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Abstract

Over the past fifteen years, one- and two-dimensional nanostructures have drawn intense
attention across a range of scientific fields. For optoelectronic device applications these
nanomaterials are particularly attractive due to their fundamental physical properties, such as
dramatic environmental or photo-sensitivity, and effects arising from their sub-wavelength
dimensions. Furthermore, their physical size alone presents an opportunity for their use as
nanoscale components within miniaturised or flexible systems. In this thesis, optoelectronic
device platforms based around two such nanomaterial systems – compositionally-engineered
nanowires and layered black phosphorus – are developed and studied.

An ultra-miniaturised microspectrometer device platform is demonstrated, based on indi-
vidual compositionally-engineered nanowires. Representing the most compact microspec-
trometer design to date, by over two orders of magnitude, this strategy is independent of
the complex optical components, cavities or CCDs that constrain further miniaturisation
of current systems. It is demonstrated that incident spectra can be computationally recon-
structed from the different spectral response functions and measured photocurrents along
these nanowires. This platform is highly versatile; operation can straightforwardly be ex-
panded across the infrared to ultraviolet range. Despite their simplicity, these devices are
capable of accurate monochromatic and broadband light reconstruction, as well as spec-
tral imaging from centimetre-scale image planes down to lensless, single-cell-scale in-situ
mapping. This could open new opportunities for almost any miniaturised spectroscopic
application, including lab-on-a-chip systems, smartphones, drones, implants, and wearable
devices.

Further to this, the first scalable strategy for depositing solution-processed black phospho-
rus films with viable device performance and stability is demonstrated. High concentration
black phosphorus dispersions are produced by liquid-phase-exfoliation. Optimisation of a
solvent-exchange method facilitates conversion of these dispersions into inks, which can be
reliably inkjet printed to produce highly uniform black phosphorus films without significant
flake degradation. Parylene-C encapsulation of these films ensures their long-term stabil-
ity (> 30 days) when incorporated into photodetectors and lasers, operating under intense
irradiation without any observed drop in performance over time.
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Chapter 1

Introduction

1.1 Motivation

Throughout the 20th and 21st centuries, one of the predominant themes of technological
advance has been the miniaturisation of electronic devices. This is perhaps most strikingly
illustrated by Gordon Moore’s eponymous ‘law’, proposed in 1965, which has held roughly
true up to the present day: that the spatial density of transistors that can be produced on
an integrated circuit chip doubles roughly every two years. The driving force behind this
progress has been the advancement of complementary metal-oxide-semiconductor (CMOS)-
based manufacturing processes, to allow reliable mass-production of smaller and smaller
semiconductor device features. These techniques are part of a so-called ‘top-down’ class
of nano-manufacturing - that is, they centre on the sequential removal of material from
bulk sections, mediated by lithographic patterning, in order to create increasingly complex
nanoscale features.

In the last four to five decades, a complementary ‘bottom-up’ paradigm has emerged,
based around zero-dimensional (quantum dots), one-dimensional (nanowires) and two-
dimensional (layered crystals) nanomaterials, which can be ‘grown’ by the additive com-
bination of precursor materials. These growth processes can allow a remarkable degree
of control over the size, geometry and fundamental physical properties of the resultant
structures. Nanomaterial systems continue to attract increasingly intense attention for the
development of potential device platforms. In some cases this is simply by virtue of their size
alone, in functioning as ultra-compact components, but in many others this is through novel
functionality, such as based around quantum mechanical phenomena, or ultra-sensitivity
to their environment. In particular, many nanomaterials are highly suited to optoelectronic
applications; this is due to a variety of factors, including dramatic photosensitivity, as well as
resonance-based effects that arise from their length-scales being similar to the wavelength of
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ultraviolet and visible-range light. An extensive family of two-dimensional layered crystals
has been rapidly uncovered over the last decade, with each material system posing different
challenges for their use in this respect. Graphene, for instance, with its myriad superlative
properties, does not possess a bandgap to allow for significant absorption of light. Meanwhile,
black phosphorus has recently emerged as a two-dimensional material with a layer-dependent,
direct bandgap. However, its extreme environmental instability make it a highly challeng-
ing structure to produce or deposit in a scalable manner, let alone with which to produce
viable devices. Solution-phase processing has been demonstrated as a potential avenue to
achieve this, however, thus far, no method has been developed to integrate liquid-phase black
phosphorus dispersions into devices.

Under the umbrella of optical applications, spectrometers, which characterise the different
components of light signals, are essential, ubiquitous analytical tools across industry and
almost all fields of scientific research. They can tell us about the chemical processes occurring
in galactic nebulae, millions of light-years away, down to the structural characteristics of
protein molecules. However, the fundamental working principle behind the vast majority
of spectrometers today in fact remains largely unchanged from that which Isaac Newton
demonstrated with a prism in the 1600’s - dispersing light, spatially separating its different
component wavelengths. Due to inherent constraints on the distances which light must
travel in these systems, one drawback of spectrometers based around them is that they are
usually bulky and complex; it is near impossible to shrink them to sizes below the centimetre
length-scale without significant reduction in performance.

The use of compositionally-engineered nanomaterials, with a range of light-sensitive
materials incorporated into their structure, may provide a solution that allows extreme
miniaturisation of spectrometer systems. Such ultra-compact spectrometers could have the
potential to send powerful analytical technology from the lab-bench directly to a commercial,
hand-held platform - such as smartphones - for the first time. This could, for instance, provide
a user with the capability to assess the ripeness of fruit, the quality of pharmaceuticals, or even
to identify counterfeit goods, from the palm of their hand. Beyond commercial technology,
there is a vast range of applications across industry and research where a spectrometer
with minimised footprint and weight would prove highly advantageous, from satellites and
drone-based agricultural monitoring, down to lab-on-a-chip systems and cellular imaging.

1.2 Project outline

At the outset, the initial aim of this project was broad: to create wavelength-dependent
optoelectronic devices based around hybrid structures of compositionally-graded CdSxSe1−x
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nanowires and graphene. However, after initial experimental work, as well as through a
detailed review of the literature surrounding a recently emerging class of ‘filter array’ mi-
crospectrometers, it was hypothesized that a photodetector array fabricated onto an individual
CdSxSe1−x nanowire may be able to function in a manner analogous to these ‘filter array’
devices. It became apparent from my preliminary results that this should be achievable using
a simpler approach than that involving graphene-nanowire hybrid structures; that I could use
established techniques for metal deposition to produce a device out of a CdSxSe1−x nanowire
alone, a single-nanowire spectrometer, with a footprint 2 - 3 orders of magnitude smaller
than the most notable other microspectrometers at that time. Thus my primary objective
became to prototype this device and which was divided into sub-objectives as follows:

Prototyping a nanowire spectrometer:

1. Develop processes and techniques to reliably fabricate multi-electrode CdSxSe1−x

nanowire devices.

(a) Establish a method to transfer nanowires from their growth substrate and onto a
device substrate, with control over final positioning.

(b) Characterise the physical properties of the nanowires, using non-contact tech-
niques, to inform device fabrication.

(c) Investigate different ways to form stable electronic contact to the nanowires, with
preferably ohmic, consistent properties along the length of the structure.

(d) Optimise the electrode deposition such that an array of electrodes can be re-
liably formed on one nanowire at high resolution, to allow spatially-resolved
optoelectronic characterisation with as many measurement points as possible.

2. Study the behaviour of these devices, and make corresponding optimisations.

(a) Carry out spatially resolved optoelectronic characterisation along the length of
these nanowires using the electrode array, in particular including measurement of
the wavelength-dependent photoresponse.

(b) Assess the stability of performance of these devices and investigate forms of
passivation, surface treatments, or methods to reduce the contact resistance if
necessary.

3. Demonstrate the capability of these devices to function as a spectrometer.
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(a) Informed by similar works in the literature, develop an algorithm that can use data
measured from different points along the nanowire to computationally reconstruct
an unknown, incident spectrum.

(b) Characterise the performance of this reconstruction with respect to different
monochromatic and broadband spectra, at a range of wavelengths.

(c) Identify ways to further improve the accuracies of these reconstructions.

(d) Using a scanning stage setup, assess whether the device can be used for spectral
imaging, and at what resolutions.

In brief, it is the successful realisation of these three overarching objectives that col-
lectively represent the central and most significant finding of this thesis and indeed, my
main, novel contribution to the field: the engineering, experimental analysis, and working
demonstration of a proof-of-concept, single-nanowire spectrometer.

Further to this, two significant secondary projects emerged during the PhD, involving
two-dimensional materials. The first surrounded collaborative work toward the production of
liquid-phase exfoliated black phosphorus ink, in doing so demonstrating the first controlled,
scalable method of depositing this unstable material without degradation of its optoelectronic
properties. My contributions to this project centred on carrying out experimental work to suc-
cessfully produce and characterise these black phosphorus inks, as well as enacting the first
systematic study of the degradation of liquid phase exfoliated black phosphorus flakes, using
Raman spectroscopy and atomic force microscopy. The second was tangential to my work
on the main project; a re-visitation of the original project goal - to create graphene-nanowire
hybrid structures - as a result of new fabrication capabilities developed for the nanowire
spectrometer.

Formulation of a black phosphorus ‘ink’:

1. Produce liquid-phase exfoliated black phosphorus dispersions.

2. Characterise the physical properties of the flakes in these films and investigate ways
of assessing their degradation, relative to mechanically-exfoliated black phosphorus
flakes.

3. Convert these dispersions to a black phosphorus ink that can be inkjet printed, and
characterise the properties of the resultant films.

4. Collaborate with other groups to evaluate the operational stability of these films in
devices, under intense irradiation.
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Development of a hybrid graphene-nanowire optoelectronic platform:

1. Optimise a process for the transfer of chemical-vapour-deposition-grown graphene to
arbitrary substrates, informed by non-contact characterisation of the graphene films.

2. Investigate a means of coating a CdSxSe1−x nanowire with graphene, or vice-versa,
without either material being damaged.

3. Fabricate graphene channels that are in contact with the nanowires and investigate
photogating characteristics.

4. Develop an all-transparent, wavelength-dependent graphene-nanowire hybrid device,
aiming to maximise the photosensitivity of each unit.

5. Test whether this could also function as a nanowire spectrometer, and compare its
performance relative to that with metallic electrodes.

Further to these objectives, numerous parallel projects were pursued, as a result of
collaborations or otherwise, that will not be fully detailed in this thesis in the interests of
keeping the scope more focused on the main work; many were published and are as such
listed in the ‘Publications’ section.

1.3 Thesis structure

The bulk of this thesis is contained within the middle seven chapters, bookended by this
introductory chapter and a concluding summary chapter which also contains potential avenues
for future investigation. These seven chapters can be broadly divided into two components;
Chapters 2 and 3 concern layered nanomaterials and my experimental work on black
phosphorus, whilst Chapters 4 - 8 provide background on, and detail the development of,
the single-nanowire spectrometer platform. Chapters 2, 4 and 5 are literature reviews, while
chapters 3, 6, 7 and 8 detail my experimental work and discussion of its results. In these
chapters, where experimental work has been done in collaboration with others, notably
Guohua Hu and Zongyin Yang, their contributions have been listed within the overview of
each chapter.

Chapter 2 will address two-dimensional materials, beginning with a summary of the
fundamental properties of the two materials featured in this thesis - graphene and black
phosphorus - which have seen them garner such intense attention across a range of fields.
Beyond this, the different methods used to produce these materials for my research shall
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be introduced, before a brief overview of the two main techniques I utilised for their char-
acterisation: Raman spectroscopy and atomic force microscopy. In chapter 3 my work on
developing a black phosphorus ink formulation, in collaboration with Guohua Hu of the
Hybrid Nanomaterials Engineering (HNE) group and others is presented, based on item
number 1 in the ‘Publications’ section. This will begin with some brief contextual back-
ground to inkjet printing of two-dimensional materials before covering my production of
liquid-phase-exfoliated black phosphorus dispersions, how they were altered to produce
printable formulations, before demonstration of their stable operation in devices. Throughout
this section I will discuss how the instability of black phosphorus presents challenges for ink
and device production, and how I studied and mitigated this.

In chapter 4, I will introduce semiconductor nanowires as a nanomaterial platform,
covering how they can be grown and some of the defining fundamental properties that arise
from their size and geometry. The techniques used in the field, and in my research, to
characterise these properties are also presented here. The last subsection of this chapter
will provide a comprehensive review of the limited literature available on the particular
nanomaterial platform used for developing the spectrometers in my thesis: compositionally-
graded CdSxSe1−x nanowires. Finally, in chapter 5 I will lay out how optoelectronic device
platforms can be developed from these nanomaterials. This will first cover background
on the practical techniques I have used to fabricate devices and the particular challenges
involved. The physical concepts behind nanowire photodetection will be introduced from
first principles. Lastly, I will summarise recent developments in microspectrometers, in
particular devices that make use of computational reconstruction, detailing their operation
and limitations, before presenting how a CdSxSe1−x nanowire based device may fit into this
field.

Moving onto my experimental work surrounding compositionally-engineered nanowires,
chapter 6 covers the processes and methodologies that were developed to fabricate devices
during my research. The first aspect addressed here is the transfer of nanowires from the
growth substrate as well as the characterisation of their morphological and photoluminescent
properties, which in turn introduces the significant challenges that these nanowires present
from a fabrication standpoint. The specific lithography and contact deposition processes
used are summarised, presenting limitations in their application to the CdSxSe1−x nanowires
available. Here, I introduce a nanowire embedding process developed to address these
issues, demonstrating how it can enable far more reliable fabrication of high resolution
device features. In chapter 7, I will move on to discuss the specific multi-electrode array
nanowire devices that are proposed for use as spectrometers, in particular their design, how
they were fabricated using the techniques devised in chapter 5 and their characterisation and
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consequent optimisation. Further to this I will cover work carried out toward developing
a hybrid graphene-nanowire device platform, which also built upon the lithographic and
embedding processes that I engineered. Chapter 8 will encompass the demonstration of
these devices as nanowire spectrometers, heavily based on item number 8 in the ‘Publications’
section, an equal-contribution collaborative work by myself and Zongyin Yang of the HNE
group. It details the algorithm used to reconstruct spectra from the information gathered from
the electrode arrays, before experimentally demonstrating monochromatic and broadband
light reconstructions, as well as spectral imaging by a point scanning strategy. Here, I will
also elaborate on how the performance of this spectrometer, and the spectral imaging system,
has potential to be readily and significantly improved beyond our work thus far. Finally,
in chapter 9, I shall present some avenues that could be pursued as a continuation of the
investigations in this thesis. The three main focal points here are: studying the stability of
black phosphorus inks, expanding the nanowire spectrometer system and producing devices
based on graphene-nanowire hybrid structures. Then follows a brief, concluding summary of
this thesis.





Chapter 2

Two-dimensional materials

Overview

The properties of graphene, a single layer of carbon atoms arranged into a hexagonal lattice,
were first studied and predicted theoretically over 60 years ago. However, in practicality, it
was predicted to be unstable with respect to the formation of lower dimensional allotropes of
carbon, such as zero-dimensional (0d) fullerenes and one-dimensional (1d) carbon nanotubes
(CNTs) [1,2]. This was dramatically disproven in 2004 when it was first isolated from graphite
by Andre Geim and Konstantin Novoselov [3], in what turned out to be the catalyst for an
extraordinary global research effort [4,5].

Since then, a vast family of layered nanomaterials - typically broadly referred to as two-
dimensional (2d) materials - has been identified and in many cases studied experimentally.
2d materials are primarily characterised by their stratified structures, with vertical stacks of
repeating, atomically-thin crystalline layers. These layered crystals possess strong in-plane
bonding within the lattice of each layer, but weak attractive forces between layers. Most
importantly (and as suggested by their ‘2d’ description) these materials can be ‘exfoliated’
to isolate few- or mono-layer crystal sheets. Here, electronic and optical properties are in
many cases strongly thickness (that is, layer number) dependent, as carriers become confined,
perpendicularly to the lattice planes, toward a quasi-2d space [5].

Whilst graphene has attracted the most attention for application due to its diverse range
of exotic, and in many cases superlative properties, attempting to design novel devices
around a single 2d material can prove a limited approach. For instance, despite possessing
ultrahigh carrier mobility, monolayer graphene lacks a bandgap to make use of this for
ultrafast digital processing [6]. Likewise, while it exhibits broadband optical response due
to its band structure, photodetection is limited by an absorbance of only 2.3% [7]. Here,
other related 2d crystals, such as semiconducting transition metal dichalcogenides (TMDs),
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or insulating hexagonal-boron nitride (h-BN), can provide complementary characteristics
to those of semi-metallic graphene. One such layered nanomaterial to emerge in the last
5 years is black phosphorus (BP), of significant interest for optoelectronic devices due to
its thickness-dependent bandgap and anisotropic response [8]. However, it too presents its
own challenges for both research and application, due to its poor environmental stability;
degradation during its production and deposition remains arguably the main obstacle to the
realisation of its potential [9].

This chapter will focus on providing background to the two layered nanomaterials studied
and utilised in my research, graphene and BP, through a review of the literature, as well as the
experimental processes I have used to produce and characterise them. The first section shall
address their properties in turn, centering on those that are most relevant to the experimental
work and device fabrication detailed in this thesis. I briefly summarise the literature on
graphene, providing context to the remarkable interest that it has generated and detailing in
particular the characteristics which make it attractive for its primary role in my experimental
work, as a transparent conductive electrode. Turning then to BP, reflecting its role in my
thesis, the review will focus mainly on properties that make it suited as an active material
in optoelectronic devices, before addressing its instability and the mechanisms involved.
The second section will detail the three most commonly used methods of production for
2d materials, all of which are employed in my thesis - mechanical exfoliation, chemical
vapour deposition and liquid-phase exfoliation - with reference to their relative strengths and
weaknesses. Finally, in the third section, I describe the techniques used to characterise the
properties of nanoscale crystals, detailing and discussing two of the primary tools used in my
research, atomic force microscopy (AFM), and Raman spectroscopy, with a particular focus
on how the latter may be used to analyse the degradation of BP.

2.1 Fundamental properties

2.1.1 Graphene

Graphene possesses many remarkable electronic, optical and physical properties that have
caused it to attract intense attention in both academia and industry. Its structure, shown in
Figs. 2.1a-c, is that of a single sheet of carbon atoms bonded through hybridized sp2 orbitals
to form a hexagonal lattice. Charge carriers in graphene behave as massless Dirac fermions
and can be described by a linear dispersion relation (kinetic energy, E, as a function of wave
number k):

E = h̄vFk , (2.1)
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Fig. 2.1 Fundamental properties of graphene. (a) Schematic of a single monolayer of graphene.
Adapted from ref. 10. (b) Arrangement of the graphene lattice, showing the two inequivalent points A
and B of the unit cell and the lattice parameters a1 and a2. (c) Reciprocal lattice for graphene, showing
reciprocal lattice parameters b1 and b2, as well as the Brillouin zone (central hexagon), with points K
and K′ - the Dirac points - at the corners, M at the edge mid-point, and Γ at the zone center. (d) Band
structure of graphene, showing Dirac cones in the zoomed section, where conduction band (top) and
valence band (bottom) meet at the Dirac point, with Ek = 0. (e) Typical trans-characteristics for an
intrinsic graphene channel, showing the resistivity (purple) and conductivity (green) as a function
of gate voltage. Band diagram illustrations above the plot show the shift in the density of states
corresponding to variations in the gate voltage below, at, and above the charge neutrality (Dirac) point.
b)-d) adapted from ref. 11, e) adapted from ref. 1, as redrawn by ref. 10.

where vF represents the fermi velocity of around 106 ms−1, (the group velocity at the Fermi
surface) at which electrons or holes can be thought to move across the lattice[11,12]. Near-
ballistic room temperature transport is observed in graphene, with carrier mobilities of around
2 × 105 cm2V−1s−1 observed in room temperature samples under ambient conditions[5],
while low temperature measurements of graphene nanoribbons and flakes encapsulated in h-
BN have even been measured at up to 6 × 106 cm2V−1s−1 [13] and 1.8 × 106 cm2V−1s−1 [14]

respectively. As can be seen in Figs. 2.1d and e, its electronic structure is that of a semi-metal,
with two band edges meeting at a so-called Dirac point, giving rise to ambipolarity in its field
response with continuous tunability between hole- and electron-mediated charge transport[1].
Such an energy spectrum, with zero bandgap, means that it also demonstrates wavelength
independent optical response[15,16]. Optically, it absorbs ∼2.3% of visible light, despite only
being a single atom thick[7,15], and exhibits ultra-fast carrier dynamics[17,18].
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Exceptional electronic conductivity is matched by record thermal conductivity, κ , of up
to ∼5300 Wm−1K−1 [19]. Strong covalent inter-layer bonding results in notably robust me-
chanical properties, with high Young’s modulus (1 TPa) and maximal strength (130 GPa) [20],
however its monatomic thickness means it is also highly flexible [4].

These fundamental properties mean graphene has huge potential across an unprecedented
range of applications. Whilst the absence of a bandgap presents a hurdle for its use in digital
electronics, graphene is an ideal prospect for ultra-high frequency analogue electronics [21],
with potential operation speeds exceeding 1 THz [22,23]. Long coherence and spin-relaxation
times have seen it touted for the emerging field of spintronics [5,10,24], whilst existing at
the very limit of nanoscale thickness gives it potential for energy storage [25–29], and as
an ultra-thin membrane in a variety of applications ranging from microelectromechanical
systems (MEMS) [30] to DNA sequencing [31].

In photonics and optoelectronics, it has shown great promise in a diverse range of
photodetection mechanisms [32] and plasmonic structures [33–35], as well as in ultra-fast lasers,
where it is utilized for its saturable absorption [36–38]. Its high flexibility and transparency
also make it an ideal transparent conductive electrode (TCE) for use in wearable, stretchable
electronics, and flexible display technology; in this respect it has an advantage over brittle
indium tin oxide (ITO), the current industry-standard TCE [39–41].

Of most relevance to this project, is graphene’s potential to act as an ultra-sensitive active
channel. Graphene and other 2d material monolayers are unique in that the surface and bulk
of the material are one and the same, and as a result of this, the behaviour of charge transport
across a graphene layer is extremely responsive to any electrostatic perturbations at its
surface, from external species or otherwise [5,32]. As a result, graphene’s electronic properties
are highly sensitive to the substrate on which it rests (mobilities in suspended samples are
for instance over an order of magnitude higher than those on a substrate) [42], as well as
physisorbed contamination, such as from polymers used in lithographic patterning processes,
or even molecules, such as water, adsorbed to its surface under ambient conditions [43]. Such
scenarios often have undesirable effects with respect to the intended application, acting to
reduce the free path of carriers by providing extrinsic scattering centers, or to electrostatically
dope the graphene layer [43].

However, this characteristic has made it of great use in ultra-sensitive chemical and
biological species detection, as well as in-vivo devices, often through the functionalisation
of graphene sheets to provide binding sites preferential to a particular analyte [44–47]. With
respect to this thesis, this sensitivity can also be exploited in hybrid photodetector devices [48].
Whilst graphene’s optical absorption is impressive relative to its thickness, in absolute terms
its photoresponse is far below that ideally required of the active photosensitive medium
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in a conventional detector [5]. Hybrid schemes can bypass this challenge and exhibit ultra-
high photoresponsivity, through attachment of semiconducting nano-structures, such as 0d
quantum dots or 1d nanowires, on the graphene surface to act as the light-absorbing media.
Optical excitation of carriers in these semiconductors will ‘photogate’ the graphene channel
below, shifting its Dirac point through capacitive coupling or charge transfer [48].

