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Abstract

Next-generation photovoltaic technologies must achieve high efficiency, use less
material, and allow scalable manufacturing. This study investigates I1I-V
semiconductor nanowires for advanced solar cells and examines their integration
with metal-halide perovskites for hybrid multi-junction devices.

ITI-V nanowires were grown by Au-assisted vapor—liquid—solid epitaxy, with
growth optimization of GaAs, InP, and GalnP revealing the effects of precursors
flow, temperature, and V/III ratio on nanowire structure and heterostructure
quality. GalnP/InP tandem-junction nanowires were then fabricated and char-
acterized. Electron-beam-induced current microscopy refined junction placement
and doping, while processed devices demonstrated voltage addition and confirmed
stacked device operation. However, quantum efficiency characterisation showed
that the GalnP top cell is the current bottleneck, indicating a need for better
surface passivation.

To integrate III-V nanowires with perovskites, the optical properties of hybrid
structures were studied to determine fabrication needs for efficient absorption.
Simulations quantified absorption and photocurrent generation in pure and
hybrid nanowire geometries, highlighting the importance of optical resonances,
material choice, and geometry for efficient multi-junction operation and guiding
absorber structure design.

Guided by these results, hybrid perovskite/III-V nanowire films were fabricated
using solution-based methods, such as inkjet printing and spin-on patterning.
These enable perovskite infiltration into nanowire arrays at low temperatures on
large areas, maintaining strong optical coupling. Although performance is still
limited by interface quality and perovskite stability, the hybrid architecture is a
promising route for scalable, lightweight, and low-material photovoltaics.

Overall, the combined efforts in nanowire growth, monitoring, optical modeling,
device processing, and hybrid integration establish a scalable path for high-
efficiency nanowire-based photovoltaics.
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Popular science summary

Solar energy has the potential to power a wide range of applications, including
residential, industrial, and data center operations, with high efficiency and
affordability. Although current solar panels are essential for renewable energy
generation, even the most advanced commercial devices capture only a fraction
of incident sunlight. This limitation arises because individual solar cells absorb
only specific wavelengths of light. Tandem solar cells, which stack multiple light-
absorbing materials so that each layer harvests a distinct portion of the solar
spectrum, offer a promising solution. This approach reduces energy losses and
can increase efficiency beyond the limits of conventional silicon-based technology.

This thesis investigates a novel approach to tandem photovoltaics that integrates
two advanced materials: III-V semiconductor nanowires and perovskites.

III-V nanowires are extremely thin, needle-like crystals that are thousands
of times slimmer than a human hair. Despite covering only a small fraction
of a surface, their geometry enables efficient light trapping and concentration.
These structures inherently minimize light reflection and can be engineered to
form multiple junctions within each nanowire. Due to their minimal material
requirements, nanowires offer the potential for high performance at significantly
reduced cost compared to traditional III-V devices.

In contrast, perovskites are lightweight, tunable, and cost-effective materials
that have significantly advanced the field of photovoltaics. They demonstrate
high efficiency in converting light to electricity and can be processed using
low-temperature, scalable techniques such as solution processing and inkjet
printing. The bandgap of perovskites can be readily adjusted through chemical
composition, making them suitable partners for integration with nanowire-based
devices.

This work leverages the limited surface area occupied by nanowires as a template
for perovskite deposition. In this design, perovskite material is deposited around
and between arrays of III-V nanowires. The resulting structure, referred to as
an interpenetrated nanowire—perovskite tandem architecture, is designed to:

e capture a greater proportion of sunlight while minimizing material usage,

ix



e combine the high performance of III-V absorbers with the cost-effectiveness
of perovskites, and

¢ exploit the intrinsic anti-reflection and light-trapping properties of nanowires.

To investigate this concept, the thesis examines both the optical behavior of
hybrid tandem structures and the growth and fabrication of III-V nanowire
arrays suitable for advanced solar cell architectures. Optical modeling elucidates
the mechanisms of light absorption, reflection, and loss within these complex
three-dimensional geometries, guiding the optimization of material thicknesses
and interfaces. Concurrently, studies on nanowire growth assess how parameters
such as precursor flow rates, temperature, and surface chemistry influence the
morphology and crystal quality of GaAs and InP nanowires.

Although conventional ITI-V solar cells are currently too expensive for widespread
terrestrial deployment, integrating nanowires with perovskites in this novel
geometry presents a pathway toward high-efficiency, lightweight, and potentially
cost-effective tandem devices. In addition to enhanced efficiency, this research
identifies new manufacturing opportunities, including inkjet-printed contacts
and scalable deposition methods compatible with sensitive materials.

In summary, this thesis provides new insights into the optical behavior of hybrid
nanowire—perovskite systems and the effective synthesis and optimization of these
structures. The findings contribute to the development of future tandem solar
cells that can achieve high efficiency while remaining compatible with scalable
and cost-effective production methods.
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Introduction

Electricity has become the foundation of contemporary energy systems. In
2024, global electricity consumption rose by 4.3%, primarily due to heatwaves,
accelerated electrification in transportation and buildings, and the proliferation of
data centres [1]. The International Energy Agency (IEA) reports that electricity
consumption increased by 1,080 TWh in 2024 alone, nearly double the average
annual growth observed over the previous decade [1]. In response, policymakers
at COP28 committed to tripling renewable capacity by 2030. However, even
the most optimistic deployment scenarios suggest that meeting demand while
reducing emissions will require both large-scale expansion and significant device-
level efficiency improvements in photovoltaics (PV) [2].
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Figure 1.1: Global electricity consumption chart from 1990-2023. Reproduced from
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In this context, photovoltaics (PV) are particularly well positioned due to their
modularity, scalability, declining costs, and suitability for deployment across
utility, commercial, and building-integrated applications [4, 5], as reflected in
the rapid rise of solar generation shown in Figure 1.1. However, the market’s
leading technology, single-junction crystalline silicon, is approaching its theoret-
ical efficiency limit. As of 2025, the highest laboratory efficiency for crystalline
silicon solar cells reached 27.81% (LONGi HIBC architecture, certified by ISFH)
[6], and the highest commercially available silicon module efficiency is 25.4%
(LONGi HPBC 2.0, certified by Fraunhofer ISE) [7]. While new concepts like
interdigitated back contacts, and PERC has led to advances in passivation and
light management continue to enhance silicon performance, the power that can
be extracted from single-bandgap absorbers is ultimately limited by fundamental
loss mechanisms, intrinsic to the solar spectrum, as shown in Figure 1.2a. High-
energy photons rapidly thermalise to the band edge, while sub-bandgap photons
are not absorbed. Additional radiative and entropic losses, including emission
losses, Boltzmann losses associated with entropy generation, and the Carnot
limit on extractable work, further restrict the achievable voltage, as illustrated
in Figure 1.2b. Collectively, these factors establish the Shockley—Queisser limit,
which places the maximum efficiency of a single-junction cell near ~ 33% for
band gaps in the range of 1.1-1.4¢eV [8].
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Figure 1.2: (a) Spectral irradiance of the ground solar spectrum (AM1.5g), partitioned
by different E, absorbers. (b) Detailed balance and losses as a function of the bandgap
E,. Adapted from [9].



These intrinsic limitations motivate the development of multi-junction (MJ) ar-
chitectures, which divide the solar spectrum among multiple subcells to mitigate
both thermalisation and sub-bandgap transmission losses as detailed in Fig-
ure 1.2b. By assigning high-energy photons to wide-bandgap top absorbers and
transmitting lower-energy photons to successively narrower-bandgap junctions,
MJ devices implement spectral splitting to reduce entropy generation and boost
the voltage of each subcell, enabling efficiencies far beyond the single-junction
limit [10].

Planar ITI-V multi-junction cells have set the efficiency benchmark for decades,
consistently pushing the one-sun record beyond 40% through bandgap engineering,
high radiative efficiency, and low non-radiative recombination [11, 12]. The best
certified one-sun III-V multi-junction efficiency is 39.5% [12, 13|, while under
concentrated illumination, four-junction devices have achieved 47.6% at 665
suns [13, 14]. Their terrestrial deployment, however, remains limited by epitaxial
growth costs, expensive substrates (e.g. GaAs, Ge), and complex metallisation
and interconnection schemes, nonetheless the lenses needed for concentrated PV
increase the modules cost and complexity.

1.1 Perovskite

Figure 1.3: Perovskite pseudo-cubic crystal structure, A is the monovalent cation, B
the divalent cation, and X the halide.

Metal-halide perovskites (MHPs), whose crystal structure is depicted in Figure
1.3, have significantly impacted the PV research field by combining direct band
gaps, strong absorption, long carrier diffusion lengths, and relatively benign defect
physics with low-temperature, solution-compatible processing [15-17]. Perovskite
single-junction efficiencies, initially reported by Kojima et al. at 3.5% [18], have
exceeded 25% within just over a decade [13, 19-21]. Notably, their bandgap
is compositionally tunable across approximately 1.2-2.4 eV, facilitating their



application as top or middle absorbers optimised for current matching in tandem
devices [16, 22, 23|. Persistent challenges include environmental sensitivity
(moisture and oxygen), thermal stress [24], ion migration, and mixed-halide
phase segregation in wide-bandgap compositions [25]. Nevertheless, ongoing
advancements in interface engineering, solvent- or vapour-assisted crystallisation,
and additive strategies have enhanced both performance and stability [23, 26,
27]. Concurrently, digital and additive manufacturing techniques such as inkjet
printing have advanced, enabling mask-free patterning, high material utilisation,
and compatibility with roll-to-roll processing [28, 29].

These scientific advancements have already facilitated initial industrial de-
ployments. In 2024, Oxford PV completed the first commercial sale of per-
ovskite—silicon tandem modules, achieving module efficiencies of 24.5% and a
laboratory record of 26.9% for its perovskite-on-silicon tandem architecture
[13, 30]. Simultaneously, LONGi demonstrated industrial-scale progress in per-
ovskite—silicon tandem technology, achieving a world-record certified efficiency
of 34.85% for a two-terminal tandem device in 2025 [31]. These milestones
underscore the rapid transition of perovskite-based tandem technologies from
laboratory demonstrations to scalable industrial products.

1.2 III-V nanowires

(=] (]

Figure 1.4: Schematics of typical bottom-up grown nanowires. (a) Axial nanowires.
(b) Core-shell radial nanowires. (c) Nanowire arrays.

IIT-V nanowires (NWs) represent an alternative approach to achieving high-
efficiency and potentially scalable photovoltaics. Their subwavelength geometry
enables wave-optical resonances, Mie-type scattering, and angular redistribution,
collectively enhancing absorption beyond the geometric fill factor [32-34]. Radial
strain relaxation allows for lattice-mismatched material combinations that are



difficult to achieve in planar heteroepitaxy, while both axial and radial junction
designs can decouple absorption and collection, thereby reducing minority-
carrier path lengths [35, 36]. State-of-the-art NW devices have demonstrated
high external quantum efficiencies and open-circuit voltages. Furthermore,
axially stacked multi-junctions within a single NW, such as GalnP/InP and
GalnP/InP/InAsP, have been realised, including the integration of Esaki tunnel
diodes [37, 38]. However, device-level challenges remain: high sidewall-to-volume
ratios increase surface recombination unless interfaces are effectively passivated;
array uniformity (diameter, pitch, height) influences spectral selectivity and
current matching; and conformal, low-resistance contacts on 3D topographies
require process adaptations beyond those used for the planar counterparts [39—
41].

1.3 Manufacturability: contacts and scalable depos-
ition

Bridging the gap between laboratory-scale devices and manufacturable techno-
logies necessitates innovations focused on cost reduction. Recent research into
cost levers—including substrate reuse, alternative epitaxy, and scalable metallisa-
tion—has demonstrated significant potential [42, 43]. Notably, mask-and-plate
metallisation has been demonstrated on III-V/Si triple-junction cells, where
inkjet-defined plating resist guides electroplated nickel to form narrow, uniform
fingers, thereby replacing costly photolithography without sacrificing efficiency
(31.6% AM1.5G on a 4 cm? device) [44]. In parallel, NREL’s III-V programme
has shown that integrating alternative epitaxy routes, substrate reuse, and ad-
vanced contact design can reduce costs while maintaining high power conversion
efficiency [45]. Nevertheless, terrestrial deployment remains largely limited to
niche, area-constrained applications where absolute efficiency is prioritised over
cost [11, 45].

