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Abstract

Semiconductor nanowires (NW) have been of interest to optoelectronics research for
several decades due to the unique optical effects resulting from their geometry. Today,
NWs are fabricated from a wide range of materials, ranging from Si to III-Vs and
emerging materials like metal-halide perovskites (MHPs). Among NW devices, single
NW devices are of special interest because they offer both a useful low-dimensional test
platform for transport and optical phenomena and because they have potential for
ultra-high-resolution applications, which could surpass currently established display
and photodetector array technologies. At the same time, single NW devices represent a
unique challenge to semiconductor processing, requiring a high degree of precision and
control.

This thesis addresses the manufacturing challenges of two optoelectronic materials
systems by developing novel processes for manufacturing single NW devices. For the
[1I-V InP, an established semiconductor, this challenge consists in pushing from larger
area vertical NW devices towards single vertical NW devices which ultimately unlock
ultra-high-resolution photodetector and display applications. For the MHP CsPbBrs,
the challenge consists of pushing towards nanostructured devices that can combine the
advantages of MHPs with nanoscale engineering. This in turn requires a re-
development and re-thinking of established processes in an MHP-compatible manner.

Papers I and II address vertical single NW InP devices, a device geometry which has
been rarely reported but is ultimately necessary for photodetector and display
applications based on single InP N'Ws. The devices are based on single vertical NWs of
60 nm diameter, contacted inside a NW array (paper I). We demonstrate a high yield
fabrication process for quality single NW devices with ideality factors as low as 7 = 1.8.
These NWs work as LEDs, solar cells, and photodetectors. We take advantage of the
low NW diameter to use the single NW photodetectors for ultra-high-resolution
imaging of an optical focus at a 70 nm step size. The resulting images allow us to
characterise the beam parameters but also reveal additional details in the intensity
distribution which may be invisible with other methods (paper 1I).

Papers III to VI address the nanofabrication of MHPs, specifically horizontal CsPbBrs;
NWs. Papers 111 and VI deal with CsPbBrs NW solvent-based synthesis using anodised



aluminium oxide templates, a low-cost method when compared to the established
metal-organic vapour phase methods used for III-V materials. Paper IV develops an
MHP-compatible electron-beam lithography processes which allows us to create
nanostructured contacts of our CsPbBrs NWs. In paper V, we demonstrate a gas-phase
anion exchange process to create CsPb(Bri.Cl); NWs from CsPbBr; NWs. We
demonstrate how the combination of the EBL and anion exchange processes can be
used to create heterostructured N'Ws which could form the building blocks of future
nanostructured MHP optoelectronic devices.
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Popular Science Summary

A critical component to our modern lives is the back-and-forth conversion of light to
electricity and electricity to light. Our homes are lit with light-emitting diodes (LEDs)
converting electricity into light and our phones, TVs, and other screens use many
thousands of LEDs to display information. When we take an image with our phones
or other digital cameras, we record light by converting it into electric signals. The same
is true when we share it digitally with our friends and family, as laser light races down
fibreoptic cables to convey information. And in an ever-increasing effort to make these
luxuries sustainable, we try to power it in part via solar panels which convert sunlight
into electric power.

We ask of our devices to improve in many ways: for our displays and cameras to increase
in resolution and colour accuracy, for our telecommunications to become faster, and
for it all to be more energy efficient. This continued drive for improved device
performance requires a large scientific effort to keep up with expectations. Two key
changes we can make to our devices lie in their geometry and material.

For optoelectronics, nanowires are a geometric shape that is of great promise.
Nanowires are crystals with a diameter on the order of tens to hundreds of nanometres
but a length of several micrometres. Since nanowires are generally comparable in
diameter to the wavelengths of visible light, their shape allows for many interesting
interactions with light. Just like fibreoptic cables which transport light to allow for
communication, nanowires are also often light guiding. This makes them great for
directional light-emission and detection applications. Due to interactions between their
diameter and the wavelengths of light, the specific absorption and emission properties
can be fine-tuned by simply adjusting the nanowire diameter. While nanowires come
in many materials, I have worked on nanowires from two promising optoelectronic
materials.

The first is indium phosphide (InP) which nowadays is commonplace in
telecommunications where it is used to both emit and detect signals sent via optical
fibres. I have focused on fabricating devices made from single InP nanowires standing
vertically on top of the substrate. This allows us to macroscopically align the nanowire
by adjusting the macroscopic position of the substrate. These single nanowires function



as solar cells, photodetectors, and light-emitting diodes (although not in the visible
spectrum). Each device is one small single pixel, around ten times smaller than the
wavelength of light and 20 to 40 times smaller than the pixels used in your phone’s
camera. Using these devices, I was able to record images of the shape of a focused laser
using a spatial step size around 10 times smaller than the wavelength of the laser light.

The second material I focused on was caesium lead bromide (CsPbBr3), a metal-halide
perovskite (MHP). These materials are not yet in widespread use but have shown
increasing promise for solar cell and other optoclectronic applications. Just like table
sale, MHPs are ionic crystals which are highly soluble in water and other polar solvents.
This represents both a challenge and an opportunity. On one hand, these materials are
easily grown from solutions. Especially for nanoscale materials, they can be grown by
making the solution conform to a nanoscale template akin to how ice cubes of all shapes
can be made with fancy ice cube trays. I make use of this in this thesis to grow MHP
nanowires.

On the other hand, water and polar solvents are in ubiquitous use not just in everyday
life but also in cleanroom processing. This represents a major challenge if we intend to
use MHP materials for applications like displays and cameras because without
cleanroom processing methods we cannot define pixels at resolutions that match
modern devices. I therefore developed a new chemical process for using an established
patterning process on these materials, the potential of which is demonstrated by its use
in creating single CsPbBr; nanowire devices.

Lastly, I worked on characterising a process which allows for the conversion of one type
of MHP material to a different MHP material. This change in composition changes
the colour of light which would be emitted from LEDs made from these materials. In
established semiconductors, such composition changes must be made during the
growth of the semiconductor crystal but for MHPs this modification is possible even
after the crystal is grown. By combining the process, I developed for patterning MHP
nanowires with this compositional process, we attain nanoscale control over MHP
crystals, bringing them closer to parity with established semiconductors.
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1 Introduction

Modern optoelectronic devices are foundational to many everyday technologies we use
to interact with the world. We use cameras to record our experiences, convey these
experiences via optoelectronic telecommunication technologies to our fellow humans,
and power all of this, in part, with energy harvested from sunlight via optoelectronics.
As we strive to improve optoelectronic devices in all these areas, we look for ways to
make devices for energy and space efficient, cheaper, and higher performing. An
additional change to these devices that could offer improvements in all these
characteristics is a move from thin-film devices towards using semiconductor nanowires
(N'W) as the active absorber and optical material.

Semiconductor N'Ws have been researched as active layers for electronic and
optoelectronic applications for over two decades. Although definitions differ, NWs are
generally classified as having a high aspect ratio such that they are significantly longer
than they are wide, with the diameter typically being below 1 pm. The NW geometry
offers significant advantages for optoelectronic devices. Compositional variation can be
introduced along the NW-axis to produce changing doping profiles or heterostructured
NWs made from several different materials. Radial strain relaxation allows for the
vertical integration of materials in NWs which in bulk would be too strongly strained
due to lattice mismatch [1, 2]. The high surface-to-volume ratio of NWs allows for easy
channel manipulation via gate-all-around approaches [3-6] and the anisotropic shape
lends itself to light guiding [7-10]. Absorption in N'Ws can be enhanced by resonances
related to NW diameter [11-13], as well as increasing NW length to match the
absorption length of a given wavelength inside the NW material. NWs have therefore
been used in applications like transistors [3-6, 14-18], light emitting diodes (LEDs)
[19-23], photodetectors [24-35], lasers [36-39], and solar cells [40-43].

NWs can be made from different semiconductor materials using a variety of methods.
For Si and III-V, NWs are mostly synthesised via chemical vapour deposition (CVD)
(bottom-up) or etching methods (top-down), with the NWs standing vertically on a
substrate. Metal-halide perovskite (MHP) NWs can also be synthesised via similar
CVD methods [16, 44-49], but solvent-based synthesis is much more common and
generally much more affordable. Solvent-based synthesis of MHP N'Ws and other



nanocrystals can be achieved via colloidal synthesis [50, 51] and solvent evaporation
(recrystallisation) methods [52-54] or by using growth templates [55-58]. The latter is
especially flexible, since it gives a large amount of control over crystal shape and
orientation, as well as placement of the crystal on the substrate.

The focus of this thesis is the processing of both III-V NWs and MHP N'Ws into single
NW devices, specifically InP NWs and CsPbBr; NWs. In both cases, these single NW
devices and their associated processing are unique in their fields and allow for novel
devices and measurements.

The work on InP N'Ws describes how to fabricate devices from single vertical (standing)
NWs inside a NW array. Such devices have tremendous potential for display or detector
applications with very small pixel size, where each NW in an array could form an
individual pixel of small diameter and tight pitch. To accomplish this, processing must
allow for alignment between NW growth and top-side contact, such that many
different NWs can be contacted individually on the same chip.

To date, few reports exist which describe processing of single vertical NW devices
(26, 35, 59, 60]. Largely, these existing reports circumvent this requirement for
alignment between the contact layer and NW. One method is to grow NWs not in
arrays but as “lone” N'Ws, removing the need for nanoscale alignment [35, 59].
Alternatively, NWs are grown in arrays, but the embedding isolation layer is removed
only from a single NW, with contacting again using more macroscopic alignment
techniques [60]. Neither of these approaches is conducive to contacting multiple single
NWs within the same array.

A previous approach using EBL to pattern the top-contact layer forms the foundation
of the work in this thesis [26]. However, several issues remained with the processing
and sample design in the published form, including low device yield and low-quality
diodes. The work put forth in this thesis improves the sample structure and processing,
resulting in improved device performance and much higher processing yields. The
resulting devices are demonstrated as single NW diodes, solar cells, and LEDs. Finally,
imaging is performed using these single NWs as photodetectors for imaging of an
optical focus at 70 nm spatial step size.

The work on CsPbBrs NWs focuses on developing lithography and processing methods
to create horizontal single MHP N'W devices. Although MHP nanocrystals are seeing
widespread use in optoelectronic research devices with good results, little actual
nanoscale processing of these devices is taking place. This is partially due to the high
solubility of MHPs in polar solvents, which makes them incompatible with established
nanoprocessing techniques [61-65]. A re-development of these methods is therefore
necessary to find MHP-compatible versions of the techniques. Especially for NWs, an



electron-beam lithography (EBL) process is critical for depositing contacts in an aligned
fashion. However, the importance goes far beyond this, as a nanoscale patterned
polymer mask could also be used for dry etching, applying surface modifications, or
other nanoscale processes. Similarly, not just NWs but all nanoscale MHPs and even
thin films could benefit by the versatility of processing offered if an MHP-compatible
lithography process was readily available.

Efforts have been made to re-develop lithography techniques with MHP-compatible
solvents [61, 62, 65-67]. Specifically for EBL, the commonly used PMMA process has
been modified by using dried solvents for use with the more stable MHPs like CsPbBr;
[66]. Alternatively, the developer solution in the process has been replaced with a more
MHP-compatible non-polar solvent solution [62]. The process put forward in this
thesis replaces the developer solution with non-polar solvents, which mimic the
performance of the established PMMA EBL process almost identically. The contacts
fabricated via this process are more highly structured and thicker than those produced
using any previously reported MHP-compatible EBL processes.

A second processing technique missing from MHPs is the creation of nanoscale
heterostructures, which are critical for optoelectronic devices like LEDs where they
serve as the emissive layer [68]. Although heterostructured MHP N'Ws can be grown
directly by some techniques [45], a more universal approach uses a post-growth
modification effect known as anion exchange [69]. This allows for the conversion of
the halide anion of an MHP to a different halide species, e.g. CsPbBr; to CsPbCls. We
study two gas-based anion exchange processes for conversion of CsPbBrs to
CsPb(Bri«Cly)s in this thesis. Lastly, we combine this process with the EBL patterning
process to create heterostructured N'Ws, demonstrating that nanoscale composition
modification and contact patterning are possible, which may enable new and novel
MHP devices structured at the nanoscale.

