquid phase weakens the Te incorporation via droplet. Simultaneously, the
smaller effective droplet area for Te atom impingement in Te-NW2 reduces the collection rate of
Te atoms from vapor phase to liquid phase when compared to Te-NW1. Therefore, the differences
in the electron concentration levels and gradients between Te-NW1 and Te-NW2 can be explained
by different Te incorporation efficiencies by VLS and VS processes.

4.5 Chapter conclusions

Cathodoluminescence was used to determine the electron concentration in Te-doped GaAs
thin films and NWs. Measurements were first carried out on five GaAs:Te thin film references
with electron concentrations between 5 × 1017 cm−3 and 1 × 1019 cm−3. The correlation
between CL spectrum and carrier concentration for GaAs:Te thin films was found to be
consistent with previous work on GaAs:Si samples. This allowed the extension of the
carrier concentration assessment method previously developed in our group for Si-doped
GaAs at both room temperature and low temperature [Chen et al., 2017, 2021b,a] to Te-
doped GaAs. Mapping of the electron concentration in single NWs from two GaAs:Te
NW samples was then carried out. Both Te-NW1 (grown at 640 °C) and Te-NW2 (grown
at 620 °C) showed an order of magnitude lower electron concentration than the nominal
dopant concentration calibrated by thin film growths, in accordance with previous studies.
An electron concentration gradient ranging from below 1 × 1018 cm−3 to 3.3 × 1018 cm−3

along the NW axis was determined for Te-NW1. In contrast, a homogeneous electron
concentration of around 6 - 8 × 1017 cm−3 was observed along the NW axis of Te-NW2,
highlighting the possibility of obtaining homogeneous dopant distributions in Te-doped
GaAs NWs. The differences in the electron concentration levels and gradients between Te-
NW1 and Te-NW2 can be explained by different Te incorporation efficiencies via vapor-solid
and vapor-liquid-solid processes.
Overall, this study evidences that cathodoluminescence with nanoscale spatial resolution
is a powerful technique to characterize the actual carrier concentration of single GaAs:Te
NWs, which can then be correlated to growth parameters (here the growth temperature).
The control of the latter could then allow homogeneous dopant distributions and high
carrier densities to be obtained in Te-doped GaAs NWs, overcoming the limitations of
the commonly used Si dopant. It would be interesting in future experiments to study the
incorporation efficiency of Te atoms in GaInP NW shells, in order to investigate whether the
performance of the NW solar cell presented in Chapter 3 could be enhanced by replacing the
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Si dopant with Te. In general, such improvement in the assessment and control of impurity
doping, and hence properties in NWs, will undoubtedly help pave the way to the design of
next-generation electronic devices.
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The advantages and disadvantages of axial vs. radial NW junction geometries will first be
discussed in this chapter to expose the still on-going debate in the community. Then, preliminary
results on the optoelectronic characteristics of self-catalyzed GaAs/GaAsP axial-junction NWs, in
which the catalyst droplet has not been consumed in-situ, will be presented. Finally, optimizations
carried out on the axial junction NW solar cell fabrication process will be detailed, before showing
the performances of the very first axial junction NW solar cells fabricated in our group.
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5.1 Axial vs. radial NW junctions

NW p-n junctions can be formed in both the axial and radial direction, as illustrated in Figure 5.1.
It is also common to see p-i-n NW junction designs, in which an intrinsic semiconductor region is
inserted to reduce the extension of the depleted zone in the p- and n-regions [Colombo et al., 2009;
Krogstrup et al., 2013; Yao et al., 2014, 2015; Nowzari et al., 2015; de Lépinau, 2020; Saket et al.,
2020a]. Both axial and radial junction geometries have their own advantages and limitations for
NW solar cell applications, which will be discussed in this section.

(a) Axial (b) Radial

p

n

p

n

substrate substrate

h+

e-

h+e-

Figure 5.1: Schematic representation of a nanowire with (a) axial, and (b) radial p-n junction
geometry. The wiggly arrows represent incoming photons while the double arrows indicate the
charge separation axis in the NW.

5.1.1 Light absorption
Both radial and axial NW junctions can be tailored to benefit from resonant light absorption. In
the case of homojunctions, light absorption in both junction geometries is comparable. In the case
of heterojunctions however, optical absorption in the different materials need to be simultaneously
optimized particularly in the radial configuration. In fact, the presence of a NW shell can signif-
icantly change the NW core absorption, due to mismatch in the materials’ refractive indices and
absorption coefficients, or to a combination of electric field confinement and passivation effects
[Huang and Povinelli, 2014; Wu et al., 2016; Raj et al., 2019].

5.1.2 Charge carrier separation and collection
The main advantage of the radial NW junction geometry is the decoupling of the directions of
light absorption and charge carrier separation, as indicated in Figure 5.1. In fact, since the NW
diameter is typically much smaller than the minority carrier diffusion length, nearly all photogen-
erated carriers can be separated and effectively collected in a radial junction NW solar cell. In
an axial junction NW solar cell however, like in a planar cell design, the junction position and
depth are extremely important [Wallentin et al., 2013; Otnes et al., 2018; Gao et al., 2019]. In fact,
while a certain NW length is required to absorb a sufficient amount of light, the top (emitter) and
bottom (base) segments of the axial junction geometry must at the same time be kept thin enough
to allow minority carrier diffusion to the junction before recombination. In other words, the axial
NW junction geometry is more vulnerable to bulk defects than the radial junction geometry. From
a device fabrication perspective, radial NW junctions also render the top contact fabrication easier,
as the conducting material can be deposited conformally on the NW array without risking to shunt
the device like it could happen in axial NW junctions if the contact is not formed solely at the top
of the NWs.

While the radial NW junction geometry is more tolerant to bulk defects and facilitate top
contact formation, it is however much more sensitive to doping levels. The latter need to be
high in radial NW junction geometries in order to avoid fully depleted junctions, with drastic
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consequences on the VOC , majority carrier conduction, and contact formation [Chen, 2018]. As
previously mentioned in Section 4.1, it is still very challenging to obtain homogeneously high n-
type doping levels in NWs, preventing the advantages of the radial architecture in terms of charge
carrier collection to be fully exploited. Furthermore, while the axial NW junction geometry reduces
the lattice matching requirements for the growth of heterostructures, in the case of NW junctions
formed in the radial direction lattice matching requirements become once again limiting above a
certain shell thickness [Raychaudhuri and Yu, 2006; Aifantis et al., 2007; Haapamaki et al., 2012;
Salehzadeh et al., 2013].

5.1.3 Passivation
Due to high surface-to-volume ratio in NWs, surface states are a major concern for device per-
formances. While both axial and radial NW junctions experience a reduction of JSC and VOC in
the presence of surface recombinations, the former is found to be more susceptible to high surface
recombination rates [Huang et al., 2012; Yu et al., 2012]. With the same doping density and sur-
face recombination velocity, the higher surface recombination rate in axial junctions is caused by
higher surface minority carrier concentration resulting from the p-n junction being further away
from the NW surface. Although radial NW junctions are less susceptible to the effects of surface
recombination, surface passivation and p-n junction location are important factors in the design
of NW solar cells based on both axial and radial junction geometries.

Several wide bandgap NW shells composed of AlGaAs [Titova et al., 2006; Perera et al., 2008;
Tomioka et al., 2009; Parkinson et al., 2009; Zhou et al., 2009; Chang et al., 2012; Jiang et al., 2013;
Vettori et al., 2019], GaInP [Sköld et al., 2005; Lin et al., 2012; Darbandi and Watkins, 2016], AlInP
[Chia et al., 2012, 2013], GaAsP [Couto et al., 2012] or GaP [Darbandi et al., 2014; Haggren et al.,
2014], have been shown to significantly improve the optical and electrical properties of GaAs NWs.
However, the VS growth of a radial passivation shell around self-catalyzed GaAs NWs can only
be carried out after Ga droplet consumption, which is known to induce crystal phase mixing and
defects formation [Kim et al., 2012; Dastjerdi et al., 2016; Jacobsson et al., 2016]. Defects in the
NW cores were found to degrade the shell morphology and crystal quality [Wallentin et al., 2011;
Gorji Ghalamestani et al., 2012; Haas et al., 2013; Zhang et al., 2017], limiting the final device
performance. Furthermore, axial growth cannot be fully suppressed during radial shell growth,
often resulting in a thicker layer at the top of the NWs that can lead to parasitic absorptions.
In our GaAs/GaInP core-shell NWs presented in Chapter 3, a 6 times thicker GaInP layer was
observed at the top of the NWs compared to the sidewalls, leading to a JSC loss of 2.84mAcm−2

as estimated from optical simulations (subsection 3.2.3).
To avoid crystal phase mixing and facilitate predominant radial growth, self-catalyzed NWs

can be either taken out of the growth chamber to remove the catalyst droplet between core and
shell growth [Heurlin et al., 2014], or passivated ex-situ [Mariani et al., 2011; Lin et al., 2012; Tajik
et al., 2012; Gutsche et al., 2012; Alekseev et al., 2015]. However, removal of the NWs from the
growth chamber exposes their surface to oxidation, deteriorating the interface properties. Hence,
self-catalyzed NW passivation should ideally take place in the growth chamber, but without the
need for catalyst droplet consumption. To the best of our knowledge, such a passivation scheme has
not yet been explored in the literature, but could be achieved by precise control of the formation
of the unintended radial shell during axial VLS NW growth (see schematics in Figure 2.1), as will
be discussed in Section 5.2.

5.1.4 Evaluation of axial and radial junction NW solar cell performances
Performances of state-of-the-art III-V NW array solar cells are summarized in Table 1.1. While
radial GaAs-based NW devices can achieve JSC values comparable to those of the best axial ones,
their VOC and FF are still lingering behind, resulting in power conversion efficiencies that are
almost 50% lower for radial junction NW solar cells. Hence, any advantage of the radial junction
geometry has so far been overshadowed by other dominating factors, probably related to shell
growth and insufficient doping levels, but which are not yet fully identified [Otnes and Borgström,
2017].
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Despite advantages regarding charge carrier collection, surface recombinations and top con-
tact fabrication in radial NW junctions, best performing NW array solar cells are so far
still based on axial junction geometries. While the work presented in Chapter 3 contributes
to the understanding of the limitations in radial junction NW solar cells, the preliminary
results that will be presented in this chapter aim at further improving the performances
of axial junction solar cells by avoiding in-situ catalyst droplet consumption (and hence
crystal phase mixing), and improving the solar cell fabrication process.

5.2 Investigating the optoelectronic properties of GaAs/GaAsP
axial junction NWs

In VLS-grown NWs, an unintentional shell can form around the base part due to concurrent
parasitic lateral growth by the VS mechanism (see schematics in Figure 2.1) [Oehler et al., 2018;
Hakkarainen et al., 2019; Saket et al., 2020a]. In this section, we will use room temperature PL
and CL to investigate whether a wide bandgap parasitic shell formed during VLS growth is enough
to effectively passivate GaAs NWs in a GaAs/GaAsP axial junction configuration. Note that the
aforementioned NW shell has not yet been characterized in any way, but its thickness is expected
to be around 5 nm at the base of the NWs according to a previous study from our group [Oehler
et al., 2018]. In this section, the luminescence of two NW samples with GaAs/GaAsP (sample
D146) and GaAs/GaAsP/GaP (sample D137) axial junctions will be respectively characterized,
and compared to reference samples, namely an unpassivated GaAs NW sample (sample D135),
and one passivated by a intrinsic GaInP shell grown by the VS mechanism after catalyst droplet
consumption (sample 76851).

5.2.1 Growth recipe of the GaAs/GaAsP axial junction NWs
Two 2-inch p-Si(111) substrates patterned and prepared according to the method described in
subsection 2.2.1 were used for the growths of samples D146 and D137. A standard N2 drying was
carried out on the substrates after the final HF dip because the samples presented here were grown
before the Marangoni drying experiments detailed in subsection 2.2.1 were carried out. Prior to
growth, a 20 min in-situ high-temperature annealing was performed at 750°C. Then, the substrate
temperature was brought down to the desired growth temperature of 600°C.