For perovskites, the manufacturing question centres on process windows that
deliver dense, low-defect films at low temperature across large areas. Inkjet
printing addresses patterning and materials utilisation while remaining compat-
ible with multi-layer stacks and selective deposition; still, print-head reliability,
ink rheology, coffee-ring suppression and interlayer wetting must be engineered
together to avoid pinholes and non-uniform thickness [28]. Solvent-vapour and
hybrid annealing strategies complement deposition by extending nucleation win-
dows and enabling Ostwald ripening, which increases grain size and reduces trap
densities without aggressive thermal budgets, critical for flexible substrates and



for integration atop temperature-sensitive bottom cells [46].

1.3.1 A hybrid opportunity: perovskites on III-V nanowires

Integrating perovskites with III-V nanowire (NW) architectures seeks to combine
the spectral tunability and low-temperature processing advantages of MHPs with
the advanced light-management and high-voltage potential of III-V absorbers.
Nanophotonic concepts developed for perovskites, including photonic crystals
and metasurfaces that optimise absorption and emission while reducing parasitic
losses, offer design flexibility for interpenetrated geometries in which perovskites
are deposited around and between NWs [47, 48]. In this configuration, the NW
array functions as an intrinsic anti-reflection and light-trapping medium, utilising
only a fraction of the III-V material [34]. Key integration challenges include: (i)
achieving conformal perovskite infiltration or coating in high-aspect-ratio arrays
without voids or passivation damage; (ii) ensuring chemically and electronically
benign interfaces to prevent Fermi-level pinning and non-radiative losses at the
III-V/MHP interface; (iii) developing front-contact schemes with low series
resistance and minimal optical shading on three-dimensional surfaces; and (iv)
maintaining reliability under thermal cycling, damp heat, and ultraviolet (UV)
exposure, with encapsulation methods compatible with additive manufacturing
(26, 27, 44].

1.4 Outline

This thesis investigates III-V NW and their integration with perovskites for
tandem application through two complementary approaches. First, optical
modelling is developed and applied to interpenetrated tandem designs that
leverage the compact footprint of NW arrays, quantifying reflectivity, parasitic
absorption, and current matching in both two-terminal and three-terminal
configurations. Second, the fabrication and growth parameter space of I1I-V
NW arrays suitable for advanced PV, including axial multijunction integration
and evaluation of process levers. Together, these studies aim to advance the
understanding of hybrid NW-perovskite tandems and to identify pathways toward
high-performance, scalable multijunction solar cells. The thesis is developed in
the following chapters:

¢ Chapter 2: Theoretical Background
Introduces the fundamentals of p—n junction operation, recombination and



transport, and the principles behind multi-junction solar cells, providing
the theoretical framework used throughout the thesis.

Chapter 3: Methods

Describes the experimental and modelling tools employed in this work,
including MOVPE nanowire growth, lithography and processing steps,
perovskite deposition, and the optical modelling approach.

Chapter 4: Processing and Characterisation
Presents the fabrication of nanowire and hybrid devices, together with
the electrical, optical, and structural characterisation techniques used to
evaluate junction quality and device performance.

Chapter 5: Summary and Results

Summarises the main findings of the three studies: growth optimisation of
GaAs nanowires, optical modelling of nanowire—perovskite tandems, and
electrical analysis of GalnP/InP tandem nanowires.

Chapter 6: Conclusions and Outlook

Highlights the key insights gained and outlines the remaining challenges
and future opportunities for advancing III-V nanowire and hybrid per-
ovskitenanowire multi-junction photovoltaics.






Theoretical Background

¥

2.1 Working principle of the p—n junction

p—n junction is the canonical solid-state structure used to separate and

collect photogenerated carriers in a solar cell. The p region is prepared
such that the equilibrium hole density satisfies p > n, while in the n region the
equilibrium electron density satisfies n > p. The gradient in carrier concentration
drives the diffusion of majority carriers across the interface, where they become
minority carriers on the opposite side. The fixed ionised substitutional dopants
form a space charge region that establishes an internal electric field in a depletion
region around the junction; far from the interface, charge neutrality is restored.
Under illumination, electron—hole pairs are generated in the absorber. Efficient
operation requires suppressing minority-carrier flow to the wrong terminal while
extracting majority carriers with minimal loss; this selectivity is achieved by
doping and the use of thin, selective-transport layers at the contacts.

2.1.1 Equilibrium band diagram

At thermal equilibrium, there is no net current, and the Fermi level Er is
spatially constant as shown in Figure 2.1. In the nondegenerate limit, the carrier
densities follow Boltzmann statistics:

Ec—FE Er—F
n:NCexp<—CkBTF>7 pZNVeXp<—Fv>7 (2.1)



where N¢ and Ny are the effective densities of states, kg is Boltzmann’s constant,
and T is the absolute temperature; the mass—action law holds, np = n? with n;
the intrinsic carrier density. For an abrupt homojunction, the built-in (diffusion)
potential is

NaNp ) , (2.2)

qVei = kpT'In ( >

1

with q the elementary charge and N4, Np the acceptor and donor concentrations.
Within the depletion approximation, the space charge is attributed solely to
ionised dopants.

Ec
Ec
Ey Er
Ly

Figure 2.1: Energy-band diagram of a p—n junction at thermal equilibrium. The
conduction band F¢, valence band Ey/, and Fermi level Er are shown; Er is constant in
equilibrium. Dashed lines indicate the intrinsic level Er; in the p and n regions. Band
bending across the depletion region gives the built-in electrostatic potential qV;.

Charge neutrality implies that:

Nawpp = Npwpp, (2.3)

where wp, and wp, are the depletion widths extending into the p and n sides,
respectively. The electrostatic potential profile across the depletion region follows
from Poisson’s equation,

dx \da cs ZS[ND(‘%) —n(z) = Na(z) + p(z)], (2.4)

d(d¢> _r@) _q
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and, within the depletion approximation, p(z) ~ +¢qN4 on the p side and
p(z) ~ —qNp on the n side. Integrating Poisson’s equation over the depletion
region relates the total depletion width W = wp, + wp, to potential drop
(Vi — V), yielding:

2es [ 1 1
W =wp,+wpp=|—|——+— |V —V), 2.5

Dp Dn \l q <NA ND>( bi ) ( )
with 5 = £,69 the semiconductor permittivity, &, the relative permittivity, ¢ the
vacuum permittivity, and V' the applied voltage; reverse bias (V' < 0) increases
W, while forward bias (V' > 0) decreases it. A useful electrostatic length is the

Debye length:
ESk‘BT
Lp =4/ 2.
D q2N 9 ( 6)

with N ~ pg in p-type or N ~ ng in n-type material; Lp is the screening distance
over which mobile charge neutralises potential perturbations and provides a
quick consistency check for the depletion approximation near graded edges.

2.1.2 Carrier transport

Doping determines the majority-carrier type and the position of Er at equi-
librium, and, at the same time, defines the contact selectivity of conductivity.
Introducing the mobilities p. and py, the local conductivities are g, = quen
and op = qupp. At the electron-selective contact, one seeks o, > op so that
electrons transmit while holes are blocked; at the hole-selective contact, one
seeks oy > 0.. Thin, wide-gap windows or transport layers, and ultrathin
passivating/tunnelling inserts, strengthen this asymmetry without impeding
majority extraction. Note that the difference in conductivities determines device
operation, including architectures that rely primarily on carrier-selective layers.

In the classical drift-diffusion model, let ¢ denote the electrostatic potential
and E = —V¢ the electric field. The conduction-band edge satisfies E¢(x) =
—qo(x) + const. In steady-state, isothermal, nondegenerate conditions, the
carrier currents are

je = quenE +¢D.Vn,  j, = —qunpE + ¢DpVp, (2.7)
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with D, and Dy, linked to the mobilities by Einstein’s relation D = ukgT'/q.

Using Eq. (2.1), together with VEo = ¢E (from Ec = —q¢ + const) and
Einstein’s relation, taking VInn and V Inp and substituting into the diffusion
terms causes the field contributions to cancel exactly. The currents, therefore,
reduce without further approximation to the quasi-Fermi-level form.

Je = 0.VEpy,, h= UhVEFpa (28>

which explicitly states that the gradients of the electrochemical potentials (the
quasi-Fermi levels) are the macroscopic driving forces for transport.

Continuity couples transport to generation G and recombination R,

on . op
o =G RB-Vii/e, 5=

5t G—-R-V-ju/q,

and Poisson’s equation (2.4) links ¢ to the space-charge density.

2.1.3 Under illumination

Open circuit. With open terminals, as shown in Figure 2.2a, the steady-state

condition is G = R. Using Eq. (2.1), np = n? exp(%). Inside the thin

depletion region, the quasi-Fermi levels are nearly flat; the terminal photovoltage
equals the splitting between the energy levels at the contacts:

qVoc = Epn — EFp- (29)

Introducing the dark recombination current density Jy, the short-circuit current
density Jgc, and the ideality factor 7, the illuminated current—voltage relation

J(V) = Jsc = Jo [exp(ser ) — 1] (2.10)

gives

_ T Jsc
Voo = In( ¢ 4 1). (2.11)
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[@] Open Circuit (V) [b] Loaded (MPP) Short Circuit (Zs)

Figure 2.2: Band diagrams for a p—n junction under illumination. (a) Open circuit
(Voe): In the absence of external current extraction, the separation between the
quasi-Fermi levels Ef,, and FFr, is maximal, corresponding to the photovoltage at the
terminals. (b) Maximum power point (MPP): Under a finite load, a voltage V7, is
established, reducing the internal barrier compared to equilibrium and allowing power
extraction. (c) Short circuit (Jg¢): With V = 0, the quasi-Fermi levels converge
toward the contacts, reflecting maximal collection of photogenerated carriers.

Short circuit. At V =0, as shown in Figure 2.2¢, the terminal current equals
the net extracted photocarriers. Interband absorption for photon energy hv > E,
sets the local generation profile.

G(z; hw) = a(hw)P(hw) e~ ), (2.12)

where « is the absorption coefficient and @ the spectral photon flux. Device optics,
such as anti-reflective coatings, texturing, and light trapping, reshape G(x). The
local collection probability, set by fields, transport, and recombination, defines
the internal quantum efficiency IQE(\); spectrally, the short-circuit current
density is

Jsc = q / EQE(\®(\) d\  EQE = A-1QE (2.13)

with A the absorptance and EQE the external quantum efficiency, defined as
the ratio of the number of extracted charge carriers to the number of incident
photons at a given wavelength.
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Maximum power point (MPP). With a finite load, as shown in Figure 2.2b,
the operating point is the intersection of the illuminated diode curve and the
load line. The power density P(V) = J(V)V peaks at the maximum power
point, and the fill factor is

_ Jupp Vmpp

FF
Jsc Voo

(2.14)

Series resistance depresses Varpp, as quasi-Fermi drops are needed to sustain
current, while shunt paths reduce low-voltage current. High majority-carrier
conductivity in transport regions and strong contact selectivity preserve Vyipp
and FF.

2.1.4 The ideality factor n

The ideality factor i parameterises how the exponential part of the J-V curve
responds to applied voltage:

J(V)~Jy exp(ng%) (forward bias, moderate V).

It measures the effective coupling between the terminal voltage and the internal
quasi-Fermi separation that drives recombination. In the ideal diffusion/radiative
case, 1 = 1; when depletion-region Shockley—Read—Hall recombination dominates,
1 tends toward 2. Intermediate values reflect mixed mechanisms or spatially
distributed recombination, which can be ascribed to different origins:

o Drift/diffusion in quasi-neutral regions: Minority carriers injected across
the junction recombine primarily in the quasi-neutral bulk with rates
proportional to excess minority density; this is the ideal diode with n = 1.

o Depletion-region SRH recombination: If midgap defects are significant in the
space-charge region, the recombination current there scales approximately
with exp(¢V/2kgT), giving n ~ 2 (low-level injection). [49]

e High-injection and series resistance: At high forward currents, injected
carriers become comparable to majority densities (high injection), and
ohmic drops appear in quasi-neutral regions; both effects can yield apparent
n > 1 and curvature in semi-log J-V.
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e Heterojunction/transport layers: Voltage can drop partly across transport
layers or at interfaces; if recombination is localised in regions that do not
experience the full terminal quasi-Fermi splitting, the extracted n exceeds
1.

Since recombination currents are proportional to integrals of np over regions
where recombination occurs, and np o« exp[(Ep, — Erp)/kpT], n quantifies how
efficiently the terminal voltage V' maps onto the local quasi-Fermi separation in
the active recombination zone(s). If the recombination sees only a fraction of the
terminal splitting, e.g. barriers, band offsets, imperfect transport, the apparent
7 rises above 1.