The thesis is structured as follows: Chapter 2 introduces the relevant semiconductor
background shared between both InP and CsPbBr; materials. Chapter 3 deals with the
vertical single InP N'W devices, describing fabrication, characterisation, and their use
as ultra-high-resolution photodetectors in imaging a laser focus. Chapter 4 describes
my work with the CsPbBrs NW devices, delving into the challenges faced when
processing these materials, how we can overcome these challenges to fabricate single
CsPbBr; NW devices via EBL, and how we can further process these NWs via anion

exchange to create heterostructured N'Ws.



2 Semiconductors

In this chapter I will give an overview of the basic semiconductor physics relevant to
the single NW devices discussed later in the thesis. I will discuss diodes and pn-
junctions which are the fundamental building blocks of modern optoclectronics.
Although this section is currently mostly relevant to the InP N'Ws, the processing
methods described later for MHP NWs are potential pathways for also achieving pn-
junctions and diodes within MHPs. I will also discuss the optoelectronic effects relevant

to both InP and CsPbBr; N'Ws.

2.1 pn-junctions and diodes

The combination of many atoms in a crystal lattice gives rise to the appearance of a
distribution of states with energies £ and crystal momentum # that electrons and holes,
positively charged electron vacancies, are allowed to occupy [70, 71]. Likewise,
forbidden states exist which cannot be occupied and thus divide energy-momentum
space into energy bands. The probability of finding a certain state occupied is given by
the Fermi-Dirac distribution with a 50% probability of finding an occupied state at a
Fermi level £r. The lowest not fully occupied band is called the conduction band, and
the highest fully occupied band is called the valence band. The energy difference
between the bottom state of the conduction band and top state of the valence band is
called the band gap with energy Z¢. If these states are located at the same crystal
momentum 4, we refer to this as a direct band gap and a direct optical transition
between them is possible. Otherwise, it is an indirect band gap and an electron
transitioning between these states must either gain or lose sufficient crystal momentum
by interaction with phonons to be able to transition between these states.

The movement of electrons, current, requires both available electrons and available
unoccupied states. Therefore, the position of the energy bands relative to the Fermi
level and the resulting occupation levels of valence and conduction bands dictate the
conductivity of a material. Semiconductors have traditionally been defined as having a
conductivity or band gap between that of metals and insulators, with ranges of



10° Qem - 10° Qcm and 0 eV - 4 €V given, respectively [72]. This definition
increasingly runs into exceptions where materials such as gallium nitride (GaN) and
diamond are used for semiconductor applications but would be classified as insulators
via these definitions. A better definition may therefore be that semiconductors are
materials where the conductivity, electronic properties, and underlying band structure
can be meaningfully altered and controlled by means such as composition.

An intrinsic semiconductor is not very conductive, since there are few electrons in the
conduction band and the valence band is completely filled and contains few holes. This
only allows very few carriers to move and conduct current. We can alter this picture by
introducing atomic impurities into the crystal in a process called doping as illustrated
in Figure 2.1. Taking the InP crystal as an example we see that each In atom binds to
three P atoms and vice versa. If a Zn impurity is introduced, it replaces an In atom in
the lattice but only has sufficient valence electrons itself to covalently bind to two
neighbouring P atoms. This creates an electron vacancy called an acceptor state just
above the valence band edge which can be occupied by valence band electrons resulting
in an increase of holes in the valence band. This in turn increases conductivity and is
called p-doping. Similarly, we can increase the number of mobile conduction band
electrons by replacing an In atom with an atom like Sn which has one more valence
electron than In. This excess electron is not involved in the covalent bonding of the
crystal. It occupies a donor level state just under the conduction band edge. Thus, these
electrons are easily promoted to the conduction band where they increase conductivity
via n-doping.
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Figure 2.1 lllustration of doping and its effect on crystal and band structure

a-c The crystal structure and band diagram for intrinsic, p-doped, and n-doped InP, respectively. The p- and n-doped
crystals include Zn and Sn doping atoms, respectively. This moves the Fermi level relative to the band gap centre,
increasing the number of available holes for p-type and electrons for n-type doping.



The higher conductivity of doped semiconductors on their own is already advantageous
since it allows for the formation of ohmic contacts to these materials. A lot of additional
functionality emerges when we combine a p-doped and #-doped material to form a pn-
junction.

When a p-doped and #-doped material are in contact the imbalance of charge carriers
drives a diffusion current. The holes from the p-doped side diffuse into the 7-doped
material and vice versa for the electrons. As these charge carriers meet, they recombine.
This results in a depletion region W without free charge carriers. At the same time, the
ionised acceptor and donor atoms within this depletion region cannot move themselves
since they are bonded into the crystal lattice. As a result, an electric field spans this
depletion region, often called a built-in electric field. By constructing a pin-junction
with an intrinsic central segment, the width of the depletion region can be expanded.

Looking at the band diagram across a pz-junction as shown in Figure 2.2, we see that
the conduction and valence bands are shifted relative to each other by this built-in
potential. Equal but opposite diffusion and drift currents flow across the unbiased pn-
junction. The diffusion current is driven by the imbalance of charge carriers due to the
different doping, whereas the drift current is driven by the built-in electric field. When
the pn-junction is biased, the external electric field can either be aligned with or against
the built-in field resulting in asymmetrical current-voltage characteristics. When the
external field reinforces the built-in field, the number of carriers with sufficient energy
for diffusion is reduced as the bands become more strongly offset between the p- and
n-doped regions. This results in a net current driven by drift and is called reverse
biasing. If instead we apply an external electric field so that it opposes the built-in field,
we can cancel it out or oppose it sufficiently that a large diffusion current can flow
across it as the conduction band energies of the p- and #-regions align. At the same
time, the drift current is reduced due to the lowered electric field. This is called the
forward bias regime.

Mathematically, the current density through an ideal pn-junction is given by the
Shockley diode equation [73] as

J = 1Jo [e_ -1 1)

With a dark saturation current density /o, a bias voltage V, the thermal voltage V; =
q/kgT, and an ideality factor 7. For a perfectly ideal diode 7 = 1 and diffusion currents
are dominating the device in forward direction. However, for direct-bandgap diodes
with both electron and hole carriers, recombination plays a significant role and leads to
an increase of the ideality factor up to 7 = 1-2 [74]. Higher values of 7 indicate that



there are other mechanisms reducing the current and available carriers, such as traps
which significantly increase recombination.

It should be clear from the above that controlling local charge carrier concentrations
and band structures via doping is a critical part of semiconductor fabrication. However,
while the doping of materials such as I1I-Vs and Si is nowadays trivial, doping of MHP
materials is much more difficult and currently still poorly understood [75]. Doping as
illustrated in Figure 2.1 is applicable to III-Vs and Si, which are covalently bonded
crystals, but not to MHPs which have a more ionic crystal character for which a
cohesive understanding of electrical doping is yet to be developed.
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Figure 2.2 Schematic of a pin-junction under bias and associated band diagrams

a-c Schematics and band diagrams of unbiased, reverse biased, and forward biased pin-junctions, respectively. a-b Carrier
separation occurs via the built-in or built-in + external electric field after light absorption. ¢ Electroluminescence after
carrier recombination in the depletion region.

2.2 Optoelectronics

2.2.1 Photocurrent and solar cells

If we take a semiconductor and shine light on it, the incident photons can be absorbed
by electrons in the semiconductor provided they have more energy than the band gap.
This promotes the electron into the conduction band, yielding an electron-hole pair.
Just as with doping this increases the number of carriers in the device, making it more
conductive. If we are biasing the semiconductor we can measure a photocurrent and
correlate this photocurrent to the incident optical power, giving us a very basic
photodetector.

However, it is not desirable to input energy into the system to harvest the carriers.
Instead, the built-in field inside a pn- or pin-junction can separate the carriers for us.
Generally, each photon of optical light above the band gap energy Eg, absorbed inside

the depletion region will create a single electron-hole pair which is then separated by



the built-in field yielding a photocurrent 7, as illustrated in Figure 2.2a-b. The
incoming photon flux @ is then proportional to the photocurrent I, & ¢% with
o = 1 for the ideal case [68].

If we take this photocurrent, we can modify the ideal diode equation of Eq. 2.1 to that
of the solar cell such that

J=go [ = 1|~ @3

Under illumination but with no bias, we therefore observe a short-circuit current
J = Jp» which increases with increasing illumination. A bias voltage V. exists such that
/ = 0, which is called the open-circuit voltage. A key figure of merit for solar cells is the
fill factor (FF), which describes how close the real output power P, is to the theoretical
maximum output power given by the product of Z. and V...

FF =2m o4
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2.2.2 Carrier recombination

Ideally, all photoexcited carriers would contribute to the photocurrent. In practice the
carriers recombine based on the carrier lifetime in the material. This recombination
reduces the charge carrier collection efficiency nccz which describes which portion of
generated carriers is collected at the contacts. The percentage of carriers seen as current
at the contacts versus that expected from excitation itself is called the external quantum
efficiency (EQE) and is an important figure of merit, which depends not just on ncce
but also on the absorption efficiency. Notably, EQE for solar cells is usually spectrally
dependent.

— bn
EQE = 2 (25

With elementary charge ¢. Similarly, we can define a power efficiency = Py, / Py

The three main recombination mechanisms are radiative recombination, Shockley-
Read-Hall (SRH) recombination, and Auger recombination. During radiative
recombination an electron from the conduction band combines directly with a hole in
the valence band while emitting the excess energy, generally similar to the band gap
energy, as a photon. In SRH recombination, the electron instead recombines with the
hole via trap states located inside the band gap [76, 77]. In Auger recombination, the
excess energy of the valence band electron is not emitted via a photon but is instead
passed onto a second (Auger) electron, which in turn loses the energy via thermalisation
as phonon emission.



Both SRH and Auger recombination are generally non-radiative. To maximise the
photocurrents and efficiencies of our devices, we therefore want to reduce all non-
radiative recombination pathways. Therefore, passivation of semiconductors is an
important processing step taken in order to reduce surface states that contribute to SRH
combination. At the same time, radiative recombination is a useful mechanism that we
can make use of in luminescence applications or for photon recycling in solar cells [78].

2.2.3 Photo- and electroluminescence

Both photo- and electroluminescence (EL) are two ways to make use of radiative
recombination for characterisation. In photoluminescence (PL) measurements, we use
light of energy greater than the band gap to create photocarriers. When these excited
photocarriers recombine radiatively, we can then measure the light which is emitted.
This lets us determine a material’s band gap based on the emitted wavelengths and can
also provide insights into the carrier lifetime when performed as time-resolved PL.

EL is the working mechanism behind LEDs. Here, we inject carriers into a pz-junction
by biasing it in forward direction as illustrated in Figure 2.2¢c. The injected charge
carriers recombine in the active region and the emitted light can be used for
illumination. Just as during PL, the light emitted during EL is of a wavelength
corresponding to recombining states, typically the band gap. Spectroscopy of the
emitted light can therefore also reveal information about the material. As with
photodetection, EQE is also a valid figure of merit for these devices, given as the
fraction of emitted photon flux ¢,.. versus injected current 7.

EQE = —q;f:]f‘t 2.6)



3 Vertical single InP nanowire devices

Devices utilising single vertical NWs as individual pixels would allow for high-
resolution display and detector applications. Pixel sizes in current optical sensors are
generally of the order 1 pm to 2 pm [79, 80], much larger than NW diameters or even
NW-to-NW spacing achievable within NW arrays. In practice, the spatial resolution
of a detector or display is not exclusively limited by the absorber or emitter elements
but also affected by circuit elements such as access transistors or storage capacitors that
together form an independent pixel [81]. Additionally, as pixel size decreases, the
sensitivity of the absorber material must increase so that a good read-out signal can be
obtained [79, 80, 82]. This raises the question of how small we can make our
optoelectronic devices and what sort of limitations arise when our detector is
significantly smaller than the wavelength of light? NW-shaped detectors offer a great
starting point for such an investigation, since they have a small transversal pixel size but
a length that can be increased for optimal absorption.