2.1.2 Black phosphorus

As the most stable form of elemental phosphorus, BP’s chemistry has been well established
for many decades [49]. However, in 2014 it emerged as a semiconducting layered material
with significant potential for nanoscale devices when mechanical exfoliation and electronic
characterisation of few-layer flakes was demonstrated by Li et al. [50]. Figures 2.2a and b
illustrate the orthorhombic crystal structure of bulk BP, with each layer a puckered lattice of
covalently bonded phosphorus atoms, divisible into two sub-layers, as can be seen from the
side-on view [49]. Notable from the top-view in Fig. 2.2c, is the anisotropy of its structure,
defined by two directional in-plane bonding arrangements: zigzag and armchair.

In terms of optoelectronic properties, as with most TMDs, the bandgap in BP is highly
thickness-dependent, as illustrated by the band diagrams and theoretical calculations in Figs.
2.2d and e [50,53,55,56]. However, unlike in TMDs, where the bandgap transitions from in-
direct to direct on exfoliation, in BP, it maintains its direct nature at any thickness [54]. Whilst
bulk BP has a direct bandgap of ∼0.3 eV, when exfoliating down from few-layer to mono-
layer ‘phosphorene’, quantum confinement-related effects result in the bandgap widening to
between ∼0.6 eV (5-layer) and ∼2.0 eV (monolayer), though the exact value of the latter is
debated [49,53,57]. Crucially, this positions BP across a broad and unique energy window in the
family of 2d materials, between the bandgaps of patterned graphene (∼200 meV) and TMDs
(>1 eV), affording it potential for near-infrared optical telecommunications and mid-infrared
optoelectronics [6,8,56,58]. The first BP field-effect transistors have already shown ION /IOFF

ratios of 105, exceeding the 104 required for competitive digital logic gates, though still
far below the ∼108 achieved with MoS2 transistors [6,50,59]. However, carrier mobilities in
monolayer BP have been demonstrated up to 1000 cm2V−1s−1 and are currently around an
order of magnitude higher than those observed for TMDs [50].

Arguably the most notable facet of its properties, due to its structure, BP exhibits strongly
anisotropic in-plane electronic, optical and phononic characteristics, with effective carrier
masses around an order of magnitude lighter in the armchair direction (x-direction) [54,57].
Carrier mobilities and optical conductivity are therefore far higher along the armchair direc-
tion, whilst optical dichromism has been demonstrated, with suppressed absorption of light
polarised along the zigzag (y-) direction, as evidenced in the plots in Fig. 2.3a, and excitonic
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a) b) c)

d) e)e)d)

Fig. 2.2 Fundamental properties of black phosphorus. (a) Schematic showing a three dimensional
perspective of stacked, puckered layers of bulk black phosphorus (BP). (b) and c) Side-on and top
views of the BP crystal structure respectively, with bond angles and lengths as calculated by density
functional theory (DFT) in ref. 51. (d) Band structure for monolayer and bulk BP, with dashed line
indicating the Brillouin zone center, as calculated by DFT using the PBEsol functional. (e) Variation
in bandgap with BP flake thickness, as calculated theoretically (G0W0 and Bethe-Salpeter equation
(BSE)) and obtained through photoluminescence measurements (PL). Solid lines show power law
fitting curves. a)-c) adapted from ref. 51. Data for d) and e) produced by refs. 52 and 53 respectively,
displayed as redrawn by ref. 54.

emission that is linearly polarised along the x-direction [60,61]. This makes BP an interesting
candidate for polarisation-sensitive photodetectors and other optoelectronic applications, but
also allows straightforward optical characterisation of the crystallographic orientation for
a particular sample (discussed further in section 2.3.2) [54,60]. Another significant potential
application here are thermoelectrics, where a competitively high figure of merit for BP films
is predicted, owing to the orthogonality between the preferred directions for heat and charge
transfer [62]. As with graphene, BP also exhibits robust mechanical flexibility, with stable
electronic properties observed in encapsulated BP FETs over 5000 bending cycles [63].

Whilst many proof of concept devices have been fabricated to study the behaviour of
mechanically exfoliated BP, a major challenge for scalable applications is its environmental
instability. As can be seen in Figs. 2.3b-d, when un-passivated BP is left under ambient
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Fig. 2.3 Black phosphorus’ polarisation-dependence and environmental instability. (a) (left)
Polar plot of the theoretically calculated absorption coefficient for normal-incident light polarised
at varying angles, on a 40 nm thick BP flake, at excitation energy, ω , 0.1 eV greater than the
bandgap, ω0. Polar extinction spectra for a ∼40 nm thick BP flake as measured experimentally (red
dots) at excitation energies, ω , using Fourier transform infrared spectroscopy. Solid lines show an
asin2θ + bcos2θ fit. Adapted from ref. 52. (b) Time-lapse optical images of a thick "bulk" BP flake
under ambient conditions, degrading via the formation and growth of droplets of phosphoric acid on
the flake surface. (c) and (d) The same BP flake, with bulk (top, yellow) and few-layer (bottom, blue)
sections, freshly exfoliated, and after a week in ambient conditions respectively, showing complete
degradation of the thinner sections. Parts b)-d) produced by ref. 51.

conditions, rapid photoxidation occurs, decomposing the exposed layers and nucleating
droplets of phosphoric acid which grow as the reaction progresses[51]. Favron et al. produced
the first study of this degradation in exfoliated samples via Raman spectroscopic analysis
(discussed further in section 3.2.2), demonstrating that the three key components were
light, water vapour and oxygen, and furthermore that the reaction rate is linearly related to
the concentration of oxygen and intensity of light[9]. During the reaction, photo-induced
charge transfer at the BP surface produces O−

2 , which further dissociates to form PxOy. The
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formation of hydrogen bonds between adsorbed water and the bonded oxygen then facilitates
the removal of P atoms from the surface lattice.

Crucially, Favron et al. also demonstrated that this photooxidation is strongly dependent
on the thickness, that is, the number of layers, of the BP flakes, with their analysis suggesting

that the rate of oxidation for an n-layer flake,
dθ

dt
, increases linearly with respect to n [9].

Further to this, they also revealed that the rate of degradation was related to the bandgap of
an n-layer flake, Eg,n according to:

dθ

dt
∝ e−E2

g,n . (2.2)

Here, the increase in bandgap from few to monolayer flakes - arising from quantum con-
finement - results in greater overlap of the edge of the BP conduction band and that of the
O2 acceptor states, leading to faster charge transfer between the two and thus, a higher
degradation rate.

For few-layer flakes, after a short (few minutes) nucleation step, significant degradation
of the optical properties can usually be seen under ambient conditions on a timescale of 1-2
hours, whilst complete decomposition to phosphoric acid can occur after only a matter of
days [9,64]. Use of a capping layer, such as parylene-C or PMMA, atomic layer deposition
of AlOx, or encapsulation in h-BN, can reliably prevent water vapour from interacting with
the BP surface and is so far the most effective method for maintaining long-term stability of
BP’s electronic and optical properties [65–68].

2.2 Production techniques

2.2.1 Mechanical exfoliation

The original technique first used by Geim and Novoselov to isolate graphene is known
as micro-mechanical exfoliation, sometimes dubbed ‘the scotch tape method’ [3]. Here,
fragments of a bulk layered material are pressed between two sections of adhesive tape,
which are then pulled apart, cleaving sections of layered material from the bulk due to the
weak inter-layer bonding. This procedure is repeated to leave successively thinner flakes
of material attached to the tape, before finally pressing one of the tape pieces to a desired
substrate and peeling away, leaving behind deposited flakes. Depending on the material being
exfoliated, pre-treatment of the substrate, such as with oxygen plasma, is often required to
alter the surface energy such as to promote sufficient flake adhesion.



2.2 Production techniques 17

The process as a whole is labour intensive and near inherently un-scalable, with low
monolayer yields and no control on flake dimensions. However it still remains the method
of choice for proof-of-concept devices requiring the deposition of high-quality, pristine
2d material flakes [69]. Furthermore, it serves as an entirely "dry" transfer technique that
bypasses any solvent-based steps liable to create surface contamination. Considering the
unstable chemistry of BP, where exposure to air or moisture must be minimised, mechanical
exfoliation in a glove-box under inert conditions is to date the only reliable way to obtain
monolayer flakes of sufficient size for electronic characterisation or device fabrication [66].
The degradation of mechanically exfoliated BP flakes is studied in my experimental work in
the next chapter.

2.2.2 Chemical vapour deposition

Chemical vapour deposition (CVD) has been used for decades in the semiconductor industry
as a bottom-up technique to grow thin films on a variety of substrates [70] and in recent years
it has emerged as arguably the most promising candidate for the production of large-area,
continuous monolayer graphene films, on an industrially scalable basis [4,69]. Whilst growth
of TMDs and h-BN is now also routinely achieved, the chemistry of BP has thus far prevented
any reliable production of mono- or few-layer crystals via CVD methods [5,66]. CVD-grown
graphene is used within this thesis to serve as a sensing electrode in graphene-BP and
-nanowire hybrid devices.

A typical graphene CVD process involves passing of a gaseous hydrocarbon over a
transition metal substrate, under high temperature conditions of ∼1000 ◦C [4,69]. The metal
surface acts as a catalyst to facilitate decomposition of the precursor material, allowing
for nucleation of carbon adatoms at the surface and initiating development of a graphene
lattice [71]. The thickness of the film produced is primarily dependent on the properties of
the transition metal used. Early methods of graphene production via CVD used Ni, which
allows for majority few-layer film growth due to the relatively high solubility of carbon in
the metal (∼0.9 at 900 ◦C) [72,73]. Here, during the growth process, carbon atoms dissolve
into the Ni bulk at high temperatures, before precipitating out with subsequent cooling [74].
For monolayer growth however, the most widely used metal is Cu, for which the solubility of
carbon is negligible [75,76]. This results in a self-limiting process whereby the catalytic action
of the surface is blocked for areas where a graphene film has already formed, thus preventing
the thickness growing beyond a single layer [71].

While the scale of growth is essentially limited only by the dimensions of the substrate [77],
it is important to note that such CVD films are inherently polycrystalline [78]. This is due
to the nature of a typical CVD growth process, whereby graphene grains spread from
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a) b)

Fig. 2.4 Growth of graphene by chemical vapour deposition. (a) SEM image showing the CVD
growth of monolayer graphene islands on a Cu foil, with regularly-spaced, suppressed nucleation as
mediated by a pre-patterned seed crystal array. Scale bar is 10 µm. Taken by ref. 82. (b) Annular
dark-field scanning transmission electron microscopy of a graphene grain boundary, produced by ref.
79, showing the ‘patchwork quilt’ nature of CVD graphene films, as well as the potential for lattice
misalignment at grain boundaries, showing a 27◦ difference in lattice orientation (right-hand panel).
Scale bars are 5 Å.

multiple nucleation sites on the surface (see Fig. 2.4a), before joining up with each-other
to form a continuous sheet [79,80]. Due to the random orientation of nucleation and growth,
lattice mismatch occurs at grain boundaries as illustrated in Fig. 2.4b, with a corresponding
disruption of charge transport across these features [78,81]. The size of grains, and thus the
carrier mobility of the film, can be increased by suppression of the nucleation density (also
illustrated in Fig. 2.4a), which can be controlled by a number of growth conditions, such as
the pressure, temperature and the recipe of gases used, as well as by the creation of ‘seeding’
sites on the metal surface [82].

No high-yield method currently exists for growth on insulating substrates and as such,
another significant drawback of CVD is that any subsequent device fabrication requires the
transfer of graphene off of the metal surface [5]. As will be discussed in more detail in chapter
5, this is most commonly achieved via wet transfer based methods, whereby the graphene
layer is coated in a polymer scaffold, before being floated onto an etchant solution to remove
the metal substrate [77,83]. The graphene-polymer layer can then be ‘fished’ from the solution
onto a desired substrate and the scaffold removed with a suitable solvent. While versatile in
their compatibility with a range of substrates, such wet transfer methods have been shown to
induce significant strain, and corresponding transport disruption, in the resultant lattice [84],
as well as often leaving behind wrinkles, cracks and residual polymer [85,86].

2.2.3 Liquid-phase exfoliation

Another widely used method for 2d material production is liquid-phase exfoliation (LPE),
which is studied extensively in this thesis with regard to scalable production of BP. Typical
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a)

b) c) d) e)

Fig. 2.5 Production of 2d materials by liquid-phase exfoliation. (a) Schematic illustrating
ultrasonication-assisted liquid-phase exfoliation in a suitable solvent, producing a stable disper-
sion of single-layer flakes, and an unsuitable solvent, with reaggregation of monolayers to bulk,
stacked crystals over time. Adapted from ref. 87. (b) Bottled dispersion of few-layer BP flakes exfoli-
ated via ultrasonication in a CHP host solvent. (c) TEM imaging of few-layer flakes extracted from
the dispersion in b). Scale bar is 500 nm. (d) Stability comparison of four different BP dispersions,
exfoliated in CHP, NMP and IPA under ambient conditions (std-BP) and CHP in glove box (GB),
as demonstrated through the changes in their relative measured absorbance over time (at 465 nm).
(e) The effect of water on the optical stability of BP dispersions, shown through comparison of the
time-resolved absorbance (465 nm) of flakes exfoliated in a CHP host solvent, and the same dispersion
with 3% and 12% water added. Parts b)-e) adapted from ref. 88.

LPE processes involve the submersion of bulk layered materials in a solvent, followed by
the application of ultrasonic energy, to create highly localized pressure variations [69,89,90].
Cavitation is induced within the liquid, and the subsequent collapse of inter-layer bubbles
creates forces large enough to separate sheets of material from the bulk [87]. Similar results can
also be achieved through a variety of other methods, such as subjecting the mixture to high
shear forces via processes such as microfluidisation. Chemical-based solution approaches
can also achieve separation of 2d material sheets from the bulk - often through oxidation and
subsequent reduction - though usually are detrimental to the properties of the nanomaterial
flakes [91,92]. After exfoliation, high speed centrifugation is usually employed to sediment
unexfoliated material and thicker flakes, isolating dispersions with high yields of monolayer
and few-layer flakes [93]. The majority of LPE work has been focused on solution-processing
of graphene and TMDs [5], but more recently BP dispersions have also been produced [94],
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examples of which (including images of resultant, few-layer BP flakes), can be seen in Figs.
2.5b and c.

Host solvents or surfactant mixtures must be carefully chosen so as to maximise exfoliated
flake yield and prevent re-aggregation of flakes post-exfoliation (as illustrated schematically
in Fig. 2.5a), ensuring the stability of the dispersion over time with minimal sedimentation.
The yield and stability can be assessed for different solvents by looking at the initial mixture
concentrations and flake thickness distributions, and the change in optical properties (usually
absorbance) over time, respectively. Here, consideration of the solution thermodynamics,
through a solubility parameter analysis, is often made to predict which solvents may be
suitable for a particular material [95–97]. In the case of 2d flakes, the Hansen solubility
parameter framework has proved the most reliable route, whereby the enthalpy of mixing per
volume of mixture, ∆HMix/V , can be expressed as:

∆HMix

V
≈ φ [(δD,S −δD,N)

2 +
1
4
(δP,S −δP,N)

2 +
1
4
(δH,S −δH,N)

2] (2.3)

where φ is the solute (flake) volume fraction and δD, δP and δH are Hansen solubility
parameters relating to dispersive, polar and hydrogen-bond interactions respectively, with
the second letter of the subscript denoting parameters of the solvent (S) or solute (N) [95]. It
can be seen that to minimise the enthalpy of mixing, and to promote a mixture that is stable
against sedimentation, δx,S = δx,N , that is, the parameter for the solvent should match as
closely as possible that of the flakes, for each of the three interactions considered.

For graphene, a variety of high boiling point solvents prove well matched, such as DMF
(N,N-dimethylformamide), Benzyl benzoate and NMP (1-methyl-2-pyrrolidone), the latter
of which has been most commonly used to produce the highest yields of mono- to few-layer
flakes (for instance up to 97% 1-5 layer flakes in ref. 95) [89,95,98]. However, the toxicity of
these substances, and the high temperatures required to remove them post-exfoliation, mean
that in some applications a compromise on yield must be made to use alternative, low boiling
point solvents such as acetone, isopropanol or chloroform [5].

In the case of BP, considering its sensitivity to moisture, light and oxygen, LPE methods
provide a viable route to scalable production, as they can be carried out using anhydrous
solvents, in the dark, under inert atmosphere. As with graphene, high boiling point sol-
vents are the most well matched in terms of minimising interfacial tension with BP flakes,
with DMF, NMP and CHP (N-cyclohexyl-2-pyrrolidone) shown to produce the most sta-
ble, well-exfoliated and highest concentration dispersions (shown in stability plot in Fig.
2.5d) [88,94,99,100]. As can be seen in Fig. 2.5e, Hanlon et al. demonstrated the importance
of using anhydrous solvents, showing rapid degradation of dispersions after addition of



2.3 Material characterisation 21

water [88]. BP flakes produced by LPE typically range from 3-15 nm in thickness, though
Brent et al. showed evidence of mono and bi-layer crystals of far smaller relative lateral
dimensions [88,94,99,100].

LPE techniques hold a number of significant advantages, especially with respect to
industrial-scale production. The equipment and materials used to produce them are low-cost
and the techniques involved can easily be scaled for high-throughput processes [69]. On top of
this, as highlighted earlier, they can be applied to almost any known layered material, through
appropriate tailoring of the solvents or surfactant-based solutions used [96,101]. Perhaps most
importantly, as will be covered in the next chapter, dispersions can be modified to create
functional, 2d material inks, allowing for their deposition on almost any substrate through
a variety of established methods, such as inkjet, gravure and flexographic printing, which
have pre-existing industrial infrastructure [5,69,98,102]. However, here it should be noted that
films deposited in these ways are disordered in nature, formed of a network of interconnected
flakes [93]. As such, whilst individual flakes can retain high quality [103], the electronic
properties of the film as a whole are significantly compromised [98].

2.3 Material characterisation

2.3.1 Atomic force microscopy

Atomic force microscopy (AFM) - more generally scanning probe microscopy (SPM) - is a
powerful measurement technique for probing the surface topography of a material, routinely
capable of sub-nanometer vertical resolution, lateral resolutions down to ∼10 nm and is
one of the central techniques for assessing the physical characteristics of 2d materials and
nanowires within this thesis. More recently the technique has been expanded to afford
analysis of a wide range of different properties including frictional forces, magnetic domains,
electrostatic fields and surface work functions, tunnelling currents, as well as dopant types
and densities.

Typical AFM operation involves a flexible micro-cantilever carrying a sharp tip, typically
of radius 5 - 15 nm, scanning across the surface of the analyte in a raster pattern, controlled
by a piezoelectric actuator capable of sub-Angstrom precision. An example of an AFM
cantilever with tip is shown in Fig. 2.6a. A laser is shone onto the end of the cantilever
and reflected onto a photodiode detector, where changes in the deflection of the probe
are monitored as it interacts with the surface. ‘Tapping mode’ is the most contemporary
technique for imaging, whereby the cantilever is driven to oscillate at a constant frequency
(usually at or near resonance) and amplitude. The tip is brought close to, but not in contact
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a) b) c)

20 μm

Fig. 2.6 Atomic force microscopy of 2d materials. (a) AFM cantilever with tip, as imaged via SEM
after use, demonstrating the attachment of particulates from the environment over time. Scale bar
is 20 µm. Adapted from en.wikipedia.org. (b) and (c) Optical and AFM image respectively of a
mechanically exfoliated BP flake. Blacked dashed line in (b) indicates the area scanned via AFM,
whilst the annotations on (c) show the topographic profile (white line) and step heights (arrows), as
measured scanning across the black dashed line, of the thinner and thicker sections of the flake relative
to the silicon substrate. b) and c) adapted from ref. 51.

with, the surface, where distance-dependent forces such as Van-der-Waal and dipole-dipole
interactions act upon it. The resulting changes in oscillation amplitude serve as the input to a
feedback loop, which correspondingly varies the height of the cantilever so as to maintain
constant oscillation behaviour, in turn constructing a z-plane map as it is scanned along the
surface. Figures 2.6b and c exemplify typical AFM imaging of a mechanically exfoliated
2d material flake, with corresponding height profile and optical image.

AFM is not without its limitations; lateral scan dimensions are restrained to around
100 - 150 µm, while high resolution imaging can take many hours to complete. Additionally,
though horizontal control of the cantilever is extremely precise, actual resolution in the x-y
plane is ultimately determined by the tip sharpness, and certain features, such as extreme
pits or holes, are often challenging to measure accurately. Furthermore, AFM tips are liable
to rapid wear and the blunting or damaging of these probes, or the attachment of loose
particulates from the sample (as can be seen on the tip in Fig. 2.6a), can significantly reduce
resolution as well as introduce artefacts into the image.

Probably the most common usage of AFM for 2d material characterisation is to determine
flake thickness and number of layers. Here it is worth noting that in practice the measured or
‘apparent’ height of a monolayer is usually far greater than the theoretically predicted layer
thickness, possibly due to the adsorbed moisture layer or other complexities relating to the
tip-surface interaction. For instance in ref. 88, the step change between layers in BP flakes is
measured as ∼2.1 nm compared with a calculated crystal spacing of ∼0.5 - 0.7 nm. AFM is
also often employed to assess physical contamination or wrinkles at the flake surface, as well
as to image LPE films for statistical analysis of thickness and lateral flake size distributions.
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2.3.2 Raman spectroscopy

Raman spectroscopy is an all-optical characterization technique that has recently come to
the fore as a highly effective tool for the analysis of graphene and other 2d materials, due
to its speed, simplicity and its non-destructive, non-contact nature[106–108]. Fundamentally,
the measurement involves the illumination of a sample by an intense laser light source, of
selected wavelength, and detection of the scattered photons by a charge coupled device
(CCD). Spectra of light collected at the detector will contain a strong peak at the frequency
of the laser due to lossless, elastic (Rayleigh) scattering of photons, along with weaker peaks

!" #"$" %"
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Fig. 2.7 Raman spectroscopic analysis of graphene. (a)-(d) Band diagram illustrations demon-
strating mechanisms for a selection of Raman processes in graphene, showing (a) first-order Raman
scattering corresponding to the G-band, (b) second order inter-valley scattering involving a defect
and a transverse optic phonon corresponding to the D band, (c) second order intra-valley scattering
involving a defect and a longitudinal optic phonon corresponding to the D′ band and (d) second-order
double resonance scattering from two transverse optic phonon modes, corresponding to the 2D (or G′)
band. (e) Characteristic Raman spectra taken from the center (top) and edge (bottom) of a graphene
monolayer showing peaks associated with the processes detailed in a)-d). Parts a)-e) produced by refs.
104 and 10. (f) The intensity ratio, I(2D)/I(G), between the 2D and G Raman peaks, under varying
electrostatic doping, in an electrochemically top-gated graphene FET channel, as measured in ref.
105.
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Fig. 2.8 Raman spectra of n-layered black phosphorus. Evolution of the characteristic BP Raman
spectra from bulk to n-layer flakes, measured using a 532 nm wavelength laser at 300 K. Inset shows
the exceptional case of the A2

g peak in bilayer BP, measured at low and room temperature. Figure
adapted from ref. 9.

shifted at specific frequencies away from the excitation frequency [106]. These shifts result
from inelastic scattering of incident photons by phonons in the target material lattice, and
can be at frequencies either above or below that of the laser, named anti-Stokes and Stokes
shifts respectively [109]. Using graphene as an example, band diagrams illustrating some of
the Raman scattering processes that contribute to its most prominent resonance pathways
are seen in Figs. 2.7a-d, whilst their corresponding peaks can be seen in the characteristic
spectra in Fig. 2.7e.