2.1.5 Diffusion length of minority carriers

In low-level injection, minority-carrier transport in a quasi-neutral region obeys
D = d>An/dz? — An/T = 0 with solution An(z) = Ae®/L 4+ Be=*/I and

T
L—vDr, D-"ksT (2.15)
q

where D and p refer to the diffusion coefficient and mobility of the relevant
minority carrier. The lifetime 7 is the harmonic sum of radiative, SRH, Auger,
and surface components. It sets the distance a minority carrier can diffuse
before recombining, determines how much of the generated photocarriers can
be extracted, and links process parameters such as surface passivation directly
to Jso and indirectly to V¢, since a longer 7 reduces Jy. These concepts are
taken into account in the device and optical design.

In this framework, surface recombination plays an important role, as NWs have
a high surface-to-volume ratio. At a surface x = 0, defect states can remove
carriers at a rate quantified by the surface recombination velocity S. In 1D, the
minority-carrier flux equals the net removal rate:

jo B,y = aSaAn(0),  jn-8],_, = aS,Ap(0) (2.16)

An optimal surface passivation leads to small S and allows higher minority excess
at the surface and hence higher collection; large S reduces An and Ap near the
surface, reducing the collection of carriers generated close to the surface.

15



2.1.6 Esaki tunnel diodes

An Esaki (interband) tunnel junction (TJ), illustrated in Figure 2.3 is a heavily
degenerate ptt-nTT junction. Its depletion region is sufficiently narrow to
permit direct band-to-band tunnelling. Its J-V characteristic features a low-
forward-bias tunnelling branch and a regime of negative differential resistance
(NDR) as the occupied and empty states move out of resonance. At higher
forward bias, there is a transition to the ordinary diffusion/excess current of a
conventional p—n junction [50-52].

Esaki Tunnel Diode

ptt nt+

Figure 2.3: Energy band diagram of an Esaki diode featuring degenerate doping levels.
The overlap between the conduction band on the n-side and the valence band on the
p-side enables carrier tunneling (red arrow), the primary transport mechanism under
reverse and low forward bias.

In a two-terminal tandem architecture, the tunnel junction (TJ) is deliberately
operated very close to zero bias, on its quasi-ohmic low-forward-bias flank, so
that it provides majority-carrier recombination between sub-cells with minimal
series loss. Electrical and optical transparency are achieved by implementing
very thin, wide-band-gap, heavily doped layers, and by controlling interfacial
fields to avoid parasitic recombination [53].

Because the TJ is in series with the photovoltaic junctions, the tandem current
equals the sub-cell current throughout the stack. The terminal voltage is the
sum of all voltage drops, described by the equation:

V;Sot - Vop - VTJ + %ot: (2'17)

The minus sign reflects the Esaki diode’s orientation relative to the photovoltaic
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junctions. In operation, V7 ; remains small compared to the sub-cell voltages.

A central electrical constraint is that the tunnel diode’s peak tunnelling current
density Jpeax exceeds the series Jgc). If Jpeak < Jsc, the TJ limits current at
low forward bias; with appreciable series resistances characterised by (hysteresis)
since multiple operating points exist in the NDR region [54, 55].

Different regimes arise from the bias applied: under reverse bias the TJ is highly
conductive, as electrons tunnel from the p™* valence band into empty conduction-
band states on the n™" side; at low forward bias, alignment of occupied and empty
states yields a large tunnelling current; as the forward bias is increased further
and the energetic alignment between these states is lost, the tunnelling current
decreases even though the voltage increases, resulting in negative differential
resistance (NDR); at sufficiently high forward bias, tunnelling becomes negligible
and the junction behaves as a conventional p—n diode dominated by diffusion
and excess currents. Solar cells are operated at low bias conditions for the Esaki,
which allow to avoid the problematic NDR region, keeping the TJ near the
quasi-ohmic tunnelling [50-52].

From a materials and integration standpoint, wide-gap, very thin, heavily doped
layers are preferred for the TJ to achieve a balance between electrical and optical
transparency. Diffusion barriers and controlled thermal budgets help limit dopant
spill-over, which would otherwise degrade sub-cell selectivity and Voo [54].

2.2 Multi-junction solar cells

Multi-junction (MJ) solar cells stack semiconductor absorbers with different band
gaps to harvest complementary spectral slices and reduce thermalisation and
transmission losses. The stack can be contacted in several ways, leading to two-
terminal (2T), three-terminal (3T), and four-terminal (4T) architectures.
Each architecture trades off device simplicity, electrical constraints, optical
coupling, and module-level interconnection complexity [56].

Two-terminal (2T) tandems. In 2T tandems, in Figure 2.4a, the subcells
are series-connected and therefore must pass the same current; the device current
is limited by the lowest-current subcell, while the open-circuit voltage adds ap-
proximately as the sum of the subcell voltages. This current-matching constraint
tightens the allowable top/bottom band-gap pair and thickness window and can
make the energy yield sensitive to spectral and temperature variations if not
properly designed. Nonetheless, when current-matched and optically /electrically
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Figure 2.4: Tandem solar-cell architectures. (a) In 2T (monolithic) devices, subcells
are series-connected and must operate at the same current. (b) 3T designs introduce a
middle terminal that decouples subcell currents while maintaining mechanical integration.
In 4T (mechanically stacked) tandems, each subcell operates at its own maximum-power
point, though additional transparent interlayers introduce optical and electrical losses,
and wiring complexity increases the overall system cost.

optimised, 2T tandems can match or exceed the annual energy production of 4T
tandems once realistic interconnection losses are included [56].

Three-terminal (3T) tandems. Three-terminal tandems introduce an addi-
tional terminal, typically a middle or back contact (Figure 2.4b), that decouples
the subcell currents while preserving mechanical integration. They thereby relax
current-matching, expand the viable band-gap design space, and can deliver
higher energy yield than 2T in variable outdoor conditions; however, they also
introduce new measurement and loading conventions (two coupled outputs) and
additional contact /series pathways that must be standardised for fair comparison.
The community now uses a unified taxonomy for 3T devices (e.g., “series-type,”
“reverse-type,” “split-terminal” designs) and recommends reporting conventions
that sum subcell powers at their stabilised operating points under clearly specified
loading topologies [57].

Following the 3T taxonomy and measurement guidance [57], the total device
power is the algebraic sum of the simultaneously extracted subcell powers under
the specified loading topology (e.g., one port held at a bias while the other is
swept, or simultaneous MPP tracking in two dimensions); “zero-power points”
play a role analogous to Voo and Jgo for each subcell. Consistent reporting
requires declaring: (i) the 3T category (e.g., series-type S, reverse-type R,
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split-terminal, etc.), (ii) loading topology and stabilised operating condition, and
(iii) any coupling (electrical/optical) modelled or measured (e.g., luminescent
coupling)

From a module perspective, voltage-matched strings of 3T cells can avoid
current-matching constraints while keeping interconnection complexity lower
than fully independent 4T strings; rigorous analysis compares 2T, 3T, and 4T at
the module level under real spectra, temperature, and wiring losses [56].

Four-terminal (4T) tandems. In 4T tandems (Figure 2.4c), each subcell has
its own pair of terminals and operates at its independent maximum-power point;
by construction, current matching is not required, and the optical/electrical design
of each subcell can be optimised separately. In principle, this yields the highest
cell-level power. In practice, the required transparent conducting interlayers and
lateral current transport between subcells introduce optical (parasitic absorption,
back-scattering) and electrical (sheet-resistance, grid shading) penalties that
erode the advantage, especially in module form. Recent optics/TCO design
studies and experimental 4T work quantify these penalties and show routes
to mitigate them (e.g., optimised TCO thickness/mobility, finger pitch, and
refractive-index matched interlayers), but they remain system-level considerations
when comparing architectures [58].
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Methods

3.1 Metalorganic Vapour Phase Epitaxy

etalorganic Vapour Phase Epitaxy (MOVPE) is a vapour—solid method
M in which volatile group—III and group—V precursors are transported to a
heated crystalline substrate, where they adsorb, decompose, and incorporate
epitaxially. The growth rate and film quality result from the balance of (i)
hydrodynamics and diffusive transport across the near-substrate boundary layer,
and (ii) surface reaction kinetics comprising adsorption, ligand elimination,
surface diffusion, incorporation at steps, and desorption of by-products [59, 60].

3.1.1 Growth regimes and reactor design

At sufficiently low temperature or pressure, the growth rate is limited by surface
reactions; at intermediate temperature, mass transport through the hydro-
dynamic boundary layer dominates; at high temperature and long residence
times, parasitic depletion (wall reactions, gas-phase decomposition, homogeneous
nucleation) can emerge. Reactor design (horizontal, vertical, radial/planetary)
and operating pressure (atmospheric or reduced pressure) are chosen to minimise
recirculation and dead volumes, thin the boundary layer where desired, and
enable rapid, well-defined gas switching for abrupt heterointerfaces. The epitaxial
growth of the nanowire arrays discussed in this thesis was performed using an
Aixtron 200/4 horizontal flow reactor, which is schematically shown in Figure 3.1.

The input V/III ratio is a practical handle on the interfacial stoichiometry.
Under conditions where group—III species are fully consumed at the growth
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Figure 3.1: Simplified schematic of an Aixtron 200/4 MOVPE reactor showing hydrides
supplied from high-pressure cylinders and metalorganic precursors from temperature-
controlled bubblers, with separate delivery lines preventing intermixing before the growth
chamber.

front, changing the group—V flow primarily adjusts the effective V/III at the
interface, thereby influencing surface reconstructions, defect propensities, and
the branching between competing surface reaction pathways.

3.1.2 Gas precursors

Group—III sources. Trimethyl and triethyl metalorganics remain the prin-
cipal group-III precursors. Trimethylgallium (TMGa), trimethylaluminium
(TMAL), and trimethylindium (TMIn) offer high vapour pressures and efficient
surface-mediated decomposition over the relevant temperature range. TMIn is
the most common In source due to its compatibility with atmospheric-pressure
growth of InP and related alloys, and its high reaction efficiency. TMGa is
commonly used for growing Ga-based semiconductors due to its significantly
lower cost [36, 61-65]. Triethylgallium (TEGa) is widely used as an alternative
to TMGa because it pyrolyses at significantly lower temperatures [66], making it
a more efficient Ga source under the low-temperature conditions [66-68].

Group—V sources. Arsine (AsHj3) and phosphine (PH3) remain standard
group V sources. Their markedly different thermal cracking kinetics require higher
V/III (and/or precracking or higher T") for PH3 than for AsHs. Organometallic
group—V alternatives, notably tertiarybutylarsine (TBAs) and tertiarybutylphos-
phine (TBP), known for their low toxicity, enable lower pyrolysis temperatures
and can provide uniform, device-quality layers across several I1I-V systems at
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the expense of a complex decomposition chemistry and high manufacturing cost.

Dopant precursors. Intentional doping in MOVPE employs gaseous precurs-
ors that deliver the dopant to the growth front with controllable incorporation
and minimal memory effects. In the context of this work, III-V nanowires and
in particular InP and GaAs, for p-type layers, diethylzinc (DEZn) is used owing
to its high solubility and shallow acceptor level, with ionisation energy ~30meV,
though its relatively fast diffusion at typical growth temperatures constrains
thermal budgets and junction abruptness. For n-type layers, hydrogen sulphide
(H2S) supplies sulphur on the group-V sublattice with efficient incorporation;
however, despite the strong thiol bond [69], it does not alloy with the Au particle,
reducing the memory effect while providing a high doping concentration. Sn can
be introduced from tetraethyltin (TESn) and, in contrast to S, alloys with the Au
particle; as a group-1V element, Sn is amphoteric in III-V compounds, though
in ITII-V nanowires it is reported to act as a donor. In practice, choice of DEZn,
H,S, or TESn [64] is guided by the target conductivity type, required abruptness,
and post-growth thermal constraints, while growth conditions are tuned to fix
lattice-site selectivity and maximise the degree of electrical activation.

3.1.3 Bubblers and Epison

Metalorganics are commonly delivered from temperature-controlled bubblers,
where carrier gas establishes an outlet partial pressure governed by the precursor’s
vapour pressure at the setpoint. Accurate delivery requires stable thermal control,
well-characterised vapour curves, minimal pressure drops and cold spots, and
short, purged switching manifolds to sharpen transients. In-line metrology, such
as Epison-type acoustic/ultrasonic flow—concentration sensing, can track the
actual precursor partial pressure and molar flow in real time. Coupled with
pressure control and in-situ optical probes (e.g., reflectometry), this enables
closed-loop control of composition, growth rate, and interface transients with
production-level uniformity.