The requirement for a sensor based on single NW pixels is that the NWs are grown
inside a NW array or grid but are then contacted individually via patterned contacts.
Only a few reports describing vertical single NW devices are currently published
(26, 35, 59, 60]. In both Farrell et. al. and Krogstrup et. al., vertical single NW devices
were processed, but not in a fashion that satisfies the requirements above. In both cases,
the single NW device was accomplished by simply growing a lone N'W before
depositing a larger area contact [35, 59]. In Li er. al., the authors took a different
approach [60]. They grow NWs in an array and embed them in polymer. The tips of
individual NWs were then revealed from the polymer via focused-ion-beam etching,
and a contact was evaporated. In both approaches, no effort was made to specifically
pattern the contact or to make the processing suitable to be upscaled for fabrication of
multiple singe NW pixels. In contrast, the process put forward by Chayanun er. al.,
which was developed by a previous member of our research group, uses EBL to pattern

contacts to the tips of individual NWs [26].

However, problems remain even with this processing. The resulting single NW devices
are poor diodes with ideality factors of 7 = 14. This is in stark contrast to the ideality
factors of n = 2.6 and even n = 1 reported by Krogstrup et. al. and Farrell et. al.,
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respectively. Issues also remain with the device yield and overall sample structure, which
utilised a photoresist isolation layer and only a 30 nm thin SiN, insulation layer to
insulate the top and bottom contacts. Despite this, the single NW devices showed great
performance for ultra-high-resolution imaging,.

The work put forward in this chapter demonstrates a refined process for creating single
vertical NW devices by aligning the top-side contacts directly to the grown NWs. In
the first part, the processing is developed and two isolation layer materials, benzo
cyclobutene (BCB) and SiO,, are compared. The resulting devices are then
characterised as single NW diodes, solar cells, and LED:s.

Finally, an 80 nm diameter single NW device is utilised as an optical detector for
imaging of an optical focus with a step size of 70 nm. Both the step size and NW
diameter are significantly smaller than the 633 nm wavelength of the laser light used to
form the focus. We find that the detector shows a good linear photoresponse over many
orders of magnitude and can be readily used for imaging, revealing detail in the
recorded intensity distributions that would be difficult to measure with any other
method.

3.1 Fabrication

Device N
arra

Marker NW
array

Figure 3.1 Schematic of sample layout and device structure cross-section
Left side shows a top view of the finished chip with a central array of device NWs and finished bond pads plus traces.
Right side shows a cross-section view of finished vertical single NW device.
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The structure of the entire sample and a finished single NW device are shown in Figure
3.1. Our goal is to contact single NWs located inside an array at the centre of our
substrate. The backside contact will be provided by the substrate itself, but the top side
contact must be patterned to individual NWs in order to complete the circuit. I will
now give a condensed overview of the processing,.

3.1.1 NW seed particles

To begin fabrication, we pattern Au seed particles for the MOVPE growth onto a p-
type InP (111)B substrate via EBL. Holes of 50 nm to 70 nm diameters are patterned
in a 2 pm by 4 pm array and 20 nm of Au are deposited, as illustrated in
Figure 3.2a-b. We place dense arrays of dots and area structures around the sample as
alignment marks which will also grow into NWs, making them easily visible in future
EBL steps. Due to the e-beam focus quality and resist thickness varying slightly for each

sample, we obtain a slight variation of seed diameters across different samples.
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Figure 3.2 Schematics and SEM images of nanowire device throughout processing

a-b Top view of Au seed particle. c-d As-grown NW with SEM image taken at 30° tilt. The top n-section is visible from the
SEM contrast. e-f NW after ALD, SEM image taken at 30 ° tilt. g-h NW after isolation layer deposition, CMP polishing, and
RIE etching with NW tip revealed, imaged at 30¢ tilt. i-j Top view of finished single NW device with ITO top contact.

3.1.2 Nanowire growth

NWs are grown from the Au seed particles via the VLS growth mechanism in an
MOVPE reactor [83, 84]. All InP NWs in this thesis were grown by L. Hrachowina
and K. Adham in Prof. M.T. Borgstréom’s group at Lund University. The previously
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deposited Au seed particles act as catalysts during the growth, forming N'Ws
underneath themselves. Trimethyl indium (TMIn) and phosphine (PH3) were used as
the source gases for In and P. To create a pin-doping profile, dopants are introduced
during the growth. Diethyl zinc (DEZn) and tetracthyl tin (TESn) are used as the p-
and n-dopants, respectively. A small amount of DEZn is also used during the i-segment
growth to compensate for the inherent 7-type behaviour of undoped InP [85, 86]. As-
grown NWs are shown in Figure 3.2c-d and vary in length between 2.0 pm and
2.5 pm, corresponding to the variation of the seed particle diameter.

3.1.3 Insulation layer

Next, we deposit an insulation layer to encapsulate the NWs and insulate them
electrically. We grow a layer 20 nm of SiO, via ALD to encapsulate the NWs as shown
in Figure 3.2e-f. Since we use trimethyl aluminium (TMAI), tri(tert-butoxy) silanol
(T'TBS), and water as the precursors, the layer also contains some AlOy [87]. This layer
also provides a rudimentary level of passivation [88].

3.1.4 Isolation layer

As a next step, we need to create an isolation layer which will protect the NWs and
allows us to deposit top-side contacts to the NW tips. We want this layer to be
chemically and mechanically stable, a good dielectric, and optically transparent.
Additionally, the layer is structurally important since it supports the bond pads which
we use to integrate the device into chip holders. We investigated both benzo
cyclobutene (BCB) polymer (Cyclotene 3000 series) and SiO, deposited via PECVD
for this purpose.

Benzo cyclobutene isolation layer

By choosing the correct combination of Cyclotene formulation and spin speed, we spin
coat a layer of BCB that is 500 nm to 1 pm thicker than the NWs. The BCB is first
soft baked on a hot plate and then hard cured in an RTP system. Afterwards, RIE is
used to back etch the BCB and reveal the NW tips. The ALD passivation layer around
the NW tip is then removed with HF followed by removing the Au dot with Au

etchant.

PECVD SiO:; isolation layer

The processing of the PECVD SiO; is more complicated. We grow the SiO; from SiHj
and N,O at 100 °C. As with the BCB, we overgrow the PECVD SiO; to a thickness
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around 1 pm thicker than the NWs are long. Even with this much excess thickness
above the NW tips, the PECVD oxide leaves a bumpy surface as shown in Figure 3.3a.
Each bump on the surface corresponds to a NW underneath. To remove these bumps,
we use chemical mechanical polishing (CMP). During CMP, the sample is fixed into a
holder and pushed onto a rotating sanding surface onto which a polishing solution
containing silica nanoparticles is dispensed. While this step appears very macroscopic,
it allows gradual removal of material at very slow and controllable rates. A problem that
arises during this process is that the bumps on the sample surface are not very stable
when pressed onto the rotating polishing plate. The resulting shear forces can often tear
out the bumps alongside the NW within, as shown in Figure 3.3b. To prevent this, we
spin coat an additional PMMA layer first. This layer embeds the bumps and provides
a smoother surface as shown in Figure 3.3c. We can then polish this sample until we
obtain a flat surface as seen in Figure 3.3d. Just as with the BCB layer, we can then
back etch with RIE removing both the PECVD and ALD SiO; layers in a single step.
The Au seed particle is then removed with gold etchant. This results in a NW
protruding from the PECVD layer as shown in Figure 3.2g-h.

Figure 3.3 PECVD layer planarisation process

a-d Schematics and SEM images at 30° tilt of PECVD layer throughout planarisation processing. a PECVD cones after
deposition. b PECVD surface with tear out of cones and NWs after polishing without polymer encapsulation. ¢ PECVD
cones encapsulated in PMMA. d Flat PECVD surface with visible NWs after polishing.

3.1.5 Top contacts

With a flat surface and the NW tips protruding from it, we now pattern contacts to
individual NWs. To align the top contacts, we rely on the NWs which were grown
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around the sample as markers. The tips of these NWs protrude from the isolation layer
just like the device NWs and are therefore visible in EBL. We can combine several EBL
and UV lithography steps to deposit new sets of markers, contact pads, and contact
traces to individual NWs. For the materials of the contact cap just above the NW we
use both transparent indium tin oxide (ITO) and gold contacts, resulting in completed
single NW devices as shown in Figure 3.2i-j.

3.1.6 BCB and PECVD SiO; - a comparison

The choice of isolation layer has a significant impact on the device quality. While the
impact on individual NW characteristics is discussed below, there are two significant
impacts on device fabrication.

Firstly, integration of the chips into chip carriers is significantly affected. Wire bonding
is a necessity to establish a contact between the bond pads on the chip and those on the
chip carrier. While PECVD samples are trivial to bond with wedge bonding, the same
is not true of the BCB samples. Due to the low adhesion of the metal layers to the BCB
surface, both wedge bonding and the much gentler ball bonding end up stripping the
contact pads off the sample surface, damaging the contact pad permanently.

Secondly, device yield is significantly different between the two isolation layers. The
BCB isolation layer results in many unexplained device failures where devices which
appear properly contacted in the SEM show no electrical response. This failure rate is
around 40%. Combined with the low wire bonding yield, this makes it very difficult
to obtain wire-bonded devices on BCB-based samples. A more detailed discussion of
both these effects is found in paper L.

3.2 Characterisation

Before we use our newly fabricated devices for any application, we want to get an
understanding of the device quality and parameters. Given the different device
configurations, we also want to know what the effect of the isolation layer and contact
material is. We therefore characterised them electrically, as diodes, solar cells, and light
emitters.
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3.2.1 Single nanowire diode

As a first step in electrical characterisation, we measured the current-voltage response
of individual NWs in the dark, as shown in Figure 3.4a. For the best devices, there is
little difference based on the choice of isolation layer or top contact material, with
ideality factors close to 7 = 2 for all configurations. However, when we look at the
average device, we can find a stark difference. For BCB/Au and BCB/ITO devices, we
find » = 5.0 + 2.9 (sample size of 8 devices,) and 7z = 3.3 + 1.1 (sample size of 16
devices), respectively. These values are much higher and less consistent than that of the
average SiO,/ITO device at 7 = 1.8 + 0.5 (sample size of 13 devices). Even though the
passivation layer is shared across BCB and PECVD SiO, samples, this difference in
ideality factors indicates a difference in carrier and recombination dynamics in the
device. From theory, we expect 7 = 2 for InP devices, due to the participation of both
holes and electrons in the conduction [70], although 7 = 1 has been demonstrated for
III-V N'Ws [35]. However, the high value of 7 = 5 for BCB devices indicates additional
recombination mechanisms, which are non-desirable. This could be due to strain
introduced by the curing of the BCB layer. It is clear therefore that the BCB isolation
layer is not the best choice for diode performance, in addition to the previously
mentioned processing challenges.
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Figure 3.4 Current-voltage and solar cell characteristics of single nanowire solar cells with different device
architectures

a Current-voltage curves of three exemplary BCB/Au, BCB/ITO, and SiOA/TO devices, measured in the dark. The fitted
diode ideality factors n are also shown. b-d Solar cell measurements of BCB/Au, BCB/ATO, and SiO/ITO devices shown in
a. The figures-of-merit for the individual solar cells and fitted diode curves are also shown. Reproduced from paper I.
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3.2.2 Single nanowire solar cell

We next characterised the single NWs as solar cells using a solar simulator with an
excitation intensity of 757 Wm™ (0.7 suns, AM1.5G spectrum), as shown in Figure
3.4b-d. The figures of merit obtained for the different device architectures are
summarised in Table 3.1. We can see that the average V.. is higher for the BCB-based
devices, corresponding to the later turn on and poorer ideality factors. At the same time,
the short-circuit current densities /. are similar regardless of architecture. This translates
into higher fill factors for the BCB-based devices, causing them to have better figures-
of-merit for solar cell performance. Curiously, there is no advantage to the transparent
top contact, when one would intuitively expect that the Au metal cap would shadow
the underlying NW. However, this has no significant effect because the absorption area
of the NW far exceeds its geometrical cross-section. This is because the NWs act like
antennae, where the incoming light can be coupled into resonant modes within the
NWs through the sidewalls and subsequently absorbed [11, 41, 43, 59, 60, 89]. It is
this effect that also leads to apparent power conversion efficiencies of Nacaas = 49.7%,
Niroas = 55.8%, and Nsioanro = 60.8%. All of these are far beyond the Shockley-
Queisser limit of 33.7% [90] but this is merely an artefact of using the geometrical

cross-section for both absorbed power and current density calculations.