The self-catalyzed growth of GaAs NWs was initiated by a 2 min Ga pre-deposition step, in
which a Ga flux corresponding to a two-dimensional GaAs equivalent growth rate of 0.71 ML/s
(2 Å/s), was used to localize the Ga droplets in the holes of the patterned substrate. A Be flux
corresponding to a hole concentration in planar GaAs of 6 × 1018 cm−3 was also introduced for
p-type doping. After Ga pre-deposition, the phosphorous valve was opened to begin the growth
of a Be-doped GaP segment at a P2/Ga effective atomic flux ratio of 1.2. After 20 s of Be-doped
GaP growth, the P valve is closed linearly while opening the one of As over the course of 30 s,
resulting in a linearly graded GaP/GaAs transition which contributes to flatten the valence band
offset between GaP and GaAs. GaAs NWs were then grown under an As4/Ga flux ratio of 1.2,
and the same Be flux during 11 min (p-GaAs), before the 1 min growth of an intrinsic GaAs
(i-GaAs) segment under no Be flux. The As valve was then closed linearly while opening the P
valve under a Si flux corresponding to an electron concentration in planar GaAs of 2× 1019 cm−3,
over the course of 2 min and 3 min for samples D137 and D146, respectively, at a temperature
decreasing from 600°C to 460°C and 490°C, respectively. The substrate temperature was lowered
during the growth of the Si-doped GaAsP segments in an attempt to favor radial growth via the
VS mechanism and limit potential compensation [Dimakis et al., 2012]. Although Si was reported
to produce p-type doping in VLS-grown GaAs NWs, [Saket et al., 2020b] demonstrated that it
can induce n-type conductivity in GaAs0.7P0.3 NWs grown in conditions similar to ours. However,
we did not assess the exact carrier concentration in our GaAsP NW segments. After the linearly
graded GaAsP growth, a Si-doped GaP segment was grown for sample D137, at an effective V/III
flux ratio of 1.2 and a constant growth temperature of 480°C. We assume that Si also acts as a
donor in the GaP segment because it is routinely used as an n-type dopant in planar GaP layers
[Wang et al., 1996; Feifel et al., 2016]. However, no studies on Si-doped GaP NWs were found to
confirm our hypothesis and we did not investigate this further.
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5.2.2 Growth recipe of the reference samples
Sample D135 was grown in similar conditions to samples D146 and D137 in terms of growth rate
and flux ratios, with also the same Ga pre-deposition step and GaP stem. However, the growth
was terminated after a self-catalyzed Be-doped GaAs NW growth of 12 min.

Unlike the previous three samples, sample 76851 was grown in the Riber32 MBE set-up in 2017,
at a growth temperature of 610°C, with a Ga pre-deposition step duration of 1 min and a 30 s
GaP stem. The NWs consist of an i-GaAs core grown by VLS for 20 min, and i-GaAs and i-GaInP
shells grown by VS for 20 min and 40 min, respectively, at growth temperatures of 580°C (i-GaAs)
and 450°C (i-GaInP). Before growing the NW shells, the Ga droplet was consumed during 40 min
under an As flux 16 times higher than the one used for GaAs NW growth.

SEM images of the as-grown NW arrays can be found in Figure 5.2. The former are from large-
area patterns (spot patterns) with pitches of 360 nm (D146), 350 nm (D137), 350 nm (D135), and
500 nm (76851), respectively. The measured NW dimensions and vertical yields are summarized
in Table 5.1. From high-magnification SEM images not shown here, the GaAsP segment in sample
D146 is estimated to have a length of 124±14 nm. Schematics of the NW design in samples 76851,
D137 and D146 can be found in Figure 5.4.

D137 (PNW 307)(b)D146 (PNW 314)(a)

76851 (PNW 203)(d)D135 (PNW 304)(c)

Figure 5.2: Tilted SEM images (45°) of as-grown NW arrays from large-area patterns of samples
(a) D146, (b) D137, (c) D135, (d) 76851, with pitches of 350 nm, 360 nm, 350 nm, and 500 nm,
respectively. Scale bar = 500 nm.

In the next section, we will use PL and CL measurements to evaluate the optoelectronic prop-
erties of the different NW samples, and try to correlate them to the NWs’ surface passivation
conditions.

5.2.3 Surface passivation assessment using luminescence
Optical methods based on luminescence have been widely used to assess the effect of different passi-
vation strategies [Otnes and Borgström, 2017]. Here, photoluminescence and cathodoluminescence
will be used to investigate the optoelectronic properties of axial-junction NW arrays and single
NWs, respectively.
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Table 5.1: Growth details of samples D146, D137, D135 and 76851, on which the passivation study
is carried out.

Sample
name

Growth
mechanism

p-GaAs
growth time

(min)

i-GaAs
growth time

(min)
Passivation Pitch

(nm)

NW
length
(nm)

NW
diameter

(nm)

Yield
(%)

D146 VLS 11 1 3min graded GaAsP:Si 360 726±16 91±2 92

D137 VLS 11 1 2min graded GaAsP:Si
+ 1min GaP:Si 350 778±7 94±4 94

D135 VLS 12 / / 350 612±8 82±6 98

76851 VLS + VS / 20 (VLS)
+ 20 (VS) 40min i-GaInP (VS) 500 1557±43 195±14 90

Photoluminescence

NW arrays from samples D146, D137 and D135 were excited using a continuous wave laser with
532 nm wavelength, ∼ 500 nm spot size, and 1.7 µW excitation power. For each sample, two mea-
surements were carried out on different areas to monitor the sample homogeneity. The PL spectra
obtained are plotted in Figure 5.3.
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Figure 5.3: Semi-logarithmic plot of the PL spectra obtained from two different areas of samples
D146 (blue), D137 (orange) and D135 (green), with pitches of 360 nm, 350 nm and 350 nm,
respectively. The inset shows the same spectra with a scale more appropriate for sample D135.

The green curves in Figure 5.3 correspond to the PL spectra of sample D135 (bare Be-doped
GaAs NWs). As observed, the latter exhibit low signal-to-noise ratio and maximum PL intensities
more than two orders of magnitude lower than the ones from samples D146 (blue) and D137 (or-
ange). Given the similar NW densities (Figure 5.2), this indicates a higher amount of non-radiative
recombinations in sample D135, probably at surface states due to the absence of a passivation layer.
The enhanced PL intensity in D146 and D137 can thus be attributed to the growth of the addi-
tional GaAsP and GaAsP/GaP segments, respectively, but not directly to a surface passivation
effect. A possible interpretation of the aforementioned results is discussed in the next paragraph.

Given the top-view excitation configuration used in PL, most optical generation of carriers
occurs at the top of the NWs [Wallentin et al., 2013; Yao et al., 2014]. The absorption depth
can be estimated to be around 130 nm here using the Beer-Lambert law, assuming a GaAsP
absorption coefficient similar to the GaAs absorption coefficient of 7.72× 104 cm−1 (534 nm) used
in the absorption depth calculation. As previously mentioned, the GaAsP segment in D146 has a
length of around 125 nm, which should be similar to the sum of the GaAsP and GaP segments in
D137 since the overall NW lengths are comparable for the two samples (Table 5.1). Hence, most
carriers should be photogenerated in the linearly graded GaAsP segment for both samples (the
GaP segment in D137 is most likely not optically active due to its indirect wide bandgap and small
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thickness), which has a bandgap varying from 1.42 eV (GaAs) to 2.25 eV (GaP). The fact that
the emission peak energies of sample D146 (1.51 eV) and D137 (1.47 eV) are much closer to the
band-to-band transition energy of GaAs than to the one of GaP, suggests that although carriers are
generated throughout the linearly graded GaAsP segment, they diffuse and recombine radiatively
close to the GaAs/GaAsP interface. The broad PL emission peaks observed in Figure 5.3 further
support the idea of carrier generation and recombination in the linearly graded GaAsP segments.
A relatively short minority carrier diffusion length can thus be presumed at the top of the NWs (<
GaAsP segment thickness of 125 nm), which could be a result of two factors. On one hand, the high
n-type Si doping could lead to most generated minority carriers (holes) recombining rapidly with
the large excess of majority carriers (electrons). On the other hand, a relatively short minority
carrier diffusion length could result from a combination of potential barrier and recombination
centers at the GaAs/GaAsP interface. This will be further discussed in Section 5.4.

The slightly higher emission peak energy and PL intensity observed for D146 as compared
to D137 could be explained by different carrier diffusion lengths, as well as absorbing material
thicknesses, in the two samples. In fact, the GaAsP segment in D146 was grown for 3 min while
the one in D137 was grown for 2 min, leading also to slightly different strain conditions and band
structures at the top of the NWs from the two samples.

The high energy shoulder observed on one of the PL spectra of sample D146 is a measurement
artifact, arising from spectral interval combination into a single PL spectrum. Overall, the spectra
recorded on different areas of the same sample are comparable in both intensity and lineshape,
indicating relatively good homogeneity in all 3 samples.

In the previous discussion, light absorption by the Ga droplets at the top of the NWs and
light scattering effects were omitted for simplicity. However, in reality some photons should be
scattered by the NW array and the metallic Ga droplets, enabling the generation of carriers also in
GaAs. To further investigate carrier generation and recombination in the different NW segments,
cathodoluminescence was carried out on single NWs.

The self-catalyzed growth of a GaAsP segment on top of GaAs NWs was found to increase
the maximum PL intensity by more than two orders of magnitude compared to bare GaAs
NWs of similar dimensions. However, given the top-view excitation configuration used in
PL and its spatial resolution, it is difficult to attribute the higher PL intensity to any
NW sidewall passivation effects. Next, cathodoluminescence results will be analyzed to
investigate the optoelectronic properties of single NWs.

Cathodoluminescence

Single NWs from samples 76851, D146 and D137 were laid down on an external substrate and
probed by an electron beam accelerated at 6 kV, scanning the NWs with an impinging current of
about 2 nA. More details on the CL set-up and signal acquisition can be found in the experimental
methods described in subsection 1.3.1 and subsection 4.2.2. For each sample, 2 NWs were measured
and results similar to the ones presented below were obtained.

Schematics of the probed NWs’ architecture can be found in Figures 5.4 (a-c) (dimensions not
to scale), while SEM images are shown in Figures 5.4 (d-f). Differentiating the top of the NW from
the bottom using the SEM images is not straightforward, except for the NW from sample D146,
in which the Ga droplet can be clearly identified (Figure 5.4f). For sample D137 (Figure 5.4e), we
assume that the slanted extremity corresponds to the bottom of the NW where it was broken off
during the substrate transfer. For sample 76851, the top of the NW is assumed to correspond to
area 1 in Figure 5.4g.

Figures 5.4 (g-i) present the panchromatic CL intensity maps of samples 76851, D146, and
D137, respectively. Samples D146 and D137 are observed to exhibit maximum integrated CL
intensities that are 8-300 times higher than the one of 76851, suggesting better GaAs intrinsic
optoelectronic quality or more efficient surface passivation in the axial junction NWs. Lower
intrinsic optoelectronic quality could indeed be expected in the radial NW junctions due to the
presence of a lattice-mismatched shell straining the NW core. In fact, the GaInP shell in 76851
is known to vary in composition across the NW axis, and hence to not always be lattice-matched
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Figure 5.4: (a-c) Schematics, (d-f) SEM images, (g-i) panchromatic CL intensity maps of samples
76851, D146 and D137 respectively. (j-k) CL spectra averaged over the areas indicated by the
white boxes on the CL intensity maps. The emission energy of the CL peaks obtained from a
Gaussian fit is indicated in parenthesis in the legend. The scale bar in the SEM images is 200 nm.

to the GaAs core, potentially creating crystal defects at the interface which could act as non-
radiative recombination centers (see discussion in subsection 3.1.1). In the axial junction samples
D146 and D137, a parasitic shell of GaAsP and GaAsP/GaP is also expected to grow laterally
during axial growth, but its thickness is predicted to be only a few nanometers (5 nm at most at
the base of the NWs) based on a previous study from our group [Oehler et al., 2018], compared
to over 30 nm for the GaInP shell in sample 76851 [Bidaud, 2021]. The critical thickness before
the generation of misfit dislocations in GaP layers grown on GaAs was found to be less than 2 nm
[Mazuelas et al., 1993]. However, the GaAsP segment linearly graded in composition between
GaAs and GaP in samples D146 and D137, is expected to enable more efficient strain relaxation.
A lower amount of non-radiative defects can be expected from the more efficient strain relaxation
in the axial junction NWs, contributing to the higher CL intensity observed in samples D146 and
D137. It is also important to keep in mind that sample 76851 was grown 5 years ago (2017) in
the Riber32 MBE set-up, while samples D146 and D137 were grown recently in the Compact21
set-up, and that semiconductor quality can vary depending on the growth chamber conditions.
Nonetheless, the high CL intensities observed in samples D146 and D137 suggest efficient GaAs
surface passivation in the axial junction NWs, probably by a VS-grown phosphorous-based shell.
Advanced TEM characterizations of single NWs from samples D146 and D137 would however be
required to confirm the aforementioned hypothesis.

For all 3 samples, the CL intensity is observed to be non-uniform along the NW axis, with
the central part luminescing the most. This is often observed in NWs probed by CL because
their extremities are often of poor crystal quality. Defects at the bottom of the NW are typically
created when the latter is broken off from its original substrate and transferred to another one for
CL measurements. The top of the NW is often an undesired mixture of ZB and WZ crystal phases
in radial junction NWs like the ones from sample 76851 due to the droplet consumption process
[Kim et al., 2012; Dastjerdi et al., 2016; Jacobsson et al., 2016]. In the axial junction NWs however,
the low CL intensity at the top of the NWs could be attributed to the presence of a metallic Ga
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droplet (clearly seen in Figure 5.4e), and non-radiative defects in the GaAsP/GaP segments. From
the CL intensity maps in Figures 5.4h and i, we see that the length of the top NW segment with
low CL intensity in both D146 and D137 (around 100 nm if the Ga droplet in D146 is not taken
into account) is comparable to the measured length of the GaAsP segment in D146 (124±14 nm),
and thus the sum of the GaAsP/GaP segments in D137. Hence the CL signal from area 1 of the
NWs from samples D146 and D137 can be mainly attributed to the radiative recombination of
carriers generated in their GaAsP and GaAsP/GaP segments, respectively.