3.1.4 Operational principles

The MOVPE process relies on supplying metal-organic group-III precursors and
group-V hydrides in the vapour phase, where thermal decomposition on a heated
substrate leads to crystalline epitaxial growth. Once the precursor mixture enters
the reactor, the carrier gas establishes a laminar flow profile over the susceptor.
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The flow geometry, reactor pressure, and total gas velocity together determine
the thickness of the diffusion boundary layer that separates the well-mixed gas
stream from the near-surface region. In this regime, surface reaction kinetics are
sufficiently fast that incorporation becomes mass-transport limited, with the flux
of reactive species set by diffusion from the high-concentration gas phase toward
the substrate, driven by the concentration (chemical potential) gradient.

As the precursor molecules approach the heated substrate, several reaction
pathways may occur simultaneously, as shown in Figure 3.2. In favourable
conditions, parent molecules reach the surface largely intact, where they physisorb
or weakly chemisorb before undergoing heterogeneous pyrolysis. The released
group-11T and group-V species then form chemisorbed fragments that migrate
across the surface until they are incorporated into energetically favourable lattice
sites. Depending on the local temperature, pressure and precursor chemistry,
part of the decomposition may instead occur upstream in the gas phase or lead
to adduct formation, resulting in the subsequent removal of these products in
the gas phase [59]. If the temperature or partial pressures are too high, however,
undesired parasitic reactions dominate, consuming precursor flux and potentially
generating particles or powder suspended in the gas stream. These parasitic
channels modify the local stoichiometry. While a limited amount of material
deposited on the reactor walls can establish a stable background partial pressure,
excessive deposition, especially of strained material, can induce film cracking
and lead to crystal debris falling onto the susceptor and substrate.

Once adsorbed and pyrolysed, the reactive surface fragments diffuse until they
either desorb or incorporate into the crystal. The incorporation process depends
critically on the density of steps, kinks and other low-energy sites available on
the growth front. At low substrate temperatures, the pyrolysis and incorporation
reactions are slow, and the growth rate follows Arrhenius behaviour, characteristic
of the kinetically limited regime. Increasing the temperature eventually moves
the system into the mass-transport-limited regime, where decomposition at the
surface is rapid and the overall growth rate is determined by the rate at which
precursors diffuse across the boundary layer. Further increases in temperature
enhance desorption and promote precursor depletion via homogeneous reactions,
ultimately reducing the net deposition rate.

Throughout the process, ligand fragments and other by-products formed at the
surface must desorb efficiently and be swept away by the carrier gas. Stable ex-
haust conditions are essential to avoid re-adsorption of by-products, back-diffusion
of contaminants, or virtual leaks that would perturb the precursor partial pres-
sures. The interplay between hydrodynamic transport, gas-phase chemistry,
and interfacial reaction kinetics therefore forms a tightly coupled system. The
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Figure 3.2: Schematic illustration of the elementary steps of MOVPE. (a) Precursor
gases are transported into the reactor chamber. (b) Diffusion through the boundary layer
and adsorption onto the heated substrate (b’ intermediate species). (c) Heterogeneous
pyrolysis of adsorbed precursors on the surface (¢’: homogeneous gas-phase pyrolysis).
(d) Gas-phase reactions that may lead to particle or powder formation. (e) Adatoms
diffusion and crystallisation (f) Desorption of by-products and unreacted species and (g)
removal to the exhaust. Adapted from [60] and [59].

precursor arrival flux determines the surface reaction rate, while the thermal ex-
pansion of the incoming gas at the surface shapes the boundary-layer composition
and feeds back on the mass transport upstream.

3.2 Talbot Displacement Lithography

Talbot Displacement Lithography (TDL) exploits the Talbot self-imaging of a
periodic, phase-shift mask under deep-UV illumination. The diffracted orders
form a three-dimensional intensity lattice that reproduces the mask pattern at
axial intervals (Talbot periods). During exposure, the substrate is translated
along the optical axis through multiple Talbot periods, thereby integrating
the optical field, reducing sensitivity to the exact gap, and yielding uniform,
wafer-scale periodic patterns without contact [70].

The methodology relies on the Talbot effect, where coherent light passing through
a periodic pattern generates several diffraction orders that replicate the mask’s
pattern at regular axial intervals. The Talbot distance is

A
1—/1-X2/p2

Dr =
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with A the illumination wavelength and p the pitch of the periodic mask [71].

For catalyst patterning, a double-resist stack is used in which a developable
bottom layer acts as a non-imageable anti-reflective coating and simultaneously
provides the undercut needed for lift-off. A common stack consists of a deep-UV
resist on PMGI: after exposure and development, the PMGI undercut is already
formed, and the diameter of the resist openings can be tuned by the accumulated
dose. This enables two routes with a single mask: (i) direct transfer of 200 nm
holes into a dielectric by reactive-ion etching to obtain an epitaxial growth mask,
or (ii) metal deposition and lift-off to obtain Au nanodiscs for vapour-liquid-solid
(VLS) nanowire seeding, as illustrated in Figure 3.3. DTL in III-V systems has
been benchmarked in several works demonstrating sub-100-nm periodic arrays
with excellent wafer-scale uniformity and high resolution; however, achieving
these results requires precise control over both stage motion and environmental
humidity [70, 72, 73]. The catalyst arrays then define the seed diameter and pitch
for subsequent MOVPE nanowire growth in the VLS configuration, preserving
the pattern fidelity inherited from the DTL mask [70].

2] o]

Figure 3.3: SEM images of results of Displacement Talbot Lithography exposure. (a)
Exposed double-resist stack; the inner circles set the Au seed diameter. Scale bar: 1 pm.
(b) Au seed particles after lift-off. Scale bar: 1 pm.

3.3 Catalyst-assisted axial growth

The vapour—liquid-solid (VLS) mechanism, originally formulated for Au-Si
whiskers [74, 75], provides the foundational description of Au-assisted nanowire
growth, and its concepts apply as well to III-V semiconductors. Under typical
MOVPE conditions, the catalyst particle may be liquid, partially solidified, or
entirely solid depending on its composition and the growth temperature [76, 77].
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As precursors are supplied, group-111 species dissolve into the Au particle, leading
to the formation of a liquid eutectic droplet (Fig. 3.4b). Regardless of its phase
state, axial growth is governed by the supersaturation at the particle-nanowire
interface. Once the concentration exceeds the solubility limit, precipitation
occurs underneath the Au catalyst particle, initiating the nucleation of the
semiconductor bilayer (Fig. 3.4c).

In the steady-state regime (Fig. 3.4d), the interface conditions result from three
coupled factors: (i) the effective V/III ratio at the droplet—facet interface, set by
precursor arrival and desorption; (ii) the adatom fluz collected on the substrate
and nanowire sidewalls and subsequently transported into the particle [78-80];
and (iii) the instantaneous droplet state: its composition, and wetting angle [81,
82]. These parameters evolve continuously during growth, giving rise to dynamic
shifts in supersaturation and nucleation behaviour.

The axial growth cycle proceeds through four coupled steps as illustrated in
Figure 3.4. First, group-III species dissolve into the catalyst until the chemical
potential exceeds the solubility limit [75]. While group-V species impinge on
the particle and the triple-phase line (TPL), owing to their negligible solubility
in Au, they participate directly in nucleation at the interface. Heterogeneous
nucleation initiates at the TPL, where the interfacial energy budget is minimised
[83, 84], local fluctuations in droplet shape and wetting angle may further lower
the nucleation barrier [82]. Finally, the new bilayer spreads laterally across the
top facet until completion [82, 85, 86].

Both the supersaturation threshold and the nucleation pathway are strongly
influenced by the local V/III ratio and the diffusive flux of group-11I adatoms
from the surrounding surfaces [79, 80, 87]. The axial growth rate is determined
by the combined contributions of direct impingement on the droplet and adatom-
mediated supply, while the nucleation attempt frequency is dictated by the
droplet supersaturation; the droplet’s evolving contact angle modulates the size
of the nucleation perimeter and the preferred crystal phase [82, 84].

Crucially, while the catalyst promotes axial elongation, the group-III adatom
flux may also contribute to vapour solid growth on the substrate surface. This
results in parasitic growth that competes with the nanowire for precursor con-
sumption, potentially affecting the final homogeneity and composition of the
ternary compound [88, 89].
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Figure 3.4: Schematic representation of the VLS growth mechanism. (a) Solid Au
catalyst particle on the substrate. (b) Alloying stage: group-III precursors saturate the
Au seed, forming a liquid eutectic droplet. (c) Nucleation: reaching supersaturation leads
to the precipitation of the first semiconductor bilayer at the interface. (d) Steady-state
axial growth, highlighting the adatom flux and the competition with external substrate
and sidewall parasitic growth. Adapted from [74].

3.3.1 Gallium Arsenide

Gallium arsenide (GaAs) has played a central role in establishing the founda-
tions of III-V nanowire research. As a direct—bandgap semiconductor with high
carrier mobility, GaAs rapidly proved attractive for nanoscale optoelectronics.
In nanowire geometry, it further distinguishes itself by combining reliable cata-
lyst—assisted growth, strong tunability of crystal phase, and consistently high
structural and optical quality under appropriate conditions. Historically and
conceptually, GaAs therefore became the reference material for understanding
III-V nanowire growth dynamics.

The earliest demonstrations of III-V nanowires grown by MOVPE showed that
trace surface Au on GaAs(111)B initiates vapor-liquid-solid (VLS) nanowhisker
growth with diameters down to 20-30 nm [90, 91]. These studies established that
Ga accumulates in the Au particle after precursor decomposition and that axial
growth initiates once the droplet becomes supersaturated and nucleates a new
monolayer at the liquid—solid interface. Even in these first experiments, GaAs
nanowires exhibited wurtzite (WZ) segments, rotational twins, and stacking
faults, highlighting the material’s inherently flexible stacking sequence under
(111)B growth. Such polytypism would later become central to both fundamental
studies and device concepts.

28



GaAs nanowires are typically grown by MOVPE between 400-550 °C. In this
range, the Au—Ga droplet remains supersaturated in Ga while maintaining a
stable wetting configuration at the triple-phase line, enabling rapid layer—by—layer
nucleation. At temperatures above this window, parasitic deposition on the
sidewalls increases markedly, resulting in tapering and loss of diameter control.
At lower temperatures, the decomposition of TMGa becomes rate-limiting, as
supported by classical MOVPE pyrolysis studies [92]. Under such conditions,
axial growth persists but with significantly reduced precursor supply, making
droplet supersaturation and Ga transport the limiting steps [78, 93].

The state of the Au catalyst and its wetting configuration at the triple—phase
line have also been shown to influence nucleation behaviour, defect formation,
and growth direction [79, 85, 94]. RHEED and TEM studies demonstrate that
small changes in droplet composition or contact angle can alter the nucleation
barrier for zincblende (ZB) versus wurtzite (WZ) stacking and can thereby
promote stacking faults, rotational twins, or extended WZ segments [77, 95].
Such sensitivity arises because the crystal phase is selected during the monolayer
nucleation at the droplet perimeter, where the balance of interface energies and
supersaturation determines whether a ZB or WZ nucleus is thermodynamically
favoured.

This polytype tunability directly influences the optical properties of GaAs
nanowires. Defects such as rotational twins or stacking faults introduce type—II
band offsets at ZB/WZ interfaces, which localise carriers and modify recombina-
tion pathways [96]. Pure WZ segments exhibit a slightly larger bandgap than
7ZB GaAs, while mixed—phase regions can host quantum—disk—like states with
characteristic redshifted emission. These features are relevant for optoelectronic
applications, since both radiative efficiency and carrier transport depend sensit-
ively on the local stacking sequence. For high—quality GaAs nanowires free of
planar defects, photoluminescence spectra are dominated by near—band—edge
emission, reflecting the material’s intrinsically favourable optical characteristics.

3.3.2 Indium Phosphide

Indium phosphide (InP) emerged among the III-V semiconductors, particularly
for high-speed electronics and photonic devices operating at telecommunication
wavelengths. InP nanowires combine excellent intrinsic optical properties and
a low surface recombination velocity compared to other III-V semiconductor
materials [97, 98]. The introduction of the HCI enabled a larger parameter
space for InP growth, which became a key model system for understanding pre-
cursor chemistry, droplet-mediated supersaturation, and the origins of polytype
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formation in ITI-V nanowires [99-104].