Table 3.1 Average figures-of-merit for single nanowire solar cells of different architectures
Current density is calculated from the geometrical cross-section of the NWs. Averages are taken for 8 devices for BCB/Au,
16 devices for BCB/TO, and 13 devices for SiOx/ITO. The standard deviation is also given for Je.

Device architecture

Isolation layer / top contact

BCB/Au 0.56 104 + 34 57.9
BCB/ITO 0.57 81 +57 58.3
SiOy/ITO 0.37 97 £ 57 49.4

3.2.3 Single nanowire LED

Lastly, we characterised the NWs as single NW LEDs. Due to the wire bonding issues
with BCB samples, this was limited to devices with PECVD SiO; isolation layers.
Emission from the NW LED was observed at biases as low as 2 V, but discernible
spectra required at least 2.5 V. This corresponds to current densities of 1 x 10’ mAcm’
* as shown in Figure 3.5a. We measured the emission up to current densities of
4 x 10* mAcm?, corresponding to 15.4 pA through a single NW. Despite these high
current densities, we saw no degradation in performance even for sustained periods.
The emission spectra can be found in Figure 3.5b. At low biases and currents, only two
peaks are observed: one at 1.37 €V (907 nm) and another at 1.55 eV (800 nm). At
higher biases an additional third peak emerges at 1.74 eV (710 nm).
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The 1.37 ¢V (907 nm) peak is associated with the InP band gap, which lies at 1.34 ¢V
(922 nm) for zincblende InP and 1.40 ¢V — 1.42 eV for wurtzite InP [91-96]. Since
the NWs crystallise as a mixture of zincblende and wurtzite crystals the core emission
lies in the range between that of the pure zincblende and wurtzite crystals. The
additional two peaks are not associated with any distinct transitions from tabulated
values but are likely the result of band filling and transitions to split-off bands.

In terms of emission efficiency, we find that the EQE is very low and peaks at
1.5 x 10 %. These values are calculated based on the NW tip being a point emission
source without considering emission perpendicular to the NW axis. We see two

regimes, where the EQE rises initially before stabilising at this value. This can also be
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Figure 3.5 Characterisation of a single nanowire as an LED

a Current density — voltage curve for high forward bias as well as power law fit J o V2. b Normalised and offset emission
spectra of single NW LED at selected bias levels. ¢ Peak emission wavelength and EQE evolution with increasing current
density. d Optical emission power versus current density, showing two distinct regimes which follow power laws P o /2
with a decreasing from a = 1.03 to a = 2.67. Reproduced from paper I.
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3.3 Sub-wavelength imaging using a single nanowire
detector

As is one of the primary uses of larger photodiode arrays, we can also use our single
NW photodetector for imaging. However, while the previous generation of these
devices was used for X-ray imaging [26], we instead make use of the transparent ITO
top contact and use the devices to image an optical focus.

The imaging of optical foci is a well-studied field because ever since the invention of
the laser, the applications for highly focused optical fields have only grown. They are
used widely in industrial applications such as laser cutting or direct laser writing, and
in analytical applications like super-resolution microscopy. Lithography also often
makes use of intensity distributions with very spatially dense intensity variations, as is
the case in displacement Talbot lithography and modern super-resolution lithography
methods [97]. Commercially available photodiode arrays typically have pixels sizes on
the order of micrometres, far too large to image intensity distributions which approach
the diffraction limit of optical or shorter wavelength light [79, 80]. NW-shaped pixels
could be a great alternative for these applications, because they can be transversally
small but with a length that matches the absorption length of the relevant light.

Popular methods for imaging the focal spot of such beams include scanning probes or
knife-edges [98-110]. Knife-edge methods record the increase in intensity as the knife
edge passes through the focal plane, which allows the shape of the focal spot to be
reconstructed. Scanning probe methods instead use either a small reflective particle to
image the reflected light or a sharpened optical fibre to collect light from the focal plane
measure it via a photodetector. It is notable that none of these methods directly record
the intensity but instead record scattered or propagated intensities.

Although scanning photocurrent measurements of single NW devices have been carried
out, this was not done to characterise the optical beam but instead to characterise the
optical absorption of the NW devices [59, 60]. We instead used our single NW
photodetectors for imaging the focal spot by scanning them in planes along the optical
axis and recording the photocurrent. Since the physical pixel size is far smaller than the
wavelength of visible light we can record images with an ultra-small step size also below
the wavelength. The results demonstrate the good photodetector properties of our NWs
and show that even though physical pixel sizes can be reduced far below the wavelength,
an increase in resolution does not necessarily follow.
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3.3.1 Setup

The experimental setup used to realise these measurements consists of three parts: an
electrical part, a high-resolution stage, and an optical part.

For the electrical part, the NW devices with SiO; insulation layer are wire-bonded to
chip carriers and integrated into printed circuit boards. A femtoammeter is then used
to measure the current through the devices or to record current-voltage curves .

For staging, a tomography stage with five linear stick-slip actuators is used [111]. Two
are aligned in the z-axis, two in the x-axis, and one in the y-axis. The z-axis of the system
is aligned along the optical axis. The linear stages provide ample driving range of up to
10 mm with accuracies around 1 — 10 nm.

The optical setup consists of a fibre-coupled diode laser at 633 nm wavelength. The
fibre is fed into an off-axis reflective collimator. The collimated beam is, in turn,
incident either directly on the sample or focused via a 0.8 numerical aperture (NA)
objective.

3.3.2 Calibration of photoresponse

First, we want to understand the relationship between photocurrent and incident light
intensity. We therefore alter the current through the laser diode to produce different
light powers and record a scanning photocurrent image with the NW device for each
of these power settings. Based on the known optical power and the measured
photocurrent spot, we can calculate the average photocurrent yielded by each light
intensity, as shown for one device in Figure 3.6a.

We find that the lower detection limit lies at 0.5 suns, below which it becomes difficult
to distinguish the photocurrent from background noise. By fitting a linear power law
Ly ¢ % we see that the photoresponse appears approximately linear over six orders
of magnitude for all devices, with o ~ 1. A closer analysis of one device is shown in
Figure 3.6b and reveals that there are three photoresponse regimes: a linear
photoregime at low intensities (o = 1.01), a superlinear regime at medium to high
intensities (a = 1.24), and a sublinear regime at very high intensities (a = 0.64).

A calculation of the EQE is also possible from this data, as shown in Figure 3.6b. As
for the solar cell characterisation in the previous section, the values are based on the
physical NW cross-section. This once again results in excessively large, physically
impossible values for the EQE, due to the mismatch of physical cross-section and
absorption cross-section [11, 12]. The development of the EQE follows the same three
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regimes as those of the photoresponse: EQE is constant for the linear regime, increasing
for the superlinear regime, and decreasing in the sublinear regime.
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Figure 3.6 Photocurrent response and analysis

a Photocurrent response of three device with power law fits, shown in log-log. b A closer analysis of device labeled NW1
in a. Three regimes are seen for the photocurrent response, linear (green), superlinear (red), and sublinear (orange). Each
has a corresponding power law fit. The apparent EQE based on the geometric cross-section of the NW is also shown for
this device and also follows three regimes. Note that the photocurrent (left y-axis) is shown in log-log whereas the EQE
(right y-axis) is shown with a log x-axis and linear y-axis. Adapted from paper II.

3.3.3 Characterisation of focal spot

By recording photocurrent images at different positions along the z-axis we can show
the evolution of the beam spot through space. Using our previously obtained
calibration, we can also convert the images from photocurrent to intensity. One such
measurement is shown in Figure 3.7a-j, with both linear scale and log-scale images
taken at 70 nm step size. A slight astigmatism is clear by the oval shape of the focus in
front of and behind the focal plane at z = 0.

More interestingly, the log-scale images reveal additional detail inside the intensity
distribution, as highlighted in the spot profile shown in Figure 3.7k. Here, we see along
the y’profile that there are step-like features inside the intensity profile. These can also
be seen in the images as ring-like features. This additional detail would be impossible
to see with a commercial pixel-array detector due to density of four steps in intensity
over just 2 pm, comparable to the size of a single pixel in a commercial detector.

Following ISO 11146-1, we also analysed the focal spot diameters as shown in Figure
3.71 [112]. From this analysis, we obtain two diameters of 2,(0) = 2.6 pm and 4,(0) =
2.1 pm, which are much larger than the diffraction limited spot diameters of d,- = 1.0
pm and 4, = 1.1 pm (see paper II). The astigmatism visible in the images is also clear
from the astigmatic waist separation of Az = 0.9 pm.
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While the astigmatism and other imperfections in the optical path may be responsible
the difference between the theoretical and measured spot size, another possible cause
could be caused by the high effective absorption area of NWs which exceeds their
physical cross-section. To verify that this is not the case, optical modelling was
performed.
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Figure 3.7 Image slices through focal plane and spot analysis

a-j Linear and log-scale images of laser focal spot taken at different z-positions using single NW photodetector at 70 nm
step size. k Log-scale profiles of the major and minor axis of the spot at the focus (z = 0). | Spot size analysis following ISO
11146-1 for image series in a-j. Reproduced from paper II.

3.3.4 Modelling of imaging with single nanowire detector

Optical modelling using finite-difference time-domain methods were performed by
Assoc. Prof. Nicklas Anttu at Abo Akademi in Finland. The 2 pm long InP NW was
modelled to be fully embedded in a material of refractive index 7 = 1.5, a simplification
ignoring the contact layers and details of the embedding isolation layer. The focused
illumination was achieved by simulating a 0.8 NA lens with full filling, another
difference from the experimental conditions.

The results of the modelling for a wavelength of 633 nm are shown in Figure 3.8. In
Figure 3.8(a), we see that the expected spot diameters recorded with such a single NW
probe are much smaller than the spot sizes observed in the experiment. This is in part
due to the way the spot is simulated as perfectly diffraction limited but is shows that
the enhanced optical absorption area of the single NW probe is not limiting. The
experimental NW diameter of 80 nm is indicated by the dashed lines in Figure 3.8 and
shows that we have, although accidentally, chosen the NW diameter which should
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produce almost the smallest possible spot diameter possible when imaging. As shown
in Figure 3.8b, the absorptance at our NW diameter is only around 36.1%, much lower
than the maximum absorptance of 76.6% possible at 110 nm diameter. Interestingly,
this increase in diameter and absorptance would not come with a huge loss in image
resolution. It is therefore possible to optimise a NW detector not just for resolution but
also for absorptance and sensitivity simultaneously. Additionally, the modelling was
limited to NWs of 2 pm length but an increase in NW length could also be used to
increase absorption.
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Figure 3.8 Simulation of spot diameter and absorptance for imaging a 633 nm laser spot with single NW detector
a Relationship between apparent focal spot size and NW probe diameter. b Relationship between absorptance and NW
probe diameter. The diameter of the NW used in the experiment is indicated by the dashed lines. Reproduced from paper
.