Photon-phonon interactions are highly dependent on electron movement, interference
and scattering within a lattice [108]. As such, analysis of the position and relative intensity
of Raman peaks can be used to probe a wide range of 2d material properties. In graphene
these include the number of layers, doping, strain, structural defects, as well as being
able to identify contamination, chemical modifications or the addition of functional groups
that may have arisen in any previous processing stages [105,110,111]. Furthermore, Raman
spectroscopy is an especially useful analytical technique for graphene in particular, given that
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all wavelengths of incident radiation are resonant due to its gapless band structure [107,108,110].
The effect of electrostatic doping on the Raman peak in a graphene FET channel is plotted
in Fig. 2.7f, exemplifying one way in which Raman spectroscopy can be used to probe the
electronic properties of 2d materials.

The Raman spectrum of bulk BP, shown in Fig. 2.8, contains three characteristic peaks,
corresponding to one out-of-plane phonon mode, A1

g, centered at 361 cm−1, and two in-plane
modes, B2g and A2

g, centered at 438 cm−1 and 466 cm−1 respectively [112]. As can also be
seen in Fig. 2.8, with decreasing layer number, n, (aside from the exceptional case of bilayer
BP) peak positions and shapes remain largely unchanged, aside from a modest shift of the A2

g

center frequency, reaching ∼469 cm−1 at monolayer [9]. As with many of its properties, BP’s
structural anisotropy means that these features are highly polarisation sensitive. Rotation of a
BP flake with respect to the Raman laser polarisation (or vice versa) results in significant
variation in the intensities of all three Raman modes, though for the A1

g and A2
g modes the

extent and shape of these effects are also wavelength- and thickness-dependent [113,114]. For
my research, Raman spectroscopy is largely used for characterising the progression of BP
flake degradation, as was pioneered in an extensive study by Favron et al. in ref. 9 and which
shall be introduced in more detail in the next chapter.

Summary

In this chapter I have reviewed the literature on the 2d materials of concern to my thesis,
graphene and BP. Considering graphene in the field of optoelectronics, its high flexibility and
conductivity, as well as its robust physical properties and low absorption, make it ideal for use
as a transparent electrode. Whilst its gapless band structure limits capabilities for detection,
its uniquely sensitive transport properties offer an avenue toward high photoresponsivity,
when, for instance, electrostatically coupled with a highly absorbing material. In the case
of BP, it has been shown that its thickness dependent, direct bandgap, from 0.3 - 2.0 eV,
makes it thus far the best suited 2d material for infrared detection. However, its unstable
chemistry, with rapid degradation in ambient conditions, presents a significant challenge for
device fabrication and the realisation of any scalable applications.

Further, I have provided background on the techniques used for production and char-
acterisation of these materials in this thesis. Due to its chemistry and instability, LPE is
of particular importance to BP in providing arguably the only viable route for its scalable
production to date and the investigation of solution-processed BP flakes and films forms
the majority of my work on 2d materials. AFM and Raman spectroscopy were introduced,
highlighting the strength of the latter as a hugely versatile, non-destructive technique able to
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optically probe a wide range of physical and electronic 2d material properties. As covered in
the last section, of particular relevance to this project, is its capability to study the progression
of degradation in BP flakes, as is applied to solution-processed films in my research. In the
next chapter, I will move on to discuss the most significant secondary project during my PhD
- the study and development of a liquid-phase-exfoliated black phosphorus ink for use in
optoelectronic applications.



Chapter 3

Solution-processing of black phosphorus
for optoelectronics

Overview

As laid out in chapter 2, the thickness-dependent bandgap of black phosphorus (BP) bridges
an energy window within the family of 2d materials, between that of patterned graphene
and transition metal dichalcogenides. Along with its anisotropic electronic and optical
properties, this affords it potential for infrared optoelectronic devices in particular. However,
the large majority of devices demonstrated so far are based on flakes produced by mechanical
exfoliation - a process with highly limited throughput. The chemistry of BP makes current
CVD techniques unviable for its growth and as such liquid phase exfoliation is at present the
only method with the capacity to produce BP in a readily scalable manner.

For the deposition of such LPE-derived dispersions during device fabrication, a range of
printing techniques have been used, as demonstrated with many different 2d materials [5]. Of
these methods, inkjet printing provides arguably the most controllable and high resolution
technique for precise patterned deposition of device features. However, the solvent(s) used
for dispersions usually require significant rheological modification, or even to be exchanged,
to render them into an ink that can be printed. In the particular case of BP, any potential
formulation of such an ink, and the stability of any films printed, is further complicated by its
thickness-dependent liability to photooxidise in the presence of moisture. Thus, whilst LPE
production of BP had been demonstrated in multiple publications [88,94,99,100], as of 2017,
no groups had developed a method for depositing solution-phase BP flakes in thin-films for
device fabrication.
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Separate to my work on nanowire-based devices, a parallel project during my PhD was
toward the formulation and demonstration of a stable BP ink for optoelectronic applications.
In this chapter I will detail the experimental work carried out to achieve this aim, along
with the presentation and discussion of results. This will begin with a short summary of the
background literature on the use of inkjet printing as a means of depositing 2d materials,
to help frame the following experimental work. Beyond that, my experimental research
on this project will be covered, the first half of which will focus on the creation of BP
dispersions. This will touch first on the LPE of BP in different solvents, determining which
is the most suitable through the characterisation of the resultant dispersions by both optical
and physical techniques. I will then detail my use of Raman spectroscopy as a tool to analyse
the degradation of BP in the aforementioned publication before discussing my own study of
BP stability using AFM measurements. The second half of the chapter concerns the process
of converting the dispersion to a functional, application-ready BP ink. Within this, the first
section describes the solvent-exchange process and characterisation involved to optimise the
jetting and deposition of individual ink droplets. The second section moves on to discuss the
optimisation of printing continuous features, the characterisation of printed films as well as
the use of parylene-C as a protective, stabilising layer. In the final section, I detail devices
fabricated using the ink - a photodetector and pulsed laser system - which demonstrate its
viability as a low-cost, easily integrated and stable component for optoelectronic applications.
This research contributed to the publication of ref. 115 in Nature Communications in 2017,
in collaboration with Dr Guohua Hu. Dr Hu designed the ink and performed all steps related
to its printing, while I produced the dispersions and inks, and designed and carried out all
AFM and Raman spectroscopy analysis. External collaborators (authorship listed in item 1
in ‘Publications’) produced the device demonstrations.

3.1 Background: solution-phase techniques for deposition
of two-dimensional materials

As discussed in chapter 2, liquid-phase exfoliation (LPE) has become established as a reliable
way of mass-producing 2d material flakes in solution. Whilst in some applications, such
as composites, these dispersions can be incorporated directly into another material, most
devices require flakes to be deposited as thin-films. For these purposes, a variety of techniques
with pre-existing industrial infrastructure have proved viable, such as inkjet, gravure and
flexographic printing, as well as spin- and spray-coating [5,69]. The choice of process depends
upon its suitability for a particular application, based on considerations such as the thickness
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Fig. 3.1 Inkjet printing as a 2d material deposition technique. (a) Schematic of a drop-on-demand
inkjet printing system for deposition of 2d materials. (b) In-situ imaging of the jetting process with a
non-optimised ink, demonstrating two commonly seen problems; angular deviation and formation of
satellite droplets. Both adapted from ref. 117.

of the film required, the substrate to be deposited on, as well as whether the film needs to be
patterned and at what resolution.

Inkjet printing, the deposition technique used in this thesis, holds a number of advantages
for device-based applications when using inks containing 2d material flakes. Drop-on-
demand systems are commonly used in the field for the non-contact deposition of individual
droplets, positioned with micrometer-scale precision[116]. A diagram of a typical system is
shown in Fig. 3.1a. Custom patterns can be printed by overlapping these droplets to form
continuous features, with the thickness of the film controlled through varying the number
of printing passes. Here the resolution - the line-width of the features - is clearly limited to
the minimum size of the droplets, though this can be down to the order of ∼50 µm under
suitably optimised conditions[117].

The main challenge for inkjet printing of 2d materials - and indeed, for all of the
aforementioned printing methods - is that a reliable, repeatable printing process requires the
rheological properties of the ink, amongst other parameters, to be finely tuned. The solvents
that are the most appropriate for dispersing flakes of a particular material with high yield at
the LPE stage are not necessarily suited for printing, in which case they must be modified or
exchanged to convert them to a 2d material ‘ink’.

The two main areas for consideration when determining a suitable ink rheology concern
how it jets from the printer nozzle, and how it interacts with (and dries on) the desired
substrate. In the case of the former, a dimensionless figures of merit, Z, is typically employed
to assess whether the properties of a particular ink lend themselves to reliable jetting[117].
This is the inverse of the Ohnesorge number, Z = 1/NOh, and is derived from the Reynolds
number (NRe, the ratio of inertial to viscous forces) and the Weber number (NWe, the ratio of
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inertial forces and surface tension) as follows:

NRe =
vaρ

η
; NWe =

v2aρ

γ
; Z =

NRe

(NWe)1/2 =
(aργ)1/2

η
(3.1)

where v is the droplet velocity (of which Z is designed to be independent), a is the nozzle di-
ameter, and ρ , γ and η are the solvent density, surface tension and viscosity respectively [118].
The optimal range for printing is 4 ≤ Z ≤ 14, below which droplets will have long tails
and above which smaller secondary droplets, known as ‘satellite’ droplets, will form [118];
Fig. 3.1b demonstrates the jetting process and these potential issues. Whilst this forms a
rough guideline when designing reliable inks, printing of 2d material inks has also been
demonstrated outside of this range, with Z values as high as 24 [98]. Another consideration
with respect to the jetting process is that maximum lateral flake dimensions should be roughly
1/50 of the nozzle diameter [117], or clogging will occur over time [119].

With respect to interactions at the substrate, the ink wettability, that is, how much it
will spread on contact with the surface depends on the relative interfacial energies in the
droplet-substrate system. Here, analysis can be done through measurement of the contact
angle θc (as shown in Fig. 3.2d), which can be related to the interfacial energies between
substrate, droplet and environment using Young’s law,

γSV − γSL − γLV cosθc = 0 , (3.2)

where γSV , γSL and γLV are the solid-liquid, solid-vapour and liquid-vapour surface tensions
respectively [120]. Ink droplets must be able to wet the surface sufficiently or else bulging will
occur in the line [119], but excessive spreading is also undesirable as it widens the linewidth of
features or leads to random deposition of material (see Fig. 3.2a) [98]. Another consideration
here is the so-called ‘coffee-ring’ effect, whereby when the evaporation rate is higher at
the droplet edges than the center, particulate matter (i.e. flakes) will flow radially outward
through a capillary-type mechanism, causing a non-uniform material distribution once drying
is complete, as shown in Fig. 3.2b [121]. Balancing these factors is most commonly done
by either changing or modifying the solvent, such as by using binary or co-solvents [5], or
alternatively by treating the substrate to vary its surface energy, by techniques such as O2

plasma or HMDS treatment as used for the droplet in Fig. 3.2c [98].
Whilst optimising ink properties will ensure successful printing of individual droplets,

for continuous features with overlapping droplets, such as the channel in Fig. 3.2e, other
parameters, relating to the printing system as a whole, must also be tuned. A key variable
here is the droplet spacing; if this is too large, the line will have scalloped edges, whilst if too
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Fig. 3.2 Imaging of 2d material inkjet printing. Dark field optical micrographs of dried graphene
ink droplets deposited on an (a) O2-plasma treated, (b) pristene and (c) HMDS treated Si:SiO2
substrate. Scale bar is 20 µm (d) Contact angle analysis of a water droplet on an O2-plasma treated
(left) and HMDS-treated (right) SiO2 surface. (e) Printed channel formed of multiple overlapping ink
droplets before (top) and after (bottom) ink optimisation. a)-d) adapted from ref. 98, e) adapted from
ref. 122.

small, the feature will bulge wider than the original drop diameter. Heating of the substrate
can be used in order to fine-tune the droplet diameter by increasing the surface energy and
thus wettability.

A general problem with most 2d material inks is that the dispersions have relatively low
concentrations, typically less than 1 g L−1 [117], meaning that multiple print passes must be
used in order to deposit sufficient material. Whilst efforts are directed toward maximising
concentration whilst maintaining printability, clearly rapid droplet drying is desirable in order
to reduce the amount of time required between each pass, to increase throughput.

Taking these factors into account, it should be highlighted that NMP and other high
boiling point solvents (such as DMF) that often obtain the highest yields at the LPE stage are
not particularly well suited to inkjet printing. Aside from being toxic, NMP has low viscosity
with η = 1.7 mPa s, with dispersions reportedly ranging from Z = 17 - 24[98,102], outside of
the ideal jetting range, whilst its high boiling point (∼202 ◦C) means that substrates must be
annealed to obtain workable drying times (for example, 170 ◦C for 5 minutes in ref. 98).

It is important to note at this stage that films deposited in these ways are disordered in
nature, formed of a network of interconnected flakes[93], and as such, whilst individual flakes
can retain high quality[103], the electronic properties of the film as a whole are significantly
compromised[98]. Carrier mobilities of graphene films produced using LPE processes
are orders of magnitude lower compared to those created via CVD or micromechanical
exfoliation, with optimum values in the range of ∼100 cm2V−1s−1 [98]. However, for many
applications this is no obstacle with solution-phase 2d material production and deposition
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processes holding demonstrated potential for use in low-cost and flexible electronics and
optoelectronics [4,5,69]. Recently, fully inkjet printed FETs [123], sensors [102], capacitors [124]

and even heterostructure photodetectors [122] have been reported.

3.2 Black phosphorus dispersions

3.2.1 Production and characterisation of dispersions

As discussed in section 2.2.3, the main underlying consideration when producing stable
nanomaterial dispersions is the selection of a suitable solvent, with solubility parameters
matching those of the material to be dispersed [95,97]. Here, an empirical approach was taken
by experimentally assessing the compatibility of three solvents for the LPE of BP through
characterising the resultant dispersions. The solvents investigated were the high boiling point
organic solvents N-Cyclohexyl-2-pyrrolidone (CHP, boiling point 284◦C) and N-Methyl-
2-pyrrolidone (NMP, boiling point 204◦C), for which stable BP dispersion production has
been demonstrated [88]. Recognising the importance of minimising drying time at later
printing stages due to BP’s instability, direct exfoliation was also tested, in the low boiling
point solvent, isopropanol (IPA, boiling point 82.6◦C), which has been used for meta-stable
exfoliation of graphene [125].

Mixtures of bulk BP powder (Smart Elements) with anhydrous NMP, CHP and IPA (all
Sigma Aldrich) were formulated, using a concentration of 1 g L−1, then placed in a bath
sonicator for 12 hours, at a temperature of 15◦C, to facilitate exfoliation. To sediment thicker
flakes or any unexfoliated material, dispersions were then centrifuged at 4000 rpm (equivalent
to a force of 1500 × g) for 30 minutes, and the upper 80% siphoned off as the final dispersion,
for characterisation and analysis, as well as use in the production of inks. Photographs of
as-produced dispersions for the three solvents, centrifuged at different speeds, can be seen
in Fig. 3.3a. For each of these processes, the tubes and phials containing the solvent-BP
mixture were backfilled with N2 and sealed, in order to create a low-O2 environment and
minimise photo-oxidation of the exfoliated flakes.

In order to estimate the concentration of the dispersions produced, and assess the relative
efficacy of the solvents, UV-Vis optical absorption spectroscopy was used. To reduce the
impact of scattering on these measurements, dispersions were diluted to 10% by volume
of their original concentration. Plots of extinction coefficient against wavelength can be
seen in figure 3.3b. Using the values for absorbance at 660 nm for each dispersion, the
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a) b) c)

Fig. 3.3 Dispersion of black phosphorus in different solvents. (a) BP dispersions, as exfoliated via
ultrasonication in NMP, CHP and IPA, before being centrifuged for 30 minutes at the rotational speed
labelled on the bottles in ×103 rpm. (b) Extinction coefficient for BP dispersions in the three solvents
used, at varying wavelength, taken through UV-Vis optical absorption spectroscopy and plotted on a
log-log scale. To avoid saturating the detector, dispersions are diluted to 10% by volume. (c) Plot of
the wavelength-dependent optical scattering from flakes in the three dispersions, on a log-log scale, as
normalised to the 465 nm extinction peak.

concentrations were calculated using the Beer-Lambert Law,

A = αcl , (3.3)

where absorbance, A, is related to the extinction coefficient, α , the concentration, c, and the
optical path length, l [69]. A value of α = 267 Lg−1m−1 was used, as determined by ref. 126
for a wavelength of 660 nm. Thus, concentrations for NMP, CHP and IPA were estimated at
0.54 gL−1, 0.32 gL−1 and 0.13 gL−1 respectively.

The optical scattering of each dispersion was then characterised to further assess the level
of exfoliation by each solvent. The extinction of a dispersion has a scattering component
which is proportional to λ−n, where λ is the wavelength and n is the scattering exponent,
for which larger values are associated with smaller, thinner flakes[127]. The scattering
characteristics for each dispersion, shown in Fig. 3.3c were obtained by measuring the
absorbance spectra for each dispersion using an integrating sphere and subtracting these
from the extinction. Fitting these plots gives n ≈ 1.9, 1.5 and 0.5 for NMP, CHP and IPA
respectively, suggesting that the NMP flakes are most comprehensively exfoliated.

To corroborate these results, further characterisation was carried out via AFM measure-
ment (using the same equipment and operational mode as that in previous sections). Samples
for AFM were prepared by repeated dropcasting of dilute (5 vol %) dispersions onto silicon
chips, before drying in a desiccator under N2 to remove residual solvent. Figure 3.4a shows a
typical AFM scan of a sample area on the substrate, used to obtain size and thickness statistics
for each dispersion. For reference, individual flakes, and their respective height profiles, can
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Fig. 3.4 Morphological characterisation of liquid-phase-exfoliated black phosphorus flakes. a)
Section from a typical AFM scan of a drop-cast sample (from an IPA-based dispersion in this example)
on Si:SiO2 for determination of the flake thickness distribution in the dispersions. Scale bar is 1
µm. (b) High resolution AFM images for a sample of individual flakes with height profiles beneath,
corresponding to the dashed lines in the images. Scale bars are 50 nm. (c)-(e) Distributions of BP flake
lateral dimensions (top; taken as the major axis for each flake) and thickness (bottom) as dispersed in
NMP (green), CHP (red) and IPA (blue) solvents respectively, with average values shown. Sample
sizes for each dispersion are > 300 flakes.

be seen in the high resolution images in Fig. 3.4b; the even surfaces and sharp edges seen on
these flakes suggest that no significant degradation (with associated phosphoric acid bubble
formation) has occurred. It should be noted here that the sizes and thicknesses of these
flakes are larger than average, due to the time taken to take these images, and the increased
rate of degradation for thinner flakes. The lateral dimension and thickness distributions
for NMP, CHP and IPA dispersions can be seen in Figs. 3.4c, d and e respectively, clearly
indicating that BP dispersed in NMP was exfoliated to a greater extent, producing thinner
flakes, supporting the results from the scattering spectra. Given the higher concentrations
and more effective exfoliation, NMP was therefore elected as the solvent to be used going
forward in the production of BP dispersions.
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3.2.2 Raman spectroscopy of black phosphorus films

As discussed in the literature review, the increasing environmental instability of BP flakes
with decreasing thickness is arguably the foremost challenge for realising devices with
reliable performance. In this study, Raman spectroscopy was used as an analytical tool for
assessing the presence and extent of any photo-oxidation of BP flakes that occurred during
the dispersion processes; this was primarily inspired by its use in ref. 9 to study BP flake
degradation in mechanically exfoliated samples. In ref. 9, the first of two primary signatures
identified for BP degradation is a drop in the intensity of all three peaks over time, relative
to that of silicon at 520 cm−1. Here, A2

g is most commonly used as a reference, as shown
plotted for a few-layer flake photooxidising under ambient conditions in Fig. 3.5a. In Figs.
3.5b and c, this metric is further used to characterise the relative rates of degradation for
flakes in different conditions (passivated, vacuum, a mixture of O2 and H2O and ambient)
as well as at different laser fluences, elucidating the dependence of oxidation on the three
factors discussed in section 2.1.2: light, water and oxygen.

The second signature highlighted by Favron et al. is the evolution of the A1
g/A2

g peak
intensity ratio over time, as is demonstrated by the plot in Fig. 3.5d which they maintain to
be polarisation insensitive, though results from polarisation-resolved Raman studies on BP
contradict this claim [113,114]. By cross-referencing the Raman data with electron-energy loss
spectroscopy (EELS) and high-angle annular dark-field (HAADF) imaging, their findings
suggest that pristene BP flakes typically have an I(A1

g)/I(A
2
g) ratio of between 0.4 - 0.6.

As degradation progresses, this ratio gradually decreases, with values dropping to < 0.2
indicating significant levels of oxidation.

Whilst ref. 9 and many other Raman studies of BP are carried out on mechanically
exfoliated flakes, refs. 88 and 99 present Raman analysis of LPE-produced samples, showing
no notable or significant changes in the nature or position of peaks relative to non-solution
processed samples. Yasaei et al. show polarisation-dependence for individual LPE flakes,
similar to that in mechnanically exfoliated flakes, and Hanlon et al. apply the degradation
framework from ref. 9, again to individual LPE flakes [88,99]. However, no work yet has
carried out an extensive Raman analysis on either polarisation-dependence or degradation in
solution-processed films of overlapping BP flakes, as feature in the printed devices within
my research.

A Renishaw InVia microspectrometer system with an Ar+-ion laser was used for these
measurements. For all characterisation the excitation wavelength was 514 nm and the laser
power set to 0.01 mW - as low as was possible to avoid accelerating the degradation of BP
flakes whilst still achieving a viable SNR. These measurements were initially carried out in
ambient conditions, with an accumulation time for each data point of 10 seconds.
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Fig. 3.5 Black phosphorus degradation as analysed by Raman spectroscopy. (a) Raman spectra
measured at 532 nm, for the same ∼5 nm thick BP flake showing a progressive decrease in all peak
intensities, associated with photooxidation, when measured under ambient conditions at 24, 48, 96 and
120 minutes after exfoliation. (b) The effect of different conditions at the BP flake surface on the rate
of degradation, as evidenced by evolution of the measured A2

g peak intensity. Showing measurements
under air, a mixture of H2O and O2, vacuum and under air whilst encapsulated in 300 nm parylene-C.
Note the increased rate under air compared to the mixture of H2O and O2 is due mainly to an increased
photon flux (1.7 × 104 W cm−2 and 1.8 × 103 W cm−2 respectively). Curves are shifted horizontally
so as to exclude the time taken for droplet nucleation to occur, and vertically for clarity. (c) Changes
in A2

g Raman peak intensity over time for an 8 nm thick BP flake (measured in aqueous solution, in air)
illuminated under different, constant laser fluences, as annotated on the plot, all expressed in ×104 W
cm−2. (d) Evolution of the A1

g/A2
g intensity ratio over time for a trilayer BP flake, as it photooxidises

under constant illumination from a bright lamp in air. Dashed line serves simply as a guide for the
eye. All parts produced by ref. 9.
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a) b) c)

Fig. 3.6 Raman characterisation of dropcast black phosphorus dispersions. (a) Typical Raman
spectra measured for BP exfoliated in NMP and dropcast onto an Si:SiO2 substrate (blue) compared
with that of a freshly mechanically-exfoliated bulk sample (black). Spectral intensities have been
normalised to that of the A2

g peak. (b) Polarised Raman measurements for a single point on a dropcast
NMP dispersion. Labelled angle represents variation in the rotation of the stage with respect to
the polarisation direction of the laser probe. (c) Polar plot of the A1

g/A2
g intensity ratio from the

corresponding spectra in (b), with the 0.2 - 0.6 range - where flakes are not significantly degraded -
highlighted in green.