Each probed NW was divided into different areas along its axis, over which CL spectra were
averaged and plotted in Figures 5.4 (j-k). An emission peak around 1.38 eV can be observed for
the most luminescent segment of the NW from sample 76851 (area 1). Its relatively low emission
energy with respect to the GaAs band-to-band transition energy has been previously attributed
to tensile strain [Signorello et al., 2013; Bidaud, 2021], supporting the idea that the GaInP shell
induces strain on the GaAs NW core. As for the CL spectra obtained from samples D146 and
D137, one can see from Figure 5.4k that area 1 from D146 luminesces twice as much as area 1 from
D137. This luminescence intensity difference is similar to the one previously obtained from the
PL measurements (Figure 5.3). On the other hand, area 2 of the NW from D146 demonstrates a
7 times higher CL intensity than area 2 from D137. These differences are overall relatively small,
but a possible explanation for the observed trend will still be given in the next paragraph.

The main p-doped GaAs NW segments of samples D146 and D137 (area 2) were grown in
identical conditions, while the top segments (area 1) differ (see Table 5.1). The fact that the central
part of the NW from sample D146 presents a 7 times higher CL intensity than the one from sample
D137 can thus neither be a result of different material composition nor higher crystal quality. In
fact, the CL signal recorded from area 2 is centered around 1.46 eV for both samples, confirming
the similar central NW segment composition. Instead, the CL intensity variation between area
2 of sample D146 and area 2 of sample D137 could be a consequence of different NW sidewall
passivation efficiencies, arising from the different top NW segments. This hypothesis implies again
an axial VLS NW growth that is accompanied by some extent of radial VS growth carrying a
passivation effect. As for the slightly higher CL intensity observed in the top segment of the NW
from sample D146 (area 1, cyan in Figure 5.3k), it should be a direct consequence of the varying
final growth sequences in the two samples. As previously mentioned, the GaAsP segment in sample
D137 is expected to be shorter and more strained than the one from sample D146, likely resulting
in more recombining defects at the origin of the slightly lower luminescence intensity in area 1.
It is worth highlighting once again that the same luminescence intensity difference was observed
from the two samples’ PL measurements (Figure 5.3), in which carriers were mainly generated at
the top of the NWs (corresponding to area 1 in the CL intensity maps).

In the previous section on photoluminescence, we saw that upon top-view excitation, most
carriers would be generated in the GaAsP segment in samples D146 and D137, and that given the
PL emission energies (1.51 eV and 1.47 eV, respectively) the carriers must recombine close to the
GaAs/GaAsP interface. From the identical CL peak energies (1.46 eV) observed for the spectra
from areas 1 and 2 of the NW from sample D137 (orange in Figure 5.4k), it seems like carriers
generated in the GaAsP can not only diffuse close to the GaAs/GaAsP interface, but even through
it to recombine in GaAs. This could indicate a higher quality GaAs/GaAsP interface than antic-
ipated from the PL results previously discussed, but is more likely due to the different excitation
conditions in PL and CL measurements. In fact, the high excitation levels in CL could saturate
the defect levels at the GaAs/GaAsP interface [Guthrey and Moseley, 2020; Bidaud, 2021], and
allow some of the carriers generated in GaAsP to diffuse through the interface and recombine in
GaAs. The latter would also explain the higher PL emission energy for sample D146 (1.51 eV) as
compared to the CL emission energy obtained in area 1 of the NW from the same sample (1.48 eV,
cyan in Figure 5.4k).
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In summary, the GaAs/GaAsP axial junction NWs were found to exhibit two orders of
magnitude higher maximum PL intensities than bare GaAs NWs, and 8-300 times higher
integrated CL intensities than GaAs/GaInP radial junction NWs. These preliminary find-
ings suggest that the self-catalyzed growth of GaAsP or GaAsP/GaP segments on top of
GaAs NWs can enhance the optoelectronic properties of GaAs NWs. However, it is difficult
to attribute the latter to some passivation effect from a potential GaAsP or GaAsP/GaP
shell grown radially without TEM characterizations. Nevertheless, GaAs/GaAsP axial NW
arrays were subsequently used to fabricate solar cells. Optimization of the NW solar cell
fabrication process will be discussed in the next section, before presenting the performances
of the very first axial junction NW solar cells fabricated in our group.

5.3 Axial junction NW solar cell fabrication process

After the observation of promising optoelectronic properties for the GaAs/GaAsP axial junction
NWs, we decided to adapt the previous cell fabrication process developed for radial junction NWs to
axial junction NWs. Given the absence of a standard passivation layer grown by the VS mechanism
after Ga droplet crystallization in our axial junction NWs, ex-situ removal of the Ga droplet had
to be investigated. Planarization tests using home-made organically-modified silica (ORMOSIL)
solutions were also carried out in the aim of finding an alternative to the BCB polymer typically
used for NW encapsulation. In fact, BCB was observed to not be thermally stable above 400°C,
preventing a high-temperature annealing of the ITO contact which could significantly improve its
conductivity. Finally, we also tried to optimize other processing steps to avoid the formation of
gaps between the NW and the ITO layer.

5.3.1 Ex-situ removal of the Ga droplets
The promising optoelectronic properties obtained for our axial junction NWs mean that there is
no need for in-situ Ga droplet crystallization, which is known to introduce crystal phase mixing
at the top of self-catalyzed NWs [Kim et al., 2012; Dastjerdi et al., 2016; Jacobsson et al., 2016].
However, it also means that the optically inactive Ga droplets need to be removed ex-situ. We
investigated the use of hydrochloric acid (HCl) to selectively etch Ga, and found that immersing
the sample in an HCl:H2O (1:2) bath for 4 min enables the complete etching of the Ga droplets.
Figures 5.5a and b show tilted SEM images of a NW array from sample D137 before and after HCl
etching, respectively. Figure 5.5c presents the PL spectra of the NW array before (solid curves)
and after (dashed curves) HCl etching, obtained in the same conditions as the PL results presented
in subsection 5.2.3. Two different areas were probed each time to account for array inhomogeneity.

As observed from Figure 5.5c, the PL spectra of the NW array after HCl etching (no Ga
droplets) exhibit 2-3 times lower maximum PL intensities than that of the as-grown NW array
(with Ga droplets), as well as slightly lower emission peak energies. These differences are not
significant, but could be a result of NW surface damage by the HCl solution, although aqueous
HCl solutions were reported to neither etch GaP nor GaAsP [Hong and Pearton, 1996; Kudryashov
et al., 2018], which are expected to make up the outer most layers of the probed NWs (see detailed
growth recipe in subsection 5.2.1). In fact, the chemical etching of GaP is actually quite com-
plicated due to the strong Ga-P covalent bond, and typically requires the combination of strong
oxidizers and a complex former [Kudryashov et al., 2018]. The higher PL intensity and emission
peak energy observed for the as-grown NW array could then perhaps be related to light scattering
effects induced by the metallic Ga droplets. In fact, [Park et al., 2012] also observed some modifi-
cation of the optical properties (emission wavelength and luminescent area) of GaAs NWs with and
without Ga droplets. Oxidation effects could also play a role in the differences observed, although
more intense photoluminescence would have been expected from the deoxidized NW array obtained
after HCl etching [Demichel et al., 2010; Couto et al., 2012].

To avoid any potential NW sidewall damage by the HCl etching, the Ga droplet removal step
was subsequently carried out after the deposition of a thin layer of SiO2, and planarization of the
NW array.
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Figure 5.5: Tilted SEM images (45°) of the NW array from sample D137 with pitch 350 nm, (a)
before and (b) after a 4 min HCl:H2O (1:2) bath. (c) Corresponding PL spectra obtained from two
different areas of the NW array before and after HCl etching, represented by the solid and dashed
curves, respectively.

5.3.2 An organic/inorganic hybrid material for NW planarization
Benzocyclobutene (BCB) is widely used in the NW community to planarize arrays and fulfill the
role of transparent dielectric insulator, as it can be clearly seen from Table 1.1. However, in our
radial junction NW solar cells, BCB’s thermal stability was found to be limiting the top contact an-
nealing temperature to 400°C, preventing further contact conductivity and hence cell performance
improvement [de Lépinau, 2020]. This is why we looked into alternative planarization materials,
and developed an organically modified silica (ORMOSIL) sol-gel.

ORMOSILs are produced by adding organosilane to a silica-derived gel, and the proportion of
organic to inorganic compounds can be tailored to obtain the desired properties. The ideal NW
array planarization material needs to be transparent, insulating, selectively etchable, and thermally
stable above 450°C, without introducing any strain on the NWs. Its viscosity should also enable
the complete filling of the NW array in a uniform manner. In order to develop a sol-gel with the
aforementioned properties, several tests were carried out until the optimal ORMOSIL composition
and deposition method were found.

Optimal NW array planarization was obtained by first depositing a thin layer of SiO2 by
PECVD around the NWs to promote ORMOSIL adhesion (as previously discussed it also provides
NW sidewall protection during HCl etching of the Ga droplets). After a 1 min nitrogen plasma,
an optimized ORMOSIL sol-gel composed of about 30 mol% organosilane is then spin-coated on
the NW array. More precisely, the ORMOSIL sol-gel used was obtained by mixing 4 g of ethanol,
3.2 g of 0.1 M HCl, 4.32 g of tetraethyl orthosilicate (TEOS) and 2.08 g of triethoxyphenylsilane
(phenylsilane). The presence of the organic phenylsilane compound in these proportions was found
to be crucial to alleviate the stress induced during solvent evaporation, and to demonstrate bet-
ter planarization properties than other planarization materials [Chia and LaPierre, 2011]. SEM
images of embedded NW arrays can be found in Figures 5.6a and b, from which we can see that
the synthesized ORMOSIL sol-gel homogeneously fills the NW array. The ORMOSIL can then
be selectively etched by RIE using a mixture of SF6 and CHF3 gases in order to reveal the NW
heads (Figure 5.6c). However, the etching rate of the ORMOSIL is much faster than the one of
the SiO2 layer deposited by PECVD around the NWs, resulting in an SiO2 envelope surrounding
the NWs, visible from Figure 5.6c. The impact of the latter on the NW/ITO physical contact will
be discussed in the next section, along with the thermal stability of the ORMOSIL sol-gel.
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Figure 5.6: SEM images of a NW array (a-b) embedded in an ORMOSIL matrix (tilted at 45°
and 70°, respectively), (c) after RIE etching of the ORMOSIL matrix and HCl etching of the Ga
droplets, and (d) after a 150 nm-thick ITO layer deposition, followed by a 2 min rapid thermal
annealing (RTA) at 450°C. The inset in (d) corresponds to a magnified view of the latter. The
mentioned steps refer to the optimized process steps summarized at the end of the section.

5.3.3 Improving the NW/ITO contact
After planarizing the NW array, a negative lithography is performed before sputtering roughly
150 nm of ITO at room temperature. Then the spare ITO is lifted off in acetone in order to
define the solar cells, before carrying out a 2 min rapid thermal annealing (RTA) at 450°C under
an Ar/H2 flux. As observed from Figure 5.6d, no cracks were found on large sample areas, high-
lighting the good thermal stability of the synthesized ORMOSIL sol-gel up to 450°C. However, a
closer look at the deposited ITO (inset Figure 5.6d, and Figure 5.7a) reveals that the latter forms
doughnut-like shapes around the exposed NW heads, with the central gap making the NW/ITO
contact physically difficult. To overcome this issue, a thinner SiO2 layer was deposited around the
NWs (6 nm on planar Si substrates compared to 50 nm previously), and the length of the exposed
NW heads was slightly reduced by performing a shorter RIE etching process. Furthermore, prior
to the ITO sputtering the NW array was immersed in a pure HCl (37%) bath for 1 min to deoxi-
dize the NW heads. All of these process changes resulted in the improved NW/ITO contact seen
in Figure 5.7b. In fact, the hole previously observed in the ITO “doughnuts" now seems to be filled.

Summary of the optimized NW solar cell fabrication steps previously presented:

1. Thin SiO2 layer deposition by PECVD around the as-grown NWs (few nanometers) to pro-
mote ORMOSIL adhesion and protect the NW sidewalls from potential damage during the
subsequent HCl etching.

2. Nitrogen plasma for 1 min just before ORMOSIL spin-coating.

3. ORMOSIL spin-coating at 2500 rpm for 20 s (needs to be adapted according to the NW
length).

4. Baking at 105°C for 3 min.

5. Few minutes of RIE etching with a mixture of SF6 and CHF3 gases to reveal the NW heads
(needs to be adapted according to the NW length).
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(a) (b) 
After step 12.