3.3.5 Imaging of a dense diffraction pattern

As a final demonstration of the capability of the detector, we image the diffraction
pattern of a double slit. The double slit consists of two 100 pm wide slits with 600 pm
spacing and is placed in the beam path ahead of the focusing objective, so that it ends
up being focused by the objective. An image of the resulting diffraction pattern is shown
in Figure 3.9a alongside a line profile through the centre of the diffraction pattern in
Figure 3.9b. Both a single-slit and double-slit pattern are visible with the double-slit
pattern having a spatial period of 2 pm. Despite this, the fringes are clearly resolved,
even for the much lower intensity second order peaks at the image edges. The patterns
are also quite noise free and clear. It would be impossible to obtain such clear images
with commercial array detectors due to the high spatial density, while scattering probe
methods would struggle to image the low intensity parts of the image. This again
highlights the capability of our single NW devices for high-resolution imaging in a

direct detection scheme.
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Figure 3.9 Imaging of double-slit diffraction pattern
a Image of focused double slit diffraction pattern. b Line profile through the centre of a with fitted double-slit, single-slit
curves, and combined slit behaviour. Reproduced from paper II.
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4 Horizontal single nanowire CsPbBr3
devices

As MHPs have become a competitive solar cell technology [113-116], nanosized MHP
devices have also proliferated [117]. Just as thin-film MHPs, they benefit from easy
solvent-based fabrication methods, defect tolerance, and excellent optical properties.
This has allowed for applications of MHP nanocrystals as LEDs [118, 119], lasers
(38, 45, 120, 121], photo- and X-ray detectors [30, 33, 122-126].

However, while the active MHP crystal can often be a nanocrystal such as NWs,
quantum dots, or nanoplates, the device features, like contacts and surface
modifications such as etching. are not structured on the nanoscale. To make such
features on the nanoscale, patterning methods such as the lithography methods are
necessary. Unfortunately, due to their high solubility in polar solvents, MHPs are not
compatible with established lithographic processing as it has been developed for
conventional semiconductors like Si or I1I-Vs [61-65, 67].

While efforts have been made to adapt photolithography to MHPs [61, 65], EBL is
more useful for working with nanoscale MHPs due to the higher resolution,
adaptability of masks, and ease of alignment. Modifications to the standard version of
the PMMA EBL process as used in Chapter 2 have been proposed, to make it MHP-
compatible. Zhang et. al. utilised it with a much-reduced development time [67], while
Dou er. al. relied on thoroughly drying the solvents before development [66]. These
approaches may not be suitable for all MHPs and applications, as less stable MHPs
cannot resist the solvents no matter how dry [64], nor can short development times
reliably produce high-quality patterns in all cases. To remedy this, Lin ez. al. put forth
a proposal to replace the solvents with non-polar alternatives chlorobenzene and hexane
[62]. The resulting process does not reproduce the performance of the existing polar
developer well, which makes it difficult to pattern thick metal contacts for lift-off
processes reliably. An alternative developer of o-xylene and hexane is put forth in the
following chapter, which replicates the standard PMMA developer performance much
more accurately. With it, complicated structures can be fabricated with thick metal

layers, all in an MHP-compatible fashion.
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However, even with the option for nanoscale contacting and processing via EBL, MHP
nanocrystals still lack the band structure control that is possible for Si and III-V
nanocrystals. Specifically, nanoscale heterostructures are a crucial part of commercial
optoelectronic devices such as LEDs and lasers. Although heterostructured MHP N'Ws
can be grown via CVD [45], anion exchange presents a post-growth modification
option with much more versatility [69, 127, 128]. As the name suggests, during anion
exchange the halide anion in an MHP is displaced by a different halide species, with a
resulting shift in lattice constants and band gap. This can be utilised to tune the PL
emission spectra of MHP crystals or MHP light emitting devices like LEDs and lasers.
Dopant profiles and heterostructures are critical design elements for devices such as
LEDs and lasers, which commonly use a heterostructure for the emissive layer [70]. It
has also been proposed as a mechanism by which MHPs could be functionalised as
chemical sensors [39, 129, 130].

Anion exchange was first observed for nanocrystals when precursor solution containing
a different halide salt was added to colloidal nanocrystals [69]. Since then, anion
exchange has been carried out using different methods and media. Solid-liquid anion
exchange such as for colloidal nanocrystals has been replicated for larger crystals and
films using precursor solutions but also other liquids such as halogenated solvents
[131, 132]. Solid-solid halide exchange has been demonstrated by simply putting two
different MHPs into physical contact [133]. Solid-gas anion exchange has also been
demonstrated with halide gases, hydrohalic acids, or gaseous salts [16, 39, 129]. Often,
halide exchange can be stimulated or accelerated using heat, plasma, or light stimulation
[121].

Previously, halide exchange has been demonstrated on MHP NWs, including as
heterostructured NWs by Dou er. al. [66]. However, this processing utilised niche
chemicals not currently established in most cleanrooms. Instead, this chapter will
describe two gas-based processes using HCl and Cl, gas to convert CsPbBr; to
CsPb(BriCly); which are commonly available in all cleanrooms. Especially the Cl,
method offers significantly higher control over the exchange parameters than either
HCl or the liquid method used by Dou ez. al. When combined with the EBL processing
above, the anion exchange processing can produce heterostructured
CsPbBr3/CsPb(Bri«Cly)s NWs with segments only hundreds of nanometers long. This
demonstrates the immensely increased control possible over local MHP band and
device structure when existing nanoscale processing is adapted and combined with the

flexibility of MHP crystals.

In this chapter, I will first give a brief overview of MHPs as a material and explain the
fundamental challenge of substituting MHP for an established semiconductor in
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nanostructures. | will motivate the choice of CsPbBr; over other MHPs as a material
system for investigating NW MHPs further before discussing how free-standing
CsPbBr3 NWs can be grown from anodised aluminium oxide (AAO) templates. I will
then describe how horizontal single CsPbBrs NW devices can be realised by developing
an MHP-compatible EBL process. Then I will discuss the phenomenon of anion
exchange and how we realised it with two gas-based processes for our NWs. Finally, I
will show how it can be combined with the EBL method to create MHP devices with
nanoscale heterostructures.

4.1 Basic properties of MHPs and CsPbBr;

4.1.1 The perovskite crystal

Perovskites are identified by their crystal structure and the general formula ABX;, with
cations A" and B*, and anion X[63]. The cubic perovskite structure is shown in
Figure 4.1, but orthorhombic and tetragonal phases are the common phases for MHPs
at room-temperature [56, 134-138].

For MHPs, the anion X is a halide atom other than fluoride and at least one of the
cations is a metal, most commonly Pb or Sn as the B** cation. The A" site cation can
also be a metal such as Cs or an organic cation such as methylammonium (MA)
CH3NHj3* or formadinium (FA) CHsN,*. Each site of the crystal is not restricted to
just one chemical species and instead different species can occupy the same site inside
the same single crystal resulting in a mixed MHP. For example, the (currently) most
efficient single-junction MHP solar cell relies on a mixture of FA" and Cs' for the A
crystal site [114]. This compositional flexibility can result in incredibly complicated
materials compositions with different properties.

@ A+ cation: Cs*, [CH3NHs]*,...

O B+ cation: Pb2+, Sn2+,...

Q X~ anion: Cl-, Br-, I~

Figure 4.1 Schematic of cubic perovskite structure
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4.1.2 MHP synthesis

Growth of MHP crystals is generally conducted via one of two methods: co-evaporation
of precursor salts or crystallisation from precursor solutions[7, 16, 39, 44-46, 53, 55-
57,69, 118, 126, 127, 130, 131, 138, 139]. The precursors salts are normally AX and
BX>, e.g. CsBr and PbBr; to create CsPbBr;. While lead salts are mostly insoluble in
water, they can be dissolved in polar organic solvents like DMSO and DMF [140, 141].
Meanwhile the AX salts, both inorganic and organic, readily dissolve in water and other
polar solvents including DMSO and DMF [142, 143]. This allows for the creation of

precursor solutions containing the necessary constituent salts to form MHP crystals.

Crystal growth from these precursor solutions is possible because the enthalpy of
formation of MHP crystals compared to the dissolved salts is generally quite low, often
even close to or above 0 kJmol” [63]. This also explains why simple co-evaporation of
the salts will result in MHP crystals [63]. Very little energy is required to form these
materials from the precursors and MHP formation will occur spontaneously even at
low temperatures [63]. It is in part for this reason that MHPs have spread so rapidly
through the research community and are generally touted as being low cost. Besides
access to the necessary precursor salts and solvents, a hot plate is generally the only piece
of equipment used. In terms of setup and running costs, this compares incredibly
favourably to the complex reactors and precursors required for growth of Si or II1I-V

semiconductors.

However, a direct consequence of their low enthalpy of formation is that MHPs are
fragile. It takes just as little energy to revert the chemical reaction, meaning that
degradation mechanisms can occur under mundane conditions simply from heat,
illumination, and most notably from polar solvents [144]. While, as previously stated,
lead salts are not very soluble, Cs-halides and organic halide salts are soluble even in
water. This can lead to a degradation mechanism where the Cs or organic salt is leached
out of the perovskite structure, leaving a Pb-halide husk [144]. The humidity in the air
is sufficient to cause this degradation for many MHPs which necessitates the use of dry
N, gloveboxes for their synthesis and processing.

4.1.3 Properties of CsPbBr; and CsPb(Br:..Cl);

The MHP used in this thesis is CsPbBr; alongside the intermediate Br-Cl mixed system
CsPb(BriCly)s. Although CsPbBr; is not competitive for solar cell devices due to its
relatively large band gap (525 nm, 2.36 eV), it performs well in applications such as X-
ray detectors [125, 126, 145, 146]. Additionally, it is among the most chemically stable
MHPs [63, 147]. This is due to a comparatively high enthalpy of formation and makes
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CsPbBr; an attractive choice for testing novel processes in a conventional cleanroom
environment outside of a glovebox.

The properties of the mixed-halide CsPb(BriCl); lie in between these values as
estimated by Vegard’s law, which is a heuristic approach for estimating band gaps and
lattice parameters of mixed crystals [148]. The lattice constants acys- and band gap
Eg cys for the mixed CsPb(Br«Cly); are then given as:
EGﬂ = X XEG,BT+ (1 - x) XEG,Cl (41)
'Br
a.c. = X Xagpr + 1 —-x) Xage (“2
'Br
This allows the band gap of the CsPb(Br.Cl,)s system to cover a large part of the visual
spectrum. If CsPb(Bri.l); is included in the consideration, this extends the range
covered by the CsPbX; system to effectively the full range of the visual spectrum, with
band gaps (wavelengths) of 3.04 ¢V (408 nm), 2.37 ¢V (523 nm), and 1.77 eV
(700 nm) for CsPbCls, CsPbBr3, and CsPbl; respectively [69, 149]. It should be noted
that while Cl/Br and Br/I mixed MHPs are possible, Cl/I mixed MHPs are not due to
the large difference in ionic radii and resultant lattice strain [69].

4.2 Synthesis of free-standing CsPbBr; nanowires via
AAO templates

Growth of MHP N'Ws has been achieved for different MHP compositions and using
different growth methods. Co-evaporation has been used to produce NWs via a VLS
regime, mimicking the growth method used for InP NWs such as those described in
Section 3 [16, 44-46]. Solution-based approaches have achieved N'Ws via both hot
injection and template-assisted growth [7, 39, 53, 55-57, 69, 118, 126, 127, 130, 131,
138, 139]. The method growth used in this thesis is a form of template-assisted growth.

4.2.1 Anodised aluminium oxide

AAO is an inexpensive material with a wide range of commercial uses. When
aluminium is electrochemically anodised, AAO forms in a self-aligned fashion forming
a hexagonal matrix of pores [150-152]. The pore diameters can be as small as tens of
nanometers and can be controlled by the electrochemical process parameters. The AAO
can be both attached to a substrate or free-standing with pores open on both sides.
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The shape and aspect ratio of the AAO pores is well suited for the growth of NW-like
crystals on the inside. When investigating the use of AAOs as a matrix for CsPbBr;s NW
scintillators, we found that the NWs grow not only on the inside of the pores but
continue to grow outside the AAO template as free-standing N'Ws.