For initial spectral characterisation, samples were prepared using the NMP dispersion
with the same dropcast method as for AFM characterisation (on an Si:SiO2 substrate), with
measurement carried out immediately after removal from the desiccator in order to minimise
exposure to air. A bulk sample was also analysed as a control, via mechanically exfoliating
the original BP powder and measuring freshly cleaved areas. Typical Raman spectra for bulk
BP and liquid-phase exfoliated flakes can be seen in figure 3.6a. The spectra observed are in
corroboration with those in the literature, showing three main peaks, A1

g, B2g and A2
g that

correspond to the out of plane and two in-plane vibrational modes respectively[128]. For the
exfoliated flakes these lie at an average position of A1

g ≈ 363.0 cm−1, B2g ≈ 439.3 cm−1

and A2
g ≈ 467.4 cm−1. Peaks in the dispersion’s spectra are blue-shifted by around 0.8 -

1.3 cm−1 with respect to the bulk (for which peaks are positioned at A1
g ≈ 361.9 cm−1,

B2g ≈ 438.3 cm−1 and A2
g ≈ 466.4 cm−1), which is expected due to quantisation of states in

low-dimensional materials[106]. The magnitude of the shift is smaller than that seen in the
literature for flakes exfoliated to < 4 layers, suggesting that the majority of the flakes were
above this thickness; this is in agreement with the findings from the AFM characterisation in
the previous section.

I then looked to assess the degradation of flakes in the dropcast NMP dispersions.
Introduced earlier, in the literature review, in ref. 9, the two main indicators used to assess
the degradation of BP over time are the decrease in overall intensity of all peaks, and the
intensity ratio between the A1

g and A2
g peaks, denoted as I(A1

g)/I(A
2
g). The latter of these was
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chosen as it represents an absolute measure rather than a relative one, and thus should enable
comparison of different drop cast films rather than for the same film over a period of time.
As mentioned in the review section, through cross-reference of Raman data with electron-
energy loss spectroscopy (EELS) and high-angle annular dark-field (HAADF) imaging, ref. 9
suggested that pristene BP flakes typically exhibit I(A1

g)/I(A
2
g) ratio of between 0.4 - 0.6, with

significantly degraded flakes showing values < 0.2. Therefore, in this study, the percentage of
flakes with I(A1

g)/I(A
2
g) outside the region of 0.2 - 0.6 was used as an approximate measure

of the proportion showing significant photooxidation. Throughout the investigation (in
this section and later ones) analysis of how this metric varied after different stages, from
exfoliation to printing, was used to capture a general picture of the extent to which flakes
may have degraded.

I first sought to determine the polarisation dependence of I(A1
g)/I(A

2
g). Whilst in ref. 9 it

is stated that this ratio is polarisation insensitive, other works have claimed that it does vary
with polarisation angle, due to BP’s anisotropic structure [113,114]. Here the spectrometer’s
laser spot size was focused to ∼1 µm in diameter, while the flakes have a lateral dimension
on the order of 100 nm. Therefore, the initial hypothesis was that, given the nature of the
samples (a film of randomly-arranged, overlapping flakes) and the size of the laser spot
relative to that of the flakes, polarisation dependence should not be observed. That is, even if
I(A1

g)/I(A
2
g) should be polarisation sensitive for a single flake, for any one point measurement

of the films, a selection of multiple, randomly orientated flakes are sampled, and as such,
assuming a great enough number of flakes and orientations, this would negate any angular
dependence. To assess this, the same Raman system was used, again at 514 nm, but with a
rotating stage added. The same point on a dropcast NMP dispersion was measured whilst
varying the rotation angle from 0◦ - 180◦ in 20◦ intervals, relative to a fixed polarisation
direction for the laser. The spectra obtained at each angle can be seen in Fig. 3.6b, whilst a
polar plot of the I(A1

g)/I(A
2
g) ratio with respect to stage rotation is shown in Fig. 3.6c. As

was predicted, there was no notable dependency of the I(A1
g)/I(A

2
g) ratio on the relative angle

of the sample to the polarisation direction.
A dataset was then gathered to assess the degradation after the exfoliation stage, mea-

suring the dropcast NMP dispersions. This was done via Raman mapping to collect an
appreciably large sample of spectra over a wide section of the film, measuring 400 points
over a raster scan area of 20 × 20 µm2. The map produced - of the I(A1

g)/I(A
2
g) for each

point - can be seen in Fig. 3.7a. Typical spectra corresponding to high and low I(A1
g)/I(A

2
g)

ratios, as well as null points (where SNR was too low to discern peaks) are shown in Fig.3.7b,
whilst the distribution of I(A1

g)/I(A
2
g) across the map is plotted in Fig. 3.7c. Of the non-null

measured spectra, 95.8 % exhibited ratios inside the 0.2 - 0.6 range, suggesting that only a
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a) b) c)

Fig. 3.7 Assessing degradation of liquid-phase-exfoliated black phosphorus through Raman
spectroscopic mapping. (a) Raman mapping at 514 nm for the A1

g/A2
g intensity ratio, across a

20 × 20 µm area of dropcast BP dispersion, with a measurement grid of spacing 1 µm. Raman laser
focused to a spot size of ∼1 µm diameter. (b) Raman spectra for the correspondingly labelled points
on the map in (a). (c) The distribution of A1

g/A2
g ratios across the 400 points measured in the map in

(a).

small portion of the flakes measured have been oxidised during the exfoliation process. A
limitation here that should be noted, is that this data only represented those flakes remaining
in the dispersion. Given that the Raman intensity of all peaks decreases with degradation,
it is probable that thinner flakes have degraded entirely (either during exfoliation, after
dropcasting, or during measurement) such that they do not produce an appreciable signal.
Points marked as ‘null’ for instance (that have not been included in the statistics) could
equally represent either areas where the BP has entirely degraded, or simply gaps in the layer,
due to non-uniform flake distribution during the dropcasting. Indeed, this is also indicated
by the previous AFM and Raman data on the dropcast dispersions that indicates the average
flake thickness is > 4 layers thick - thinner flakes may have either completely degraded during
exfoliation or flakes simply were not exfoliated to below that thickness.

3.2.3 Black phosphorus stability over time

The analysis in the previous section provides a picture of photooxidation based on the
assumption from ref. 9, which is based on individual, mechanically exfoliated flakes. It is
evident that a more detailed study is required on the degradation over time in collections
of liquid-phase exfoliated flakes, to empirically demonstrate the validity of the I(A1

g)/I(A
2
g)

metric for analysing these films. Therefore, separate to the research undertaken for ref. 115, I
also began an investigation with this aim - assessing the degradation over time of the solution-
processed samples. This work was planned with three channels of time-series experiments:
AFM and Raman spectroscopy measurements of mechanically exfoliated BP flakes and
Raman spectroscopy of drop-cast BP dispersions. Here the mechanically exfoliated samples
were intended to act as a control to the liquid-phase exfoliated counterparts, to check that the
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Raman results in ref. 9 could be replicated using the spectrometer available to me within a
reasonable degree of accuracy. The AFM measurements were carried out in part to correlate
with silicon peak intensity in the Raman analysis, as well as to independently assess the
degradation rate without use of an intense laser. Furthermore, at that time, no study had
carried out a detailed topographic time-series analysis of BP flakes as they degraded, over a
range of flake thicknesses.

Bulk BP (sourced from hq+ graphene) was mechanically exfoliated in a glove box under
Ar atmosphere. A section of bulk material was pressed to a section of tape and removed
leaving a thin layer of exfoliated material. This section of tape was then repeatedly pressed
to and removed from the same area of another piece of tape, changing the orientation of
the two sections each time. The tape was finally pressed onto and peeled from an Si:SiO2

substrate, pre-patterned with a marker grid (as in previous sections for EBL) to allow for
easier relocation of flakes under optical microscope. It was found that to obtain even a modest
number (a selection of around 10 - 15 for a 1 × 1 cm2 chip) of appropriately thin flakes (under
15 nm), over 15 successive peeling steps, as well as an O2 RIE treatment (Moorfield Nanoetch
system, 30 W, 120 s, 75 sccm O2 at 3.5 ×10−3 mbar) of the SiO2 surface were required.
The chips were then mapped through an optical microscope system within the glovebox and
the locations of thin flakes imaged with respect to the nearest location markers - a typical
image of an exfoliated flake can be seen in Fig. 3.8a. The exfoliation and mapping processes
were very low yield - even after the above optimisation of the exfoliation process, the large
majority of the BP on the chip (> 99%) was still very thick, effectively ‘bulk’ material
(yellow flakes in the image). Samples were then placed and sealed in a container whilst still
in the glovebox, before removing for characterisation, such that they remained in an inert
environment whilst being transported to the Raman / AFM setups. Once an initial round of
spectroscopy / microscopy for a selection of flakes was complete, samples were placed in a
sealed container at room temperature, illuminated from within by a typical desk lamp and
shielded from outside light sources, to ensure consistent lighting conditions. Characterisation
was then repeated multiple times after set periods of exposure to this ambient environment,
to acquire a time-series of measurements tracking evolution of the flake degradation.

It was decided that for a rigorous study, which improved on the data already obtained
within the publication, a necessary control for the Raman measurements was that they be
carried out under a N2 environment, to minimise photooxidation of flakes by the laser
light during spectra collection. Therefore, spectroscopy was performed using a different
system (a Horiba LabRaman Evolution, again at a wavelength of 514 nm), that allowed a
sealed chamber with a glass window to be mounted to the stage, which could be purged
with N2 through a supply from an attached liquid nitrogen dewar. Unfortunately, practical
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Fig. 3.8 Black phosphorus flake degradation over time. (a) Optical microscope image of BP flakes
transferred onto a Si:SiO2 substrate by mechanical exfoliation, in a glove box, under Ar atmosphere.
White dashed box denotes the areas scanned by AFM in (b) and (c). Scale bar is 20 µm. (b) and
(c) AFM scans of the white dashed area in (a) immediately after exfoliation and removal from the
glove box, and after 5 days exposed to ambient conditions (and lighting) respectively, demonstrating
degradation of the BP flake over time. Insets are height profile scans corresponding to the red dashed
line in each image. Scale bars are 5 µm.

obstacles arose with this system that prevented progression of the study. Vibrations from the
nitrogen supply setup as well as a gradual translational drift meant that it was impossible
to accurately scan a selected area of points with a suitable level of consistency over a time
series. Furthermore the N2 chamber setup meant that a long working distance lens was
required. Though magnification was at 50×, aberrations due to the glass measurement port
in the chamber meant that the minimum achievable spot size was ∼3 - 5 µm, making it very
difficult to resolve sections of different thicknesses within individual mechanically exfoliated
BP flakes (typical flake lateral dimensions were ∼5 - 15 µm).

However, AFM measurements did reveal some notable findings about the nature of
the degradation process in the mechanically exfoliated BP flakes. Here, the same Bruker
Dimension Icon was used as in previous sections, in the PeakForce Tapping mode. The
z-range of the system was reduced from 13 to 3 µm to allow for higher resolution (around
0.1 nm) in the z-dimension when measuring such small height changes. Measurements
were carried out in the dark (both in the room, and with the AFM’s optical microscope light
turned off) to minimise photoxidation during the scans. The AFM laser provides a degree
of illumination, but across flakes of the same thickness no noticeable change in degradation
was observed from the start to the end of a scan (30 - 60 minutes for a high resolution,
1024 × 1024 point image), suggesting that this was a relatively negligible contribution.
Clearly, the measurements would also ideally have been conducted in inert conditions, given
the length of time for measurement, but such a system was not available.
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Figures 3.8b and c demonstrate the degradation of a typical mechanically exfoliated BP
flake (that shown in the optical image in Fig. 3.8a). The flake shown is typical of many of
the mechanically exfoliated flakes, with multiple sections of different thicknesses - this is in
agreement with the literature where, unlike with graphene, it is rare to find optical or AFM
images of individual flakes with a uniform height plateau (i.e. layer number). Height profile
measurement indicates three main step changes across the flake at t = 0, with thicknesses
of 4.7 nm, 5.6 nm and 8.8 nm suggesting layer numbers of n ≈ 9, 11 and 17 when using
a value of ∼0.53 nm per layer suggested in the literature [129]. It should be noted as in
previous sections that residues or adsorbates on the surface of the BP or Si:SiO2, as well
as inconsistencies in the interaction between AFM tip and the two different surfaces may
introduce non-negligible error here when dealing with such small height differences at the
limits of the system’s z-plane resolution; as such these layer numbers are not certain. As can
be observed, even after minimal simultaneous exposure to light and moisture, phosphoric
acid bubbles have already nucleated on the surface of the freshly exfoliated flake, as is well
documented in the literature. Comparing the AFM scan and height profile of the freshly
exfoliated flake with that after 5 days ambient exposure and illumination demonstrates the
effects of significant photoxidation. The thinnest (n ≈ 9) section of the flake has completely
degraded, with only liquid bubbles remaining on the substrate. The thicknesses of the
n ≈ 11 and n ≈ 17 sections have reduced by 2.1 and 1.9 nm to 3.5 (n ≈ 7) and 6.9 nm
(n ≈ 13) respectively. Heights of each section are consistent across the flake plateau (negating
bubbles), corroborating the layer-by-layer nature of degradation suggested in other reports [9].

To assess the rate of BP degradation over time, repeated scans were made of multiple
sampled areas (10 to 30 µm squared) from a particular chip, themselves containing multiple
flakes of different thicknesses, or individual flakes with multiple plateaus (as in Fig. 3.8).
In ref. 9, Favron et al. determined a rate equation for the oxidation of BP whereby the rate
increases linearly with n but also exponentially with the square of the bandgap, Eg,n. Here a
simplified scenario is considered, in which the light source, and thus photonic parameters
in the rate equation, is assumed to be constant, and where the rate of oxidation is directly
and linearly related to the rate of thickness decrease. Theoretical calculations of the bandgap
suggest that it is related to the layer number with a power law fit (a/nα +b) where a and
b are constants and α is ∼0.7, depending on the methods used [53]. Given this, in thicker
flakes, where E ′

g(n) is low enough to be largely neglected, n′(t) is simply proportional to −n.
Therefore, it would be expected that as flakes degrade over time, n will initially decrease
according to Ae(−t/τ) (where A is a constant which should represent the initial flake height,
and τ is a decay time constant), but as flakes become sufficiently thin, the eE2

g,n term will
begin to dominate, with the rate of degradation correspondingly rising rapidly.
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Fig. 3.9 Variation in BP flake degradation rate. (a) Plots of the thickness against the time exposed
to ambient conditions (at 0, 5, 23 and 46 hours) for 7 different mechanically exfoliated BP flakes as
they degrade. Solid lines are an exponential decay fit to each curve - where thickness is above 5 nm
(see text for reasoning) - with time constants as annotated. (b) AFM peak force scan of a selection of
BP flakes, transferred by mechanical exfoliation onto Si:SiO2 in an inert environment, as measured
t = 1 day after exfoliation and removal from glove box. Annotations show the initial thicknesses of
each flake measured at t = 0 (immediately after removal from glove box) by AFM height profile scan.
Inserts show the selected areas (dashed lines) a further week after. Scale bar is 2 µm; peak force scans
have been shown - rather than height profile maps - to better highlight the topography of the flakes
as phosphoric acid bubbles form, given the large height of the bubbles (up to an order of magnitude
higher) with respect to the flakes.

Figure 3.9a shows a plot of flake thickness for seven flakes within a typical sample area
exposed to ambient conditions for t = 0, 5, 23 and 46 hours after removal from the glove
box. Whilst with a limited number of data points, these results broadly support the above
assertions; above a thickness of ∼5 nm (n ≈ 9) the data are well fitted by an exponential
decay (R2 > 0.98 for all flakes). Toward this thickness, the decay constant, τ decreases, whilst
below it, the rate of degradation deviates from a simple exponential decay and accelerates
significantly. For thicker flakes (n > 15), significant variability was observed in τ as well
as in the onset of oxidation. Once bubbles had nucleated, flakes would typically degrade at
around τ ≈ 100 hrs (an initial rate of approximately 2 nm day−1), though some flakes (for
example flake 6 in Fig. 3.9a) would degrade far more gradually, with initial rates as slow as
0.5 nm day−1. However, as illustrated by Fig. 3.9b - within the same scan area as a selection
of flakes that began to oxidise at a typical rate - some flakes (even with thicknesses as low
as n > 15) showed no discernible evidence of bubble nucleation at all, even after ambient
exposure for 8 days. In support of this, ref. 9 did observe significant delays in nucleation for
flakes where n > 20, though does not discuss in any further detail.
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To construct a detailed statistical picture a far greater number of data points would be
required, especially for flakes below n ≈ 9. This was primarily limited by the aforementioned
difficulty in exfoliating a great enough number of flakes at these thicknesses. Furthermore,
a limitation in the use of AFM itself was that for many flakes, as degradation progressed
and the spatial density of bubbles on the flakes increased (often coalescing to form large
bubbles covering most of the flake), it often became impossible to discern the true height of
non-oxidised layers.

3.3 Black phosphorus inks and their application in opto-
electronics

3.3.1 Conversion of dispersions to inks

The study progressed to investigate the formulation of functional, inkjet-printable inks from
the dispersions produced in the last section, which at the time of publication had not yet
been achieved for BP. As discussed in the literature review, due to its relatively high surface
tension, NMP alone does not have the wettability required for uniform printing on low surface
energy substrates such as Si:SiO2. Further to this - and aside from the issue of its toxicity
- due to its high boiling point, annealing steps or long delays are required for it to dry in
between print passes. This is a particular problem considering BP’s environmental instability.
Therefore, a solvent exchange process was used to formulate inks and optimise them for a
reliable inkjet printing process with low drying times and even material distribution. Here, a
major consideration was reduction of the so-called ‘coffee-ring’ effect, whereby material is
deposited preferentially at the edges of an ink-jetted droplet as it dries, leading to circular
patterns with very low spatial uniformity in the deposited flakes. During the drying of a
(single solvent) droplet, the higher surface-to-volume ratios at the edges leads to a locally
increased rate of evaporation. This encourages a replenishing flow of solvent toward the
edges, which carries flakes radially outward from the centre. A binary-solvent strategy was
adopted to address this; this involves introduction of a secondary solvent with an appreciably
different evaporation point to that of the first. As a droplet of such a mixture dries, the
concentration of the lower evaporation point solvent increases in the droplet centre, creating
a surface tension gradient across it [130]. This gradient acts to produce a Marangoni-type flow
radially inward, which can potentially counteract that directed outward, thus recirculating
flakes.

For the first step of the solvent exchange, NMP-based dispersions were centrifuged at
ultra-high speeds of 40,000 rpm (275,000 × g) for 30 minutes - phials were again back-filled
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Fig. 3.10 Inkjet printing of black phosphorus inks. (a) A bottle of the final BP ink after the
solvent-exchange process. (b) Time lapsed images of the jetting sequence using the BP ink taken
with a stroboscopic camera (c) Evolution of the contact angle over time during the drying of a droplet
of NMP dispersion, the solvent-exchanged formulation with only IPA and the binary solvent ink,
as normalised to the total drying time for each droplet. (d) and (e) schematics of the droplet drying
processes for a single and binary solvent ink respectively, demonstrating the effect of a surface tension
gradient-induced Marangoni flow as to recirculating material during droplet evaporation. (f) and (g)
Dark field optical microscope and AFM images respectively of dried dispersion or ink droplets as
labelled. Scale bar is 50 µm.

with N2 to minimise O2 exposure. Such high forces applied for this duration caused the
majority of exfoliated material to sediment at the bottom of the phial. This allowed the NMP
supernatant to be removed by pipette and replaced with anhydrous IPA. IPA was added at a
tenth of the previous volume of NMP, therefore affording a ten-fold increase in concentration,
resulting in a loading of ∼5 g L−1, as measured by optical extinction characterisation. At the
date of publication, this loading was a notable advance on those previously achieved in BP
dispersions, of 0.01, 0.4 and 1 g L−1 by refs. 99, 100 and 88 respectively. Finally, butan-2-ol
(boiling point 100◦C) was added at 10 % by volume to leave the finished ink (Fig. 3.10a) -
higher ratios were avoided as they caused increased droplet spreading, lowering the printing
resolution. Optical scattering characteristics of the ink remained relatively unaltered with
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respect to that of the NMP-based dispersion. This suggests that no significant aggregation of
the flakes has occurred during the sedimentation and solvent-exchange steps. Once produced
and bottled, the optical absorption of the ink changes by only 1% over the course of one
week, indicating that flakes remain well dispersed, without sedimentation, as will occur in
unstable 2d material inks with unsuited solvents [87].

The ink was then studied initially in the case of inkjet-printing individual droplets, to
assess their behaviour when jetting, interacting with the substrate and drying. All printing
was carried out using a Fugifilm Dimatix DMP-2831 system. The rheological properties of
the ink were measured and a value of Z ≈ 10 calculated. The stable jetting suggested by this
Z value was corroborated by images of the jetting sequence, shown in 3.10b, showing no
angular deviation or the formation of satellite droplets.

Behaviour of the ink at the substrate were then tested against the NMP dispersion
and a solvent-exchanged IPA ink, without the addition of butan-2-ol (denoted as IPASE to
differentiate from the earlier IPA dispersion). Time-resolved contact angle measurements
were first used to assess the drying characteristics of droplets, shown in Fig. 3.10c. When
material accumulates during the formation of a coffee-ring, it pins the droplet edge preventing
any further recession until tension-based forces become great enough that the droplet rapidly
contracts. This can be seen in the NMP and IPASE measurements - but is absent in the ink
- whereby after a gradual decrease in the contact angle, it increases again toward the end
of the drying stage. This process, along with that for a binary-solvent with its recirculating
Marangoni flow, are illustrated in the schematics in Figs. 3.10d and e respectively. Further
evidence for the optimisation of the wetting and drying process can be seen in the optical
dark field and AFM images of dried droplets on Si:SiO2, in Figs. 3.10f and g respectively.
These clearly show the relatively even distribution of material for the ink compared with the
poor wetting exhibited by the NMP dispersion, and coffee rings formation in the IPASE ink
droplets.

3.3.2 Printing optimisation and characterisation

Having studied and improved the jetting of and material distribution from individual droplets,
the printing of extended features and patterns, formed from overlapping droplets, was
optimised. Here, the inter-droplet spacing is the main system parameter that governs the
morphology of the resultant line. Figure 3.11a demonstrates the spectrum of possible
morphologies (when maintaining constant droplet diameter). As can be seen, these vary from
excessively spread lines (with thickness far greater than that of dried individual droplets)
when the droplet spacing is too narrow, to scalloped lines and, in the extreme case, individual,
disconnected droplets, when the spacing is too broad. Another variable that can be adjusted
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Fig. 3.11 Inkjet printing and characterisation of patterned features. (a) Optical microscope
images showing the variation in the morphology of printed lines as the inter-droplet separation is
varied from 15 to 95 µm. Features were printed with the BP ink on a Si:SiO2 substrate at a temperature
of 60◦C; scale bar is 100 µm. (b) Plot of the line edge roughness (as defined in the text) with respect
to varying temperature (and thus the droplet diameter) and inter-droplet spacing. (c)-(e) Enhanced
contrast dark field optical microscope images of printed lines on Si:SiO2, glass and PET substrates.
Scale bar is 100 µm. (f) Demonstration of printing over a large area (100 × 63 mm2) on PET (a
1.5 µm layer was laminated onto photopaper to make it more robust for handling).

within the printing system is the substrate temperature; increasing this will increase its surface
energy and lead to greater spreading (that is, diameter) of individual droplets, affording finer
tuning of the system, as well as decreasing the drying times required. As plotted in Fig. 3.11b,
the relationship of these two parameters was mapped with respect to the resultant line-edge
roughness, (Lmax - Lmin)/2, where Lmax and Lmin are the widest and narrowest points on the
printed line respectively. ‘Uniform’ lines were classed as those with line-edge roughness <
±2 µm. Shown by the marked region on the map, uniform printing with this ink required a
droplet spacing to droplet diameter (as controlled in this case by the temperature) ratio of
∼0.5 - 0.8. For film printing in the rest of the study, the maximum substrate temperature
of 60◦C was selected, to minimise drying time and curtail BP degradation, with a droplet
spacing of 35 µm to afford uniform printing. Figures 3.11c-e demonstrate that using these
optimised parameters, uniform channels with relatively even material distribution across
their width were achieved on three commonly used device substrates - Si:SiO2, glass and
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Fig. 3.12 Characterisation of printed black phosphorus films. (a) Variation in BP film optical
extinction at 550 nm with respect to the number of print passes, with a linear fit. Inset shows
photograph of each (8 × 8 mm2) film used for characterisation. (b) Spatial mapping of the linear
(at low intensity) and non-linear (at high intensity) absorption coefficients, α1 and αns, measured at
1562 nm with a step of 0.5 mm (spot diameter ∼400 µm). (c) Raman spectroscopic mapping of the
I(A1

g)/I(A2
g) ratio for an as-printed printed BP film on Si:SiO2, carried out at 514 nm with a spatial

step of 1 µm. Points where the signal to noise ratio was too low for interpretation have been coloured
in grey. (d) The distribution of the I(A1

g)/I(A2
g) ratio for all non-null points in the map in (c). (e)

Evolution of the optical extinction (at 550 nm) exhibited by two printed BP films exposed to ambient
conditions over a 30 day period, one with and one without encapsulation by a parylene-C layer.