Figure 5.7: Tilted (45°) SEM images of a NW array with (a) poor NW/ITO contact due to the
formation of ITO “doughnuts", and (b) improved NW/ITO contact. The insets show magnified
SEM images in either top view (a) or tilted view (b). The process differences between (a) and (b)
are explained in the main text. The mentioned step number refers to the optimized process steps
summarized at the end of the section. Scale bar = 250 nm.

6. SEM observation to make sure the NW heads come out of the ORMOSIL matrix, otherwise
continue the RIE etching.

7. Ga droplet etching in an HCl:H2O (1:2) bath for 4 min.

8. Negative lithography to define cells.

9. Pure HCl bath (HCl 37%) for 1 min to deoxidize NW heads.

10. Sputtering of ITO (150 nm) at room temperature.

11. ITO lift-off in acetone.

12. RTA under Ar/H2 flux at 450°C for 2 min.

13. Negative lithography to define the front contacts.

14. Ti/Au front contact deposition (20 nm/200 nm) by thermal evaporation.

15. Lift-off in acetone.

16. Al back-contact deposition (300 nm) by thermal evaporation after having cleaned the back
surface with a 5% HF solution.

A 4 min HCl:H2O (1:2) bath was found to fully remove the optically inactive Ga droplets
present on top of the axial junction NWs. However, the removal of the droplets by HCl
etching was observed to impact the NWs’ optical properties, requiring the former to be
preferably performed after the deposition of a thin layer of SiO2 and NW encapsulation
in a planarization matrix. The home-made organically-modified silica (ORMOSIL) sol-gel
was found to be a good alternative to the conventionally used BCB polymer for NW array
planarization, with the additional advantage of good thermal stability up to 450°C (no
cracks detected). The RIE etching rate of the ORMOSIL was however observed to be much
slower than the one of the SiO2 layer deposited around the NWs partly for enhanced matrix
adhesion, calling for some process optimization to avoid the formation of ITO “doughnuts"
that may not be in contact with the NWs. Using the optimized process steps discussed
previously, axial junction NW solar cells were fabricated for the first time in our group.
Their performances will be presented in the next section.
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5.4 Performances of our first axial junction NW solar cells

Axial junction NW arrays similar to the ones from sample D137 (GaAs/GaAsP/GaP junctions,
growth recipe in subsection 5.2.1) were successfully processed into solar cells as a proof-of-concept.
Although from subsection 5.2.3 it was seen that GaAs/GaAsP axial junction NWs showed better
optoelectronic properties than ones with GaAs/GaAsP/GaP junctions, the latter were used to
make our first axial junction NW solar cells because they were the ones on which a successful
fabrication process was initially obtained.

5.4.1 Current-voltage (J-V) characteristics
The electrical performances of 16 GaAs/GaAsP/GaP axial junction NW solar cells from sample
D144 (PNW 313c) were measured using the set-up described in subsection 1.3.3. The box plots
in Figure 5.8 show the distribution of the cells’ VOC , JSC , and FF. A high average VOC of 0.62 V
was obtained from a relatively narrow data distribution (all VOC values are between 0.59–0.64V).
The JSC and FF measurements are however more dispersed, with consistently low values (average
of 0.32mAcm−2 and 16%, respectively), suggesting a barrier for the photocurrent and poten-
tially high recombination of photogenerated minority carriers at the absorber interface [Scheer and
Schock, 2011].
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Figure 5.8: Box plots showing the VOC , JSC , and FF measurements for 16 axial junction NW solar
cells from sample D144 (PNW 313c).

The J-V curves of cell C16 from sample D144 (PNW 313c) were measured in the dark and
under a 1 sun illumination, and plotted in Figure 5.9a (blue and red, respectively). A voltage-
dependent photocurrent can be clearly noticed for the J-V curve under illumination, indicating
indeed a barrier for the photocurrent which limits the JSC and FF. The cross-over between the
dark and illuminated J-V curves around 0.6 V points to an electron barrier in the conduction
band, probably arising from a positive CB offset at the front (n-type) contact, as suggested by the
current saturation at larger forward biases. The band alignment in our axial junction NW solar
cells will be further investigated using numerical simulations in subsection 5.4.3.

Figure 5.9b presents the semi-logarithmic plot of the J-V curve in the dark along with its
one-diode model fit. A high and unfittable reverse-current can be observed (similarly to the radial
junction cell characteristics presented in Figure 3.6b), while the forward current is accurately fitted
with a high ideality factor n of 5.8, a J0 of 2.6× 10−8 mAcm−2 and a satisfying shunt resistance
Rshunt of 1.2 × 1011 Ωcm2. A very high series resistance Rseries of 3824Ω cm2 was also obtained
from the forward current fit, which is coherent with the low FF recorded.

The effects of series resistance can be further evaluated using a pseudo-JV curve obtained
from Jsc-Voc measurements. Each black data point from Figure 5.9c corresponds to a (VOC , Jsc)
measurement at different incident light intensity, which was plotted with a vertical shift of the
JSC value measured at 1 sun. The fit of all the Jsc-Voc data points provides a pseudo-JV curve
with a FF of 88% when an ideality factor (n) of 0.6 is used (black curve), and a FF of 83.4%
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when a fit with n=1 is used (grey curve). The JV curve obtained using n=0.6 (black) can be seen
to better fit the experimental Jsc-Voc data points, suggesting that the one-diode fit model used
cannot accurately describe the operation of our axial junction NW solar cells. The aforementioned
FF values obtained from the fit of the pseudo-JV curve could be achieved experimentally only if
Rseries=0. In other words, a ∼ 80% FF diminution can be attributed to resistive losses in our
axial junction NW solar cells, which given the excessively high values may also reduce the JSC .
The observed resistive losses could be due to relatively low n-type doping in the n-GaAsP/n-GaP
NW segments (challenging to determine experimentally), and unoptimized ITO sheet resistance.
Moreover, the physical contact between the NW and the ITO may still be problematic due to the
formation of gaps, despite the optimization attempts presented in subsection 5.3.3.
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Figure 5.9: Characterization of cell C16 from sample D144 (PNW 313c). (a) J-V curves in the
dark (blue) and under a 1 sun illumination (red). (b) Semi-logarithmic plot of the J-V curve in the
dark (blue), along with a one-diode fit (black). (c) Comparison between the J-V curve measured
under a 1 sun illumination and the pseudo J-V curve obtained from Jsc-Voc measurements.

5.4.2 External quantum efficiency (EQE) response
The EQE response of cell C16 from sample D144 (PNW 313c) was investigated using the EQE
set-up described in subsection 1.3.3. The EQE response of the cell recorded at zero potential
bias is plotted in Figure 5.10 (black). The latter is observed to be low at all wavelengths, with a
maximum value around 0.1 between 380–450 nm. This indicates a very low amount of electrons
collected with respect to the incoming photons, more likely due to carrier collection issues rather
than limited absorption. Above 450 nm, the EQE response decreases steadily reaching almost 0
around 700 nm (see black curve in the inset of Figure 5.10a). This indicates that most of the
collected carriers were generated in the top GaAsP NW segment by the absorption of high-energy
photons (short wavelengths), and hence that a potential barrier must be present for the transport
of electrons generated in GaAs. Nonetheless, a distinct peak can be noticed in the EQE spectrum
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of the cell around 850 nm, corresponding to the absorption range of GaAs and demonstrating the
collection of a small amount of charge carriers generated in the GaAs NW segments.

A JSC value of 0.69mAcm−2 was obtained from EQE integration, which is 32% higher than
the value of 0.47mAcm−2 obtained from the illuminated J-V curve in Figure 5.9a. This points
once again towards the presence of a photocurrent barrier, which can more or less impact the EQE
measurement depending on the magnitude of the current density [Scheer and Schock, 2011]. EQE
measurements under potential bias were also performed to further investigate the impact of the
aforementioned photocurrent barrier.

EQE under bias

EQE spectra obtained under reverse and forward biases between -1.0 V and 1.0 V can be found
in Figures 5.10a and b, respectively. The above unity EQE values recorded at short wavelengths
under forward biases (Figure 5.10b) are artifacts arising from the absence of an optical chopper and
lock-in amplifier system on the monochromator set-up used at the C2N (also observed previously
in Figure 3.7).
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Figure 5.10: External quantum efficiency response of cell C16 from sample D144 (PNW313c),
under (a) negative (reverse) bias, and (b) positive (forward) bias, plotted in a semi-logarithmic
scale. The inset of (a) represents the EQE response under negative applied bias, plotted in a linear
scale.

From Figure 5.10a, the EQE response of the cell is seen to clearly increase with reverse bias,
highlighting carrier collection improvements. The behavior of the EQE response under forward
bias (Figure 5.10b) is however more complex. At forward biases below 0.6 V, the cell’s EQE
response is observed to be lower than the one at zero applied potential between roughly 380 and
600-700 nm, and higher than the latter above 600-700 nm. At forward biases above 0.6 V, the
cell’s EQE response increases with applied positive potential across the full wavelength range of
interest, indicating again carrier collection improvement. Please note however that the latter is
difficult to interpret given that light emission from the NW solar cell and subsequent reabsorption
are expected at such high forward biases. Similar trends were previously observed for the EQE
response of the GaAs/GaInP radial junction NW solar cells (subsection 3.2.2), although much
lower bias voltages were used. Overall, these observations point towards a voltage-dependent
carrier collection function, and hence photocurrent, which could be attributed to a combination of
interface recombination and photocurrent barrier.

Our very first axial junction NW solar cells demonstrated relatively high VOC (> 0.6 V),
but very low JSC and FF due to significant resistive losses revealed by Jsc-Voc measure-
ments. Analyses of J-V curves and EQE responses also indicated performance limitations
coming from interface recombination and photocurrent barrier, probably arising from a pos-
itive conduction band offset at the front contact. In order to gain deeper insight into the
conduction band alignment at the GaAs/GaAsP front interface, 1D numerical simulations
were carried out using the solar cell device simulator SCAPS.
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5.4.3 Modeling electron transport at the n-type contact
Two solar cell structures were modeled in 1D using the solar cell device simulator SCAPS, in the
aim of better understanding the experimental results obtained from sample D144 (PNW 313c).
The first modeled structure (schematized at the top of Figure 5.11a) closely follows the NW ar-
chitecture expected from the growth sequence of sample D144 (PNW 313c). It contains an 85 nm
thick GaAsP layer linearly graded in composition between GaAs and GaP (representing the GaAsP
layer formed in sample D144 by linearly closing the As valve and opening the P valve), followed
by a 45 nm thick GaP segment. In reality, the electronic and optical parameters of the GaAsP
segment linearly graded in composition should not be equally graded linearly [Onno et al., 2016],
but a linear gradient was still used for all GaAsP layer parameters for simplicity.

The second modeled structure (schematized at the top of Figure 5.11b) contains instead a
GaAsP layer of fixed composition (GaAs0.3P0.7), also followed by a 45 nm GaP segment. The
GaAsP composition of GaAs0.3P0.7 was chosen according to the bandgap wavelength of 630 nm
determined from the inflection point of the EQE spectrum obtained experimentally (black in Fig-
ure 5.10), in the absorption threshold region between 600–700 nm [Almora et al., 2021]. The n-type
doping level in the GaAsP and GaP segments was set to 1×1017 cm−3 in both modeled structures,
although for the structure with fixed GaAs0.3P0.7 composition the n-type doping levels were varied
between 1 × 1016 cm−3 and 1 × 1017 cm−3 to investigate its impact on the optoelectrical perfor-
mances of the modeled solar cell.

For both modeled structures, the thickness of the GaAs layer was set to a value much lower
than the length of the GaAs segment in the axial junction NWs because the aim here was to focus
on the absorption and collection of charge carriers generated close to the top of the NWs. Details
of the other parameters used in the SCAPS simulations can be found in Table 5.2. The results
obtained from the simulations are shown in Figure 5.11, and will be discussed in the sections below.
The discussion will be mainly qualitative with a focus on the general trends observed.