4.2.2 Growth of free-standing CsPbBr; nanowires

For our NW growth we use free-standing AAO templates with pore diameters of 200
nm to 350 nm. The precursor solution consists of 0.3 M of CsBr and 0.3 M of PbBr,
in DMSO. This solution is dispensed onto a glass slide and then the AAO is placed
onto the precursor droplet which infiltrates the pores via capillary forces. The sample
is then placed on a 70 °C warm hot plate allowing the DMSO solvent to evaporate. As
supersaturation of precursor salts is reached CsPbBr; crystals first form inside the pores
where they grow into NWs encapsulate and guided by the pore shape. Later in the
growth process, crystallisation also occurs on the AAO and glass surfaces as bulk crystal
and at the same time free-standing NWs grow out of the AAO pores as a continuation
of the NW crystals inside the pores. Notably, the growth of these NWs occurs
preferentially on the downwards facing side of the AAO.

This growth mechanism is surprising since the NW growth outside the AAO pores
occurs without any spatial confinement by the template. From XRD and TEM
measurements, the N'Ws were found to be single crystalline and grow such that the
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Figure 4.2 lllustration of the growth of free-standing CsPbBr3 nanowires from AAO templates

Top shows the macroscopic view of the growth process, where the AAO template is placed onto a droplet of precursor
solution, which infiltrates the AAO pores and growth CsPbBr3 NWs and crystals. Bottom shows a close up of a single AAO
pore throughout growth. It first fills with precursor solution, then a seed crystal nucleates, the growth propagates along
the pore along the <001> direction, before continuing outside the AAO pore and resulting in a free-standing CsPbBr3
NW.

30



(001) plane is perpendicular to their long axis with sidewall facets formed by the (110)
plane. This means that the NWs must grow preferentially along the <001> crystal
direction, an effect which has also been observed in purely solution-based growth
without any template [153]. This indicates that the solid-solid interfacial energy of the
CsPbBrs/AAO and the solid-liquid interfacial energy at the CsPbBrs/precursor solution
interface must be higher for the (001) crystal plane than the (110) crystal plane [154],
as the NWs both crystallise with the (110) plane in contact with the AAO wall and
then continue to grow such outside the AAO. This description is likely incomplete, as
significant amounts of non-NW growth are nonetheless observed. The growth process
must therefore lie in a careful balance where locally surface energies, supersaturation,
temperatures and seed crystals combine to allow for NW growth.

The NW length can be adjusted by changing the precursor volume, as shown in Figure
4.3. Precursor amounts of 7 pL, 15 pL, and 25 pL were used for growth, yielding NWs
with average lengths of 3.2 pm, 10 pm, and 18 pm, respectively. The longest NWs can
reach up to 30 pm in length.
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Figure 4.3 Influence of precursor volume on free-standing nanowire length
a-c SEM images taken at a 30° tilt and NW length statistics for NW growth using 7 pL, 15 pL, and 25 pL, respectively.
NWs clearly increase in length with greater precursor volume. Reproduced from paper IIl.

31



4.2.3 Improvement of growth via controlled-flow reactor

To further optimise the yield of free-standing NWs and obtain greater control over the
growth, the growth can be conducted not in an open fume hood as in paper III but
instead inside a controlled-flow reactor as described in paper VI. Unlike a complex
MOCVD reactor such as those used for 1II-V growth, the reactor here is simply an
enclosed chamber with gas inlet and outlet to allow for a controlled gas flow across the
growth template.

The NW growth mechanism relies heavily on the formation of a supersaturation
followed by the formation of a seed crystal and its subsequent growth, as explained
previously. Supersaturation occurs based on the rate of evaporation of DMSO from the
precursor solution which can be controlled not just by changing the temperature but
also by the concentration of DMSO in the air above the sample. Optimising the gas
flow during the growth should therefore allow for more consistent and controlled NW
growth.

By SEM imaging, the yield of free-standing NWs per sample was estimated based on
both temperature and flow rate of N, across the sample, as shown in Figure 4.4. At the
previously chosen temperature of 70 °C, a flow rate of 0.8 L min™" provides the highest
yield of NW producing areas. When altering the temperature at this fixed flow rate, we
find the best results still at 70 °C. This indicates a consistent match of temperature and
flow rate for our growth system and reactor, which affords significantly more control
and consistency when producing free-standing CsPbBr; NWs.
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Figure 4.4 Effect of growth temperature and flow rate on nanowire yield in controlled-flow reactor
a-b Growth area ratio as assessed by SEM images and its variation with temperature and flow rate, respectively.
Reproduced from paper VI.
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4.3 Horizontal single CsPbBr; nanowire devices

To fabricate devices from the single CsPbBrs N'Ws, as has been done for single N'Ws
of other semiconductors, we first transfer the NWs to a new substrate so that they are
no longer free-standing but lying horizontally. Then, we need to connect these NWs
electrically by patterning and depositing contacts in an aligned fashion. It is during this
step that the fragility of MHPs impacts our processing significantly. The lithographic
methods that have been developed for contacting Si or III-V semiconductor NWs
cannot be applied to MHPs without alteration due to high solubility of MHPs in polar
solvents.

4.3.1 Lift-off processing

The lift-off process generally used for contacting consists of five steps which are also
illustrated in Figure 4.5a for the case of PMMA resist:

1. Spin coat or otherwise deposit a polymer resist layer stack.

2. Write the pattern into the polymer resist layer as a local chemical change. This
is typically done using electrons or light.

3. Transfer the written pattern into the resist layer physically. For this, we use a
solvent that selectively dissolves either only the exposed or only the unexposed
resist material (called positive and negative lithography, respectively). This
process is called development, the selective solvent correspondingly is called
developer.

4. Evaporate or sputter new material (e.g. electrode metal) onto the sample.
Other surface modifications are also possible, such as etching or anion
exchange as described later in Section 4.4.

5. Remove the polymer resist layer alongside any material deposited onto it by
immersion into a solvent. This leaves behind any material that was deposited
directly onto the sample surface. This is called step the lift-off and the solvent
is referred to as the remover.

The combination of resist, developer, patterning process, and remover form a resist
system. For the resist system to work, the resist material needs to be chemically sensitive
and easily removable via solvents. At the same time, a developer chemical must exist
that shows sufficient selectivity to differentiate exposed and unexposed material. If the
developer is not selective enough then the sidewalls of the written features can become
sloped and gradual. As a result, the lift-off step becomes difficult, if not impossible.
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Figure 4.5 Schematic of EBL lift-off process and EBL developer behaviour

a Schematic of EBL lift-off processing using a double-layer PMMA resist. b Development behaviour of different developer
solutions for PMMA EBL processing. Shown is the normalised thickness of the PMMA (apparent depth of the developed
feature) with a value of 0 indicating full development with no dissolution of unexposed PMMA and 1 meaning no PMMA
was dissolved. ¢ Development behaviour of o-xylene:hexane 2:1 solution for different development times. Reproduced
from paper IV.

In addition, all the chemicals involved must also be compatible with the underlying
sample material.

It is this combination of criteria that makes lithography on MHPs difficult. While a
wide variety of resist systems is available commercially, they have generally been
developed for Si or III-V materials, which are much more chemically resistant
compared to MHPs. We therefore cannot simply use these processes but instead must
adapt and modify them to circumvent the instability of MHPs. For use with our NWs,
we therefore modified the processing for PMMA as an EBL resist, specifically the
development step (step 3 in the list above).

4.3.2 MHP-compatible EBL with PMMA resist
PMMA has a high solubility in non-polar solvents [155] and is commercially available

in MHP-compatible solvents like anisole or chlorobenzene. The de-facto standard

processing for PMMA is described in paper I. The accepted standard developer is a
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solution of MIBK:IPA 1:3 with acetone used as the remover. Acetone is easily replaced
with a non-polar MHP-compatible solvent like anisole, chlorobenzene, or toluene.
Both MIBK and IPA are moderately polar solvents as well and are generally not
compatible with MHPs containing organic cations like MA or FA [62, 65]. However,
the MIBK:IPA and acetone processing has been reported for use with CsPbBr; but in
this case special care was taken to dry the solvents, i.e. to remove any water that may
have mixed into the solvents as a result of humidity and storage
[66, 156]. Besides this case of using the MIBK:IPA process there also exists a report on
using a 1:3 mixture of chlorobenzene:hexane [62]. We investigated this mixture but
could not obtain successful lift-offs with it. As an alternative we investigated a non-
polar developer consisting of ortho-xylene (o-xylene) and hexane, where the o-xylene
dissolves the PMMA while the hexane moderates via dilution.

To quantify the effectiveness of the development, we measure the apparent depths of
the features written with EBL compared to the thickness of the as spin coated PMMA.
The resulting data showing the development behaviour of MIBK:IPA 1:3,
chlorobenzene:hexane 1:3, and several mixtures of o-xylene:hexane (1:0, 2:1, 1:1, 1:2)
is shown in Figure 4.5b-c for a PMMA495/PMMA950 bi-layer resist using 20 kV
acceleration voltage. At a normalised thickness of 1 the depth of the developed feature
is 0 nm, whereas at a normalised thickness of 0 the depth of the developed feature is
the entire pre-exposure PMMA layer of 400 nm. A value of 0 is ideal, since it means
that the unexposed PMMA layer was not dissolved while the exposed PMMA is fully
removed. A value above 0 indicates either that the exposed PMMA is not fully dissolved
or that unexposed PMMA has also been dissolved, reducing the apparent feature depth.
The number therefore indicates a combination of developer efficacy and developer
selectivity.

We find that the o-xylene:hexane 2:1 mixture performance effectively mimics the
MIBK:IPA performance. More dilute o-xylene solutions are too weak to develop at
comparable doses while undiluted o-xylene develops quickly but never reaches a
normalised thickness of 0. In this case, this indicates that it is not very selective. Similar
behaviour is observed for the chlorobenzene:hexane formulation that was reported in
literature and also never reaches a value of 0 [62]. This is likely due to a lack of
selectivity where the unexposed PMMA is also dissolved which results in a lower resist
thickness and sloped sidewalls without an undercut profile. In combination, these
factors make the lift-off step much more difficult.

We can use the o-xylene:hexane process to create dense nanoscale features and extremely
small features, such as the line and single lines shown in Figure 4.6a. This demonstrates
that the process can be used to create the sorts of features we need to contact single

NWs.
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4.3.3 Fabrication of horizontal single CsPbBr; nanowire devices

To fabricate the single CsPbBrs NW devices, we first transfer the standing NWs from
the AAO substrates to new substrates with prepared marker systems. The transfer is
done using the folded tip of a cleanroom tissue. This tip is first scratched across the
AAO surface where it picks up N'Ws and then across the sample surface where some of
the picked-up N'Ws are deposited. We then image the transferred NWs in the SEM to

locate them within the marker system and design corresponding EBL masks.

We use the adapted PMMA EBL process, as described in paper IV. Besides changing
the developer solution to o-xylene:hexane 2:1, there are a few other necessary changes.
We lower the baking temperature for the PMMA to 60 °C to avoid going above the
phase transition temperature for CsPbBrs [135] but compensate by prolonging the
baking step to 20 min. We also alter the development process by adding a short dip in
o-xylene in between the development and rinse steps. This produces a cleaner developed
surface and prevents redeposition of PMMA particulates from the developer solution
onto the sample surface. We confirm that no degradation occurs by measuring the NW
PL throughout the processing. The NWs remain photoluminescent and show a
consistent CsPbBrs peak around 520 nm, visible in Figure 4.6d-e. SEM images of the
finished devices are found in Figure 4.7a-c.
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Figure 4.6 SEM images of EBL test structures and PL of a nanowire throughout PMMA EBL processing

a-c SEM images of high-resolution test structures made with MHP-compatible EBL lift-off process. a Grating with a design
pitch of 250 nm. b-c Single lines with design widths of 100 nm and 50 nm, respectively. d Optical PL microscopy images
of the same CsPbBrs NW throughout the different steps of the MHP-compatible EBL lift-off process. e PL spectra of the
same NW as in d. Inset shows an SEM image of the transferred CsPbBrs NW. Reproduced from paper IV.
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4.3.4 Optoelectronic characterisation

We measured the resultng single NW devices electrically, with the current-voltage
characteristics for one such device shown in Figure 4.7d. Without illumination, we find
that the devices are not very conductive with currents below 1 pA even for bias voltages
up to 4 V. However, once we induce photogenerated carriers by illumination with
16 mWem™ of 395 nm light, the currents increase by an order of magnitude to 20 pA.
By biasing the device with 5 V and turning the illumination on/off, we can demonstrate
an extremely strong photoresponse as shown in Figure 4.7e.