PET - without the need for any surface treatment. This uniformity was maintained over
far larger areas (100 × 63 mm2) without the jetting destabilising, as shown in Fig. 3.11f,
demonstrating the potential for scalable applications.

After establishing conditions for optimal printing of individual lines, the optical properties
of BP films formed from multiple print passes were investigated. Figure 3.12a shows
the optical extinction plotted against the number of passes, as successive ink layers were
deposited over the same area (allowing for drying in between). The linear relationship seen,
with < 2% variation, demonstrates that the optical density of the films can be consistently
and precisely controlled through varying the number of print passes. The films also show
high spatial uniformity, as exhibited in the maps of linear and non-linear optical absorption
(α1 and αns respectively) in Fig. 3.12b. For these samples, α1 = 9.19 ± 0.31% and
αns = 4.99 ± 0.09% showing only < 3.4% variation across a 2 × 2 mm2 area.
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Raman characterisation of printed films, as described in the previous section, also con-
firmed that the multiple steps in the ink formulation and printing processes did not induce
any significant oxidation in the BP flakes. Figure 3.12c shows Raman mapping of a film
printed using the inks carried out directly after deposition, taken over an area of 25 × 25 µm2

(laser was again focused to a spot size ∼1 µm in diameter as in previous mapping). The
distribution of I(A1

g)/I(A
2
g) ratio, shown in Fig. 3.12d shows only ∼10% of material was

outside the 0.2 - 0.6 range (where flakes are suggested to be not significantly degraded),
representing an increase of only ∼6% on that of the as-produced dispersion. Even after
storing the ink for 2 months under nitrogen, Raman mapping of dropcast samples showed
the proportion of data points outside the 0.2 - 0.6 I(A1

g)/I(A
2
g) range had only risen to ∼22%.

However, to preserve this low level of degradation clearly requires some method of
protecting the BP layer from the ambient environment. To this end, parylene-C was chosen
to encapsulate the BP (at a thickness of 100 nm), as it provides a pin-hole free and conformal
layer, the latter of which is an important consideration given the relative roughness of a
printed film formed of a collection of 2d material flakes. Figure 3.12e compares the evolution
of the optical extinction exhibited by the coated and non-coated printed films. Optical
extinction in the unprotected film gradually and continuously decreases over the course of 30
days as the BP flakes degrade. However, for the encapsulated film, after an initial decrease in
the first 5 days (which was attributed to trapped moisture between the parylene and BP film),
the extinction remained relatively stable for the 25 further days measured. Investigation
of the oxidation levels of encapsulated samples by Raman spectroscopy showed an initial
increase in the fraction of material with I(A1

g)/I(A
2
g) outside of the 0.2 - 0.6 range, from 10%

to 23% immediately on encapsulation, which then stabilized at 34% after several days. It is
however unclear whether this is actually representative of oxidation of the BP flakes, as the
intensity of A1

g is also dependent on contact with other substances [9].

3.3.3 Optoelectronic and photonic devices

Having demonstrated the stability of the optical properties of these films, it remained to
verify the potential of these printed films for devices with a workable level of stability
and performance. The BP inks were integrated as an active component in two different
optoelectronic applications produced by collaborators: photodetectors and pulsed lasers.
With respect to the first of these - reported in the paper - BP ink was printed onto a Si-
graphene junction photodetector to act as a sensitizing layer, with the intention of expanding
operation of the device to the infrared range. An Au electrode was deposited to outline
a square window, ∼450 × 450 µm2, on a Si:SiO2 substrate. The oxide layer within this
window was removed using lithography and a hydrofluoric acid etch, exposing the bare
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Fig. 3.13 Demonstration of a hybrid photodetector based on a graphene-silicon junction sensi-
tised by a printed BP film. (a) Schematic and optical image of the graphene-Si Schottky junction
photodetector prior to BP deposition. (b) Cross-sectional schematic showing the device after BP print-
ing and encapsulation in parylene-C. The inset illustrates a possible photogating-type charge transfer
mechanism that contributes to photodetection. (c) and (d) Photocurrent (Ilight − Idark) characteristics
when the detector is under bias across the Au electrode and Si layer, and illuminated with a 450 nm
and 1550 nm laser respectively, with overall power incident on the detector varying as labelled.

Si layer, before the transferring and patterning CVD graphene over the whole section, to
create a Si-graphene Schottky junction (Fig. 3.13a). BP ink was then printed over the
graphene-coated-Si section, before encapsulation of the whole structure in parylene-C; a
schematic of the final device is shown in 3.13b.

Devices with and without the BP film were characterised through laser illumination
with a bias across the Au electrode and Si substrate layer. Figures 3.13c and 3.13d show
photocurrents induced in typical devices with (solid lines) and without (dashed lines) the BP
layer at a wavelength of 450 nm and 1550 nm respectively. The plain Si-graphene devices
showed photoresponse under negative bias and 450 nm light, as has been reported previously
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in ref. 131. However, they exhibit no photocurrent at 1550 nm due to the excitation energy
(∼0.8 eV) being below that of the Si bandgap (∼1.1 eV). The responsivity, Rλ , of these
devices at a particular wavelength, λ , can be expressed as:

Rλ =
IPC

Popt
(3.4)

where IPC is the photocurrent, Ilight − Idark, and Popt is the total optical power incident on
the detector. Furthermore, the external quantum efficiency (EQE) at a particular wavelength -
the ratio between the number of photoexcited electrons collected at the electrode, Nel and the
number of photons incident on the detector, Nph - can be calculated from the responsivity
using

EQE =
Nel

Nph
=

Rλ hc
λ e

(3.5)

where h is Planck’s constant, c is the speed of light and e the elementary charge. With the
addition of a BP printed film, at 450 nm illumination the devices showed a significantly
increased photoresponsivity at negative bias, from ∼16 to ∼164 mA W−1 (corresponding to
an EQE of 45%). The detector also exhibited a response under forward bias of ∼95 mA W−1

(EQE 26%) where previously none was measurable. More notably, at 1550 nm the device
now demonstrated a low photoresponse of ∼1.8 mA W−1 (EQE 0.14%). Here, with respect
to the physical mechanism, the increased response was attributed firstly to enhancement of
the optical absorption of the device, due to BP’s direct bandgap. Secondly, it was suggested
that a photogating effect occurs, whereby photogeneration of electron-hole pairs in the BP
film leads to a change in the Fermi energy of the graphene sheet and thus the Schottky barrier
height. Such a charge transfer process is roughly illustrated in the inset of Fig. 3.13b. It was
noted that thermal contributions from the increased optical absorption may also play a role in
altering the Schottky barrier height.

The performance of the detectors at energies over the Si bandgap is modest in comparison
to those in the literature; for instance, ref. 131 reported an EQE of ∼80% for a Si quantum
dot-sensitized graphene-Si Schottky junction. Furthermore, at the telecommunications
wavelengths, whilst a response was produced, the EQE of ∼0.1% is far below that which
would be competitive with conventional CMOS detectors for these wavelength ranges.
However, crucially, both the photoresponse and time response characteristics of the device
remained stable, with repeatable performance when left under ambient conditions and
measured 7 days apart. As such, whist further work is clearly required to improve the device
design and performance, the results are notable in showing the first integration of a BP layer
into a stable, functional device, in a rapid, low-cost, controllable and scalable manner.
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Fig. 3.14 Demonstration of an ultra-fast laser based around a black-phosphorus printed film
saturable absorber. (a) Schematic illustrating the components of the fibre laser setup. (b) The printed
BP saturable absorber: BP ink is printed onto an ultra-thin PET square before being encapsulated
in parylene-C and coupled into the fibre cavity. (c) Output spectra of the laser measured every 6
hours over a 30 day period, with a central frequency of 1562 nm. (d) Cross sections taken from the
data in (e) at the labelled time periods, demonstrating the operational stability of the system. (e)
Radio frequency spectrum of the laser over time. The high intensity with respect to background,
∼53 dB shows little variation in behaviour over the 30 day period, demonstrating the stability of the
mode-locking.

As with other 2d materials, BP’s non-linear optical response make it of interest for
use as a saturable absorber in photonic applications such as ultra-fast pulsed lasers[5]. In
these systems, liquid-phase exfoliated 2d materials present a cheap alternative to current
technology, and can be easily incorporated by blending the dispersions with polymers to
create composite films which can simply be inserted into fiber-based laser setups. BP’s
environmental sensitivity means this strategy is less viable due to the long curing times
involved, and as such the BP printing process developed here could provide a more suitable
route.
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The fibre laser setup (total cavity length 8.7 m) can be seen in Fig. 3.14a. A 0.7 m long
erbium-doped (LIEKKI Er-8/125) fibre was used as the active amplification element, co-
pumped using a 980 nm laser diode. Unidirectional propagation and polarisation states were
maintained by an optical isolator and polarisation controller, respectively; measurements
were taken via a 10:90 output coupler. BP films were inkjet printed onto an ultra-thin PET
1 × 1 mm layer, before being encapsulated in parylene-C at 100 nm thickness and inserted
into the cavity as shown in Fig. 3.14b. Here, operating the laser at a wavelength of 1562 nm,
through the action of the BP as a saturable absorber, mode-locking was achieved with a
fundamental repetition frequency of 31.6 MHz. The duration of pulses was measured at
605 fs by intensity autocorrelator. Given the ultra-high intensity of radiation in the cavities
of pulsed lasers (with values up to 32.7 MW cm−2 measured in this setup) and the direct
proportionality of BP oxidation rate to the photon flux [9], after achieving mode locking the
main consideration for this system was the stability of the operation over time. Indeed, at
the date of publication, the maximum duration of stable operation demonstrated in previous
works based on liquid-phase exfoliated BP dispersions was 24 hours [132]. As shown in Fig.
3.14c, the output spectra of the laser was measured every 6 hours over a period of over 30
days of continuous operation; Fig. 3.14d shows cross-sections of this plot at 0, 174, 354, 534
and 714 hours, whilst Fig. 3.14e is a spectral plot of the radio frequency at the fundamental
operational frequency taken at the same time intervals. These two sets of measurements
demonstrate highly stable operation and mode-locking respectively, illustrating that the
printed films are not degrading even under such intense illumination, for prolonged durations.
Evidently, further work is required to assess the longer term performance and viability for
industrial or research applications, but these results present a promising step toward this.

Summary

In this chapter I have covered the section of my research focused on solution-phase processed
BP for optoelectronic applications. A device-ready, binder-free ink, capable of printing
uniform films of BP flakes on untreated substrates was developed. Through AFM and optical
scattering measurements, NMP was found to exfoliate BP in solution more effectively than
CHP or IPA. However, NMP is unsuitable for inkjet printing of BP due to its poor wettability
and long drying times. It was shown that a BP ink can be formulated through a solvent-
exchange process, replacing NMP with a mixture of IPA and butan-2-ol, with stable jetting,
good wettability on glass, PET and Si:SiO2. Furthermore the binary nature of the solvent acts
to minimise the coffee-ring effect, producing a more even flake distribution within droplets.
Through optimising the printing process, films with highly uniform optical properties (< 3.4%
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spatial variation) were deposited. It was found that the long term stability of these films
(> 30 days) could be ensured by encapsulating in a parylene-C layer. Throughout this
investigation, Raman spectroscopy was employed to assess the degradation of flakes, finding
that despite BP’s instability in contact with water, the exfoliation, formulation and printing
stages did not induce significant photooxidation. The encapsulated inkjet printed films were
then integrated into photodetector and pulsed laser systems, demonstrating stable operation
even under intense irradiation for a period of 30 days. These results showcased the first
scalable method for the deposition of solution-processed BP films and features with viable
device performance and stability. The next chapter begins the component of this thesis that
focuses toward my work on nanowire devices, with a review of the literature surrounding
semiconductor nanowires.



Chapter 4

Semiconductor Nanowires

Overview

One of the essential requirements for the realisation of a ‘bottom-up’ approach to techno-
logical assembly, is the ability to create nanoscale components with finely-tuned, consistent
electronic and optoelectronic properties. In order to achieve this, there must be control over
certain crucial nanomaterial parameters, such as structure, chemical composition, size, mor-
phology and doping; semiconductor nanowires offer arguably the most developed nanoscale
system with respect to these needs [133–135].

Nanowires are one-dimensional nanoscale structures resulting from highly anisotropic
growth, with lengths usually at least two to three orders of magnitude larger than the diameter,
ranging anywhere from 3 - 500 nm [136]. It is possible to grow nanowires from a vast range of
materials, including group IV, group III-V and group II-VI semiconductors, whilst holding,
in many cases, the ability to control p- and n- type doping, length, diameter, growth direction
and even, with some materials, cross-sectional shape [135,137,138]. They can be produced
in high yield, and integration into existing Si-based technology and other semiconductor
systems is generally straightforward [137,139]. On top of this, they are mechanically flexible
and their properties remain consistent after cycles of high bending strain, whilst large surface
to volume ratios afford them electronic properties that can be highly sensitive with respect to
their external environment or photoexcitation [140–143]. Furthermore, it is possible to create
both radial and axial heterostructures, as well as compositionally graded wires, even at the
growth stage, introducing tailored functionality without the requirement of any lithographic
processes [144–147].

Considering these characteristics together, semiconductor nanowires show great potential
as a robust, tunable and scalable nanoscale component, providing a platform for a vast range
of applications and devices, from horizontal, single-nanowire-based architectures, through



56 Semiconductor Nanowires

to vertically-aligned nanowire arrays. In the fields of (opto-)electronics and photonics,
amongst other devices, a wide variety of nanowire FETs, lasers, LEDs and photodetectors
have been demonstrated, whilst their geometry and controllable chemistry has seen them
exploited across gas, chemical and biological sensing applications [134,143,148–154]. For energy
harvesting, nanowires have presented themselves as an interesting candidate for studies in
photoelectrochemistry and artificial photosynthesis, as well as photovoltaic and thermoelec-
tric devices [143,146,155–159]. More exotic applications include those in nanoelectromechanical
systems such as nanowire-based mechanical resonators and piezoelectronics, biological
studies at the nanowire-cell interface, as well as the development of advanced epitaxial
quantum devices [143,160,161].

This chapter contains a review and discussion of the relevant literature surrounding semi-
conductor nanowires and, more particularly, contextualising CdSxSe1−x bandgap-gradient
nanowires, the central material system in my research. The chapter is divided into three
sections, the first of which will concern more general background, firstly on how semiconduc-
tor nanowires can be produced across a variety of material systems, before a more detailed
explanation of the vapour-liquid-solid growth mechanism - which is the basis for that used to
produce the nanowires in my research - and culminating with a discussion of their electronic
and optoelectronic properties. In the second section, I will explain the the theory and prac-
ticalities of the techniques used in my PhD to characterise nanowire properties, as well as
some not used, but of particular contemporary relevance, to provide context for discussion of
the literature. Finally, the third section shall introduce compositionally-graded nanowires
and the CdSxSe1−x species which form the basis for the majority of the experimental work
contained in this thesis. To highlight how this class of nanomaterial represents a relevant and
viable nanotechnological platform, I shall first explain how established growth techniques
can be adapted to produce these nanowires in a straightforward and scalable fashion, before
discussing the physical and optoelectronic properties that make them of particular interest
for the spectral applications developed over the course of my doctoral studies.

4.1 Synthesis and properties

4.1.1 Growth techniques

Strategies for semiconductor nanowire synthesis can broadly be categorised into two paradigms:
top-down and bottom-up. Top-down techniques mostly involve the use of conventional,
established microfabrication processes to reduce bulk materials to one dimensional struc-
tures [139,142]. Patterning techniques such as photo- or electron-beam- lithography, used in
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conjunction with appropriate anisotropic etch processes, can readily be used to create custom
1d structures or arrays with relative ease and flexibility, from any semiconductor material.
However, aside from being inherently wasteful, top-down nanowire synthesis is heavily
limited both by the resolution and throughput of the fabrication processes involved, as well
as in the unavoidable introduction of surface defects at the etch stage. Producing nanowire
structures via these methods at the ever-shrinking length scales seen in modern devices, and
in a cost-effective and consistent manner, presents many challenges.

The bottom-up paradigm is defined by the additive construction of nanowires from raw
precursor materials via chemical synthesis. Producing nanowires in this way can afford the
tuning of a wide range of resultant parameters at the growth stage - chemical composition,
length, diameter, morphology, doping - offering remarkable control in the production of near-
atomically precise nanoscale building blocks. Within this paradigm, a variety of different
processes have been developed to achieve the formation of 1d structures. Some less typical -
and less scalable - processes centre around the self-assembly or oriented-attachment of 0d
nanocrystals, where confinement within mesoscale structures or at thin-film interfaces, or the
careful control of nanocrystal shape through synthetic chemistry, can be exploited to promote
the additive formation of nanocrystal chains [142,162–164]; these may prove particularly viable
processes for the formation of ultra-thin nanowires such as the 1.5 nm diameter CdSe
structures in ref. 165.

However, the vast majority of scalable nanowire production methods used to date are, on
a fundamental level, crystallisation processes, crucially with the application of a confinement
mechanism to promote highly anisotropic growth [139]. The two primary strategies for
confinement used to date broadly divide these methods into two categories: template-directed
growth and metal-nanoparticle-mediated, free-standing growth [139].

In templated-growth, a sacrifical structure is used to physically confine crystal growth to
one-dimensional channels. A range of structures have been used for these purposes, such
as porous polymer or anodized alumina films, relief or edge structures in solid surfaces
for shadow deposition, and cylindrical micelles formed from self-assembled surfactant
molecules [142]. These methods, though readily scalable, with templates that can be fabricated
to afford a wide range of nanowire diameters and lengths, carry a series of limitations.
Nanowires grown in this way are often polycrystalline rather than single crystal, however the
primary drawback surrounds the complete reliance on the production of a single-use template
with specifically suitable properties and resolution for the process involved [139]. Many
templates may only prove viable for a limited range of materials or deposition techniques,
whilst others (such as in shadow deposition techniques) present significant challenges in the
removal of nanowires for further use.
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Bypassing most of these challenges associated with templated-growth, by far the most
extensively investigated and implemented strategy for nanowire growth has been free-standing
growth employing catalytic metallic nanoparticles [143]. Whilst reactants can also be supplied
in solution (solution-liquid-solid growth), the vast majority of methods employed here are
based upon the use of vapour-phase precursors, and are described by the vapour-liquid-solid
(VLS) mechanism [143]. Techniques based on VLS growth were first employed for nanowire
synthesis in the early 1960s, for the relatively imprecise production of 100 nm - 200 µm
silicon ‘whiskers’ [166]. However, it wasn’t until the late 1990s that this technique was
revisited and expanded upon, due primarily to the work of the Lieber group in demonstrating
controlled, sub-10 nm diameter growth via the production of Au nanoclusters through
laser-ablation [167]. Since then, the wide flexibility of this technique has been showcased in
its ability to produce nanowires from almost any semiconducting material, with reported
synthesis across group IV, III-V, II-VI and oxide-based semiconductors [134,137,142,143].

4.1.2 The VLS mechanism

Represented schematically in Fig. 4.1a, VLS growth can be summarised as consisting of
three main stages: alloying, nucleation and growth [143,166]. In the first instance, a supply
of vapour-phase precursors is introduced to a reaction chamber containing a substrate on
which metallic nanoparticles have been dispersed. The growth temperature of the system
is selected as that which will form a eutectic liquid alloy of the nanoparticle and precursor
material(s). In this way, reactants are continually fed into the alloyed nanoparticle system;
once this droplet becomes supersaturated, solid crystalline material begins to precipitate and
is nucleated onto the substrate beneath. Nanowire growth thus occurs at the solid-liquid
(nanowire-nanoparticle) interface, serving as a sink to afford the continued incorporation of
reactants to the crystal structure. Direct observations of this process, through in-situ TEM
imaging, can be seen in Fig. 4.1b.

As touched upon in the previous section, VLS growth offers an attractive degree of
flexibility for the large-scale synthesis of nanowires. It is compatible with a wide range
of established industrial vaporisation processes, allowing selection of those most suited to
produce a particular, desired set of reactants, from molecular and chemical beam epitaxy
(MBE and CBE) to pulsed laser ablation and chemical vapour deposition (CVD); the latter
of which has now become the most conventionally used process [137,139]. There is significant
freedom in material choice, with the primary limitation simply being whether the reactants
and metal nanoparticle can be driven to form a eutectic alloy. Phase diagrams, such as that in
Fig. 4.1a, can be used to assess the stability of the relevant alloys and guide the selection of
appropriate metal nanoparticles (Au in the vast majority of cases) and most suitable growth
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Fig. 4.1 Growth of nanowires by the vapour liquid solid method. (a) (Above) Illustration of
the major steps in a typical VLS process for growth of Silicon nanowires. (Below) Binary phase
diagram for the Au-Si system, labelled to show the phase corresponding to each illustrated stage
i)-iii), as an increasing amount of Si is incorporated into the particle at a growth temperature of 800◦C.
Adapted from ref. 139. (b) Ge nanowire growth observed via in-situ TEM imaging, showing i) an
Au nanoparticle at 500◦C, ii) the solid particle as alloying begins at the 800◦C growth temperature,
iii) liquification of the Au-Ge droplet on increasing incorporation of Ge, iv) Ge nucleation on the
substrate, v),vi) further crystallisation of Ge and the elongation of a nanowire. Adapted from ref. 168.
(c) Schematic illustrating routes for axial and radial nanowire heterostructure growth. Red and blue
refer to two different semiconductor precursor materials, arrows denote incorporation (straight) or
rejection (reflected) of precursor vapour into the nanowire during growth. i) Axial growth through
incorporation of reactant 1 preferentially at the nanoparticle rather than the wire surface, ii) source
vapour switched to reactant 2, leading to iii) axial or iv) radial heterostructure formation depending
on the selected reaction conditions. Repetition of these processes can create v) axial super-lattices or
vi) core-multi-shell structures. Adapted from ref. 137. (d) TEM images of Ge nanowires illustrating
how their diameter is constrained by that of the catalytic nanoparticle, dAu, for four different sizes
i)-iv). Adapted from ref. 169.
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Fig. 4.2 Nanowire growth modes. (a) Diagram illustrating the competing axial (i) and radial
(ii) growth modes, with adatom incorporation via 1, direct impingement at the nanoparticle, 2,
adsorption to the substrate, 3, adsorption to the nanowire surface, and 4, diffusion along the nanowire
concentration gradient toward the nanoparticle. Adapted from ref. 139. (b) Schematics and SEM
images demonstrating how in-situ etching can be carried out to suppress the radial growth mode in
the particular case of InP nanowires grown with (i) and without (ii) the addition of gaseous phase HCl.
Adapted from ref. 171.

conditions [139]. Whilst relatively straightforward for group IV elements, this can prove
problematic for the creation of III-V or II-VI compound systems. The use here of more
complex binary and ternary phase diagrams, is further complicated by pressure and size-
dependent effects on nanoparticle melting - indeed some such processes have been shown to
more likely occur via solid rather than liquid nanoparticle alloys, dubbed vapour-solid-solid
(VSS) growth [170].