Early MOVPE experiments demonstrated that vertically oriented, uniform InP
nanowires can be grown using Au seed particles under low-pressure conditions
[105]. In these studies, trimethylindium (TMI) and tertiary-butyl phosphine
(TBP) act as precursors, and the Au particle forms a nanoscale Au-In eutectic
droplet after a high-temperature annealing step. This droplet establishes the
vapor-liquid-solid (VLS) growth front and acts as an efficient sink for group-III
species. Growth occurs at temperatures around 430-500 °C, yielding nanowires
with diameters of 20-25nm and lengths around 700 nm after only one minute
of growth. These early InP nanowires already exhibited rotational twins and
stacking faults along the (111) axis of the NW, features typical of III-V nanowire
growth where monolayer nucleation at the triple-phase line sensitively determines
the local stacking sequence [105].

Growth-parameter dependencies indicate that InP nanowire formation is governed
by the balance between droplet supersaturation and the kinetic suppression of
substrate growth. At low temperatures, incomplete TMIn decomposition limits
the material supply to the Au-In droplet, preventing sustained supersaturation
and resulting in negligible axial growth. At intermediate temperatures, efficient
precursor cracking enables droplet supersaturation, leading to nucleation and
precipitation, while substrate growth remains kinetically limited, favouring stable
axial nanowire growth. At higher temperatures, enhanced adatom mobility and
efficient crystal growth on the substrate reduce this kinetic selectivity, suppressing
nanowire formation despite adequate precursor decomposition [105]. This overall
picture is consistent with more general kinetic analyses of III-V nanowire growth,
which show that the balance between direct impingement, adatom diffusion,
and droplet incorporation determines both axial and radial dimensions [78, 93].
Unlike GaAs, however, InP is particularly sensitive to the group-V precursor
kinetics; an insufficient supply of P enhances the probability of defect formation
and changes in droplet composition.

A distinctive feature of InP nanowires compared to their bulk counterpart is
their polytypism. Undoped MOVPE-grown InP nanowires typically crystallise in
the WZ structure, often containing numerous stacking faults [79, 106, 107]. The
preference for WZ has been attributed to favourable surface energies of WZ side
facets and nucleation energetics at the liquid—solid interface under VLS conditions.
Algra et al. demonstrated that adjusting the droplet composition—particularly
through Zn doping—can reversibly switch the crystal structure from WZ to ZB
and even induce long-range ordered twinning superlattices (TSLs) [107]. Their
work provides a quantitative model linking droplet shape distortion, nucleus
geometry, and the free-energy governing monolayer nucleation. The ability to

30



control ZB/WZ phase selection and twin periodicity in InP nanowires represents
one of the most advanced examples of phase-engineered III-V nanowires [108].

Optical characterisation shows the important material properties. MOVPE-grown
InP NWs exhibit strong room-temperature and low-temperature photolumines-
cence (PL), frequently with a measurable blueshift relative to bulk InP due to
quantum confinement in diameters of 20-30 nm [105]. At 77 K, additional shifts
arise from strain relaxation effects specific to nanowire geometry, where lateral
strain remains partially frozen, modifying the band structure. In addition, the
inherently low surface recombination velocity of InP [98] allows efficient radiative
recombination even in nanowires without dielectric passivation—an important
advantage for optoelectronic applications such as single-nanowire photodetectors
and light-emitting diodes. The strong excitonic emission observed in high-quality
WZ and mixed-phase structures reflects the low density of nonradiative centres
and the robustness of the electronic structure to variations in stacking sequence.

3.3.3 Gallium Indium Phosphide

Gallium indium phosphide (Ga;In;_,P) is a composition-tunable ternary I1I-V
compound semiconductor, with possible direct bandgap in the range 1.34-1.97eV
corresponding to composition 0 < x < 0.68 [109]. It has long been the material
of choice for the upper cell in record-efficiency I1I-V multijunction devices, since
it is lattice-matched to GaAs for z = 0.5, but its thin-film growth remains
challenging [12, 110-112].

In nanowire geometry, GalnP further benefits from the inherent elastic strain
relaxation, enabling compositionally flexible hetero-interfaces that are difficult to
realise in planar layers, allowing even WZ GaP with a direct bandgap of 2.1eV
[113]. These characteristics have made GalnP a key material for the top junction
of axial III-V nanowire tandem solar cells and, more recently, as an efficient
low-bandgap branch material in diffusion-driven light-emitting architectures [114,
115].

MOVPE growth of GalnP nanowires proceeds by the Au-assisted VLS mechanism,
as detailed in section 3.3. However, GalnP exhibits a distinct sensitivity to
precursor kinetics, particularly in the choice of group-III metalorganics. The
gallium precursor was supplied by TEGa, since it provides a higher effective Ga
supply, improved axial growth rate, and alloy homogeneity [66]; while indium was
supplied by TMIn, which decomposes efficiently across the entire growth range.
These kinetic differences make the input molar fractions and consequently the
relative incorporation of Ga and In at the TPL the primary control parameters
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for setting the alloy composition = in GagzIny_,P.

The optimal temperature range for GalnP nanowire growth is typically 420-480 °C.
Within this window, precursor pyrolysis is sufficiently efficient to sustain super-
saturation in the Au catalyst, while radial growth from vapour-solid pathways
remains kinetically limited. At higher temperatures, enhanced gas-phase pyrolysis
and increased adatom mobility promote significant radial deposition, tapering,
and compositional gradients. These effects are amplified in ternary alloys: the
unequal diffusion lengths and surface residence times of Ga and In adatoms
strongly affect their incorporation probabilities, with Ga exhibiting a shorter
surface diffusion length and higher desorption rate than In. As a result, inad-
vertent enrichment toward the tip or along the wire can occur unless the V/III
ratio, pitch, and Ga precursor chemistry are optimised [64, 89].

Compositionally, GalnP nanowires pose challenges similar to those encountered
in other ternary III-V systems. In adatoms may diffuse from the substrate
or sidewalls into the catalyst droplet, especially at lower V/III ratios, causing
an unintended axial increase in In concentration. Conversely, insufficient Ga
pyrolysis can cause local Ga-limited growth, creating radial or axial composition
gradients [116-118].

3.3.4 Control of the V/III ratio at the growth interface

The effective V/III at the particle-facet perimeter determines supersaturation,
nucleation barrier, and polytype selection [119]. For Au-seeded GaAs, As-rich
conditions bias ZB, while Ga-rich conditions bias WZ, consistent with in-situ
and post-growth correlations between crystal phase and droplet wetting angle/-
composition [79, 87, 120]. Importantly, the same nominal V/III change can
traverse two distinct regimes: a group V-limited window at lower V/III and a
group III-limited window at higher V/III. WZ appears when the effective arrivals
of IIT and V at the interface are closely balanced; moving away from this balance
produces first mixed stacking (short WZ/ZB segments) and then phase-pure
ZB—either for low V/IIT (V-limited) or for high V/III (III-limited)[120]. Prac-
tically, the interface V/III is set by precursor flows and cracking, surface sticking
and adatom lifetimes, the competition between axial and radial consumption,
and the droplet state (composition and contact angle) [121].

In-situ TEM reveals complementary growth dynamics: zincblende segments
often advance through a rapidly oscillating triple-phase line, whereas wurtzite
segments grow predominantly by step-flow; transitions between the two correlate
with changes in droplet wetting angle and alloy composition [79, 82, 87].
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Additives and local tuning Gas-phase chlorides provide a direct means to
tune the local III/V ratio and sidewall kinetics. In GaAs, introducing a controlled
HCI flow during MOVPE does not significantly affect the Ga-containing species
prior to incorporation; instead, it increases the interfacial V/III ratio and drives
a transition from WZ (Ga-rich) to defect-free ZB, producing atomically abrupt
WZ—7B interfaces. The axial growth rate decreases accordingly, while well-
defined {110} ZB facets. emerge [121].

In InP, HCI reacts predominantly in the gas phase, and likely also heterogeneously
at the exposed surfaces, to form volatile InCl, species. Because the In-Cl bond
is strong (~1.5€V) [122], these chlorinated indium species possess a much longer
diffusion length than native In adatoms, resulting in strongly anisotropic, gas-
phase—mediated etching. This mechanism suppresses tapering and enables
decoupled control over axial and radial nanowire. evolution [99, 100].

3.3.5 In-situ LayTec reflectometry for real-time metrology

Multiwavelength optical reflectometry, such as LayTec EpiR/EpiTT, provides
in-situ tracking of NW length, array-modal signatures, and instantaneous axial
rate with sub-second resolution [123, 124]. Interference fringes formed by re-
flections at the array top and the substrate yield the length at wavelength A
via

m(At) A
2ncsp(A)

where m is the fringe order and n.ss the pattern-specific effective index (set by
pitch and diameter). In practice, ncs¢()) is pre-calibrated for each pattern or
obtained from an initial fit, after which fringe counting provides real-time length
and growth-rate traces. Short-time features-slope changes, phase shifts-mark
gas switching and dopant on/off transients (e.g., DEZn), enabling immediate
adjustment of flows and temperature to stabilise the targeted regime [123, 124].

L(t) = (3.1)

3.4 Characterization methods

3.4.1 Scanning electron microscopy (SEM)

SEM forms images by scanning a tightly focused electron probe over the surface
and detecting low-energy secondary electrons (SE) emitted from the near-surface
region. Because the SE yield is influenced by edges and sidewall orientation, SEM
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is particularly effective for tracking NW morphology. In this work, plan-view
images at normal incidence are used to read out pitch, ordering, and site occu-
pancy, whereas a modest stage tilt (30°) enhances sidewall contrast to extract
axial length and taper; lengths from tilted views are corrected for the applied
tilt. Low beam energies are chosen for dielectric or polymer-embedded arrays to
keep the interaction volume shallow and to suppress charging; under these condi-
tions, SE contrast remains dominated by topography rather than composition.
Backscattered-electron detection is only invoked when qualitative Z-contrast is
needed (e.g., to confirm a metal cap or contact layer), while SE images serve as
the basis for quantitative metrology. The same field areas are revisited before
and after processing steps (planarization, tip exposure, transparent contact de-
position) to monitor changes in geometry and verticality, providing a consistent,
non-invasive, purely geometrical characterisation used throughout to corroborate
optical/EBIC measurements and to parameterise growth and processing models.
Modern SEM often provide transmission mode electron microscopy (STEM). A
converged probe is rastered through a thin lamella, and the transmitted electrons
are recorded by annular detectors. Bright/dark-field STEM resolves defects and
interfaces via diffraction contrast. STEM is used selectively for cross-checks
when SEM metrology and electrical /optical data disagree or when sub-20nm
features must be resolved.

3.4.2 Electron-beam-induced current (EBIC)

EBIC probes the local carrier-collection efficiency by scanning a focused electron
beam and recording the induced current between selective contacts. In the
notation used throughout this thesis, the measured current at beam position a
is written as b
Ippic(a) = Q/ 9(z — a) é(z) dz,

LUfC
where g(x — a) is the generation profile (set by Ej and the stack) and ¢(x) is the
collection probability governed by drift in the space-charge region and minority-
carrier diffusion in quasi-neutral regions [125, 126]. In low-injection conditions,
¢(x) decays with an effective diffusion length Lesy that depends on bulk lifetime
and surface recombination; via reciprocity, ¢(z) equals the normalised minority-
carrier distribution in the dark [125, 126]. Cross-section EBIC therefore enables
extraction of xgcr and Less (from Ep-dependent profiles), while plan-view EBIC
maps lateral non-uniformities across arrays [125]. Practical pitfalls—surface
recombination at the cross-section, high-injection artefacts, electron-channelling
contrast, and unintended surface-current paths—are mitigated by moderate I,
Ey 2 8-10kV, and amplifier ranges matched to nanoampere-scale signals [125,

34



126].

Single-NW devices in SEM For vertically standing single NW solar cells, a
nanoprobe forms the top contact while the substrate/back electrode closes the
circuit, whose schematic is illustrated in Figure 3.5. Coupling EBIC with an
in-SEM, fibre-delivered LED allows light 7 —V on the same NW and a direct
comparison to its EBIC profile [127]. EBIC linescans reveal how junction depth,
compensation in mid-segments, and surface recombination shape axial collection;
the short-circuit current under optical excitation scales with the integrated
collection near the optical generation maximum but does not track the EBIC
area linearly because EBIC excitation volumes and injection levels differ from
the optical case [127]. As an additional single-NW case study, EBIC can resolve
oxide-induced field effects: embedding InP p—i-n NWs in PO, /Al,O3, gives
raise to surface fixed charges, which act as a parasitic junction, reducing the
intensity of the electrostatic potential along the NW solar cell, which is visible
as a systematic shift /reshaping of the EBIC peak [128].