Simulated band diagrams

Figures 5.11a and b present the band diagrams of the two simulated solar cell structures under
a 1 sun illumination and an applied bias corresponding to their maximum power point (VMPP ).
The VB offset observed at the p-Si/p-GaP interface has been previously discussed in Section 3.4,
so the focus here will be on the band alignments at the i-GaAs/n-GaAsP and n-GaAsP/n-GaP
interfaces. In the structure containing a graded n-GaAsP layer (Figure 5.11a), a gradual bandgap
increase can be observed at the position of the layer due to its linearly graded composition. This
gradual bandgap increase is achieved by lowering the VB edge and lifting the CB edge in n-GaAsP
towards the n-GaP interface, in a smooth manner without any band offsets. Nevertheless, while the
lowering of the VB edge is beneficial to repel holes from the n-type contact (right in Figure 5.11b),
the lifting of the CB edge should to some extent impede electron transport. The behavior of the CB
and VB edges in the outermost n-GaP layer (right in Figures 5.11a and b) is a result of the 4.7 eV
metal work function imposed on the front contact in the aim of reproducing the Schottky barrier
expected at the III-V/ITO interface. In the structure containing a n-GaAs0.3P0.7 layer of fixed
composition (Figure 5.11b), CB and VB offsets can be observed at both the i-GaAs/n-GaAs0.3P0.7
and n-GaAs0.3P0.7/n-GaP interfaces. While the negative VB offset at these interfaces is once again
beneficial for the transport of holes solely towards the p-type contact (left in Figure 5.11b), the
positive CB offsets (0.4 eV and 0.2 eV at the i-GaAs/n-GaAs0.3P0.7 and n-GaAs0.3P0.7/n-GaP
interfaces, respectively) introduce a voltage barrier for the injection of electrons photogenerated
in the GaAs absorber into the GaAsP hetero-contact, which is expected to impact both the FF
and the short-circuit current. The band diagram of the same solar cell structure but with a lower
electron concentration in the n-GaAsP and n-GaP layers (1× 1016 cm−3 instead of 1× 1017 cm−3)
is also illustrated in Figure 5.11b (thin lines). As expected, at the lower electron concentration
of 1 × 1016 cm−3, the width of the potential barriers at the n-type contact (proportional to the
curvature of the CB edge) becomes wider, making it more difficult for electrons to overcome the
barrier. Next, we will qualitatively assess the performance of these different simulated solar cell
structures.
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Figure 5.11: Band diagrams obtained from 1D SCAPS simulations under a 1 sun illumination and
at VMPP , for a p-i-n solar cell structure containing n-doped segments of (a) 85 nm linearly graded
GaAsP followed by 45 nm GaP (n=1×1017 cm−3), and (b) 85 nm GaAs0.3P0.7, followed by 45 nm
GaP (n=1× 1017 cm−3 and 1× 1016 cm−3). (c) Corresponding J-V curves obtained under a 1 sun
illumination. The black dashed J-V curve was obtained from the modeled structure containing a
linearly graded GaAsP layer, while the colored curves were obtained from the modeled structure
containing a GaAs0.3P0.7 layer with varying n-doping levels. (d) Corresponding EQE responses
obtained under an incident monochromatic power of 1000Wm−2. The parameters used in the
SCAPS simulations are detailed in Table 5.2.

Simulated J-V curves and EQE responses

The simulated J-V curves obtained from the modeled solar cell structures can be found in Fig-
ure 5.11c. The black dashed curve corresponds to the J-V characteristics of the cell structure
containing a linearly graded n-GaAsP layer, while the purple curve corresponds to the cell struc-
ture containing a n-GaAs0.3P0.7 layer. The other colored curves were also obtained from the
cell structure containing a n-GaAs0.3P0.7 layer, by varying the electron concentration in the n-
GaAs0.3P0.7 and n-GaP layers. First, we can notice that all of the J-V curves from Figure 5.11c
exhibit a saturation of the forward current at high forward bias. This rollover effect is typically
the consequence of positive CB offsets [Scheer and Schock, 2011], like the ones observed in Figures
5.11a and b at the interfaces of the n-doped layers. The rollover effect observed in the simulated
J-V curves reminds of the one obtained in the experimental J-V curve of cell C16 from sample D144
(PNW 313c) (Figure 5.9), confirming that unfavorable band alignment could be responsible for the
modest cell parameters recorded. The more significant potential barrier observed in the cell struc-
ture containing a GaAs0.3P0.7 layer, as compared to the one containing a linearly graded GaAsP
layer, translates into slightly lower JSC and FF values for a same electron doping concentration of
1 × 1017 cm−3 (purple and dashed black curves, respectively). As the electron doping concentra-
tion decreases in the n-doped layers, the JSC and FF values decrease significantly for the structure
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containing a GaAs0.3P0.7 layer (colored curves), with a voltage-dependent photocurrent arising at
low n-type doping levels. On the contrary, the variation of the JSC and FF values is negligible for
the structure containing a linearly graded GaAsP layer when the electron doping concentration is
decreased from 1×1016 cm−3 to 1×1017 cm−3 (not shown here). The electron concentration in the
n-GaAsP and n-GaP segments of our axial junction NWs has not yet been quantified. Nevertheless,
the shape of the experimental J-V curve and the low JSC obtained (Figure 5.9a) strongly suggest
a relatively low electron doping concentration in both the n-doped segments of our axial junction
NWs, as well as the presence of at least one CB offset at the n-type contact. In fact, the perfectly
linearly graded GaAsP layer modeled in Figure 5.11a is quite idealistic, and band offsets like the
ones observed in Figure 5.11b are expected despite a nominally linear opening and closing of the
P and As valves, respectively.

The EQE responses obtained from the simulated cell structures are presented in Figure 5.11d
with the same color code as for Figure 5.11c. First, we can notice that the EQE spectra of both
simulated cell structures (dashed black and purple curves) are very similar. In fact, they are both
inclined towards long wavelengths (low red response), probably due to the small GaAs layer thick-
nesses in the modeled structures (240 nm). For the structure containing a n-GaAs0.3P0.7 layer,
as the electron doping concentration decreases in the n-doped layers, the collection of electrons
with short wavelengths is further reduced, until an EQE response with an absorption threshold
at roughly 600 nm is obtained. On the contrary, for the structure containing a linearly graded
GaAsP layer, the EQE response is not impacted by the variation of the electron doping concen-
tration between 1× 1017 cm−3 and 1× 1016 cm−3 (not shown here). Given the similarity between
the absorption threshold observed in the structure containing a n-GaAs0.3P0.7 layer and the one
observed in the experimental EQE of cell C16 from sample D144 (Figure 5.10a inset), the presence
of at least one CB offset, and relatively low electron concentrations in the n-doped segments are
expected in our axial junction NWs. In fact, the cut-off of the EQE response around 600 nm indi-
cates a voltage barrier for the collection of electrons photogenerated in the GaAs absorber, while
the electrons photogenerated in the GaAsP layer can be collected. We can also deduce that the
holes photogenerated in the GaAsP layer can however be easily injected into the GaAs absorber,
and collected at the p-type contact. On the short wavelengths side, the EQE response of the
simulated cell structures is observed to be much higher than the one of cell C16 from sample D144.
This could be due to hindered carrier collection at the ITO contact resulting from unoptimized
ITO sheet resistance or remaining issues regarding the physical contact between the NW and the
ITO.

The axial junction NW solar cell characterized in Section 5.4 was modeled in 1D using the
solar cell device simulator SCAPS. The simulated J-V curves and EQE responses obtained
with low electron doping concentrations in the n-doped layers and the presence of CB offsets
revealed characteristics similar to the ones recorded from experimental measurements on
cell C16 from sample D144. This suggests that the performance of our axial junction NW
solar cells could be hindered by low electron doping concentration in the n-GaAsP and
n-GaP NW segments, as well as potential barriers at the n-type contact arising from at
least one CB offset.
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5.5 Chapter conclusions

Self-catalyzed NW passivation should ideally take place in the growth chamber but without
the need for catalyst droplet consumption, known to introduce crystal phase mixing and
defects formation. Our aim here was to develop such a passivation scheme through the
controlled formation of the unintended radial shell during axial VLS NW growth.
The growth of axial Si-doped GaAsP and GaAsP/GaP segments on top of GaAs NWs
was found to significantly increase both the PL and CL intensities when compared to bare
GaAs NWs or GaAs/GaInP radial junction NWs. The enhanced optoelectronic proper-
ties observed from these preliminary results suggest suppressed surface states in the axial
junction NWs, but the latter could not be directly attributed to the formation of an unin-
tentional radial shell during VLS axial growth. STEM-EDX would be required to confirm
the correlation and assess the composition and thickness of the aforementioned radial shell,
in order to help understand its effect on surface states.
Optoelectronic characterization of the GaAs/GaAsP/GaP axial junction NW cells revealed
relatively high VOC values (> 0.6 V) but very limited JSC and FF, partly due to high
resistive losses in the devices. The high series resistance recorded could be a result of un-
optimized doping in the n-GaAsP and n-GaP NW segments (the latter is challenging to
quantify), issues with the physical contact between the NW and the ITO, and/or relatively
low ITO sheet resistance despite the use of a more thermally stable planarization matrix
(ORMOSIL) which enabled a rapid thermal annealing of the contact above 450°C. Numer-
ical 1D simulations carried out using the solar cell device simulator SCAPS also indicated
n-type doping level in the GaAsP and GaP layers as a critical parameter which could limit
device performance. Furthermore, results obtained from the simulations suggested the pres-
ence of at least one CB offset in the GaAs/GaAsP/GaP solar cell structure, likely at the
origin of potential barriers at the n-type contact.
To improve the performances of these NW array solar cells, the axial junction design and
growth hence need to be optimized in order to enhance the doping levels in the n-doped
NW segments, and achieve more favorable band alignments responsible for interface recom-
bination and energy barriers.
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Chapter 6

Conclusion and Perspectives

In order to achieve net zero greenhouse gas emissions and limit global warming effects, the share of
solar photovoltaics in our electricity mix has to increase from 3% today to 33% by 2050. While the
mature silicon-based PV technologies have already demonstrated high power conversion efficiencies
(26.8% for lab-scale cells and 24.4% for modules), new materials and architectures are required
to obtain efficiencies beyond the 30% threshold. In this PhD thesis, I focused on a strategy to
integrate III-V solar cells on silicon using NW arrays grown by MBE, as a first step towards the
fabrication of cost-efficient tandem solar cells with high performances. The main issues addressed
in this PhD work had to do with the pre-growth and growth parameters required to obtain GaAs
NW arrays with near-perfect vertical yields (Chapter 2), the origin of the limited efficiency in
GaAs/GaInP core-shell NW solar cells (Chapter 3), the incorporation efficiency of tellurium in
self-catalyzed GaAs NWs for n-type doping purposes (Chapter 4), and finally the potential of
GaAs/GaAsP axial junction NW solar cells in which the catalyst droplet has not been consumed
in-situ (Chapter 5). For detailed conclusions of each chapter, I invite the reader to refer to the
“Chapter conclusions” sections, while the main findings obtained in this PhD work are reported
below.

• The selectivity of a dielectric mask layer deposited by PECVD can be degraded due to con-
tamination in the deposition chamber, resulting in poor NW growths. A pre-conditioning
of the deposition chamber can easily restore good mask selectivity (subsection 2.2.1).

• NW vertical yield inhomogeneity across a sample surface could be a consequence of impurities
introduced during water rinsing, and left there by standard N2 flow drying. A Marangoni
drying process with a N2/2-methoxyethanol flow at a substrate withdrawal speed of 2 mm/s
can circumvent this problem and allow near-perfect NW vertical yields (average 99.5%)
to be obtained homogeneously on large-area patterns spread across the sample surface (sub-
section 2.2.1).

• Such pristine substrate surfaces with oxide-less mask openings also result in near-perfect
vertical yields across a wide-range of mask hole diameters in the matrix patterns. The latter
enabled the observation of a direct correlation between the NW diameter and mask
hole size, for two samples grown in different MBE reactors. This opens up new opportunities
for the precise control of the diameter of self-catalyzed NWs. However, the sample
for which Marangoni drying was used actually showed lower vertical yields in the matrix
patterns (higher in the large-area patterns) compared to one sample for which standard N2
drying was employed. We believe that this could be a result of the slightly different effective
hole aspect ratios in the two samples (subsection 2.2.2), but further investigation is required
to confirm this hypothesis.

• Our champion GaAs/GaInP core-shell NW solar cell demonstrated a high VOC of 0.65 V,
a JSC of 14.2mAcm−2 and a FF of 40%, resulting in a PCE of almost 3.7% (subsec-
tion 3.2.1).

• Current-voltage and EQE measurements under potential bias revealed the presence of in-
terface recombinations and a photocurrent barrier hindering carrier collection, while optical
simulations indicated absorption losses in the top GaInP and ITO layers (subsections 3.2.1
to 3.2.3).
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• A first-time assessment of the quasi-Fermi level splitting in NW arrays revealed
a value of 0.84 eV at 1 sun (up to 1.01 eV at 81 suns). The latter is considerably higher
than qVOC (0.65 eV) and indicates NWs of good optoelectronic quality, but device per-
formances hindered by inhomogeneous NW properties and/or the presence of energy barriers
and recombination channels at heterointerfaces (Section 3.3).

• Numerical 1D simulations indicated that the GaP stem introduced for NW vertical yield
enhancement can be a barrier for hole extraction in our NW solar cells. Nevertheless, the
simulations also showed that this energy barrier can be overcome if the stem is sufficiently
doped, which we believe is our case. The exact doping threshold required however depends
on the GaP/Si VB offset, the value of which varies significantly in the literature (Section 3.4).

• Given the above findings, we are confident that the performances of our NW solar cells
are rather hindered by the n-type contact (GaAs/GaInP/ITO). Relatively low n-
type doping levels resulting from the amphoteric nature of the Si dopant used in the GaInP
NW shell could be one of the limiting factors.