Aside from these material allowances, the VLS process also affords integration of func-
tionality within a single nanowire, through the creation of radial and axial heterostructures
(as illustrated in Fig. 4.1c), simply by halting the initial reactant flow before the introduction
of a second precursor, under the appropriate, desired growth conditions [135,144]. Moreover,
and crucially relevant to this thesis, VLS systems can be further adapted to allow synthesis
of nanowires with continuous, lengthwise composition gradients, which shall be covered in
greater detail later in this chapter [147]. The controlled growth of branched structures can also
readily be achieved by deposition of nanoparticles on pre-grown nanowires [172].

However, arguably the greatest strength of the VLS mechanism is the control it affords
over resultant nanowire properties. With respect to the morphology of the nanowire, length
and diameter can be tuned independently; the former simply via growth time, whilst the latter
is largely mediated by the metallic nanoparticle [143]. Assuming growth of the nanowire occurs
primarily at the liquid-solid interface, the diameter of each layer of crystal growth is mostly
governed by that of the nanoparticle itself, as exemplified by the TEM image in Fig. 4.1d [169].
The now-commercial production of metallic nanoparticles at variable sizes down to a few
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nanometers has therefore enabled the production of nanowires at corresponding diameters,
down to the atomic-scale, with Wu et al. first demonstrating growth of Si nanowires down to
3nm [173].

In actuality, competing with the axial liquid-solid interface growth, is radial growth occur-
ring through the direct incorporation of reactants at the vapour-solid interface, which results
in the production of tapered structures, as shown in Fig. 4.2a [139]. Here too, suppression of
this growth mode has resulted in remarkable control over diameter uniformity, via the tuning
of reaction conditions such as temperature, pressure, flow rates and notably the introduction
of background or carrier gases, such as H2, for routine capabilities of ∼10 nm variation across
length scales of over 1 µm, exemplified in Fig. 4.2b [142,173]. Crystallographic characteristics,
which have significant influence over nanowire chemical and physical properties, can also
be tuned in certain systems. Varying the substrate crystal orientation, nanowire diameter
and growth temperature has been shown to influence the crystallographic growth direction,
whilst selectivity of crystal phase, for example between zinc-blende and wurtzite nanowires,
as well as control of defect densities, has been demonstrated through adjusting impurity
concentrations, precursor ratios and growth temperatures [143,174–177]. Control of nanowire
position, and the growth of regular arrays can straightforwardly be achieved via pre-growth
lithographic patterning of the catalytic nanoclusters or films [178].

4.1.3 Geometry-dependent properties

Clearly, when considering suitability for application, many of the electronic and optoelec-
tronic properties for particular species of semiconductor nanowires, such as the carrier
mobility and bandgap, are largely governed by the materials from which they are composed.
However, nanostructures do possess common geometry-dependent characteristics - differ-
ences with respect to their bulk counterparts that arise specifically from their one-dimensional
nature - which I shall discuss in this subsection. The particular properties of the central
material systems in my research will be detailed in section 4.3.

A primary consideration with respect to this geometry-dependence is the nanowire
diameter, and, when sufficiently small, the degree to which confinement effects must be taken
into account for carriers in the system [139]. With respect to electronic properties, confinement
can lead to quantised transport in nanowires, whereby, under ideal ballistic conditions,
quantum channels contribute a unit of conductance 2e2/h, where e is the electron charge and
h is Planck’s constant. This phenomena can become observable in wires with diameters near
the Fermi wavelength of the material; whilst for metals this commonly requires atomic wires
of width <1 nm, lengthscales are in the region of 10s of nm for semiconductors [144,179].
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Regarding optical properties, confinement effects are mainly considered with respect to
how they alter the band structure, and correspondingly, the bandgap, of a system. Here, radial
confinement becomes significant only when the nanowire diameter becomes comparable to
that of the exciton Bohr radius for the particular semiconductor material,

aB =
h̄2

κ

µe2 , (4.1)

where h̄ is the reduced planck’s constant, κ is the material dielectric constant, µ is the exciton
effective mass and e is the electron charge, resulting in relatively large lengthscales of concern
for some commonly used compounds such as InAs (∼35 nm) [180–182]. Confinement results in
a bandgap increase, ∆Eg and a corresponding blue-shifting of any resultant photoluminescent
(PL) emission [183]. Whilst simplified particle-in-a-box models show ∆Eg scaling according
to d−2, where d is the wire diameter, experimental work has shown that this is entirely
material dependent, one study showing for example that in InAs nanowires, ∆Eg ∝ d−α

where 1 < α < 2 [144,183].
However, many, if not most, semiconductor nanowires for optoelectronic applications

are produced with diameters at scales outside that of the quantum regime. Whilst this
means they can be described via conventional semiconductor physics, their geometry and
scale do nonetheless have notable and sometimes dramatic effects on their electronic and
optoelectronic properties.

Crucially for their interactions with visible light, the diameters of these nanowires are
comparable to minority carrier and exciton diffusion lengths (depending on the material),
as well as the wavelength of the radiation [143]. In the case of the former, diffusion lengths
of several microns can be deduced from measured hole mobilities and recombination times
(for example, on the order of 10,000 cm2V−1s−1 and 1 ns, respectively, in GaAs nanowires),
suggesting that electrons and holes in a particular system may even travel the entire length of
a nanowire in their lifetime [139]. This in turn bestows far greater influence to the quality of
nanowire surfaces, and the presence of defects or species from the surrounding environment,
on the behaviour of optical excitation and emission.

For nanowires with sub-wavelength diameters, light can be trapped in an orbit of repeated
internal reflections within the structure (see Fig. 4.3a), owing to the large mismatch in
dielectric properties between the nanowire and surrounding environment, and allowing
waveguided axial propagation, with low losses afforded by atomically smooth sidewalls,
uniform diameters, and single-crystallinity [143,181,184].

Light can either be confined in nanowires in bound (waveguiding) modes, or "leaky"
modes, which form transverse resonances at wavelengths dependent on the dimensions of the
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Fig. 4.3 Nanowire properties. (a) i) Schematic of a nanowire, length L, acting as a Fabry-Perot
waveguide, showing a selection of modes supported within the cavity, where n0 and n1 are the
refractive indices of the nanowire and surrounding medium respectively. ii) SEM image of a cleaved
CdS nanowire with flat, regular end-face; scale bar 100 nm. iii) PL image of a CdS nanowire under
localised excitation (bottom-left), demonstrating how light is waveguided along the nanowire with
low loss and emitted from the end. Dashed line and arrow are the nanowire axis and end respectively.
Scale bar 5 µm. Inset is an optical image of the same nanowire. Adapted from ref. 185. (b) Band
diagram and illustration to show the creation of a depletion zone within a nanowire through the
attraction of negative charge to surface or interface states in an n-type material. EC and EV are
the conduction and valence band-edge energies, while EF and Ei are the Fermi and intrinsic Fermi
energies respectively. rphys and relec denote respectively the actual physical radius of the nanowire
and the effective electronic radius where the free carrier density is such that charge can be efficiently
transported. Adapted from ref. 186. (c) i) Diagram to illustrate two pathways through which donors
can be incorporated during growth; through the catalyst or by decomposition at the surface. ii) Plot
of the radial concentration of P dopants in a Ge nanowire, grown with PH3:GeH4 ratios of 1:1000
(triangles) and 1:500 (squares). Adapted from ref. 187.

wire; via both of these mechanisms, absorption can be greatly enhanced with respect to an
equivalent volume section of bulk material[143,158,184]. For single-mode optical waveguiding
within a nanowire, of light with wavelength λ , a general condition is that

1 <
πD
λ

√
(n2

1 −n2
0)< 2.4 , (4.2)

where 1 is a practical lower limit, D is the nanowire diameter, and n1 and n0 are the refractive
indices of the nanowire and external medium respectively[185].

Aside from the scale of nanowire diameters, a related, important geometric feature in
influencing nanowire properties are their large surface-to-volume ratios. This quality makes
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electronic transport through the nanowire ‘bulk’ highly sensitive to the presence and density
of surface or interface states and trapped charges, which are influenced by surface defects
and external species adsorbed from the surrounding environment. A key lengthscale here is
the Debye length, LD, the distance in a material over which Thomas-Fermi screening will
cause an electronic potential to drop by a factor of 1/e in magnitude, which can be described
as

LD =

√
εkBT
e2ND

, (4.3)

where ε is the material’s dielectric constant, kB is the Boltzmann constant, T the temper-
ature, e the electron charge, and ND the net density of either donor or acceptor dopants;
broadly speaking, in nanowires with diameters on the order of the Debye length for that
material, charge transport through the entire structural cross-section is influenced by surface
characteristics [143].

More specifically, the reduced screening in nanowire structures causes an increase in the
ionisation energies for active impurity nuclei (normally only ∼10 meV in bulk semiconduc-
tors and far below thermal contributions at room temperature), that is inversely dependent on
the nanowire radius, and verified in ref. 186 as arising specifically from the sharp dielectric
contrast between the nanowire and surrounding medium [186,188]. In this way, trapped charges
and surface states create a depletion region where ionisation energies are sufficiently high
so as to deactivate the dopants present, reducing the number of free carriers in the system
and defining a restricted electronic channel within the nanowire along which charge can be
effectively transported, as shown in Fig. 4.3b [186,189].

As well as the surface-state induced deactivation of dopants, when considering electronic
transport through nanowires it is also important to note that spatial dopant distributions
cannot necesarily be assumed to be uniform [190]. As shown in Fig. 4.3c, during synthesis,
incorporation of the active impurity precursors can generally occur not only through the
catalyst droplet but also in an uncatalysed manner directly through the nanowire surface
throughout the growth phase, resulting in both radial and axial dopant concentration gradients,
and generally manifesting in a more heavily doped outer shell and nanowire base [187,191,192].

Finally, with respect to physical properties, these large surface to volume ratios, and
their ultra-thin nature can afford nanowires hugely increased flexibility with respect to bulk
material, allowing bending radii before fracture which prove more than sufficient for flexible
electronic and optoelectronic applications [143]. Exact quantification of nanowire elastic
moduli is complicated by variances based on the method of nano-mechanical characterisation
employed. Whilst some systems show properties that vary as a function of nanowire size,
the presence and extent of such effects depends significantly upon the particular material,
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concentration of and nature of defects, crystallographic orientation and cross-sectional
shape [143,193].

4.2 Characterisation

4.2.1 Electron-mediated techniques

Though most nanowire diameters are below what can be effectively resolved by conventional
optical microscopy, a wide variety of characterisation tools can be employed to analyse their
physical and optoelectronic properties at the nanoscale. Here I will provide a brief summary
of those techniques that are either used in my own research, or heavily referenced in relevant
literature, so as to provide context for later discussion.

Scanning electron microscopy (SEM) is a form of microscopy that uses a focused beam
of electrons to probe a sample, able to create topographical images of the surface, or collect
information regarding its composition, at resolutions of down to ∼1 nm. Electrons in the
beam interact with the sample material to produce two main signals that are detected by the
SEM. The first of these are ‘backscattered electrons’; electrons interacting with the positive
atomic nuclei that undergo high-angle, elastic scattering. Images with high compositional
contrast can be constructed from these signals as scattering probability is dependent on the
square of the nuclei atomic number. Most widely-used for imaging, the second consists of
‘secondary electrons’; weakly bound electrons in outer atomic orbitals that are displaced by
the high energy incident beam and originate primarily from close (∼5 - 50 nm) to the sample
surface, thus producing the highest resolution topographical scans.

Samples to be scanned via SEM must be electrically conductive and grounded or else
the incident beam will cause significant electrostatic charge to accumulate at the material
surface, creating image artefacts and possible damage. Insulating samples must therefore be
coated in a thin (∼5 - 10 nm) layer of a highly conductive material such as gold, via sputter
coating or evaporation.

As well as secondary and backscattered electrons, X-rays can also be produced by the
action of the SEM beam and utilised in energy dispersive X-ray spectroscopy (EDS or EDX)
for quantitative compositional mapping. In this technique, charged particles in the beam with
sufficiently high energy may eject ground-state electrons from the inner shells of atoms in
the sample. Following this, an electron from the higher energy outer shells will relax into the
hole left behind, emitting an X-ray in the process. The energy of this photon is equal to the
difference in energy between the two shells and is thus characteristic of the particular element
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involved. On detection in an energy-dispersive spectrometer, the positions and intensities of
these energy signatures provide localised data on the relative elemental abundance.

Whilst SEM utilises electrons to analyse features primarily at the surface of a specimen,
transmission electron microscopy (TEM) can be used to probe the internal structure of a
material. Here, an electron beam is transmitted through a sample, and, after magnification and
focusing, collected onto a detector on the other side. The primary condition for specimens
is that they must be thin enough to allow a sufficient number of electrons to pass through;
as nanomaterials are in most cases already of such low thickness, specimens are simply
suspended over a micro-porous grid. Contrast in an image is mainly established by analysis of
either the change in amplitude or phase of the electron signals resulting from their interaction
with the sample as they pass through, enabling the mapping of atomic mass and sample
thickness, as well as lattice spacing and defects.

Within a TEM, a powerful tool for elucidating the fine structures are selected area electron
diffraction measurements (SAED). As the De Broglie wavelength of electrons in the beam is
usually around two orders of magnitude smaller than the atomic spacing in a specimen, the
crystal behaves as a diffraction grating. The diffraction patterns produced can then be used
to deduce the crystallographic structure and orientation of the sample, as well as to provide
further information on the nature of any defects. Through use of a beam blocking aperture,
"selected areas" down to hundreds of nanometers can be isolated for analysis.

4.2.2 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a non-destructive, all-optical tool often used for the
characterisation of semiconducting nanomaterials, providing a direct probe of the electronic
structure and transitions within a material, without requiring deposition of potentially prob-
lematic metal-to-semiconductor contacts [106]. In this technique, laser light of a particular
wavelength is focused onto a sample and the emitted light collected and passed through a
grating before detection, to facilitate spectroscopic analysis. For bulk semiconductors, when
excitation energy is greater than that of the bandgap, Eg, that is, where hνi ≥ Eg, where νi

is the frequency of incident radiation, electrons in the valence band that absorb a photon
are raised to energy states in the conduction band, leaving a hole in the valence band; the
creation of an electron-hole pair. These are unstable, non-equilibrium states, therefore excited
electrons subsequently relax back into the valence band and in doing so, emit a photon with
energy equal to the difference between the initial (conduction band) and final (valence band)
state.

This process can occur via a near-immediate radiative transmission, with corresponding
emission of a photon with energy equal to that of the initial excitation, dubbed resonant
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radiation. Alternatively, in crystalline semiconductors with a direct bandgap, relaxation will
mostly take place through internal, non-radiative transitions prior to a radiative transition
at lower energies/longer wavelengths than the excitation light (fluorescence, or, over longer
timescales and through more complex processes, phosphorescence). In this way, photons
with E < Eg are simply not absorbed by the material, whilst the dominant pathway for those
those with E > Eg is to lose energy through thermalisation and the generation of phonons,
followed by a transition from the edge of the higher (conduction) to that of the lower (valence)
energy band, with release of a photon with E ∼ Eg, often reffered to as "near-band-edge"
emission. The primary peak of an emission spectrum thus corresponds to the bandgap of
the material and analysis concerning a material’s bandgap is one of the central uses for PL
spectroscopy [106].

Due to quantum confinement and the quantisation of energy states in low-dimensional
materials, movement from bulk material to nanostructures often results in bandgap-widening
and corresponding blue-shift of photoluminescence peaks, dependent on the system size
(as discussed previously); PL spectra can thus be used to analyse these confinement-based
effects [106,194,195]. However, as touched upon in section 4.1.3, for nanowires it is worth noting
that quantum effects only dominate in those with widths of less than 20 nm, due to the low
exciton diameters in many of the materials used, whereas the vast majority of current research
concerns nanowires wider than 30 nm [139]. For instance, the exciton bohr radii for CdS and
CdSe, the primary materials used in my research, are ∼2.8 nm and ∼5.4 nm respectively [196].
PL spectroscopy can however be used to investigate other physical phenomena that are
important to consider for nanostructures. The width of the spectrum, as well as relative
intensity variations, or the presence of unexpected secondary peaks, can be used to analyse
the density of surface states or surface related transitions [195,197,198]. These originate from
impurities or defects at the surface and thus are particularly influential on the electronic states
of structures with high surface to volume ratios [139].

4.3 Bandgap-gradient nanowires in focus

4.3.1 Adapted growth strategies

Arguably the most crucial material parameter when considering semiconductors for optoelec-
tronic applications is their bandgap. To improve the efficiency or functionality of devices
such as LEDs or photovoltaics, it is important to be able to tailor their emission or absorption
to particular, or multiple wavelengths. The limited, discrete range of bandgaps available
when using conventional elemental or binary compound semiconductors restrict the design
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Fig. 4.4 Tuning bandgaps through semiconductor alloying. Plot of the bandgaps and lattice
constants for typical elemental and compound semiconductors. The solid and dotted connecting lines
represent direct and indirect alloys respectively. The dashed, vertical grey lines show the five most
common substrate materials used in epitaxial growth, Si, GaAs, InP, InAs and GaSb. The lattice
constants allowed within a 1% and 3% lattice mismatch, and the corresponding bandgap ranges, are
denoted, for the specific case of GaAs, by the red and green shaded areas. Adapted from ref. 199.

flexibility and, in turn, the device performance. By alloying two or more semiconductors
and varying the compositional ratio, it is possible to achieve materials of any bandgap within
a continuous range between those of the two constituent materials, which will be covered
in more detail in section 4.3.2 [199]. However, in practice, when growing high quality bulk
single-crystals, strict requirements for lattice matching between the substrate and film will
greatly constrain the range of alloys possible, as illustrated for the most commonly utilised
semiconductor materials in the plot in Fig. 4.4. Here, due to the narrow cross-sections of
the crystals grown, nanowires afford a far higher tolerance to lattice mismatch - as much as
7%, compared with <1% in thin films - therefore enabling a range of alloys that could not
otherwise be grown, substantially improving the capacity for bandgap engineering [199,200].
Combining this potential with the versatility of the VLS process, recent work has demon-
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Fig. 4.5 Compositional-grading for semiconductor nanostructures. (a) i) CCD images of a
InxGa1−xN nanowire growth chip under excitation, demonstrating an on-substrate composition
gradient from x=0.6 (left) to x=0 (right). ii) Variation of bandgap with composition factor x for
InxGa1−xN. Adapted from ref. 201. (b) (above) Fluorescence imaging across a Zn1−xCdxS1−ySey

nanowire growth substrate with a dual composition-gradient. (below) Corresponding PL spectra
showing how the bandgap, and therefore emission, gradually varies along the substrate, from ZnS to
CdSe. Adapted from ref. 202. (c) Colour image under 405-nm excitation of a sample of on-nanowire
composition-gradient, CdSxSe1−x nanowires, demonstrating gradual variation in the emission colour
along the nanowire. Adapted from ref. 203.

strated the capability to grow alloyed nanowires incorporating a graded range of compositions
in a single growth step.

When discussing the literature around composition-graded or -gradient nanowires, other-
wise known as bandgap-gradient nanowires, it is first important to make a terminological
distinction between two types of gradient that appear. The majority of composition-graded
nanowires reported are ternary alloy systems represented as ABxC1−x, whereby A is a pri-
mary material present throughout the system, B and C secondary materials, and x is an integer
from 0 to 1 and defines the ratio of the two secondary elements. However, the gradient can
refer to two different scenarios: an on-substrate gradient, or an on-wire gradient[147].
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For the former, examples of which can be seen in Fig. 4.5a and b, a growth process is
engineered such that the composition of nanowires is graded - with x varying from 1 to 0 -
across the growth substrate, but such that wires at any particular point on the substrate are of a
homogenous nature, with fixed composition ABxC1−x along their whole structure [202,204–206].
As shown in Fig. 4.5c, in the case of an on-wire gradient, the growth process is designed such
that, for the whole substrate, a continuous gradient exists along the nanowires themselves,
with x varying from 1 to 0 from one end of a wire to the other [203,207,208]. There are far fewer
cases of on-nanowire than on-substrate gradients reported in the literature as their growth
is more challenging, but can be achieved through relatively simple adaptations to the VLS
growth procedure.

Though on-nanowire gradients have been produced with other systems, such as InxGa1−xN,
SixGe1−x, CsPbBrxI3−x and even dual graded Zn1−xCdxS1−ySey, most publications thus far
have been around developing, analysing and utilising the species studied in my own re-
search - CdSxSe1−x nanowires - in part due to their visible-range bandgap span (2.25 eV
for CdS and 1.70 eV for CdSe) and corresponding attractiveness for optoelectronic applica-
tions [201,203,207–210]. I shall therefore focus here specifically on adapted VLS processes for
CdSxSe1−x growth.

Gu et al. first reported the growth of CdSxSe1−x with an on-wire gradient in 2011, via a
source-moving, thermal evaporation, CVD-based method, inspired by that used by Reimers
et al. in the late 1960s for the growth of bulk single crystal CdSxSe1−x with an along-crystal
gradient [203,211]. Note that this same method, and indeed, the same apparatus, was used to
grow the nanowires that are studied in this thesis by Zongyin Yang, my chief collaborator
from within the HNE group, who is also the second author in ref. 203.

A schematic of the custom-made growth system for the production of these CdSxSe1−x

wires can be seen in Fig. 4.6a. A quartz tube is mounted inside a single-heating-zone furnace,
with a silicon target substrate, coated in a 2 nm thick Au film, placed at the edge of the
heating zone - note that during growth, at high temperature, the film will conglomerate into
nanoparticles. Two alumina boats, one containing CdS and the other CdSe, are attached
to a push rod in the tube, lateral movement of which is achieved via magnetic attachment
to an external motor. The boats are separated at a fixed distance of around ∼12 cm, and
initially situated such that the CdS and CdSe boats are at the center of and just outside of
the heating zone respectively. Throughout the process a flow of 150 sccm N2 is maintained,
to provide an inert atmosphere, and the pressure of the system maintained at 300 mbar.
During growth, the temperature at the center of the tube is set to reach 830◦C at a rate of
40◦C min−1. The temperature is kept here for 40 mins to allow for nucleation and growth to
begin, after which the motor gradually moves the CdSe to the center of the heating zone -
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Fig. 4.6 Apparatus for engineering on-nanowire compositional gradients. (a) Schematic of the
moving-source setup used for VLS growth of CdSxSe1−x on-gradient nanowires. Adapted from
ref. 203. (b) Schematic of the moving-substrate setup (i) used to grow Zn1−xCdxS1−ySey nanowire
systems and how through either continuous or intermittent substrate movement, full on-nanowire
gradient (ii), or ternary heterostructure (iii) nanowires can be produced. Adapted from ref. 207.

and correspondingly, the CdS out of the heating zone - at a rate of 2.5 cm min−1. Here the
temperature is simultaneously reduced to 800◦C at a rate of 0.5◦C min−1, where it remains
for 1 hour, before returning to room temperature.