2] o)
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Figure 3.5: (a) Schematic of the single NWs EBIC measurements setup. (b) Image of
the nanoprobe shuttle.

Processed NW arrays On fully processed arrays, plan-view EBIC rapidly
discriminates contacted from non-contacted regions, identifies shunted patches,
and quantifies the electrical impact of etch-back and top-contact geometry (e.g.,
dome- vs doughnut-like TCO around tips) [129]. Cross-section EBIC verifies
that the as-grown axial collection is preserved after processing and separates
contributions from the NW, embedding dielectric, and substrate; sweeping Ejp
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deconvolves ring-like perimeter signatures from the beam interaction volume [129].
For axially stacked sub-cells (e.g., GaInP/InP tandems), EBIC with controlled
optical/electrical bias allows sub-cell-resolved mapping and the identification of
parasitic junctions (e.g., at tunnel diodes) [130].

3.4.3 Current—voltage (I-V) and EQE

Iluminated I —V curves are measured under 1000 Wm~2 AM1.5G using a
calibrated reference and spectral matching. The figures of merit—-Jsc, Voo, F'F,
n—follow the standard definitions; two-terminal tandems are verified by voltage
addition and current limitation by the weaker subcell. For NW arrays, series
resistance (front TCO /metal grid) and tip-contact resistance frequently limit
FF; we combine dark and light I —V with Suns—Vpc when needed to separate
transport from recombination.

EQE()) is recorded with a monochromated, chopped probe and calibrated
photodiode; DC bias light and electrical bias selectively activate subcells in
tandem structures. We use

Ipn(N)

qP(A)
and the reciprocity between EQE and electroluminescence to cross-check junction
quality and quasi-Fermi-level splitting in the radiative limit. In NW tandems,
partial EQE with spectral biasing or reverse bias isolates the current-limiting
subcell and quantifies parasitic absorption in transparent contacts and dielectrics.

3.5 Lithography

Photolithography is a parallel patterning technique that employs a physical
photomask—typically a quartz plate with a patterned chrome layer—to shadow
and transmit UV light onto a photoresist-coated substrate [131]. While this
method allows for high-throughput manufacturing, it remains inherently rigid;
any modification to the device architecture necessitates the fabrication of a new,
costly mask set.

Mask-less lithography (MLA) removes the photomask from the exposure loop
and writes patterns directly from a digital layout onto photoresist. Among
mask-less approaches, a widely used class is projected, spatial-light-modulator
(SLM) lithography, where a digital micromirror device (DMD) serves as a virtual
mask. By utilising a DMD to modulate UV light at wavelengths of 375 nm or
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405 nm, the system achieves spatial light modulation, enabling the direct-write of
CAD-defined geometries with sub-micron resolution [132]. This digital approach
is particularly advantageous for the fabrication of optoelectronic devices, as it
enables real-time compensation for substrate bow and provides the flexibility
to adjust contact geometries without the temporal or financial constraints of
physical mask fabrication [133]. Furthermore, the non-contact nature of the
MLA 150 minimises surface contamination, ensuring that the electronic and
optical properties of the MOVPE-grown layers remain uncompromised during
subsequent processing steps such as metallization or dry etching [134].

3.5.1 Atomic layer deposition

Atomic layer deposition (ALD) is a subtype of chemical vapour deposition in
which the sample is exposed to precursor vapours in a cyclic manner. Each cycle
ideally produces one atomic layer, allowing precise control over the total film
thickness. Because the reactions are self-limiting and based on surface chemisorp-
tion, ALD provides conformal coatings even on high-aspect-ratio structures such
as nanowires.

Step 1: 1st Precursor Pulse Step 2: Purge
Repeat Cycle 8) © o 69 ‘
o8 A &3 qg e &
Q ‘ ”. -

Step 4: Purge Step 3: 24 Precursor Pulse

Figure 3.6: Schematic ALD cycle.

A typical cycle consists of several steps and uses two precursors in alternating
sequence. First, the initial precursor chemisorbs onto available surface sites and
forms a saturated monolayer. After a purge step removes excess precursor and
by-products, a second precursor is introduced to react with the surface layer and
form the desired material. A final purge completes the cycle, which can then be
repeated until the target thickness is reached.

In this work, SiO, and AlsOs deposited by thermal ALD were used as the
dielectric material. This process ensures the formation of dense, uniform films
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at low temperature and demonstrates excellent conformity along the nanowire
sidewalls.

3.5.2 Mixed Metal Halide Perovskites

Mixed metal-halide perovskites (MAPb(I;_,Br,)s) have become a reference thin-
film absorber by combining direct bandgaps and large absorption coefficients,
together with a "soft" ionic lattice that confers high defect tolerance compared
with more covalent semiconductors. Their bandgap can be tuned across the
visible to meet the 1.7-2.0eV window required for top or mid absorbers in
multijunction solar architectures [22, 135, 136].

Broad analyses of perovskite devices show that process techniques proven efficient
for bandgaps near 1.6eV do not translate to wider bandgaps. In particular, a
pronounced efficiency dip and a scarcity of stable, high-performance results
emerge between 1.7-2.0eV. Device-level studies attribute this behaviour to
increased non-radiative losses (bulk and interfacial) and light-induced halide
segregation in Br-rich alloys, yielding large Voo deficits unless contact stacks
and surfaces are re-optimised (e.g., via self-assembled monolayers, 2D /3D caps,
and better-aligned charge transport layers) [137, 138].

Experimentally, the hallmark of segregation is an immediate red-shift and re-
weighting of the PL spectrum under above-bandgap illumination, with emission
funnelled into emergent iodide-rich (narrower-gap) domains even when these
occupy a tiny volume fraction. Optical mapping and time-resolved probes reveal
a multi-stage pathway. Stage 1 (seconds): nanoscopic I-rich clusters nucleate
and dominate the PL while the host remains largely unchanged optoelectron-
ically apart from carrier funneling. Stage 2 (minutes to hours): composition
redistributes more broadly; the low-energy PL band stabilises as I-rich islands
coarsen. Spatial PL maps indicate preferential nucleation where the initial PL
yield is low, implicating defects and local chemistry [136, 139, 140].

These observations stringently test mechanism proposals. Representative thermo-
dynamic pictures (polaron-induced strain or carrier free-energy/gap arguments)
rationalise local stabilisation of low-gap pockets under carrier population [141,
142], but quantitative comparison shows that, at one-sun densities, the free-
energy gain is insufficient to drive the large, film-wide composition shifts of
Stage 2 [140]. A kinetic description is therefore required: illumination in-
creases mobile point-defect densities (notably halide vacancies), raising the
effective diffusivity in carrier-rich regions and enabling gradient-driven coarsen-
ing. Temperature-dependent optical tracking yields an activation energy of
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~23kJmol~! for the extended reorganisation (Stage 2), whereas Stage 1 remains
temperature-independent, consistent with ultrafast funneling into nanoscopic
I-rich clusters; a minimal 2D model coupling photo-activated, vacancy-assisted
diffusivity to chemical-potential-driven transport reproduces the two-stage kinet-
ics and their composition trends [140, 143].

Device-level consequences follow: in-situ tracking shows modest Voc loss (tens
to ~100 mV) but a much larger Jsc drop, because carriers funnel into isolated
I-rich pockets that are poor extraction pathways [144, 145]. Mitigation routes
emphasised for wide-gap cells include (i) reducing interfacial recombination with
tailored HTL/ETL energetics, SAMs, and ultrathin 2D caps; (ii) bulk and grain
boundaries passivation (e.g., appropriate ammonium halides/alkanediammoni-
ums); and (iii) composition/strain management to curb defect formation and
slow ion migration, all of which improve PLQY, QFLS, and stabilised Vo [138].
Finally, an observer effect is evident: at X-ray doses well below those that
form Pbly, XEOL quenching and transient low-energy emission appear, and
controlled pre-doses can even suppress subsequent light-segregation, which is a
direct evidence that defect chemistry governs both instability and its apparent
mitigation [146].

3.6 Optical modelling

Geometrical optics provides a comprehensive framework for understanding how
light interacts with macroscopic objects. In this formulation, light behaves as rays
with defined paths of propagation, and its material properties are determined
by its refractive index. The propagation of light through a medium adheres to
Fermat’s principle, asserting that light traverses the path that minimises travel
time. The speed of light in a medium depends on its refractive index and is
defined as ¢ = ¢p/n, where ¢y represents the speed of light in a vacuum.

At the interface between two media with distinct refractive indices, denoted as
ny and ng, an incident ray splits into two components: a refracted (transmitted)
ray and a reflected ray, both lying within the incident plane. The relationship
between the incident angle and the refraction angle follows Snell’s law:

n1sinf, = nysin sy (3.2)

However, geometrical optics cannot describe effects arising from light’s wave
character and polarisation. In nanostructures, the object size is comparable to the
wavelength of light. The interference of light waves scattered from these features
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can dominate the optical response of the whole sample. Thus, appropriately
modelling the optical response of nanostructures requires solving Maxwell’s
equations. Electromagnetic optics provides a description for phenomena such as

interference, diffraction and polarisation. It comes from the intuition that light
is an electromagnetic wave, with its polarisation characterised by the wave’s
vector.

In this work, Maxwell’s equations are solved in JCMwave, which describes the
electromagnetic field in the frequency domain [147]. The electromagnetic field
is the sum of the harmonic components of angular frequency w, thus can be
described by the complex phasors E(r), H(r) of electric and magnetic field
components respectively:

E(r,t) = Re{E(r)e ™"} (3.3)

H(r,t) = Re{H (r)e !} (3.4)

In this work, we assume that the materials we consider are non-magnetic, linear,
isotropic, and exhibit local optical response. These conditions together lead to
the following formulation of Maxwell equations in the frequency domain.

V x E = iwugH (3.5)
V x H = —iwe(r,w)eg E (3.6)
EWVWxp 'V E-WE=0 (3.7)

Where 19 = 47-1077 V- A=t -m~! is the permeability in vacuum, e(r,w) = € +ie’
is the relative permittivity, €g is the dielectric permittivity in vacuum. It is worth
explicitly stating the relation between the relative permittivity and the complex
refractive index e(r,w) = n(r,w)?.

The growing complexity and miniaturisation of nano-optical components make
simulations indispensable. As devices approached the scale of a wavelength of
light, the rigorous solution of Maxwell’s equations became a key to designing

optical components, assessing their feasibility, and supporting experimental
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results. Many techniques have been employed to solve the electromagnetic
problem. FEM is applied to the Maxwell equation to discretise the differential
operator. The optical model was numerically solved using the finite element
solver JCMsuite [147]. The mesh was constructed such that the maximum side
lengths in each material were less than a quarter of the material-dependent
wavelength. The basis function polynomial degree was adapted on each element
to achieve a target accuracy of under 0.1%. This typically results in polynomial
degrees of 3-4 for most elements. The transparent boundary conditions are set
using perfectly matched layers. The reflectance and transmittance into the InP
substrate were calculated by integrating the outgoing flux density at the top
and bottom computational domain boundaries, respectively. The absorptance in
each domain was calculated by integrating the electromagnetic field absorption
density. The spectral response was calculated in the visible range by varying the
wavelength from 410 nm to 980 nm in 10 nm steps. The obtained absorptance was
used as the upper limit of the external quantum efficiency (EQE) by assuming
that all absorbed photons contribute to the obtained current density, effectively
setting the device’s internal quantum efficiency to unity. The current density is
then given by:

- 980nm: A(N)D anr1.54(N)
Jph =€ ZlOnm E(A) “ (3.8)

Where e is the electron charge, A(\) is the absorptance, ¢(\) is the AM1.5g
solar spectrum and F(A) is the photon energy per wavelength. The current
density outside the active layers is calculated to estimate losses due to parasitic
absorption.
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Processing and
Characterization

4.1 NWs solar cell fabrication

he fabrication of III-V nanowire (NW) solar cells is a multi-stage process
that converts as-grown NW arrays into electrically isolated devices, as
illustrated in Figure 4.1. After growth, the arrays are coated with a conformal
SiO, shell deposited by ALD, typically using TTBS and TMAI precursors to
introduce a small Al content (~0.6%), which improves film density and adhesion.
Similar SiO, shells are widely used in InP-based NW devices due to their ability
to suppress surface recombination on the high-aspect-ratio nanowire sidewalls,
thereby preserving carrier lifetime and the open-circuit voltage. As highlighted
in previous NW device studies, effective sidewall passivation is essential because
unpassivated surfaces dominate nonradiative recombination, especially in axial
p-i-n junctions where the depletion region extends along a significant portion
of the nanowire length. While SiO, is well-suited for InP NWs, other III-V
materials, such as GalnP, may require alternative dielectric passivation layers,
e.g., Al,bO3 or mixed PO, layers, to achieve optimal interface quality.