• The incorporation efficiency of Te as an alternative n-type dopant in self-catalyzed NWs was
hence investigated. Cathodoluminescence measurements enabled the determination of
the electron concentration variation in single Te-doped GaAs NWs with nanoscale
spatial resolution, using the methods previously developed in our group for Si-doped GaAs
(Sections 4.3 and 4.4).

• A difference in the electron concentration levels and gradients was observed in two Te-doped
GaAs NW samples grown at 620°C and 640°C, respectively. The latter could be explained by
different Te incorporation efficiencies via vapor-solid and vapor-liquid-solid processes. Con-
trolling the growth temperature could hence allow homogeneous dopant distributions
and high carrier densities to be obtained in Te-doped GaAs NWs, overcoming
the limitations of the commonly used Si dopant (subsection 4.4.3).

• GaAs/GaAsP axial junction NWs were found to exhibit two orders of magnitude higher PL
intensities than bare GaAs NWs, and 8-300 times higher CL intensities than GaAs/GaInP
radial junction NWs. These preliminary findings suggest that for these axial junction NWs
in which the Ga droplets have not been consumed in-situ, additional surface passivation
mechanisms may not be required. This could offer an interesting alternative to con-
ventional NW passivation techniques, although further investigation is still needed to fully
understand these preliminary results (subsection 5.2.3).

• A 4 min HCl:H2O (1:2) bath was found to fully remove the Ga droplets present on top of
self-catalyzed NWs. However, the HCl etching was observed to impact the NWs’ optical
properties, requiring the former to be preferably performed after NW encapsulation in a
planarization matrix (subsection 5.3.1).

• Home-made organically-modified silica (ORMOSIL) sol-gel was found to be a good
alternative to the conventionally used BCB polymer for NW array planarization, with the
additional advantage of good thermal stability up to 450°C (no cracks identified) (sub-
section 5.3.2).

• The RIE etching rate of the ORMOSIL was however observed to be much slower than the one
of the SiO2 layer deposited around the NWs for mechanical stability and enhanced matrix
adhesion, calling for some process optimization to avoid the formation of ITO “doughnuts"
that are not in contact with the NWs (subsection 5.3.3).

• Our very first GaAs/GaAsP axial junction NW solar cells demonstrated relatively
high VOC (>0.6 V), but very low JSC and FF due to significant resistive losses revealed
by Jsc-Voc measurements. Analyses of J-V curves and EQE responses also indicated perfor-
mance limitations coming from interface recombination and photocurrent barrier, probably
arising from a positive conduction band offset at the front contact (Section 5.4).

Overall, I presented advanced characterization experiments coupled to simulation results which
shed a light on the potential and challenges of NW-based III-V-on-Si solar cells. In particular, I
showed that the limited performances obtained so far for solar cells made of GaAs NWs directly
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grown on Si by MBE are not a result of poorly controlled NW growth, nor low intrinsic NW opto-
electronic quality, but rather a consequence of contact issues. Guidelines were given to overcome
the latter and carry out further technological advances.

Perspectives

In the short-term, the development of the NW top cell remains a priority towards III-V-on-Si
tandem PV devices.

The best performing NW cell presented here has an efficiency of 3.7%. The factors limiting its
performances have been identified as:

1. Dislocations at the GaAs/GaInP interface potentially acting as recombination centers due
to inhomogeneous shell composition.
Theoretical calculations from the literature suggest that these dislocations could be avoided
if shells with a uniform thickness of 15 nm could be grown with a composition maintained
within ±5% of the GaAs-matched composition. The formation of such a NW shell would
require some growth optimizations, especially since it would also have to be heavily doped to
prevent from carrier depletion.

2. Low electron concentrations in the Si-doped GaInP shell are already suspected to be at the
origin of a Schottky barrier at the GaInP/ITO contact. In order to grow a thinner and
heavily doped NW shell, alternative doping techniques would need to be investigated.
The Te incorporation study carried out in this PhD work on self-catalyzed GaAs NWs showed
promising results. Next, it would be interesting to investigate the incorporation efficiency of
Te in GaInP NW shells, in order to see if higher electron concentrations could be obtained,
and if the latter would lead to improved contact conductivity and hence cell performances.
Modulation doping like the delta-doping technique employed during the growth of the sample
presented in Chapter 3 could also be further investigated in the aim of increasing the n-type
doping level in the Si-doped NW segments.

3. Parasitic absorption by the thicker GaInP segment at the top of the NWs.
The growth of a thinner GaInP shell would also reduce the thickness of this top segment and
hence limit parasitic absorption.

4. Thermally unstable BCB planarization material preventing a high-temperature annealing
which could improve n-contact conductivity.
The organically-modified silica (ORMOSIL) sol-gel developed in this PhD work showed good
planarization properties, with in particular a better thermal stability than BCB. It would be
interesting then to see whether the performances of the aforementioned cell could be improved
by replacing the BCB with ORMOSIL for NW array planarization, and carrying out an an-
nealing at a temperature of 450°C, or even above. However, the modification of the properties
of the ITO layer upon such a high-temperature annealing would also have to be investigated.

5. Inhomogeneous NW properties.
The substrate and growth conditions required to obtain NW arrays with near-perfect vertical
yields and controlled diameters have been identified in this PhD work. The latter should help
obtain more homogeneous NW properties. However, the reliable control of these conditions
still needs to be verified on a higher number of samples. In this context, it would also be
interesting to investigate whether the GaP stem really plays a role in the near-perfect vertical
yields obtained for the GaAs NW arrays.

Given the on-going debate on the NW junction geometries, I believe that in the short-term NW
solar cells with p-n junctions formed in both the axial and radial directions should be developed in
parallel. The luminescence results obtained in this PhD work on GaAs/GaAsP axial junction NWs
in which the Ga droplets have not been consumed in-situ are very promising for axial junction cell
performances improvement. However, further passivation studies coupled with transmission elec-
tron microscopy measurements are required to better understand the preliminary results obtained.
In the near future, research efforts thus still have to be focused on binary compounds such as GaAs
to limit complexity, before transitioning to ternary alloys such as GaAsP, with a bandgap tailored
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for a tandem-on-Si PV device.

Finally, it is important to keep in mind that even in the optimal configuration, it is unlikely
that NW solar cells will exceed the performances of planar devices. However, they can instead
relax the requirements needed to reach high efficiencies, and open up the door to low-cost III-
V/Si solar cells. In addition, the knowledge gained regarding the growth of vertical NW arrays,
their characterization, dopant incorporation mechanisms, surface passivation, planarization, and
contact formation, could also very well serve other fields of application. In fact, self-catalyzed
III-V NWs are also widely studied for the fabrication of light-emitting diodes, lasers, transistors
and photodetectors.
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Impact of the RIE etching parameters
on the Si/SiO2 interface

This appendix serves as an explanation for the parameters (in particular bias) used in the reactive
ion etching (RIE) processes (SF6-CHF3 and O2) described in subsection 2.2.1. As previously
mentioned, during the transfer of the lithographically defined photoresist patterns into the SiO2
mask layer using RIE with SF6-CHF3 gases, care is taken to not completely etch open the mask
holes. The few nm of SiO2 remaining inside the mask holes are left there to prevent plasma-induced
damage to the underlying Si. In fact, studies have established unambiguously that reactive ion
etching of Si or SiO2 could induce severe surface modifications, including the introduction of
lattice damage in a near-surface region, and the penetration of impurities into a deep layer via ion
implantation or diffusion effects [Arora, 1987; Oehrlein, 1989]. As RIE is characterized by a large
number of process parameters (etching gases, power, bias etc.) which can impact the character of
the plasma-induced damage, our group decided a few years ago (before the start of this PhD work)
to look into the influence of the RIE processes (SF6-CHF3 and O2) on the Si/SiO2 interface in our
substrates. In particular, we wondered whether (1) the subsequent HF “development” could be
impacted by the RIE processes, and if so, whether the extent of the impact would depend on (2)
the applied plasma bias and the nature of the gases in the plasma (SF6-CHF3 and O2), and/or (3)
on the doping of the Si(111) substrate. As these effects could not be investigated directly in the
nanoscale mask holes, an experiment based on the study of full 2-inch wafer surfaces was designed.

Experimental methods
The experiment consisted in first depositing around 30 nm of SiO2 (28 nm precisely) by PECVD
on 3 types of Si(111) wafers: namely intrinsic (i), p-doped (p), and heavily p-doped (p+) wafers.
This corresponds to step 1 of the experimental methods summarized in Figure A.1. Then, the SiO2
layer was etched to the nominal thickness expected in the mask holes (< 10 nm), using different
processes indicated in step 2 of Figure A.1. The sample etched solely by a 1% HF solution served
as a reference sample. Despite the fact that both SF6-CHF3 and O2 plasmas are performed in
our substrate preparation process (subsequently), their effect on the Si/SiO2 interface was assessed
independently in this study, with a focus placed on the bias applied in each of the plasma etching
process. Finally, all samples were “developed” during 40 s in a 1% HF solution in order to remove
the remaining SiO2. The surface-wetting characteristic of each Si wafer was then evaluated through
contact angle measurements with water. Step 3 in Figure A.1 reminds the reader that hydrophobic
surfaces tend to repel water (high contact angles), whereas water tends to spread and adhere to
hydrophilic surfaces (low contact angles).

Results
Figure A.2b summarizes the contact angles recorded for the different samples. Intrinsic Si(111)
wafers were observed to consistently exhibit higher contact angles (blue in Figure A.2b), while p+

wafers (green) demonstrated the lowest contact angles regardless of the SiO2 etching process. X-
ray photoelectron spectroscopy (XPS) measurements not shown here, indicated that the aforemen-
tioned contact angle trend could be correlated to the amount of oxygen and carbon contamination
remaining on the wafer surface after the etching processes. In fact, XPS spectra obtained from
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i-Si(111), p-Si(111) and p+-Si(111) wafers having undergone a HF 1% + Plasma O2 (both low and
high bias) + 40 s 1% HF “development” , revealed that the intensity of the O1s and C1s peaks
(proportional to oxygen and carbon surface contamination, respectively) followed the same order:
i-Si(111) < p-Si(111) < p+-Si(111).

In addition, the water contact angle was observed to increase for all wafers having been exposed
to a high bias plasma, regardless of the gases used. This is once again consistent with the XPS
data (not shown), which indicated lower O1s and C1s contamination peaks for wafers having been
exposed to a high bias (300 V) O2 plasma. The cleaner surfaces obtained after a high bias plasma
could be explained by either the formation of a more stoichiometric SiO2 layer which is more easily
etched in the 1% HF solution, and/or a stronger oxidizing power of the high bias plasma. In fact,
the O2 plasma at high bias may further oxidize (and hence trap) the residual carbon impurities on
the SiO2 surface, which will then be dissolved in the 1% HF solution.
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Figure A.1: Summary of the experiment designed to study the impact of the RIE processes (SF6-
CHF3 and O2) on the Si/SiO2 interface.
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Figure A.2: (a) SiO2 layer thicknesses obtained after different etching processes, as measured by
spectroscopic reflectometry. (b) Water contact angle measurements on the corresponding sub-
strates after a 40 s “development” in a 1% HF solution.
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Introduction

Depuis la révolution industrielle (1850-1900), la température moyenne à la surface du globe a aug-
menté de 1.1°C. Il est désormais incontestable que ce réchauffement climatique est une conséquence
des émissions de gaz à effet de serre d’origine humaine, et que si rien n’est fait les conséquences
sur la planète et l’humanité seront dramatiques et irréversibles [IPCC, 2013]. Avec actuellement
plus de 60% de la production mondiale d’électricité issue de combustibles fossiles, la production
d’électricité reste le premier secteur émetteur de CO2 dans le monde [Climate TRACE, 2022].
Avec l’augmentation de nos usages électriques, l’agence internationale de l’énergie (AIE) estime
que nos besoins en électricité vont doubler d’ici 2050. Afin de limiter le réchauffement climatique et
ses conséquences néfastes, il est alors impératif de déployer rapidement des sources de production
d’électricité renouvelables et bas-carbones.

En 2020, la part des énergies renouvelables dans la production mondiale d’électricité s’élevait
à 30% (3% pour le solaire photovoltaïque). Afin de réaliser les objectifs fixés lors de la 26ème

Conférence des Parties (COP26) et d’atteindre la neutralité carbone d’ici 2050, 88% de notre
électricité devra être d’origine renouvelable (33% d’origine solaire photovoltaïque) [International
Energy Agency, 2021a]. Le solaire photovoltaïque (PV) permet de produire une énergie électrique
à partir du rayonnement solaire grâce à des panneaux PV, constitués de cellules solaires. Le
marché du PV pour la production terrestre d’électricité est aujourd’hui dominé à 95% par des
technologies à base de silicium (Si). Ces dernières ont connu des améliorations significatives en
termes de performances et de rentabilité au cours des dernières décennies, leur permettant d’être
désormais compétitifs par rapport à d’autres sources de production d’électricité. Cependant, on
approche aujourd’hui la limite fondamentale de l’efficacité de conversion des cellules solaires en Si
(29% [Niewelt et al., 2022]), et d’autres technologies sont nécessaires pour atteindre des efficacités
au-dessus de la barre des 30%.