As each precursor boat is moved across the radial temperature gradient between the center
and either edge of the furnace, they are vaporised to a greater or lesser degree depending on
their position within the central heating zone. In this way, though the substrate remains fixed
in space for the duration, the composition of vapour travelling downstream, and hence that
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available to the Au nanoparticles at the surface, is varied from CdS to CdSe over the course
of the process, producing nanowires with a continuous gradient between these two materials
along their length.

It is worth noting that similar results can be achieved using a substrate-moving strategy,
as demonstrated in reference 207 to produce Zn1−xCdxS1−ySey nanowires, the setup for
which is shown in Fig. 4.6b. In this case, a furnace with a radial temperature gradient
is again used, but the ZnS and CdSe sources placed at fixed positions according to their
particular vaporisation temperatures. Due to the great disparity in vaporisation/condensation
temperature between the two precursors (∼1000◦C for ZnS and ∼800◦C for CdSe), during
growth a spatial composition gradient is generated in the vapour downstream of the sources,
corresponding to that of the furnace’s temperature gradient, gradually varying from ZnS at
the hotter center to CdSe at the cooler edge. Accordingly, placing the substrate at a particular
point in this gradient will cause nanowire growth corresponding to that of the vapour in the
immediate surroundings. Therefore, moving a substrate across this gradient at an appropriate
rate will result in nanowires with gradually varying composition. Furthermore, by fixing then
subsequently relocating the substrate to another section of the gradient for suitable lengths
of time, one can create an almost arbitrary number of heterojunctions along the nanowire,
illustrated in Fig. 4.6b.

Combined with the versatility of the VLS process, it should be recognised here that
via either of these two simple process adaptations, a remarkable degree of flexibility can
be realised over the growth of graded and heterojunction alloy nanowires, allowing near
complete control in tuning their spatial composition and hence bandgap characteristics.
Whilst the work done so far has focused on a narrow set of material systems, it is evident
that the processes developed here can be extended to a wide range of semiconductors in a
relatively straightforward fashion, provided that they are capable of forming the requisite
alloys under appropriate conditions. This factor should be kept under consideration when
discussing any potential applications for CdSxSe1−x nanowires, especially those that may be
limited simply by the bandgap range of these particular materials.

4.3.2 Physical and optoelectronic properties

As well as their applications, to date, a significant portion of the research around composition-
graded CdSxSe1−x nanowires has centered around characterisation and analysis of their
properties, through a variety of techniques including SEM, TEM, PL and optical-pump
terahertz-probe (OPTP) spectroscopy, as well as electronic probing via fabrication of FETs.
These investigations have often focused on confirming how composition and bandgap varies
along the nanowire, and what specific optical and electronic characteristics arise from the
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Fig. 4.7 Imaging CdSxSe1−x nanowires. CdSxSe1−x composition-gradient nanowires, grown using
the source-moving method by Gu et al. (a) Side-view SEM image of a forest of as-grown nanowires
on substrate. (b) Side-view colour image of as-grown nanowires under 405 nm excitation. (c) SEM
images of i) a single nanowire, ii) a cleaved nanowire, showing the hexagonal structural cross-section.
(a)-(c)i) adapted from ref. 203, (c) ii) adapted from ref. 212.

presence of such a spatial-gradient. Here it is also useful to take into account certain sections
of the literature around homogeneous CdSxSe1−x nanowires to learn how the alloying process
itself alters nanowire properties with respect to pure CdS and CdSe wires.

Imaged in Fig. 4.7, the CdSxSe1−x composition-graded samples grown by Gu et al.,
whose method is used in the majority of works published to date, show relatively uncontrolled
morphological properties, with a wide nanowire-to-nanowire variance in diameter, from
100 - 1000 nm, and typical lengths up to 500 µm [203]. Analysis of high-resolution TEM
and selected-area electron diffraction (SAED) images shows that despite the continual
variation of source vapour, the nanowires grown in this manner have a highly regular, single-
crystalline, hexagonal wurtzite structure, without phase-segregations [200,203]. SEM images
show the wire cross-sections to be hexagonal (Fig. 4.7c,ii), though it should be noted
that alloyed CdSxSe1−x homogeneous species often exhibit nanobelt morphologies with
rectangular cross-sections under similar, albeit static, growth conditions [196,212–214]. The
gradients in the wire are clarified by energy-dispersive spectrometry (EDS), displayed in Fig.
4.8a, which indicates gradual and continuous variation in the molar fraction of S along the
nanowire length, complementary to that of Se. This is further evidenced by TEM images, a
selection of which can be seen in Fig. 4.8b, showing that the (002) lattice spacing slowly
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a)

b)

i) ii) iii)

iv) v) vi)

Fig. 4.8 Spatially resolved compositional analysis of CdSxSe1−x nanowires. (a) Typical localised
EDS spectra, with corresponding elemental compositions, taken at six different points along a
CdSxSe1−x nanowire from the CdS (i) to CdSe (vi) end. (b) (above) TEM image of a typical
CdSxSe1−x nanowire, with (below) high-resolution TEM and corresponding SAED images taken
at four locations down the wire, with the corresponding compositional ratios labelled beneath. All
adapted from ref. 203.

increases as the S content decreases and Se content rises, with a relationship that agrees
well with that measured in homogeneous CdSxSe1−x wires of varying compositions [196,203].
SAED results, also shown in Fig. 4.8b, indicate crystal growth orientation is along the
[002] direction [200,203].

With respect to optoelectronic properties and applications, it is crucial to verify that
this compositional variation manifests itself in a bandgap gradient along the nanowire. PL
imaging and spectral analysis at successive points along a typical CdSxSe1−x nanowire is
shown in Figs. 4.9a-c. As can be seen the PL emission gradually varies from red to green,
whilst the emission peaks gradually shift from 505 nm to 710 nm respectively, as the laser
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Fig. 4.9 Photoluminescence mapping of a CdSxSe1−x nanowire. (a) A typical CdSxSe1−x imaged
under diffuse, 405 nm excitation. (b)1-12 Imaging of the same nanowire with localised excitation
by a focused 405 nm laser at a selection of points along the length of the wire (c) Corresponding
PL spectra for excitation points b1-12, demonstrating the variation in emission along the wire. CdS
and CdSe emission peaks shown for reference. (d) Plot of the variation in Se molar fraction (black
triangles), the bandgap energy calculated from the PL spectra peaks (red circles), and the bandgap
predicted by applying Vegard’s law to EDS compositional data (green rectangles) at the same points
along a typical CdSxSe1−x nanowire. All adapted from ref. 203.
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excitation is shifted from the CdSe to the CdS end of the nanowire [203]. The consistent
absence of any secondary, lower energy peaks across all the PL spectra indicates that the
emission across the whole wire is from near-band-edge processes, rather than those involving
surface or defect states which are often seen in CdSSe alloy thin films or microcrystals, again
suggestive of a highly regular crystalline structure with uniform surfaces [203,213]. As with
the TEM data, these single peaks also point to a successful alloying process all along the
nanowire, without the formation of any independent CdS or CdSe phases.

Further to this spectroscopic data, the expected bandgap of a ternary semiconductor alloy
can also be deduced from its relative compositions using Vegard’s law, which traditionally
relates the lattice constant of an alloy to those of their constituent materials [215,216]. This can
be applied to the bandgap of CdSxSe1−x via the following quadratic equation

ECdSxSe1−x
g = xECdS

g +(1− x)ECdSe
g −bx(1− x) (4.4)

where, ECdSxSe1−x
g is the alloy bandgap, ECdS

g = 2.25 eV and ECdSe
g = 1.70 eV are the bandgap

of CdS and CdSe respectively, x is the compositional fraction, where 0 < x < 1, and b is
a bowing parameter, determining the nonlinearity and related to how affected the band
structure is by disorder related to the alloying process; in the case of CdS and CdSe, a
relatively small value of b ∼0.59 eV has been measured experimentally across a range of
homogeneous alloy nanowires with different x fractions, indicating the good miscibility of
the two compounds [214,217,218]. The variation in Se content, expected bandgaps derived from
Vegard’s law and the bandgaps calculated from the measured PL emission peak centers, all
taken from the same selection of points along a typical CdSxSe1−x nanowire, can be seen
in Fig. 4.9d. The strong concordance between predicted and measured bandgap provides
further evidence that a well-alloyed structure has been formed, with near band-edge, rather
than defect- or surface-related emission.

Several studies have utilised PL and OPTP spectroscopy to study the carrier dynamics in
homogeneous CdSxSe1−x wires, revealing how phenomena in these alloys differs from that of
pure CdS or CdSe nanowires. It is observed that whilst in pure CdS and CdSe nanowires the
dominant recombination process is via surface states on a very short relaxation timescale, this
mechanism is not dominant in alloyed wires. Here, the elemental replacement in the crystal
lattice creates localisations of free carriers within the interior of the nanowire and as such,
the main pathway for recombination is through a slower relaxation process associated with
these structural, or "bulk" defects rather than surface trapping, as shown in the comparison
between OPTP measurements of pure and alloyed nanowires in Fig. 4.10a [196,219,221]. In this
case, the structural-defect-associated recombination is nonradiative and the restructuring in
these alloy nanowires therefore serves to actually increase their luminous efficiency [219]. Liu
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Fig. 4.10 Photoconductive properties of CdSxSe1−x-graded compositional system. (a) OPTP
characterisation of pure CdS (black) and alloyed, homogeneous CdSSe nanobelts with (i) time-
resolved THz transmission ∆T/T0 and (ii) the calculated photoexcited conductivity σ(t), obtained
under 400 nm excitation at a fluence of 40 µJ/cm2. Adapted from ref. 219. (b),(c) Schematic
representing the band structure along a CdSxSe1−x graded nanowire before (b) and after (c) Fermi
level alignment. Purple arrows denote how such an arrangement promotes the transfer of electrons
and holes. (b) and (c) adapted from ref. 220.

et al. attribute this decreased prevalence of surface trapping to the formation of a passivating,
sulfur-rich outer shell during growth of the alloyed nanowires, occurring due to the difference
in growth temperatures between the CdSe and CdS[219].

Whilst these investigations were carried out using homogeneous samples with fixed x
fractions, OPTP spectroscopy of CdSxSe1−x gradient nanowires, in reference 220, shows
similarly restrained surface effects. This work also found that when looking solely at the
structural-defect recombination pathway, the graded ternary wires show shorter decay times
than uniform composition alloy CdSSe nanowires (∼690 ps compared with >1000 ps),
pointing toward yet higher relative levels of disorder in the interior structure arising from the
incorporation of a gradient[220].

The analysis in reference 220 also finds the graded CdSxSe1−x systems to exhibit the
highest photoconductivity - as characterised by OPTP techniques - of any nanowire material
to date. At up to 2000 Ω−1cm−1, the photoconductivity measured is significantly higher
than that in ZnO (20 Ω−1cm−1, 10K), GaAs (10 Ω−1cm−1) or GaN (0.5 Ω−1cm−1), though
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more notably is also over twice the 900 Ω−1cm−1 observed in homogeneous CdSxSe1−x

nanowires. The latter comparison indicates that the gradient itself serves to greatly enhance
photoconductivity.

The proposed mechanism here is that Fermi level alignment results in a relative downward
and upward shifting of the band-edges in the S-rich and Se-rich sections respectively, creating
a stepwise continuum of type-II band heterostructures along the nanowire, as is illustrated
in Fig. 4.10b [200,220]. This structure makes it favourable for photoexcited electrons to
transfer from the higher energy conduction bands in the Se-rich end toward those of lower
energy in the S-rich end. The reverse process applies to holes, which are driven in the
opposite direction toward the Se-rich end, and as such, the system promotes electron-hole
pair separation, correspondingly increasing the free carrier density [220]. Here the photocarrier
density can be up to two orders of magnitude higher than that measured in uniform CdSxSe1−x

samples, with values on the order of ∼1019cm−3.
Li et al. have also characterised the electronic properties of CdSxSe1−x gradient structures

by the fabrication of single nanowire FETs [200]. Whilst the free carrier densities demonstrated
in this work are far lower, on the order of ∼1017cm−3, the carrier mobility observed in
the FET is in good agreement with that measured via OPTP, at 1.5 and ∼4 cm2V−1s−1

respectively [200,220]. The mobilities seen here are in fact around two orders of magnitude
lower than the ∼100 cm2V−1s−1 observed via OPTP in homogeneous samples, further
evidencing the higher compositional disorder and increased density of scattering centers in
the interior of the graded nanowires [220].

A final, important and well-studied characteristic of these nanowires relates to their
photonic properties, and how the bandgap gradient affects the confined propagation of light
through their structure, the background for which has already been discussed with reference
to general one-dimensional systems in section 4.1.3. In this case, the compositional variation
along the nanowire length creates an asymmetry, with the structure behaving as a passive
waveguide for light travelling from the narrow (CdSe, red) to wide (CdS, green) bandgap
end of the structure, but an active one for light travelling in the other direction, illustrated by
the schematic in Fig. 4.11a [222–224]. Considering this scenario theoretically, in a nanowire
of length L, the bandgap at local position l, Eg(l), varies from Eg(0) at one end to Eg(L) at
the other. For an input spectrum S0 at position l=0, the spectrum after propagating a length l
through the structure can be expressed as

Sl = S0e−α(hν)l (4.5)
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a)

b)

i) ii)

c) d)

e) f) g)

Fig. 4.11 Directionally-dependent waveguiding in compositionally graded semiconductor
nanowires. (a) Schematics illustrating (i) the band structure along a CdSxSe1−x gradient nanowire
and (ii) the directionally-dependent waveguiding characteristics for light travelling within the wire.
Adapted from ref. 222. (b) SEM image (left) and PL images of the same graded CdSxSe1−x nanowire
under local excitation by focused laser light at five different positions. (c)-(e) PL spectra collected
at (c) the laser position, (P1-5), (d) the wide-bandgap end (WE1-5) and (e) the narrow-bandgap
end (NE1-5) of the nanowire for each of the five different excitation locations. (f) Variation in PL
emission peak wavelength with the location of excitation. Excitation position is measured from the
wide bandgap end of the wire. (g) Redshift in the PL emission spectrum collected at the wide and
narrow bandgap ends of the nanowire plotted against the distance propagated by the light. (b)-(g)
adapted from ref. 223.

where α(hν) is the optical absorption coefficient, which varies depending on whether the
energy of photons is above or below the local bandgap as follows

For E ≤ Eg(l), α(hν) = A0

√
kT
2σ

e[E−Eg(l)−kT/2σ ] (4.6)

For E > Eg(l), α(hν) = A0

√
E −Eg(l) (4.7)



80 Semiconductor Nanowires

where A0 is a structure related constant, kT is the thermal energy, h is Planck’s constant,
ν is the photon frequency and σ is a dimensionless phenomenological fitting parameter
which is composition-dependent [222].

When a particular section of the wire is excited, emission from near band-edge states
will have energy E equivalent to the bandgap at that location. From this emission, those
photons travelling toward the wide-gap (CdS, green) end of the nanowire will have E smaller
than the bandgap at any point along the rest of this section. Optical absorption is therefore
governed by equation 4.6 and the light will travel as in a passive waveguide, through repeated
internal reflections. However, for light travelling in the other direction, toward the narrow-
gap (CdSe, red) end of the nanowire, E is greater than the material bandgap and therefore
propagation occurs as described in equation 4.7, via repeated re-emission and re-absorption
from band to band. As such, light emerging at the wide-gap end will remain at a wavelength
corresponding to the bandgap at the initial point of excitation, whilst that collected at the
narrow-gap end will be characteristic of the band-edge emission at that end of the wire
- that is, assuming a complete wire, the red, 710 nm emission from CdSe [222–224]. This
phenomenon is demonstrated experimentally in the series of localised PL analyses in Figs.
4.11b-g.

Summary

In this chapter I have contextualised the broad class of materials that dominate the rest of this
thesis: semiconductor nanowires. The most common methods for their production have been
described, showing how the physical characteristics of these structures can be tuned with a
remarkable degree of precision even at such tiny lengthscales. Whilst quantum effects are
often not observed in these nanowires, their size and geometry lead nanowires of different ma-
terial systems to have common properties, especially concerning their interactions with light.
Characterisation techniques have also been introduced to illustrate how these nanowires can
be studied without need for physical electronic contact. Finally, I have reviewed the literature
surrounding nanowires with on-nanowire compositional gradients, including techniques for
their growth as well as their distinguishing properties; these systems allow unprecedented
freedom for tailored semiconductor alloying within a single nanostructure.

In the next chapter, I move on to cover how nanowires can be used in optoelectronic
applications. This will address the techniques that have been used for device fabrication,
before reviewing published work on nanowire photodetectors and miniaturised spectroscopy,
to provide context to, and explain the physical mechanisms behind, the devices produced and
studied during my PhD.



Chapter 5

Nanomaterial optoelectronic devices

Overview

As laid out in chapters 2 and 4 of this thesis, it is clear that the fundamental properties of many
1d and 2d materials are of significant interest for use in optoelectronic applications. Aside
from their optical or electronic properties, as devices are driven to be ever-more compact, the
physical size of these nanomaterials alone can make them attractive for ultra-miniaturised
or essentially transparent components in a range of commercial and research-orientated
technologies. Indeed, in many of these applications, such as smartphones, ‘internet-of-things’-
connected sensors, lab-on-a-chip systems, or even wearable or implantable monitors, this
factor often outweighs the need for these devices to match bulkier macroscopic technology
in terms of performance.

However, also in part due to their size, realising the full potential of these nanostructures
in devices, with even satisfactory performance and stability, is far from straightforward and
presents a wide range of challenges in and of itself. For instance, for nanowires and 2d
materials grown by bottom-up methods or produced by LPE, processes must usually be
developed and optimised to transfer and ideally position them onto device-ready substrates,
from their raw, as-prepared states. Though well-established top-down nanofabrication
processes can be used to create electrodes and gate structures on nanomaterials, the formation
of reliable electronic contact is complicated by their geometry, size-dependent effects and
unpredictable surface chemistry. Furthermore, the sensitivity of these materials means that
effective means of passivation must often be established if devices are to operate with the
level of stability necessary for commercially viable applications.

This chapter contains a literature review providing background surrounding the fabri-
cation, optimisation and operation of the nanomaterial optoelectronic devices that I have
developed and studied in my research. Accordingly, the first section begins by addressing the



82 Nanomaterial optoelectronic devices

first stage of device production: the deposition of the nanomaterial components onto the de-
vice substrate. Here, I will summarise the methods used in my research to transfer nanowires
and CVD-grown graphene from their growth substrates to other surfaces, as well as briefly
touching on other techniques for nanowire transfer which could be made industrially scalable.
In the rest of this section, I will detail common processes for patterning and depositing
metallic electrodes onto nanomaterials which have been used to fabricate my own devices,
as well as discussing techniques developed in the field to adapt these for thicker nanowires
such as those featured in my research. It will also cover practical methods for stabilising the
environmentally-sensitive properties of nanomaterial devices through passivation of their
surfaces, with demonstrated results from the literature.

The second section will address the fundamental physical mechanisms behind photodetec-
tion in single nanowire devices similar to those contained in my research, such that the results
reported in this thesis may be better interpreted. This will initially look at the phenomenon
of photoconductivity in semiconductors, more specifically applied to the case of Ohmically
contacted nanowires and summarising why nanowires in particular are good candidates
for photoconductive devices. Complementary to this, I shall also address Schottky-barrier
contacts in nanowire devices, covering their formation and how the mechanisms of detection
differ correspondingly.

The third section will diverge to provide more focused background to the central aim
of my research: the creation of a spectrometer based on a single compositionally-graded
nanowire. To properly frame the impact of such a device, I will first present a general
outlook on the field of miniaturised spectroscopy systems, looking initially at the most
dominant technologies thus far; designs based on conventional bench-top systems, centered
around gratings and interferometers. Advancing on this, I shall introduce and discuss a
recently-emerged branch of microspectrometers based on computational reconstruction
from broadband filter arrays, the operational principles behind which have inspired the
strategy in my research. Finally, I will discuss the wavelength-selective photodetectors based
on compositionally-graded nanowires reported in the literature, which represent the most
structurally similar devices to those in this thesis, and thus present valuable insight into their
characteristics.
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5.1 Nanofabrication techniques

5.1.1 Two- and one-dimensional material transfer

As touched upon in chapter 2, it is not as of yet possible to grow 2d materials directly
onto insulating surfaces with high yield [5] and as such many methods have been developed
to transfer graphene in particular from the growth foil to a desired substrate. The most
commonly used method, a schematic of which can be seen in Fig. 5.1, is a wet transfer
process using a polymer scaffold, which is first spin-coated onto the graphene on the (usually
Cu) growth foil; a variant of this process was developed and optimised within my research,
detailed in section 7.1.1. Graphene that has grown on the reverse side of the foil must then be
removed by a plasma etching step. The foil is then floated onto an etchant solution and left for
a length of time sufficient to completely remove the Cu foil, leaving the polymer-supported
graphene film at the liquid surface. By submerging and subsequently raising a substrate from
beneath the film, it can then be ‘fished’ from the etchant and placed in a deionised water bath,
before this fishing is repeated using the final intended substrate. Once dried, the polymer
layer is then removed using an appropriate solvent. This general framework can be adapted
to almost arbitrary dimensions, from wafer-scale [77] to roll-to-roll production of 30 inch
squared sheets [225].

There are several pitfalls with this process, and whilst these general steps feature in
the great majority of reported wet transfers, a wide range of variants have been developed
aimed at optimising the quality of the resultant film. The relative merits of each, in terms of
minimising unwanted contamination, strain, wrinkles, physical damage and doping, whilst
improving sheet resistance, are often assessed with AFM, Raman spectroscopy, or electronic
characterisation, though there is little consensus on the ideal materials and techniques.

Depending on the chemical (such as FeCl3, Marble’s reagent (CuSO4, HCl and H2O) [226]

and ammonium persulfate [(NH4)2S2O8]) and concentration used, the etching process can
cause ionic contamination, chemical damage and the production of bubbles underneath the
film, liable to cause tearing [227]. Oxidised particulates can also remain after the etching stage.
Therefore, some processes have introduced steps to clean the graphene surface by floating
the film onto standardised industry wafer cleaning solutions in order to remove any organic
or metallic species before fishing onto the device substrate [228].

Probably the key challenge for these wet transfer processes concerns the polymer scaffold.
Even after lengthy dissolution steps, polymer residue will remain attached at the graphene
surface negatively influencing graphene transport properties [229]. Whilst this can be removed
through high temperature annealing [229], in many cases such measures are not ideal, or even
are incompatible with respect to the rest of the fabrication process. The amount of contam-
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a) b) d)c)

Fig. 5.1 Wet-etch-based transfer techniques for 2d materials. Basic stages of a typical wet transfer
process for CVD grown graphene, showing (a) etching of the growth substrate, (b) transferral to
a water bath followed by fishing using the target substrate, before (c) heating to improve adhesion
between graphene and the surface and (d) dissolution of the polymer scaffold. All adapted from ref.
232.

ination is linked heavily to the choice of polymer, its concentration, and the removal sol-
vents employed[227,230]. The most commonly featured combination is PMMA (poly(methyl
methacrylate)) and acetone, with one study suggesting that PC (poly(bisphenol A carbonate))
and chloroform resulted in lower relative residue density, whilst PLA (poly(lactic acid)) for
instance produced far more[227]. Others suggest that lowering the concentration of PMMA
in anisole produces far cleaner films[86,231].

Another key area for consideration is at the graphene-substrate interface. Due to the
nature of the fishing process, during which water is trapped at the interface and removed
as the film dries, wrinkles and folds, as well as cracks, will form in the graphene layer
putting corresponding strain on the lattice[83]. A variety of techniques have been used
to address this, such as re-depositing polymer onto the film after it has dried to relax the
graphene layer[83]. Heating the film after transfer (but before dissolution) has been used
to the same end, encouraging adhesion at the substrate interface[231]. This has been shown
to improve the sheet resistance of the graphene layer, though can lead to more persistent
polymer contamination, and has been shown to adversely affect electronic properties beyond
high enough temperatures (some works suggest above ∼130 ◦C [231]).