To enable lithography and the formation of the top contacts, the NW arrays are
embedded in a spin-coated polymer matrix, typically benzocyclobutene (BCB,
Cyclotene 3022-46) or S1818. The polymer fills the voids between nanowires,
mechanically stabilises the array, and provides a planar surface suitable for
photolithography. It reduces the electrical length of the transparent conductive
oxide. A controlled reactive-ion etching (RIE) step is used to recess the polymer
until the Au catalyst particles are exposed. A second RIE step selectively removes
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the SiO,, exposing the Au catalyst particle.

a. NW Growth b. ALD Passivation c¢. BCB Embedding

|I] I Au Pad

d. Catalyst Removal e. Contacting
E WmPNW O SiO, 1 BCB
= ITO @ Gold Seed/Pad

Figure 4.1: Sequence of the NW solar cell fabrication process. (a) As-grown InP NWs
on the growth substrate with Au catalyst seeds still present at the tips. (b) Conformal
passivation via ALD, depositing a SiO, shell. (¢) Planarization with a spin-coated
polymer (BCB), embedding the array to provide structural support for the top contact.
(d) Catalyst and oxide removal: RIE etching to recess the BCB and SiO,, followed
by wet etching in HoSO4 and KI/I5 to remove the gold seeds. (e) Device completion:
sputtering of the transparent ITO top electrode and final metallization of the Au probe
pads.

The Au catalyst particles must be completely removed before device contacting,
since residual Au at the nanowire tips acts as an optical reflector, a recombination
centre, and a source of parasitic alloying with the SiO, shell. Incomplete removal
can also cause Fermi-level pinning and electrical shunting, which degrade device
performance. Removal is carried out using a wet-etch sequence consisting of a
brief sulfuric acid dip to dissolve native oxides and prepare the Au interface,
followed by KI/Iy etching to dissolve the metallic Au. Finally, the samples are
rinsed in deionised water. Complete seed removal is essential to ensure stable
and reproducible ITO-to-NW electrical contacts.
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The subsequent lithography steps define the device area (DA), the transparent
top electrode, and the metal pads for probing, as illustrated in Figure 4.2. A hard-
baked S1828 photoresist frame is patterned around each device, mechanically
stabilising the polymer-embedded NW array and electrically isolating adjacent
cells. Within the DA, the nanowire tips remain exposed for the formation of the
transparent top contact. Indium tin oxide (ITO) is sputtered onto the sample,
and an S1813 mask protects selected regions during an HCl-based selective etch
that removes ITO between devices. This ensures that each device area contains
an isolated parallel-connected ensemble of nanowires. Finally, Ti/Zn/Au pads
are defined by lift-off to provide robust and low-resistance probe contacts. The
Zn interlayer is included to promote an ohmic contact to p-type InP substrates.
This vertical contacting scheme allows millions of nanowires to be connected in
parallel while maintaining device-to-device electrical isolation.

Step 1 Step 2 Step 3

E ITO Contact B AuPad B S1828

Figure 4.2: Top-down view of the device processing flow. Step 1: Definition of the
active area through a hard-baked S1828 photoresist frame. Step 2: Sputtering and
selective etching of the ITO transparent conductive oxide. Step 3: Evaporation of the
Au bus-bar and probe pads via lift-off process.
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4.2 Perovskite deposition

4.2.1 Spin-coating

Spin-coating is the primary method for solution-based thin film deposition. It
stands as one of the most commonly employed techniques for perovskite solar cell
processing. Firstly, the precursor solution is deployed to the substrate fixed to the
spin-coater, generally by vacuum and rotated. The solution excess is removed due
to centrifugal force. Film formation depends upon the supersaturation, defined
as the ratio between solute concentration and solubility limit. The resulting film
thickness is influenced by precursor concentration, solution viscosity, temperature,
and spin speed. Processing perovskites by spin-coating requires an understanding
of the crystallisation to obtain full coverage and controlled morphology of grains
and their boundaries. Despite the advancements obtained through spin-coating,
it is not applicable to large-scale manufacturing since 95-98 % is wasted during
the spinning process. Moreover, it is difficult to scale up this technique while
maintaining the layer uniformity.

4.2.2 Inkjet printing

While spin-coating remains the most used method for perovskite processing. The
interest in inkjet printing was fostered by its scalability, allowing for technology
transfer to large-area industrial production by increasing the size of the printer
and the number of nozzles. This method allows for the precise control of
micrometre-scale ink droplet deposition without the need for masks or physical
contact. It can achieve notable resolutions, enabling a droplet spacing in tens of
micrometres. Moreover, inkjet printing technology can be used across various
fields, including display printing, solar cell manufacturing, and sensor production.

Inkjet printing can be classified based on how droplets are formed and released,
with continuous inkjet printing (CIP) and drop-on-demand (DOD) inkjet printing
being the primary types. In DOD inkjet printing, the release of droplets is
controlled by an acoustic pulse, determining the expulsion of ink from a reservoir
through a nozzle. The pressure pulse, resulting from the contraction of the
chamber, ejects the ink out. Consequently, once ink droplets are formed, they are
applied to the substrate. The pressure pulse primarily arises from the mechanical
deformation of piezoelectric ceramics or the expansion and rupture of bubbles,
depending on the mechanism employed to generate the acoustic pulse. DOD
inkjet printing has demonstrated optimal performance, allowing for the precise

46



formation of individual ink droplets.

Initially designed for small-area devices, this technique was first applied to inkjet-
printed perovskite solar cells, exemplified by a 0.16 cm? device that achieved
a power conversion efficiency of 12.3% [148]. The introduction of novel inks
further expanded the capabilities of inkjet printing, leading to the development
of triple-cation devices with a power conversion efficiency of 12.9% [149]. Demon-
strating the adaptability of this approach, Néasstrom et al. [29] implemented an
algorithm to control ink quantity and a series of printheads for depositing differ-
ent perovskite compounds with varying bandgaps and halide compositions. This
method not only showcases the versatility of inkjet printing but also introduces
a rapid investigation technique for diverse compounds, spacings and resolutions,
offering potential applications in the fabrication of multi-junction solar cells.

4.2.3 Results: Inkjet printing on NWs solar cells

[v]

R AN G 28 LA Gl

Figure 4.3: Inkjet-printing of M APbBrs on NWs solar cell. (a) Capture from the
printer camera, the film formation follows the defects of the underlying structure. (b)
Cross-sectional view of perovskite printed on the NW bottom cell. Scale bar: 500 nm.

To assess the feasibility of the structure, the bottom cell underwent additional
processing with perovskite to assess the solution’s penetration between the
nanowires (NWs). Employing a PIXDRO LP50 inkjet printer, the experiment
utilised a sonicated and filtered solution. Following a 30-minute sonication, the
samples underwent ozone treatment for 15 minutes before being transferred to
an Ny glovebox.

The optimisation of nozzle droplet ejection initially focused on achieving a thinner
coverage to prevent over-flooding surrounding areas. MAPbBrs was chosen as
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the perovskite for this experiment due to its reported stability [150] and its
wide bandgap of approximately 2.25eV, which makes it a suitable candidate
for 3T multijunction solar cells. In this context, its absorption onset at 550 nm
simplifies the analysis of the bottom cell. In Figure 4.3, a optical microscope
image and a SEM image illustrate the challenge of achieving uniformity in the
layer. The perovskite starts crystallising immediately after droplet release, and
the device’s size (800pm x 800 pm) imposes limitations on achieving better
control over coverage, thereby impacting the resulting thickness.
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Figure 4.4: (a) EQE of the bottom cell with and without MAPbBr3 on top, the
decrease in EQE in the bottom cell follows the light absorption in the perovskite. (b)
Roughness measured with a profilometer. The uniformity across the sample is poor.

The external quantum efficiency profile of the bottom cell is depicted in Figure
4.4a. A comparison with the solar cell lacking perovskite on top reveals that
the spectrum subtracted from the bare InP solar cell aligns with simulation
results. However, the reduction in the spectrum of the bare NWs solar cell
for wavelengths beyond 550 nm is more prominent than anticipated by the
simulation. This discrepancy can be attributed to increased reflectivity. In
the simulation, the reflectivity contribution doubles from 1.5 mA/em? to 3.0
mA/em?. This phenomenon is likely exacerbated by the non-uniformity of
the layer, as evidenced by the profilometer measurements in Figure 4.4b. The
I/V curve presented illustrates a slightly lower Vo and short-circuit current,
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attributable to the reduced amount of absorbed light in the bottom cell.

4.2.4 Nanoprobe characterisation of the Tandem solar cell

Multi-junction devices were fabricated using a spin-coating technique, in a
similar fashion to Lee and collaborators [151], thus depositing a hydrophobic
self-assembled monolayer (SAM) covering the surface outside the bottom cell
device area. Figure 4.5 illustrates the device fabrication sequence. Panel (a)
shows the steps involved in fabricating the bottom cell, from nanowire growth, as
discussed in Section 3.3, to the completed devices, including passivation and the
definition of contact areas. The finished bottom cell (Fig. 4.5b) is subsequently
coated with a hydrophobic self-assembled monolayer (SAM) and patterned to
promote adhesion of the perovskite active layer exclusively on the bottom-cell
device area (Fig. 4.5¢). Then, perovskite (MAPbBr3) and CuSCN (HTL) are
spin-coated, and the top ITO contact is sputtered. The sample is covered with
photoresist, which is then developed outside the DA to pattern perovskite, HTL
and ITO. In Figure 4.5d, the result of the previous steps is shown with an
optical image of the top cell fabrication.

[&] [b]

“““Hydrophobic SAM ~’ 1 17777 Hydrophobic SAM 77~

Hydrophobic SAM [l Bottom ITO Contact |l  Perovskite/HTL/ITO

Figure 4.5: Device fabrication. (a) Top view schematic of the bottom cell. (b) On
top of the bottom cell device area (DA), perovskite and CuSCN (HTL) are spin-coated,
top ITO contact is sputtered. The sample is covered with photoresist, which is then
developed outside the DA to pattern perovskite, HTL and ITO. (c¢) Final tandem device
after photoresist stripping using a perovskite-friendly solvent. Scale bar: 400 pm.

Due to adhesion issues and the important observed roughness, it was difficult to
measure a full device, so the tandem structure was measured using the setup
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detailed in section 3.4.2. In this way, it was possible to inspect an area of interest
and contact directly the ITO layer, keeping the contact between subcells.

When scanning with the electron beam, it was possible to obtain a current
generation map of the structure (Fig. 4.6a), the lower end value is expected
from multi-junction structure, since the current maximum is set by smallest
current, and due to the high bandgap of the top cell ~ 2.35 eV. Nanoprobe I/V
characteristic under the electron beam illumination (Fig. 4.6b), shows that the
Voc is higher than the respective subcells for a total of Voo = 2.74V, proving
tandem operation, though the FF is small. Though the performances of the
device are limited by the roughness of the layers and the quality of the contacts,
the demonstration of operation opens up the path for future optimisation.
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Figure 4.6: Device characterisation of the tandem structure, considering contributions
from four NWs. (a) Electron-beam-induced current map of the Tandem cell. Scale bar:
250 nm. (b) I/V under electron beam illumination proving the voltage addition between
the subcells and their operation in Tandem junction configuration.

50



Summary and Results

¥

his thesis is based on the results reported on three complementary studies.
Their focus is on the development, characterisation, and modelling of I1I-V
semiconductor nanowires for photovoltaic applications and their integration
with perovskite materials. Paper I describes the electrical and structural ana-
lysis of vertically processed GaInP/InP tandem junction nanowire solar cells,
decoupling the semiconductor material quality, characterised by EBIC meas-
urements, from processing-induced device bottlenecks. In Paper II, nanowires
and perovskite/III-V tandem solar cells are investigated using optical model-
ling to establish the critical layer thicknesses that determine absorptance and
reflectance. The model accounts for two-terminal and three-terminal electrical
configurations, which require different approaches. The study reported in Paper
IIT is an extensive epitaxy investigation of GaAs nanowire arrays across a broad
MOVPE parameter space, aiming to determine the growth conditions that lead
to defect-free nanowires.