Les technologies PV combinant plusieurs cellules à base de différents matériaux, superposées
les unes aux autres, permettent d’aller au-delà de 30% d’efficacité de conversion en maximisant
l’utilisation du spectre solaire. La forte complémentarité des cellules solaires à base de semicon-
ducteurs III-V avec les cellules Si permettrait la formation d’une cellule tandem (deux cellules
superposées) bénéficiant à la fois de la maturité technologique et industrielle des cellules en Si, et
des meilleures performances des III-V. En effet, les semiconducteurs III-V comprennent une large
gamme de composés connus notamment pour leurs bonnes propriétés opto-électroniques. Cepen-
dant, l’intégration de semiconducteurs III-V sur une cellule en Si est loin d’être triviale à cause du
désaccord de maille et des différences d’expansion thermique entre les deux matériaux. En effet,
lorsque des couches III-V planaires sont directement crus sur du Si, des dislocations s’y forment
inévitablement, dégradant les performances du dispositif. Une alternative à la croissance directe
de semiconducteurs III-V sur Si existe cependant. Elle consiste d’abord en la synthèse de couches
III-V sur un substrat III-V. Puis, il s’agit de décoller cette couche pour la reporter sur une cellule
en Si afin de former la structure tandem. Cette approche a déjà permis d’obtenir des efficacités de
conversion de 35.9%, cependant sa complexité et le coût élevé des substrats III-V utilisés sont un
frein pour un déploiement à l’échelle industrielle.

L’utilisation de semiconducteurs III-V sous forme de nanofils (NF) permet de contourner
élégamment les problèmes découlant de la croissance directe de couches planaires sur Si. En effet,
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de par leur faible diamètre, les NFs peuvent relaxer les contraintes mécaniques liées au désaccord
de maille et aux différences d’expansion thermique, sans générer de défauts. Par ailleurs, disposés
sur un plan vertical, les NFs agissent comme un entonnoir à lumière, et arrivent à absorber plus
de photons incidents que leurs homologues planaires, tout en utilisant moins de matériau. La
croissance directe de réseaux de NFs III-V sur Si devrait donc permettre la fabrication de cellules
tandem hautes performances, à un coût raisonnable. Des modèles à base de NFs avec une bande
interdite optimale de 1.7 eV ont montré une efficacité théorique de 33% pour une cellule tandem sur
Si [Lapierre, 2011]. Seuls certains composés III-V ternaires comme le In0.65Ga0.35P, Al0.19Ga0.81As
ou GaAs0.77P0.23 ont une bande interdite optimale de 1.7 eV, cependant leur composition est sou-
vent difficile à maîtriser, et ce sont des systèmes qui ont beaucoup moins été étudiés que par
exemple le GaAs. C’est pour cela que la plupart des efforts de recherche, dont ceux effectués dans
cette thèse, ont pour l’instant été concentrés sur la croissance de NFs en GaAs. Des preuves de
concepts ont déjà illustré le potentiel des cellules à base de NFs en GaAs, néanmoins celles crus sur
Si ont pour l’instant des performances encore assez limitées (efficacité record de 7.7% [Mukherjee
et al., 2021]).

La recherche effectuée dans le cadre de cette thèse a donc pour but ultime la fabrication d’une
cellule solaire tandem à base de NFs III-V crus sur Si. Pour atteindre cet objectif, nous nous sommes
concentrés dans un premier temps sur l’optimisation de la cellule supérieure de la structure tandem,
c’est à dire la cellule à base de NFs en GaAs, crus par épitaxie par jets moléculaires (MBE) sur
des substrats en Si inactifs, patternés pour former des réseaux organisés de NFs. J’ai notamment
étudié les étapes de préparation du substrat étant critiques pour la croissance de NFs avec un haut
taux de verticalité, ainsi que le contrôle du diamètre des NFs à partir de la taille des ouvertures
du masque patterné (Chapitre 2). Dans un deuxième temps, des cellules solaires à base de NFs
à jonctions GaAs/GaInP coeur-coquille ont été fabriqués et caractérisés. Le Chapitre 3 présente
les performances de ces cellules, qui ont démontré un VOC de 0.65 V et un rendement de 3.7%, à
l’état de l’art des cellules NFs en GaAs à jonctions radiales. Dans ce même chapitre est présentée
une étude approfondie des propriétés opto-électroniques des cellules susmentionnées, basée sur la
quantification de la séparation des quasi-niveaux de Fermi dans les NFs. Des simulations optiques
et électroniques ont également été effectuées afin d’identifier les principales pertes d’absorption
et pertes électriques. En particulier, des améliorations au niveau du contact de type n ont été
jugées nécessaires pour favoriser l’extraction des électrons. Le Chapitre 4 expose tout d’abord
l’importance du contrôle du dopage dans les NFs, et souligne les difficultés pour obtenir des niveaux
élevés de dopage de type n dans la coquille des NFs en GaAs lorsque le dopant Si est utilisé. Le
tellure (Te), en tant qu’élément du groupe VI dans le tableau périodique, est un dopant de type n
alternatif au Si qui pourrait permettre d’atteindre des concentrations d’électrons plus élevées dans
les NFs en GaAs. Au cours de mon doctorat, j’ai eu l’opportunité de collaborer avec l’Université
de Tampere (Finlande) pour étudier l’incorporation du Te dans des NFs de GaAs en utilisant la
cartographie par cathodoluminescence (CL). Les méthodes de CL à température ambiante et à
basse température développées dans notre groupe pour quantifier les concentrations d’électrons
dans du GaAs dopé Si ont tout d’abord été validées sur des échantillons planaires de GaAs dopé
Te. Ces méthodes ont ensuite été utilisées pour étudier l’impact de la température de croissance
sur l’efficacité d’incorporation du dopant Te dans des NFs en GaAs. Enfin, le Chapitre 5 évalue
tout d’abord les avantages et désavantages des NFs à jonctions axiales par rapport aux NFs à
jonctions radiales. Des résultats préliminaires portant sur les propriétés opto-électroniques de
NFs à jonctions GaAs/GaAsP axiales y sont ensuite présentés. Ces NFs ont la particularité de
posséder une gouttelette de catalyseur qui n’a pas été consommée in-situ à des fins de passivation.
Cette dernière a plutôt été gravée ex-situ. Ensuite, les optimisations effectuées sur le processus
de fabrication des cellules solaires NFs sont exposées, avant de présenter les performances de nos
toutes premières cellules solaires NFs à jonction axiales. Ces dernières ont révélé des valeurs de
VOC relativement élevées (> 0.6 V), mais de très faibles JSC et FF, en partie due à de grandes
pertes résistives dans les dispositifs et des barrières de potentiel au niveau du contact de type n.

Croissance directe de réseaux de nanofils en GaAs sur Si

Afin d’obtenir des réseaux organisés de NFs avec un taux de verticalité élevé, la qualité du masque
de silice est très importante. Cette dernière est en lien étroit avec la sélectivité du masque, qui au
début de cette thèse a été dégradée par une contamination de la chambre de dépôt PECVD. Après
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investigation, nous avons déterminé qu’un pré-conditionnement de la chambre de dépôt PECVD
suffisait pour restaurer une bonne sélectivité du masque, ce qui à son tour a favorisé la croissance
de réseaux de NFs avec de bons taux de verticalité. Néanmoins, nous avons remarqué des taux de
verticalité inhomogènes sur la surface d’un même échantillon, probablement dus à des impuretés
introduites sur la surface du substrat lors du rinçage et séchage finaux, à l’eau déionisée et à
l’azote, respectivement. Un nouveau procédé de séchage connue sous le nom de séchage Marangoni
a alors été exploré. Les surfaces les plus propres ont été obtenues en utilisant un flux de N2/2-
méthoxyéthanol et une vitesse de retrait du substrat de 2 mm/s, ce qui a permis d’obtenir des
taux de verticalité quasi-parfaits (99,5% en moyenne), de façon homogène sur de grandes surfaces
de l’échantillon, comme on peut le voir dans la Figure C.1.

Sample D163 (Marangoni drying)
Scale bar = 500 nm

99.6%

99.6%

99.1%

99.1%

100%

99.1%
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Average NW vertical yield = 99.5%
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(e)

(d)

(c)

(f)

Figure C.1: Images MEB des 7 motifs de grande surface de l’échantillon D163 (carrés rouges à
droite de la Figure 2.9), avec un espacement de 360 nm entre les NFs. Des taux de verticalité
quasi-parfaits calculés sur des surfaces d’environ 100 µm2 sont indiqués par les pourcentages.

Ces surfaces de substrats propres et dépourvues d’oxyde dans les ouvertures du masque ont
également permis d’observer de très hauts taux de verticalité dans les motifs à matrices, sur une
large gamme de taille d’ouvertures du masque. Ceci a alors rendu possible l’observation d’une
corrélation directe entre le diamètre des NFs et la taille des trous du masque, pour deux échan-
tillons crus dans des réacteurs MBE différents, comme indiqué dans la Figure C.2. La corrélation
susmentionnée laisse apparaître de nouvelles perspectives pour la maîtrise du diamètre des NFs
auto-catalysés. Néanmoins, un plus faible taux de verticalité a été observé dans le motif à matrices
de l’échantillon pour lequel un séchage Marangoni avait été réalisé (taux de verticalité plus élevés
dans les motifs de grande surface) par rapport à l’échantillon pour lequel un séchage standard N2
avait été employé. Nous pensons que cela pourrait être le résultat de rapports d’aspect légèrement
différents pour les ouvertures du masque des deux échantillons, mais une enquête plus approfondie
serait nécessaire pour confirmer cette hypothèse.
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Figure C.2: (a) Tableau résumant les paramètres de croissance et de pré-croissance qui diffèrent
pour les échantillons 77407 et D163. (b) Schéma illustrant la méthode de mesure des dimensions
des NFs. (c) et (d): Évolution du diamètre (à la base et au sommet) et de la longueur des NFs des
échantillons 77407 et D163, en fonction du diamètre nominal des ouvertures du masque, pour les
matrices ayant un espacement de 250 nm entre les NFs. Une image MEB d’un NF représentatif
de chaque réseau se trouve au-dessus des graphes, ainsi que le taux de verticalité calculé à partir
de surfaces > 5 µm2. Les images MEB entières à partir desquelles les NFs représentatifs ont été
extraits se trouvent dans la Figure 2.16.

Fabrication et caractérisation de cellules solaires à base de
nanofils à jonctions GaAs/GaInP radiales

L’architecture des cellules NFs à jonctions GaAs/GaInP radiales est présentée dans la Figure C.3a.
Comme indiqué par les caractéristiques J-V de la Figure C.3b, la cellule record a démontré un
VOC élevé de 0,65 V, un JSC de 14,2 mAcm−2 et un FF de 40%, donnant un rendement de
presque 3,7%. Combinées aux spectres d’EQE obtenus sous tension de polarisation (Figure 3.7),
ces mesures révèlent la présence de recombinaisons d’interface et d’une barrière de photocourant
empêchant la collecte des porteurs. Par ailleurs, les simulations optiques indiquent de l’absorption
parasite dans les couches supérieures en GaInP et ITO (Figure C.3b).

Les propriétés opto-électroniques de ces cellules ont ensuite été évaluées à l’aide de mesures de
photoluminescence (PL) hyperspectrales. La séparation des quasi-niveaux de Fermi a été quantifiée
pour la première fois dans des réseaux organisés de NFs. Une valeur de 0,84 eV a été obtenu à 1
soleil (1,01 eV à 81 soleils)n ce qui est considérablement plus élevée que le qVOC et indique des
NFs de bonne qualité opto-électronique, ainsi qu’une marge importante pour l’amélioration de nos
dispositifs. L’augmentation du dopage de type n dans la coquille des NFs pourrait être une des
pistes d’amélioration. Dans ce contexte, nous avons étudié l’efficacité de l’incorporation du tellure
(Te) comme dopant de type n alternatif au Si dans les NFs en GaAs auto-catalysés.
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Figure C.3: (a) Représentation schématique des dimensions des NFs à hétéro-jonctions
GaAs/GaInP radiales. (b) Courbes J-V mesurées dans l’obscurité (bleue) et sous un soleil (rouge).
* La valeur de JSC présentée provient de l’intégration du spectre EQE. (c) Spectres EQE de la
cellule record (rouge), ainsi que des absorptions simulées pour des couches de GaAs, GaInP et ITO
(pointillés) en utilisant le modèle simplifié présenté dans la Figure 3.8a.
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Figure C.4: (a) Spectres de PL calibrés en unités absolues de la cellule record, obtenus sous une
illumination de 12 et 81 soleils (pointillés). Ces spectres sont le résultat d’une moyenne réalisée
sur une surface d’environ 50 x 50 µm2. Les mêmes spectres divisés par l’EQE de la cellule sont
également présentés (traits pleins), ainsi que leur ajustement à la loi de Planck généralisée, entre
1,43-1,52 eV (rouge). (b) Évolution de la séparation des quasi-niveaux de Fermi (∆µ, bleu), et de
la tension de circuit ouvert (VOC , noir), en fonction de l’intensité d’illumination. Les carrés bleus
clairs et cyan correspondent à la séparation des quasi-niveaux de Fermi obtenus à partir d’images
de PL résolues spectralement, tandis que les carrés bleus foncés ont été obtenus à partir d’images
simples intégrant toutes les longueurs d’onde. Le VOC record des cellules planaires en GaAs est
indiqué par une étoile rouge (Alta Devices [Kayes et al., 2011]).