The shape of the current-voltage characteristics is not that of a simple ohmic resistor
curve. Instead, the current-voltage characteristics are non-linear with a pronounced
hysteresis which becomes very clear at logscale, as can be seen in Figure 4.8a-d. We
attribute this not to poor contact quality, but to the high ionic mobility in MHPs. In
fact, subsequent studies have indicated that the contacts are ohmic [157]. Instead, ionic
movement convolutes carrier dynamics with ionic drift and resultant shielding effects.
Without any external bias, ions are uniformly distributed throughout the crystal but
once we begin biasing, Br-anions will move to the positive terminal, with possible
movement of Br-vacancies to the negative terminal [157, 158]. Since the movement of
the ions opposes the external electric field, this causes the anions and vacancies to shield
the external field which affects the carrier transport through the device. The resulting
transport phenomena are therefore highly dynamic and complex.
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Figure 4.7 SEM images and electrical characterisation of single CsPbBr; NW devices

a-c SEM images of different single CsPbBr3 NW devices. a Overview image of contact traces to single CsPbBrs NW. b-c
Close-ups of single NW devices, note the square sidewalls of the NW visible in ¢, which is taken at a 30° tilt. d Current-
voltage characteristics of a single CsPbBrs NW device with and without illumination. e On/Off photoresponse of single
CsPbBrs NW device. Excitation in d-e was provided using an unfocused 395 nm laser with an approximate excitation
intensity of 16 mWcm2. Reproduced from paper IV.

37



—10: ] B ] _
u b 4107
—11[ 1 F B
— 10 E E L oo
T F E it
é 107 210"

= F B E =

S oL J E 1, .-13
[m) E El L d4n”

[%] 10 E 3 E §10
10_M§ E 3 §10-‘M

-10
10 ' F T T T T T 3 E 3

c : d 4107
107k q10™"
£ F 1k d107"
&, -] ] E =
= E = -1

51 - B
a L E J.a1

CZetil E ;10
10 E 3 F J,a-15

E 3 E 510
10'”; L . | . | ; é 510_15

-4 -2 0 2 4
SD voltage [V]
Cycle
—i — 2 — 3 — 4 ) ] — 7 — 8 9 — 10

Figure 4.8 Log-scale current-voltage characteristics of several single CsPbBr; NW devices

a-d Photocurrent measurements (same excitation as Figure 4.7) for four different devices. Ten cycles of source-drain (SD)
bias are shown for each device, which exhibit a similar shape with significant hysteresis. The sweep direction is indicated
by the arrows in a and identical in the other measurements. Insets on each panel show an SEM image of the device under
test. Note that the SEM image in b is taken at a 30° tilt. Reproduced from paper IV.

4.4 Anion exchange for CsPb(Br;(Cly)3 nanowires

During anion exchange the Xanion of an ABX; MHP is exchanged for a different anion
Y. This phenomenon appears to be unique to MHPs and not perovskite crystals
generally. The precise mechanisms behind anion exchange are still not fully understood
but it is currently thought to be a simple diffusion process mediated by the large amount
of halide vacancies that typically form in MHPs during crystal growth [69]. This view
is strengthened by the observation that anion exchange can be prevented if the MHP
is given a post-growth treatment meant to fill halide vacancies [159].

In the following section, I will describe how we can use anion exchange to turn our
CsPbBrs NWs into CsPb(Br1..Cly)s NWs using a gas-based exchange process. 1 will
describe the two exchange processes I investigated and how I used PL and EDS to
characterise them. I will then describe how we can model the diffusion into a NW and
use it to extract diffusion parameters from our PL and EDS data to better understand

the anion exchange. Lastly, I will show how we can combine anion exchange with our
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previously developed EBL technique to create nanosized CsPbBrs/CsPb(Br;CL)s

heterostructures in our N'Ws.

4.4.1 Anion exchange processing with HCl and Cl, gases
Two easily available gas-based halide sources are HCl and Cl,, both of which are staples

in many cleanrooms. HCl is easily available as an aqueous solution and Cl, gas is often
found in Cl-based reactive ion etchers used for etching of metals such as chromium.
Just as for the fabrication of single CsPbBrs NW devices, the first step towards
characterising the anion exchange was to transfer the NWs from the growth AAO to a
new substrate.

The HCl-based process, as illustrated in Figure 4.9b, relies on placing the sample
containing the NWs at the opening of a beaker containing concentrated HCI (37 wt%,
12M). At 24 °C, the partial pressure of HCl above the solution is expected to be roughly
1.5 x 10? bar [160]. It is this gaseous HCI which provides Cl-anions for the anion
exchange process with the CsPbBr;. An SEM image of an unexchanged reference NW
can be seen in Figure 4.10a, while NW exchanged via the HCI process is shown in
Figure 4.10b.

In Figure 4.9¢c, the Cl,-based process is illustrated. Here we make use of a commercial
RIE tool with Cl, and Ar as process gases. We create a partial pressure of
3.33 x 10” bar Cl, gas above the sample and supplement with Ar to reach a total
pressure of 1.33 x 10 bar. While the tool is a plasma etcher, the plasma is never
activated, and anion exchange simply occurs between the Cl, gas and the CsPbBrs N'Ws
at room temperature. An SEM image of a NW exchanged via the Cl, process is shown
in Figure 4.10c alongside an EDS line profile along the same NW.

o R

transfer

Figure 4.9 Anion exchange processing for conversion of single CsPbBrs nanowires to CsPbBr(:xClx): nanowires
a SEM image of free-standing NWs on AAO before transfer taken at 30° tilt. b-d Schematics of HCI, Cl;, and Cl,
heterojunction anion exchange processing. e PL microscopy optical image of heterojunction CsPbBr3/CsPb(Bri.Cl)s NW.
Reproduced from paper V.
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4.4.2 Correlating PL and EDS with anion exchange

We investigated the HCl-based process for exposure times of 15 s to 90 s and the Cl-
based process for exposure times of 30 s to 300 s. To measure and classify how the

crystal composition changes during the process we use PL and energy-dispersive
spectroscopy (EDS) measurements.
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Figure 4.10 EDS characterisation of CsPb(Br:...Cl«); nanowires and its relationship to PL emission

a-c SEM images of unexchanged, HCI exchanged, and Cl, exchanged NWs, respectively. EDS line profile for the Cl.
exchanged NW is shown in ¢. d-e PL peak emission wavelength versus Cl and Br concentrations as measured with EDS. f
Schematic of radial migration of photoexcited carriers illustrating how PL peak wavelength is probed from NW core, which
is Br-rich and hence has a longer PL emission wavelength. Reproduced from paper V.

Since the PL emission wavelength depends on the semiconductor band gap, we can use
it to characterise the halide composition of the NWs because the band gap is linked to
the halide composition as described by Vegard’s law (Eq. 4.1-4.2). While this indirectly
probes the composition, EDS directly probes the composition based on the emission
of characteristic X-rays under electron beam excitation. This is especially powerful due
to the high spatial resolution and ability to directly correlate each pixel of an image with
a corresponding X-ray spectrum, as is done in Figure 4.10c for a Cl, exchanged NW.

A difference between the compositions determined via EDS and PL may arise in case
of a radial composition variation inside the NW. While the EDS is more surface
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sensitive, it still generates a signal from the entire diameter of the NW. This is attested
by a strong Si peak from the substrate, which is always visible, even from underneath a
NW. In contrast, the photocarriers generated by the excitation laser during PL
measurements are likely to migrate to and recombine in the lowest band gap region. As
illustrated in Figure 4.10f, this would lead us to generally observe a PL wavelength that
is related more towards the composition of the more Br-rich NW core than to the
average N'W composition.

The relationship between PL emission wavelength and concentrations of Br and Cl as
obtained with EDS are shown in Figure 4.10d-e. A clear linear relationship as expected
from Vegard’s law is apparent. However, we see that the Br concentration is
consistently overestimated whereas Cl is consistently underestimated as compared to
the values expected from PL. Since X-ray fluorescence yield scales with the atomic
number of an element and Cl has a much lower atomic number than the other probed
elements, this underestimation is not unexpected [161]. For all the samples, it remains
clear that the total halide component stays around 56%. While this is lower than the
expected 60%, this error is more likely due to the calibration and the fact that it does
remain consistent is evidence that we are indeed exchanging anions.

4.4.3 Anion exchange behaviour of HCl and Cl, processes

The PL peak wavelength vs. process time is shown in Fig 4.11a-b for both processes.
The Cl, process saturates after around 100 s of exposure, reaching a final PL emission
wavelength corresponding to around 94% Cl or x = 0.94 in CsPb(Bri.Cly)s.
Meanwhile, the HCI process saturates after 80 s but reaches a much more thorough
conversion towards pure CsPbCl with a final PL emission wavelength of 415 nm,
equivalent t0 99% Cl or x = 0.99 in CsPb(BrCly)3. The difference in anion exchange
completeness could originate with several factors.

Firstly, the partial pressure of Cl, used is much lower than that of HCL. This reduces
the concentration gradient driving diffusion of Cl into the NW. Secondly, the chemical
reaction that takes place at the NW surface to exchange a Br anion for a Cl anion is
likely to be markedly different between the processes and occurring at different rates.
Lastly, there may be a difference in vacancy levels between the NWs due to growth-to-
growth variation. Both the corrosive nature of HCl and the presence of water vapour
from the concentrated HCl solution could increase the number of vacancies,
accelerating the anion exchange process.

Another question is the effect the anion exchange has on the PL emission intensity.
Generally, we expect that there should be a decline in the PL emission intensity because
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the EQE of CsPbCls is lower than that of CsPbBrs [128], but also because for pure
CsPbCl; the excitation wavelength 405 nm is very close to the PL emission wavelength
of 415 nm which reduces the absorption and excitation efficiency. Since we observe
that the NWs appear etched and damaged from the HCI process (Figure 4.10b), we
would expect these NWs to contain more non-radiative defects which would quench
the PL intensity. When we look at the PL intensity vs. PL peak position as shown in
Figure 4.11c, we find that as expected the PL is severely reduced at lower wavelengths
to less than 1% of the original intensity for fully exchanged NWs. However, the
behaviour appears identical for HCl-exchanged NWs and Cly-exchanged NWs despite
the high level of visible damage to the HCl-exchanged N'Ws. This is quite remarkable
and demonstrates the high level of defect tolerance that MHPs are known for.

a 520 - ' ' b 520 ' ‘
- Cl, exchange HCI exchange
—_ = [
E 500 e Wavelength E 500 o  Wavelength
< —— Diffusion fit £ 480l Diffusion fit
()] (=) @
g g
E @ 460+
& & o
= = 440
— -
o o
420 @ & _ -
0 100 200 300 0 20 40 60 80
Exchange time [s] Exchange time [s]
c 0 T T T T d T
10 F O e 520+ b
= ° Clz = e 30s CIZ
F HCI 1 = ;
2 | hd ] E 500~ — Fit .
[ = With D °
& * £ 480+ a.t 1
10 a a E c
- ] (]
et ] T 460" |
= = ® >
© ©
e ee o . = a40- i
107k ° E o
F E 420+ .
" )
320 440 460 480 500 200 250 300 350
PL wavelength [nm] NW diameter [nm]

Figure 4.11 Comparison of HCl and Cl, anion exchange processes and diffusion modelling

a-b Time-dependence of PL emission wavelength for Cl, and HCI exchange processes, respectively. Fitted curves for the
diffusion model from Section 4.4.4 are also shown. ¢ Evolution PL emission intensity for different PL wavelengths, i.e. for
longer anion exchange times. The behaviour appears identical for both the HCI and Cl, anion exchange process. d NW
diameter dependency of PL emission wavelength for 30 s of Cl. anion exchange processing. A fitted diffusion model curve
using a fixed time t = 30 s and a curve using parameters fit parameters from panel a are shown. Reproduced from paper
V.
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A final observation during the anion exchange process was large NW-to-N'W variation
in terms of the PL peak position for NWs on the same sample. The error bars in Figures
4.11a-b indicate the standard deviation for each time step. Shown in Figure 4.11d are
the PL peak positions versus the diameter of the corresponding NWs only for 30 s of
Cl, processing. Even though the AAO pore size is consistent, the free-standing N'Ws
have diameters distributed around this pore diameter. We see that during the 30 s
process step N'Ws with diameters below 200 nm appear already almost fully exchanged
with a PL peak below 420 nm, while the thickest NWs with diameters above 350 nm
are only moderately blue-shifted to around 490 nm. How this effect comes to be
requires a better understanding of the diffusion processes that occur during anion
exchange.