5.1 Paper I

Nanowires, with their high surface-to-volume ratio, are particularly suitable for
tandem solar cells, since they allow integration of lattice-mismatched materials
through strain relaxation in the vertical direction and degenerate doping profiles
that enable Esaki tunnel diodes, making them electrically and optically trans-
parent and allowing current to flow between the subcells.

This work focuses on the fabrication and characterisation of vertically processed
GalnP/InP tandem nanowire solar cells. EBIC measurements were used to
evaluate the electrostatic potential profile of single nanowires prior to device
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Figure 5.1: SEM and EBIC characterisations GaInP/InP NW. (a) SEM image of
an NW contacted with a tip. Annotation shows the position of the bottom InP n—i—p
junction, the p-GalnP /n+-InP Esaki tunnel junction, and the top GaInP n—i-p junction.
(b) The EBIC image was recorded under a forward bias of 2.8 V. (c¢) EBIC line profile
along the contacted NW, extracted from the image in panel (b). (d) I-V curves for the
same NW, recorded in the dark (red dashed line) and under electron beam illumination
(blue line). Reproduced from Paper 1.

fabrication 5.1, and consequently to determine growth parameters, such as Ga
composition, dopant flow and tunnel diode length. These measurements identify
the positions of the junctions, the width of the depletion region, and the presence
of recombination-active areas, providing detailed insight into the underlying
electronic structure of each sample. Within the same setup, I/V measurements
were performed under electron-beam illumination, allowing evaluation of Vo,
Jsc, and FF.

The behaviour observed in EBIC is reflected in the external quantum efficiency
(EQE) spectra shown in 5.2. These spectra make it possible to distinguish the
contributions of the GalnP top cell and the InP bottom cell by using different
light-biasing conditions. The corresponding IV characteristics of the processed
tandem devices, presented in Figure S6, demonstrate how the structural and
electronic properties inherited from the as-grown nanowires, in particular the
Ga composition, affect current matching between the subcells. Despite the low
conversion efficiency, this work opens the path to optimisation to achieve efficient
tandem nanowire solar cells.
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Figure 5.2: EQE characterisation of processed devices for different Ga composition,
(a) x=0.23, (b) x=0.49, (¢) x=0.62 . The blue curve shows the EQE measurement
performed under white light bias, corresponding to the response of the GalnP subcell.
The dashed red line shows the EQE measurement under UV light bias, corresponding
to the response of the InP subcell. A black vertical line marks the transition between
the different subcells where most of the light is absorbed. This occurs at A = 772 nm
for sample (a), A = 636 nm for sample (b), and A = 568 nm for sample (c). For each
subcell, the theoretically possible generated current density J is indicated, as calculated
by integrating the EQE spectrum multiplied by the solar illumination spectrum AM1.5G.
Reproduced from Paper 1.

5.2 Paper II

In the second work, the finite-element method is employed in optical modelling to
investigate the absorption behaviour and loss mechanisms in InP nanowire solar
cells and hybrid perovskite/III-V tandems. This work explores both two-terminal
(2T) and three-terminal (3T) device architectures, providing a comprehensive
understanding of how geometry, material choice, and layer thickness influence
the optical performance.

The analysis of the InP nanowire bottom cell begins with an examination of the
role of the ITO front contact. Figures 5.3a and 5.3b show that increasing the
ITO thickness leads to greater parasitic absorption and shifts the interference
pattern of the reflected light. These variations strongly influence the overall
absorptance of the nanowire array, highlighting the trade-offs between optical
and electrical considerations.

For the 3T tandem configuration, the absorptance is modulated to maximise the
total current. The interaction between the perovskite absorber and the nanowire
structure is explored by modulating the BCB fill height and the thickness of the
perovskite overstanding layer. The perovskite material between the nanowires
contributes to the photocurrent and can play a significant role in the spectral
distribution of absorption between the two subcells, serving as a tool to tune the
electrical response in a multi-junction.
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Figure 5.3: Bottom cell optimisation. (a) Calculated absorptance of the bottom InP
subcell for different ITO thicknesses (dotted lines), the AM1.5g spectrum is reported
(solid grey line). (b) Reflectance (dashed lines) and parasitics contributions for different
ITO thicknesses (solid lines). Reproduced from Paper II.
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Figure 5.4: Absorptance of 2T devices for (a) planar tandem architecture. The
perovskite and InP thicknesses are 1500 nm and 2000 nm, respectively. (b) NW’s
tandem architecture. Perovskite overstanding layer thickness = 250 nm, InP NWs
diameter = 240 nm, length = 2200 nm. Reproduced from Paper II.

When the 2T case is considered, the current matching condition is superimposed;
thus, the product between the absorptance and the AM1.5g spectrum is equal.
Furthermore, comparing the nanowire-based tandem architecture with the equi-
valent planar structure, reported in Fig. 5.4, shows that the latter exhibits strong
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reflection losses, whereas the nanowire-based tandem benefits from an inherent
anti-reflective effect, due to optical modes. However, the transport layers, in
particular the HTL, pose a consistent limitation to the performance.

These results demonstrate the significant optical advantages offered by nanowire
geometries, which increase absorptance in both the top and bottom absorbers,
even though, in this work, the hexagonal pattern and the optical modes forming
in s-polarisation are not considered, which can potentially lead to stronger optical
confinement.

5.3 Paper III

III-V semiconductors offer a broad choice of direct bandgap materials suitable for
optoelectronic applications; among them, GaAs provides high radiative efficiency
and enhanced Vo, but its optoelectronic properties require high crystal quality,
due to the high surface recombination velocity. In Paper 111, MOVPE-grown
GaAs NW arrays using metal-organic vapour phase epitaxy are investigated.
This work explores a wide parameter space, including variations in temperature,
arsine flow, and trimethylgallium flow within the same run, to understand how
these parameters influence nanowire morphology, growth rate, and crystal quality,
with a specific focus on twin defects.
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Figure 5.5: SEM images (a),(c), and (c) corresponding to runs nl, n2 and n3. These
NWs were grown at 400 °C, varying V/III ratio at different AsHs and TMGa flows.
When the TMGa molar fraction is increased, twin defects form along the NW axis.
Scale bar for (a) and (c) is 500 nm and for (b) is 1 ym. (d) Laytec in situ reflectometry
monitoring of NW length: measurements at early growth do not reflect actual growth
due to signal evaluation. Reproduced from Paper III.
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Real-time growth dynamics are captured using in-situ optical reflectometry,
allowing for time stamps, and linking precursor flow variations to specific locations
along the NW axis. These measurements identify transitions between high growth
rate conditions, dominated by group-V limitation, and low growth rate conditions
associated with Ga supersaturation. Different from previously reported studies,
this work focuses on densely packed arrays, which provide an equal amount of
material on the entire substrate area with deviations only at the far edges.

SEM images collected across multiple growth runs reveal that dense GaAs
nanowire arrays maintain morphological uniformity and straight growth over
broad growth conditions. However, when single NWs were inspected in STEM
reported in Fig. 5.5, twin defects were observed in Ga rich conditions, in
particular at 400 °C, in which case AsH3 decomposition is incomplete.

In order to deepen the understanding of the obtained results, TEM analysis,
presented in Fig. 5.6, provide a detailed view of twin defect formation as a
function of the V/III ratio. These images show how catalyst composition and
contact-angle modulation influence the appearance and propagation of twins
along the nanowire axis. Together, these results define the growth mechanisms
responsible for the structural quality of GaAs nanowires and highlight the stability
provided by dense array geometries. Photoluminescence spectra indicate that
the optical emission, dominated by the uppermost part, depends on the portion
of defect-free segments of the nanowires, leading to similar results even when
the total nanowire length varies significantly.

Figure 5.6: TEM images for run n! (a), n2 (b) and n3 (c), with respective high
resolution TEM images. Reproduced from Paper III.
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Conclusions and Outlook

6.1 Conclusions

his thesis investigated III-V semiconductor nanowire tandem-junction solar
T cells and hybrid photovoltaic architectures that combine ITI-V nanowires
with metal-halide perovskites, with the aim of enabling high-efficiency multi-junction
devices. Vertically processed GalnP/InP tandem nanowires were demonstrated
to operate as intended. EBIC measurements confirmed the correct placement of
junctions, the polarity of the tunnel diode, and voltage addition at the single-wire
level. The processed devices exhibited open-circuit voltages approaching 2 V.
However, the short-circuit current was predominantly limited by the GalnP top
sub-cell.

Optical modelling quantified how parasitic absorption in transparent contacts
and transport layers constrains the achievable performance. The perovskite
material infiltrating the nanowire array also contributes to spectral absorption.
It enhances the intrinsic anti-reflection properties of the nanowire geometry.
Experimental studies of perovskite deposition on nanowire arrays confirmed the
promise of hybrid nanowire—perovskite devices. However, they also underlined the
need for controlled nucleation, smooth films, and more sophisticated processing
schemes for the transport layers.

Finally, MOVPE growth mapping of GaAs nanowires clarified how precursor
conditions influence morphology and defect formation, providing insights relevant
for their integration into future multi-junction architectures.
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6.2 Outlook

Nanowire surface passivation and contacts

Further reductions in GalnP sidewall recombination are essential for increasing
the photocurrent of the top sub-cell. The present SiO, passivation is effective for
InP but remains insufficient for GalnP. Systematic investigations of alternative
dielectrics, interfacial chemistries, and refined growth conditions are therefore
required. Even small adjustments of the interface V/III ratio have already shown
measurable improvements in electronic performance.

GaAs/AlGaAs core—shell structures offer an additional opportunity. AlGaAs
provides excellent passivation due to its wider bandgap, favourable band offsets,
and good lattice matching. This makes GaAs-based architectures attractive for
integration with perovskite top absorbers in multi-junction tandems. However,
AlGaAs epitaxy faces substantial challenges arising from deep electronic trap
states and rapid surface oxidation at high Al concentrations.

Multi-junction nanowires require an n—i—p growth direction to realise efficient
tunnel diodes. Tunnel junctions rely on highly abrupt doping transitions; however,
this is difficult to achieve on the p-type side because the high vapour pressure
of Zn-based dopants leads to a delayed stabilisation of the Zn partial pressure
in the growth chamber, preventing sharp doping transitions. At the same time,
transparent conductive oxides such as ITO are intrinsically n-type selective and
therefore not optimal for p-terminated structures. Emerging p-selective contacts,
such as MoQO,,, are promising, but their integration requires modifications to the
fabrication scheme, as MoO, must be protected from oxidation and is highly
sensitive to wet etchants, such as HCl. Organic hole-selective layers, such as
Spiro-OMeTAD, offer high conductivity but suffer from long-term instability
and solvent restrictions.

Integrating inorganic spacers such as SiO,, in place of polymer layers may improve
film control, adhesion, and mechanical stability. This could enable applications
beyond conventional terrestrial photovoltaics or make perovskite integration
easier. Nanowire solar cells currently use thick substrates to define the back
contact. Using mechanically robust, stable materials could allow shorter current-
collection paths on the front side and improve bonding and device integration.
Employing a hard template to facilitate nanowire array peel-off could enable
substrate reuse, addressing a key bottleneck in the adoption of III-V materials
for terrestrial photovoltaic applications.
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Considerations on Hybrid III-V Nanowire and Perovskite pro-
cessing and modelling

Achieving smooth and conformal perovskite deposition within high-aspect-ratio
nanowire arrays requires precise control over wetting, nucleation, and crystallisa-
tion. Current deposition approaches frequently produce rough, inhomogeneous
films. Such films increase optical reflection and introduce series resistance.
Strategies such as solvent-vapour assistance and multi-step crystallisation are
promising routes to improve film morphology. Incorporating these advances
into optical models will refine the design constraints for two-terminal current
matching.

From a modelling perspective, increased computational resources would enable
full 3D simulations of the nanowire—perovskite structure. This would allow
identification of the specific optical modes responsible for enhanced absorption,
including contributions from s-polarised light. It would support systematic
optimisation of the hexagonal array pitch and geometry.

The optical analysis also underscores the need to co-design the sheet resistance
and optical constants of the transparent front electrode. ITO thickness must
be balanced between conductivity, reflection, and parasitic absorption. Intro-
ducing alternative transparent conductors or hybrid metal-oxide stacks into
the modelling framework will require accurate optical constants, which in turn
necessitate dedicated ellipsometry measurements. Experimentally, hybrid device
structures that rely exclusively on nanowire-embedded tunnel diodes may yield
higher currents by suppressing parasitic recombination at intermediate transport
layers. Additionally, anti-reflection coatings such as LiF should be explored
both theoretically and experimentally to determine whether they can provide
measurable reductions in front-surface reflection.
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