Étude sur le dopage tellure dans des nanofils en GaAs

L’efficacité de l’incorporation des atomes de Te dans des NWs en GaAs auto-catalysés a été étudiée
en utilisant la cathodoluminescence (CL). Les mesures de CL ont permis de déterminer la varia-
tion de la concentration d’électrons dans des NFs uniques avec une résolution spatiale à l’échelle
nanométrique, en utilisant des méthodes précédemment développées dans notre groupe pour du
GaAs dopé Si.

Les deux échantillons Te-NW1 (crû à 640°C) et Te-NW2 (crû à 620 °C) ont montré une concen-
tration d’électrons inférieure d’un ordre de grandeur à la concentration nominale calibrée par crois-
sances planaires, conformément aux études précédentes. Un gradient de concentration d’électrons
allant de moins de 1 × 1018 cm−3 à 3.3 × 1018 cm−3 a été déterminé le long de l’axe du NF de
l’échantillon Te-NW1 (Figure C.5). En revanche, une concentration homogène d’électrons d’environ
6-8×1017 cm−3 a été observée le long de l’axe du NF de l’échantillon Te-NW2 (Figure C.6), soulig-
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nant la possibilité d’obtenir des distributions homogènes de dopants dans des NFs en GaAs dopés
Te. Les différences de niveaux et de gradients de concentration d’électrons entre les échantillons
Te-NW1 et Te-NW2 (Figure C.7) peuvent être expliquées par des efficacités d’incorporation de Te
différentes via les processus vapeur-solide et vapeur-liquide-solide.
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Figure C.5: (a) Image MEB d’un NF de l’échantillon Te-NW1 mesuré en CL à température
ambiante. (b), (c) et (d): Cartographies de l’intensité de CL, de l’énergie du pic de CL, et de la
largeur à mi-hauteur, respectivement. (e) Spectres de CL moyennés sur les 9 zones délimitées en
(b), et leurs ajustements respectifs à la loi de Planck généralisée (courbes colorées). Les cercles
et les carrés correspondent respectivement à la bande interdite et le quasi-niveau de Fermi des
électrons (Efc), déterminés par les ajustements. Les valeurs de Efc sont également indiquées à
droite des spectres de CL, de même que les concentrations d’électrons correspondantes déterminées
à l’aide d’un modèle de bandes non-paraboliques.

Dans l’ensemble, cette étude a démontré que la haute résolution spatiale de la cathodolumi-
nescence fait d’elle une technique puissante pour caractériser la concentration réelle de porteurs
dans des NFs uniques en GaAs. Cette concentration de porteurs peut ensuite être corrélée à cer-
tains paramètres de croissance (ici la température de croissance). Le contrôle de ces paramètres
de croissance pourrait alors permettre d’obtenir des distributions de dopants homogènes et des
densités d’électrons élevées dans des NFs en GaAs, surmontant ainsi les limitations liées au dopant
Si couramment utilisé. Il serait intéressant, dans de futures expériences, d’étudier l’efficacité de
l’incorporation d’atomes de Te dans la coquille GaInP de NFs, afin de déterminer si les perfor-
mances de la cellule solaire NFs présentée dans la section précédente pourraient être améliorées en
remplaçant le dopant Si par du Te. Plus généralement, une telle amélioration de l’évaluation et du
contrôle du dopage et, par conséquent des propriétés, des NFs, contribuera sans aucun doute à la
conception de dispositifs électroniques de nouvelle génération.

Fabrication et caractérisation de cellules solaires à base de
nanofils à jonctions GaAs/GaAsP axiales

La passivation de NFs auto-catalysés devrait idéalement avoir lieu dans la chambre de croissance,
mais sans passer par la consommation des gouttelettes de catalyseur, connue pour induire un
mélange de phases cristallines et la formation de défauts dans les NFs. Dans ce contexte, nous
avons décidé d’étudier l’efficacité de passivation de la coquille formée non-intentionnellement pen-
dant la croissance axiale des NFs. Des NFs à jonctions GaAs/GaAsP et GaAs/GaAsP/GaP axiales
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Figure C.6: (a) Image MBE d’un NF de l’échantillon Te-NW2 mesuré en CL. Cartographies
panchromatiques de l’intensité de CL à (b) température ambiante, et (c) basse température. (d) et
(e): Cartographies correspondantes de la largeur à mi-hauteur du pic de CL. (f) et (g): Cartogra-
phies correspondantes de l’énergie du pic de CL. Les 5 zones délimitées en (b) et (c) correspondent
aux zones sur lesquelles les spectres de CL tracées en (h) ont été moyennés. Les spectres obtenus
à température ambiante sont en noir, tandis que ceux obtenus à basse température sont en bleu.
Les courbes rouges correspondent aux ajustements des spectres à température ambiante à la loi de
Planck généralisée. Les cercles et les carrés correspondent respectivement à la bande interdite et
au quasi-niveau de Fermi des électrons (Efc), déterminés par les ajustements. Les concentrations
d’électrons (n) indiquées à droite des courbes ont été obtenues à partir des valeurs de largeur à
mi-hauteur à basse température, en utilisant un modèle empirique illustré dans la Figure 4.4d.
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Figure C.7: Variation spatiale de la concentration d’électrons le long de l’axe du NF crû à 640°C
(Te-NW1, rouge) et de celui crû à 620°C (Te-NW2, bleu). La base des NFs est à 0 µm. Les lignes
pointillées servent de guides visuels.

ont été crus pour cette étude. La croissance de segments en GaAsP et GaAsP/GaP dopés Si a per-
mis d’augmenter de manière significative les intensités de PL et CL par rapport à des NFs en GaAs
non-passivés, et des NFs à jonctions GaAs/GaInP radiales. Ces résultats préliminaires suggèrent
de bonnes propriétés opto-électroniques pour les NFs à jonctions axiales, mais ces derniers ne peu-
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vent pas être directement attribués à la formation d’une coquille radiale crue pendant la croissance
axiale VLS. Des mesures complémentaires de STEM-EDX seraient nécessaires pour confirmer cette
corrélation et évaluer la composition, ainsi que l’épaisseur, de la coquille radiale susmentionnée,
afin d’aider à comprendre son effet sur les états de surface.

Comme on peut le voir dans la Figure C.8, un bain de HCl:H2O (1:2) de 4 min a permis
d’éliminer complètement les gouttelettes de Ga présentes sur le dessus des NFs auto-catalysés.
Cependant, on a observé que la gravure au HCl avait un impact sur les propriétés optiques des
NFs, incitant la gravure à être effectuée de préférence après l’encapsulation des NFs dans une ma-
trice de planérisation.

D137 after 4min HCl:H2O (1:2)
(1.45-1.46 eV)
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Figure C.8: Image MEB avec vue inclinée (45°) d’un réseau de NFs appartenant à l’échantillon
D137, avec un espacement de 350 nm entre les NFs, (a) avant, et (b) après, un bain de
HCl:H2O (1:2) de 4 min. (c) Spectres de PL correspondants, mesurés sur deux différentes zones
du réseau de NFs.

Un sol-gel de silice modifié organiquement (ORMOSIL) a par la suite été synthétisé dans le but
de trouver une alternative au polymère BCB communément utilisé pour l’encapsulation des NFs.
Ce dernier a démontré de très bonnes propriétés de planérisation, avec l’avantage supplémentaire
d’une bonne stabilité thermique jusqu’à 450°C (aucun fissure observée). Après de nouvelles opti-
misations du processus de gravure par RIE et de dépôt de la couche d’ITO, nos premières cellules
à jonctions axiales ont été fabriquées. Les caractéristiques J-V d’une des cellules sont présentées
dans la Figure C.9a. Cette dernière est représentative des autres cellules du même échantillon, et
démontre un VOC relativement élevé mais de très faibles JSC et FF. Ceci a pu être en parti corrélé à
d’importantes résistances séries révélées par des mesures de Suns-Voc (Figure C.9b). L’analyse des
courbes J-V combinée à l’examen des spectres d’EQE indiquent également des limitations de per-
formances liées à des recombinaisons d’interface, et des barrières de photocourant, probablement
découlant d’alignements de bandes non-optimales au niveau du contact avant.

Conclusion

En résumé, cette thèse a traité de différents aspects liés à la préparation des substrats de Si pat-
ternés, conduisant à la croissance de réseaux de NFs en GaAs présentant des taux de verticalité
quasi-parfaits, de façon reproductible. Ceci a permis l’observation d’une corrélation entre les dimen-
sions des ouvertures du masque et le diamètre des NFs, laissant apparaître de nouvelles perspectives
pour la maîtrise du diamètre des NFs auto-catalysés. La caractérisation de cellules solaires NFs
à base de jonctions GaAs/GaInP radiales a révélé des performances à l’état de l’art des cellules
solaires à base de NFs à jonctions GaAs radiales crus sur Si (VOC=0,65 V; JSC = 14, 1 mAcm−2;
FF=0.4; η=3.7%). Par ailleurs, la quantification de la séparation des quasi-niveaux de Fermi dans
les NFs ont indiqué de meilleures qualités opto-électroniques que celles auxquelles on aurait pu
s’attendre par les mesures électriques (∆µ élevé de 0,84 eV, > qVOC). Une marge importante
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Figure C.9: Caractéristiques J-V de la cellule C16 de l’échantillon D144. (a) Courbes J-V mesurées
dans l’obscurité (bleu) et sous 1 soleil (rouge). (b) Comparaison de la courbe J-V mesurée sous 1
soleil avec la pseudo-courbe J-V obtenue par des mesures de Suns-Voc.

demeure donc pour l’amélioration de ces dispositifs. L’augmentation du dopage de type n dans la
coquille des NFs a été identifié comme une des pistes d’amélioration. Dans ce contexte, nous avons
étudié l’efficacité de l’incorporation du tellure (Te) comme dopant de type n alternatif au Si dans les
NFs en GaAs auto-catalysés. La caractérisation par cathodoluminescence a permis d’identifier la
température de croissance comme un paramètre critique pour obtenir des distributions de dopants
Te homogènes et des densités de porteurs élevés. L’utilisation du Te comme dopant de type n dans
des NFs en GaAs permettrait alors potentiellement de surmonter les limitations liées au dopant
Si couramment utilisé. La prochaine étape consisterait à étudier l’efficacité de l’incorporation des
atomes de Te dans des coquilles de NFs en GaAs et GaInP. Enfin, la caractérisation par lumi-
nescence de NFs à jonctions GaAs/GaAsP/GaP et GaAs/GaAsP axiales a révélé des propriétés
opto-électroniques prometteuses pour des NFs n’ayant pas été passivés avec des méthodes conven-
tionnelles. Cependant, des mesures complémentaires seraient nécessaires pour évaluer les états de
surface de ces NFs, tandis qu’une meilleure conception de l’architecture de ces NFs permettrait un
alignement de bandes améliorant l’extraction des électrons au niveau du contact de type n.

Dans l’ensemble, ce travail de thèse a contribué à des avancées technologiques significatives, et
les caractérisations avancées ainsi que les résultats de simulation présentés ont mis en lumière le
potentiel et les défis des cellules solaires à base de NFs III-V sur Si. A court terme, l’élaboration de
la cellule NFs supérieure reste donc une priorité pour les dispositifs tandem III-V sur Si. Compte
tenu du débat en cours sur la géométrie des jonctions NFs, les cellules solaires NFs à jonctions
radiales devraient continuer à être développées en parallèle de celles à jonctions axiales. Les ef-
forts de recherche doivent pour l’instant encore se concentrer sur des NFs en GaAs pour limiter
la complexité, avant de passer à des alliages ternaires comme le GaAsP, ayant une bande inter-
dite optimale pour une cellule solaire tandem sur Si. Enfin, il est important de garder à l’esprit
que même dans une configuration optimale, il est peu probable que les cellules solaires NFs dé-
passent les performances des dispositifs planaires. Néanmoins, elles peuvent assouplir les exigences
nécessaires pour atteindre des efficacités élevées, et faire apparaître de nouvelles perspectives pour
l’élaboration de cellules solaires III-V sur Si à bas coût. En outre, les connaissances acquises sur
la croissance de réseaux verticaux de NFs, leur caractérisation, mécanismes de dopage, passivation
de surface, planérisation et formation de contacts, pourraient également servir à d’autres domaine
d’application. En effet, les NFs auto-catalysés à base de semiconducteurs III-V sont aussi largement
étudiés pour la fabrication de diodes électroluminescentes, lasers, transistors et photo-détecteurs.
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