4.4.4 Modelling the diffusion into a nanowire

Fundamentally, diffusion refers to the movement of particles or heat along a
concentration gradient, such as the movement of Cl atoms from a gas into the CsPbBr;
crystal. In a single dimension, the diffusion flux / through an area A4 is given by Fick’s
first law as [162]:

a
J =D (43
Where D is the diffusion constant (also called diffusivity) and Clx,t) is the

concentration of the diffusing particles along the direction x, where x is along the
surface normal of A.

As the diffusion progresses, the concentration gradient will change. This rate of change

ac .. . . .. . . . .
5 again in one-dimension, is given by Fick’s second law as the differential equation

ac a%c
E =D ﬁ (4.4)

Collections of solutions to the resulting diffusion equations for different geometries
and experimental parameters can be found in literature, such as those in Crank’s “The
Mathematics of Diffusion” [163]. While not all systems are analytically solvable, a

system that reasonably describes the diffusion of Cl into the CsPbBrs NWs is.

This solution is that for non-steady state diffusion into an infinite length cylinder with
a finite radius 7 and a constant surface concentration Cy. The approximation of an
infinite length cylinder can be justified by the ratio of radius to length for NWs since
the radius is up to two orders of magnitude smaller than the length. Similarly, the
assumption of a constant surface concentration is justified if the diffusion from the gas
phase into the NW is faster than along the radial direction. This case can be understood
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as a constant monolayer of CsPbCl; at the surface of the NW which is maintained by
the high concentration of Cl atoms in the gas above the NW.

It is easier not to consider the diffusion of Cl into the NW but instead consider the
diffusion of Br out of the NW, which is possible because the halide concentration was
observed by EDS to remain constant during the anion exchange (paper V). The radial
concentration profile of Br is then given by Eq. 4.5, as described in Crank:

C(tx,R)-C; _ 2w exp(-Dad t)jolanx)
cturre | (e secorioue)

Co=Ca an J1(anR) (+5)

With /, and /; Bessel functions of the 0" and 1* kind, time coordinate # and radial
coordinate x defined such that x = 0 at the centre of the NW. As before D is the
diffusion constant and R is the maximum diffusion distance, i.e. the radius of the NW.
The coefficients a,, are define such that the term (R X a;,) gives the n™ root of the 0*
order Bessel function satisfying /o(a, R) = 0. The concentration of Br outside the NW
is Cyp = 0 and the starting concentration of Br inside the NW is the uniform
concentration C; = 6.3 mol/L, which can be calculated from the unit cell parameters
[149]. If we assume, as described above, that photoexcited carriers preferentially
recombine in the low band gap region, i.e. the NW core, then we find that the PL
measurement probes the concentration exclusively at x = 0. Since Jo(xa,) = Jo(0) = 1
this allows us to express the first three terms of Eq. 4.5 as:

_ _ 2 (exp(-Dajt)  exp(-Dajt)  exp(-Dajt)
Clox=0,R)=G R ( ay J1(a1R) + az J1(azR) + az J1(azR) ) (+6)

When we fit this equation to the data for the HCl and Cl, exchange processes as shown
in Figure 4.11(a)-(b). We use a fixed NW diameter of 2R = 250 nm and therefore fit
only the diffusion constant D. The behaviour of the HCI process follows the equation
very well but the Cl, process deviates strongly from the equation for long exposure
times. This is because we on average do not see a complete conversion to CsPbCls with
this process. The resulting diffusivities are Dci= 0.9 x 102 cm’s”" for the Cl, process
and Duci = 1.5 x 10"? em?s™" for the HCI process. But as we discussed earlier and see in
Figure 4.11d, it is incorrect to assume a uniform NW diameter. Indeed, the dependence
of C(#=30s, x =0, R) on R plotted in Figure 4.11d for a fixed exchange time of 7 =
30 s and Dcic= 0.9 x 1072 cm?s”! does not match the data well at all. If instead, we now
fix the time at # = 30 s and fit for the diffusivity again, we instead find Dcir =
1.2 x 10" cm’s™. This is both a much better fit for this data and in better agreement
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with Duci. In literature, values of 1.0 x 102 cm?s! [156] and 0.25 x 102 cm?®s™ [133]
have been reported, which are close to the values from our fitting.

The fact that we can fit this diffusion model to our data and obtain good results for
both processes shows that the absorption of Cl into the NW and the diffusion of Cl
inside the NW can indeed be separated, and that the underlying assumption that PL
originates from the lowest band gap region appears correct. It also demonstrates that it
is the solid diffusion of Cl inside the CsPbBr; that is rate-limiting, not the absorption
of Cl from the gas or mass transport within the gas phase. This is not trivial, since the
mechanism of Cl absorption from the gas phase should be different for HCI and CL.

4.5 Heterostructured CsPbBrs/CsPb(Br1.«Clx)s nanowires

4.5.1 Self-aligned free-standing heterojunctions

Returning to our free-standing CsPbBrs NWs before transfer, we find that they are
perfectly suited already for the manufacturing of heterojunctions. The free-standing
sections of these NWs are surrounded by free space but below the free-standing section
is the section of the NW, which is stuck inside the AAO protected from the elements.

To create heterojunctions inside these NWs, the Cl, process is best suited because it
does not etch the AAO template, unlike HCI. We then used the same parameters as
before and find that we can easily produce heterojunctions, confirmed with EDS and
PL measurements. Optical images taken with laser excitation clearly show the blue
emission from the free-standing N'Ws alongside green emission from the NWs inside
the AAO, as shown in Figure 4.12.

4.5.2 Nanostructured heterojunctions in horizontal nanowires

To make nanostructured heterojunctions or heterojunctions on horizontal NWs, we
can combine the anion exchange processes with the EBL patterning process. As before,
we transfer the NWs and construct EBL masks followed by EBL processing. Then,
instead of evaporating metal and doing a lift-off process, we carry out an anion exchange
process where the undeveloped PMMA acts as a barrier. This allows us to create NWs
with simple single heterojunctions, such as that shown in Figure 4.13a-d. Here, it is
also clearly visible in the PL emission, although the much lower PL emission intensity
of the chlorinated segments (compare Fig. 4.11¢) means that this effect is difficult to
visualise with uniform excitation intensity. However, if we use a focused laser for
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Figure 4.12 Self-aligned heterojunctions via anion exchange of free-standing CsPbBr; nanowires

a Schematic of exchange for Cl, exchange on free-standing NWs directly on AAO growth template. b-c PL microscopy
images and PL spectra of free-standing as-grown CsPbBr; and Cl, exchanged CsPb(Bri«Cly)s NWs. Light guiding is clearly
visible in b where emission occurs from free-standing NW tips (red square) while excitation occurs within the AAO bulk.
Note that both images in b are real colour photographs, no false colour is used. Reproduced from paper il

excitation, then we can obtain both optical images and spectra by exciting the
chlorinated segment more strongly than the CsPbBr; segment. We can also create much
more complicated structures, such as barcoded NWs like the one shown in Figure
4.13e-g. The smallest segments we were able to create this way were 500 nm segments
and the EDS data clearly shows the changes in Br and Cl composition along the NW.
Unfortunately, due to the low PL emission intensity of the chlorinated segments and/or
migration of photogenerated carriers from these segments into CsPb(Bri.Cly)s
segments, we cannot obtain PL peaks from both chlorinated and unchlorinated
segments simultaneously.
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Figure 4.13 SEM, PL, and EDS characterisation of heterojunction CsPbBrs/CsPb(Br:..Cl.); nanowires

a-d SEM image, EDS map, PL microscopy image, and PL spectrum of one single heterojunction CsPbBrs/CsPb(Bri.Cl)s NW.
Since a focused laser was used for PL excitation in d, the blue segment of the NW is excited more strongly than the green
segment. The intensity is therefore not accurate, as indicated by the black bars. Likewise, the emission from the pure
CsPbBrs NW has been scaled down. For the true PL intensity relationship at uniform excitation, compare Figure 4.11c. e-g
SEM image, EDS map, and EDS line profile of a barcode-junction CsPbBrs/CsPb(Br:.Cl)s NW. Red-shaded regions in NW
indicate where the windows where written into the PMMA, according to the EBL mask. Reproduced from paper V.
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5 Conclusions and Outlook

The work presented in this thesis has demonstrated advancements in single N'W
optoelectronics and shown cutting-edge devices for both the InP and CsPbBrs MHP

material systems.

The work on InP NWs presented in papers I and Il illustrates what level of
sophistication is ultimately possible with single NW devices and state-of-the art, fine-
tuned processing methods. This work establishes how single vertical InP NW devices
can be reliably fabricated with good diode properties. The versatility of these devices is
demonstrated by how the single NW devices work adequately as both a solar cell,
photodetector, and LED without any application-specific optimisation of the materials.
In paper II, we then demonstrate that these novel devices enable unique measurements
like the direct imaging of an optical focus close to the diffraction limit with a detector
much smaller than the wavelength of light.

In the future, these devices can be optimised for the individual application. As revealed
by the modelling, it is possible to create NW detectors which are optimised for both
absorption and resolution, although this is also dependent on the intended wavelength.
Interesting further measurements could be undertaken when looking at more well-
defined optical foci, as well as optical phenomena which are densely structured.
Further, the axial structure of the III-V N'Ws can be optimised for LED applications,
creating an incredibly high-resolution display as opposed to a photodetector.

The work on MHP N'Ws presented in papers 111 through VI represents major progress
in nanoprocessing for MHP nanomaterials. The solvent-based growth displayed in
papers Il and VI highlights how MHP nanomaterials can offer a great cost advantage
when compared to the complicated MOCVD growth necessary for the InP NWs. The
lithography method presented in paper IV shows that nanoscale engineering is indeed
possible for MHPs, despite their high solubility in polar solvents. In fact, as
demonstrated by the anion exchange process in paper V, we can capitalise on the unique
properties of MHPs to enable post-growth modification at the nanoscale. In
combination, these two methods bring MHP nanostructures much closer to the
complexity possible with established semiconductors.
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Furthermore, by using these methods, major improvements may be made in the
understanding of MHP materials by taking advantage of the NW geometry as a lower-
dimensional test system. The methods presented in this thesis offer multiple interesting
paths of exploration. Studies of ion migration benefit from the reduced dimensionality
of NWs due to the much-simplified diffusion equations, which could help address some
fundamental questions about MHPs. At the same time, the EBL process opens the path
for many different metallisations which may unlock interesting electrical properties in
the finished devices, as contact engineering has always been an important part of device
design. The anion exchange processes demonstrated in paper V show that
heterojunctions can be produced with possible applications as pn-junctions, emissive
layers for MHP LEDs, or at low levels as a sort of “doping”. Much further study, based
on the devices enabled by the research demonstrated here, is warranted and already

underway [157, 164, 165].
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