As with 2d materials, a key stage in nanowire device production is transfer from growth to
device substrates. For vertically-orientated applications (i.e. where nanowires are perpendicu-
lar to the substrate), nanowires can be grown by VLS in regular arrays (through pre-patterning
the catalytic nanocluster film) such that they can be used directly in a device without removal
from the substrate[158,235]. However, for devices where individual or multiple nanowires
lie horizontally on (i.e. parallel with) a substrate, an appropriate method must be used to
remove the nanowires from the growth chip and transfer them to the device substrate, ideally
with control over their eventual spatial density and positioning. Indeed, if industrial scale
production of horizontally-orientated devices - such as those created in this thesis - is to be
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a) c)b)

Fig. 5.2 Contact-based transfer of nanowires. (a) Schematic depicting a basic contact transfer
technique for removing nanowires from a growth chip. (b) Optical microscope images of nanowires
as-transferred onto Si3N4 and SiO2 substrates, demonstrating the effect of differing surface energies
on nanowire deposition density. Scale bar is 100 µm. (c) SEM image of a 280 nm radius amorphous
silica wire drawn from a heated optical fiber, demonstrating robust physical properties under a bending
radius of 2.7 µm. a) and b) adapted from ref. 233, c) adapted from ref. 234.

realised, the development of controllable, precise placement and alignment of nanowires
over large length-scales is crucial.

Initial removal from the growth substrate is commonly achieved either by dry, contact-
based transfer, or by submersion and gentle sonication in a suitable solvent to produce a
nanowire suspension. In the case of the former (the primarily used method in this thesis)
a receiving substrate is slid across the growth chip with its randomly oriented forest of
nanowires, in the direction of desired alignment[236–238]. Nanowires contacted by the target
substrate become attached by van-der-Waal attractions, and the corresponding shear forces
due to the surface movement bring the nanowires into alignment whilst simultaneously
detaching them from the growth sample[141,239]. This process is depicted in Fig. 5.2a
and b. Chemical or plasma modification of the target surface provides a straightforward
method for altering the probability of deposition and hence the density of the nanowire
array[141]. To expand upon this technique, roll-printing systems can be used for higher
throughput[239] whilst the receiver substrate can also be coated in a pre-designed resist, for
production of patterned structures[236]. Remarkable control over spatial density of deposition
is possible, from packed, ∼7 nanowires/µm high structures, to continuous columns of single
nanowires[236].

For proof-of-concept devices in research environments, where such patterned processes
may not necessarily be optimised, some groups have utilised probes to manipulate or pick
up and transfer individual nanowires to allow for arbitrary positioning of custom arrange-
ments[222,223], or even to cleave nanowires in two at specific locations[212]. These probes are
created from optical fibres that have been heated and drawn out to ultra fine tips, based on a
technique established in reference 234 for the creation of free-standing silica wires down to
50 nm in diameter, shown in Fig. 5.2c. This process was used extensively in my research for
the transfer and placement of nanowires, as will be detailed in section 6.1.1.
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For solution-based removal, a variety of methods exist for depositing nanowires from
the suspension onto a substrate in a controllable manner. Flowing suspensions through
micro-fluidic channel structures patterned in poly(dimethylsiloxane) (PDMS), can achieve
highly aligned deposition [240–242], whilst surface-tension based effects can be used to align
nanowires in langmuir-blodgett based techniques [141,243]. Electric-field-directed assembly
can also be achieved, exploiting the high polarizability of nanowires due to their anisotropic
structures to attract and align groups of nanowires [135,150,244] or even manoeuvre individual
structures [239].

5.1.2 Photolithography

Photolithography is the cornerstone of modern CMOS technology fabrication, as the most
widely used process for wafer-patterning. The technique is based around coating of target
substrates in light-sensitive polymer-based materials, known as photoresists, which can
be patterned through selective exposure to UV radiation using a photomask. The stages
in a typical contact-based process are detailed in Fig. 5.3. To promote adhesion of the
resist, substrates are heated to minimise the adsorbed water layer, followed in some cases by
treatment through an adhesion promoting chemical such as hexamethyldisilazane (HMDS).
Photoresist is then applied via spin-coating to produce a highly uniform layer, usually with
thickness in the order of 0.5 - 2.5 µm. Photomasks usually consist of a glass plate covered
with a thin patterned layer of chrome, typically itself fabricated by electron-beam lithography.
The mask is placed either in contact with the resist, or in close proximity, depending on the
process used, before exposure to UV radiation of an appropriate wavelength, for a chosen
duration, dependent on the source intensity and dose required.

Photoresists can either be positive, such as AZ 4533, whereby irradiation dissociates
molecular chains in the material and makes exposed areas soluble to a photodeveloper, or
negative, such as SU-8, where cross-linking of polymer in exposed areas makes them highly
insoluble to the developer. Image reversal resists such as AZ 5214E also exist for which a
post-exposure heating step can be used to switch the solubility of exposed areas and produce
negative wall profiles desired for metal lift-off (as illustrated in Fig. 5.3b). After the resist
has been patterned, a chosen process - typically an etch or deposition - is applied to the
exposed areas of surface, before the removal of the resist to reveal the as-patterned substrate.
Resolution in contact photolithography is typically on the micrometer scale, with minimum
feature size around 1 - 2 µm.
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Fig. 5.3 Photolithography for device fabrication. Schematic of typical photolithographic patterning
processes for a positive-tone photoresist with image reversal functionality. The middle path shows a
procedure for producing a positive image transfer for an etch process while the bottom path details use
of image reversal to obtain a negative side-wall profile in the patterned resist, to enable clean lift-off
in the deposition of metallic contacts. a) Heating of the substrate to remove adsorbed water layer and
promote resist adhesion. b) Resist is spin-coated onto the substrate and cured. c) In a contact-based
process, a patterned photomask is pressed directly to the photoresist, and a dose of UV radiation
delivered. Areas exposed to the UV become dissociated (lighter colour) d) i) Substrate is placed in
photodeveloper until features have been resolved. ii) At this stage the exposed areas can be etched
by a desired method. iii) Removal of the remaining photoresist in an appropriate solvent e) i) The
sample is heated at a specific temperature to cross-link only those areas exposed to the UV. ii) Flood
exposure with UV at a high dosage to make non-cross linked areas soluble. iii) Soluble areas removed
by developer before deposition of desired metallic layer for contacts. iv) Lift-off of the metal coated
resist with an appropriate solvent.

5.1.3 Electron-beam lithography

Electron beam lithography (EBL) is a maskless nanofabrication technique for the direct-
writing of custom CAD patterns, capable of creating features with sub-10 nm resolution. It is
limited with respect to large-scale manufacturing due to its low-throughput, however it is one
of the most widely used processes for the creation of proof-of-concept, nano-scale devices,
as well as in the production of high resolution photomasks. EBL is the primary tool through
which CdSxSe1−x nanowire-based devices have been created for this thesis.

As with photolithography, a polymer-based resist, often poly(methyl methacrylate)
(PMMA), is used. Writing is carried out using a focused electron beam, often using adapted
SEM setups, with ultra-precise deflection of the beam performed through electrostatic lensing.
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High energy incident electrons, of between 10 - 100 keV, cause either dissociation or cross-
linking of molecular chains in the resist, dependent on its positivity, before development to
remove soluble areas.

As the wavelength of the electron beam is so small, the resolution of electron beam
lithography is instead limited mainly by electron scattering from the resist and substrate,
as well as the creation of secondary electrons, rather than diffraction. This leads to a
complication known as the proximity effect, whereby areas of resist immediately around
those being written also receive a dose of electrons, enlarging features. This also creates
challenges for the creation of densely arranged patterns due to exposure ‘spilling over’ across
features.

5.1.4 Electrode deposition

As discussed, once a lithographic process has been used to pattern a resist, a metal film is
deposited over the whole surface, before dissolution of the resist removes all of the film
except those sections exposed in the lithography; this is known as a ‘lift-off’ process. In
the majority of nanofabrication processes, this metallisation is done by physical vapour
deposition, which differs from CVD in that the deposited material is converted from a solid
phase in a crucible or target, to a vapour phase, before condensing back to a solid thin-film
on the target substrate, without any intended chemical modification. The rate and thickness
of deposition can be monitored by a piezoelectric crystal in the chamber. This is commonly
achieved using one of three processes - thermal evaporation, electron-beam evaporation or
sputter deposition - all of which are used in this thesis.

In thermal evaporation, usually carried out in a low-vacuum chamber, material for
deposition is situated in a crucible which is heated directly, often by an electric filament.
Electron-beam evaporation differs to thermal in that the heating of the material is carried out
by a focused electron-beam, under high-vacuum, affording a greater level of control over the
rate of evaporation, fewer impurities in the deposited films, as well as allowing the deposition
of materials with exceptionally high vaporisation points. In both of these techniques, due to
the vacuums used, the path length of particles in the vapour is sufficiently long that they can
be thought to travel in a straight line from the source to their point of condensation, meaning
the deposition is highly anisotropic and directional. Rotation and tilt of the substrate stage
is often possible in these systems to allow more uniform or conformal films, whilst stage
cooling systems can be integrated to either protect the sample from high temperatures or
change properties of the metal layer, such as crystal grain size.

In a sputter deposition process, rather than using heat to vaporise a material to be
deposited, a target is bombarded with gaseous ions in order to physically remove and propel
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a) b)

c)

Fig. 5.4 Embedded nanowire devices. (a) Illustration of a typical process to produce a ‘spacer’
layer before nanowire electrode deposition. From top-to-bottom, the substrate is coated in a resist
(in this case HSQ), which aligns to the top of the nanowires, before their top-surfaces are exposed
using an RIE etch allowing the deposition of electrodes without risk of shadowing from the nanowire
during evaporation. Adapted from ref. 245. (b) Tilted, false-colour SEM image of a hall-bar device
embedded in a polymer layer using a similar process to that in a). (c) Cross-sectional schematic of the
device in b). b) and c) adapted from ref. 246.

atoms into the chamber. This is often achieved with strong electronic and magnetic fields
generated by a magnetron, creating a plasma from the sputtering gas (commonly Argon
in magnetron-based processes) and confining it to collide with the target at high energy.
Here, materials with high evaporation point materials can be sputtered with greater ease than
thermal or electron-beam mediated techniques. Arguably the key variable in a sputter process
is the pressure of the gas used, which can be adjusted to control the properties of the resultant
film. In general, higher pressures will lead to a decreased mean free path length of sputtered
particles, which in turn will lead to a more conformal coating, whilst lower pressures can be
used to generate higher energy, near-ballistic motion, with greater shadowing in deposition.

For nanowires, the fabrication of metallic contacts via anisotropic deposition is compli-
cated by their morphology, especially for nanowires with thicker cross-sections. In these
cases, assuming a particular nanowire is not precisely above the evaporation source, its
structure will ‘shadow’ incident metallic vapour, causing a discontinuity in the film adjacent
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to the side of the nanowire that is facing away from the source. Clearly, this can be addressed
by simply evaporating a metal layer that is thicker than the nanowire itself, but considering
some nanowire dimensions may be up to hundreds of nanometres, this may require a far
thicker resist to be used, increasing the difficulty of achieving high-resolution lithographic
features. Alternatively, as discussed, sputtering processes can also be adapted to achieve
near-isotropic deposition of highly conformal films. Whilst these will coat the side facets of
thicker nanowires, they will also coat the resist side-walls, preventing solvent penetration
and making lift-off problematic. This, in part, is why many works have extolled the benefits
of contactless characterisation of nanowire electronic properties, through, for instance, OPTP
spectroscopy [139].

However, some groups have circumvented this problem by using a spacer or ‘lifting’
layer surrounding the nanowire to planarise the surface, decreasing the height difference
between the top of the nanowire and its surroundings [245]. Such a process is illustrated in
Fig. 5.4a. In these works, after their dispersion on a substrate, a photo- or EBL-resist is
spin-coated over the nanowires and baked. The top facet of the nanowires is then revealed via
a plasma etch [245,246], or partial exposure and development [247] of this spacer layer. In this
way, the nanowire is effectively embedded into a quasi-flat surface, on which a far thinner
EBL resist can be used, allowing patterning of more complex, high-resolution structures,
such as Hall bars, as shown in Figs. 5.4b and c [246,248,249]. A variety of different methods
for nanowire contact deposition, including the use of a spacer layer, are investigated in my
experimental work and detailed in section 6.2.

5.1.5 Passivating one- and two-dimensional devices

As discussed in chapters 2 and 4, transport in 1d and 2d materials is highly sensitive to the
external environment, due to their high - or in the case of monolayers, essentially infinite
- surface to volume ratios. Electronic properties of FETs based on exposed graphene and
semiconductor nanowire channels, such as the carrier mobility, on/off ratio (in nanowires)
and electrostatic doping, are significantly influenced by adsorbates such as oxygen and
water vapour under ambient conditions [250–253]. In pristene samples taken from vacuum
and exposed to ambient conditions or particular gaseous species, these effects show rapid
onset (several minutes) [251] and vary in magnitude with exposure time as well as both
the type and concentration of gases involved [252,253]. Furthermore, adsorbates are liable
to cause hysteretic gating characteristics in both nanowire and 2d-material based devices,
through capacitive coupling and charge transfer between adsorbed species and carriers
in the channel or surface traps [253–256]. This hysteresis also occurs as a result of charge
traps at the nanomaterial-substrate interface, such as silanol (SiOH−) groups where Si-SiO2
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substrates are used [256,257]. Whilst these behaviours can be exploited in sensing applications,
clearly it is undesirable for commercial electronic or optoelectronic devices which generally
require operational properties that are highly stable over time, regardless of changes in their
immediate environment.

As a result of this, a variety of different methods have been investigated to passivate
nanomaterial surfaces and stabilise their chemistry. In nanowires this can be achieved through
chemical modification, by treating the device with particular reagents to terminate surfaces
with, for instance, chloride or sulfide species [258], or organic molecules [259], saturating any
dangling bonds. These techniques are less applicable to 2d materials, where any surface
modification can drastically change their chemical properties, and even in nanowires it can
be difficult to control these reactions, leading to greater penetration into the ‘bulk’ of the
nanowire than desired [258].

Far more commonly in both 1d and 2d material devices is the deposition of a layer of
another material to coat the channel so that it is no longer exposed to the environment. Such
methods can involve organic materials, for instance through spin-coating of PMMA [250,260] or
semiconducting polymers [261], or the application of self-assembled monolayers (SAMs) [262].
Figure 5.5a illustrates how coating in polymer can modify the near-surface band structure
of a GaAs nanowire. Likewise, the deposition of a range of different dielectric materials
has been investigated [263–265], attractive due to their compatibility with standardised CMOS
processes, as well as affording the fabrication of top-gated architectures. Here, one technique
demonstrated as effective for both 1d and 2d materials is the atomic layer deposition (ALD)
of Al2O3 dielectric [256,257,266,267], which is used for the passivation of the nanowire devices
in this thesis (section 7.2). In an ALD process, a sample is placed in a heated reaction
chamber which is injected sequentially with two separate gaseous precursors - in the case
of Al2O3 these are usually trimethylaluminium (TMA) and water [268]. When one of the
precursors is introduced, a single molecular layer adsorbs to the surface in a self-limiting
fashion, followed by the removal of any excess and subsequent introduction of the other
precursor [268]. Repetition of this sequence facilitates the layer-by-layer construction of
a dielectric film, with near atomically-precise thickness control. Films deposited by an
optimised ALD process are usually entirely conformal, regardless of surface topography [256].
This presents an advantage for nanowires, where shadowing effects can lead to cracks in
dielectric layers deposited by conventional, anisotropic evaporation processes, as discussed
in the previous section with respect to metallic contacts.

The effects of such passivation processes on nanomaterial device properties are often quite
dramatic, though do depend heavily on the methods and agents employed [264]. ALD of Al2O3

on InAs nanowire backgated FET-type photodetectors has been demonstrated to improve
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Fig. 5.5 Passivation of nanowire and 2d material devices. (a) Band diagram schematic illustrating
surface passivation of a nanowire through removal of an oxide layer and coating with polymer. The
p-doping oxide layer, and corresponding band-bending, is neutralised by the injection of electrons
from the polymer, reducing the probability of surface state-mediated recombination. Adapted from
ref. 261. (b) Backgated InAs FET trans-characteristics, showing the drain current whilst sweeping the
gate voltage, VG, before and after encapsulation, indicating a significant increase in carrier mobility
and reduction in hysteresis. Adapted from ref. 256.

field-effect mobility by nearly an order of magnitude, whilst tripling the on-state current, and
notably producing a 10 and 20 times reduction in the dark and light hysteresis respectively
(see Fig. 5.5b[256]. In ZnO nanowire FETs, deposition of a SiO2/Si3N4 was shown to
increase on/off ratios an order of magnitude, and carrier mobilities by over two orders of
magnitude[263]. With respect to photoexcitation processes, Dan et al. reported significant
reductions in surface recombination after passivating Si nanowires with an amporphous
silicon layer during the growth phase, showing a two order of magnitude increase in carrier
lifetime, corresponding to a 90-fold increase in the photosensitivity when incorporated into a
detector[269].

5.2 Nanowire-based photodetection

5.2.1 Photoconductors

The large majority of single-nanowire, horizontally orientated photodetectors are simple,
two-terminal, metal-semiconductor-metal structures atop a dielectric substrate. Here the
primary physical mechanism that affords sensitivity to light is photoconductivity, whereby
the conductivity of the nanowire will increase when illuminated (though a decrease - negative
photoconductivity - is also seen in some materials such as InAs[256,270,271]). As discussed
in chapter 4, nanowires of a particular material can display significantly higher sensitivity
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to light than their bulk counterparts due to their size and high surface-to-volume ratios. In
ref. 272, Soci et al. provide a comprehensive explanation of this phenomenon in nanowires,
starting from the fundamentals of photoconductivity in semiconductors.

For a semiconductor in the dark, its intrinsic conductivity, σ , is given by

σ = enµ (5.1)

where e is the electron charge, n is the charge carrier density and µ is the carrier mobility (for
the latter two, considering the case for only one type of carriers). Illustrated in the schematic
in Fig. 5.6, when an electric field, F =V/l is applied at a bias V between two electrodes at
the ends of a nanowire with length l, the current density, J is

J = σF = env (5.2)

where v = µF is the carrier drift velocity. With light incident onto the nanowire, a change in
either the carrier density (∆n) or mobility (∆µ) will lead to a change in the conductivity (∆σ )
as described by:

∆σ = σlight −σdark = e(µ∆n+n∆µ) (5.3)

and meaning that the time-dependent photocurrent, JPC is

JPC(t) = eF [µ(t)∆n(t)+n(t)∆µ(t)]. (5.4)

The change in carrier density through photoexcitation far outweighs that in the mobility for
most semiconductor materials and therefore equation 5.4 can be simplified to:

JPC(t) = ∆σF = eµ∆n(t)F. (5.5)

To describe the steady-state photoconductivity, with a nanowire under constant illumina-
tion, we consider the simplest possible scenario, where an interband transition is optically
excited in a continuous and linear fashion, leading to direct carrier photogeneration. The
exposed area, A, of a nanowire with diameter d, length l and cross-sectional area A /0 is given
by A = 2A /0l/d. Over the ‘bulk’ of the NW, the average optical generation rate gd can be
described by

gd = η
∗ (Popt/h̄ω)

Vol
= 2η

∗ (Popt/h̄ω)

Ad
(5.6)

where the incident optical power, Popt = I0A, where I0 is the intensity of the light and
η∗ = η†η , where η is the quantum efficiency of the material and η† is a factor accounting
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Fig. 5.6 A nanowire photoconductor. Diagram of a hypothetical nanowire photoconductor, under
illumination intensity I0, with photo-separated electron (red) - hole (blue) pairs travelling at drift
velocity v. Adapted from ref. 272.

for the specific phenomena in the particular architecture, such as light reflection, light
scattering and the low-dimensionality of the nanowire.

The relaxation of photocarriers to the ground state occurs with a characteristic lifetime, τ .
In the steady-state scenario, carrier relaxation and generation are balanced such that the shift
in carrier density remains fixed over time, that is

∆n(t) = gdτ = constant. (5.7)

Substituting into equation 5.3, the photoconductivity is given by

∆σ = gde(µτ) (5.8)

where (µτ) is a common figure of merit to describe the sensitivity of the material to excitation,
known as the mobility-lifetime product. Therefore, using equations 5.5, 5.6 and 5.8, the
steady-state photocurrent density in the nanowire can be expressed as,

JPC = ∆σF = 2η∗ (Popt/h̄ω)

Ad
e(µτ)F (5.9)

for a given photon energy, h̄ω . Expanding this to consider both electrons and holes, gives a
photoresponse, IPC, across the nanowire cross-sectional area A /0 of

IPC = JPCA /0 = η∗ (Popt/h̄ω)

l
e(µnτn +µpτp)F. (5.10)

Another useful expression for describing nanowire photoconductor sensitivity is the
photoconductive gain, G. This is defined as the ratio between the number of electrons
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collected at the photoconductor electrodes per second, Nel and the number of photons
absorbed that create an electron-hole pair per second, Nph:

G =
Nel

Nph
=

IPC/e
Pabs/h̄ω

(5.11)

where Pabs =η∗Popt is the portion of power absorbed that actually results in electron-hole pair
creation. Substituting equation 5.9 into equation 5.11, we can simplify the gain expression to

G =
Fµτ

l
=

τ

τt
(5.12)

where the transit time for carriers between the two nanowire electrodes, τt = l/v = l/µF =

l2/µV .
The expressions in equation 5.12 point toward two primary contributing factors to such

high photoconductive gain in nanowires. Firstly, the high density of surface states, resulting
from such large surface-to-volume ratios (as discussed in chapter 4), promotes separation
of electron-hole pairs, thus extending the photocarrier lifetime, τ . Secondly, the small inter-
electrode distances, l, and high mobility, µ , arising from their single-crystalline, low-defect
structures, reduces the carrier transit time, τt . Prades et al. experimentally verified the
latter of these contributions in ZnO nanowires [273], demonstrating IPC linearly dependent
on 1/l (Fig. 5.7a), as well as showing greatly increased photocurrent in those structures
coated in PMMA which as discussed in section 5.1.5, leads to marked increase in carrier
mobility [250,260]. In the case that τ > τt , photoconductive gain arises, in that a particular
photogenerated free carrier can make multiple journeys through the nanowire channel before
its circulation is halted only by either annihilation or trapping [272]. This is conditional upon
Ohmic contacts, such that carriers drawn off at one electrode can be freely replenished at the
other [272], which can be challenging to achieve at semiconductor-metal interfaces; the case
of Schottky contacts shall be discussed later on.

Expanding upon the first contribution - the influence of surface states - this gives rise to
strongly diameter-dependent photoconductive behaviour in nanowires as observed in ref. 274.
As can be seen in Fig. 5.7b, near the surface of the wire, traps give rise to a depletion space
charge region, which bends the conduction and valence bands upward. Therefore, in the case
of an n-doped nanowire, holes are attracted to the surface whilst electrons tend to inhabit the
central ‘bulk’ due to introduction of an energy barrier, φ , for surface-related recombination
to occur, thus promoting charge-separation. There is therefore a critical nanowire diameter,
dcrit , (dependent on the width of the depletion region), at which the entire wire is depleted
such that transport in both dark and under illumination is space-charge limited - typical of
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a)

d)c)

b)

Fig. 5.7 Properties of nanowire photoconductors.(a) Plot of the photoresponse and photoconductive
gain (inset) in a ZnO nanowires versus the inter-electrode distance at bias of 1 V with an excitation
wavelength of 340 nm. Adapted from ref. 273. (b) Diagram of conduction (EC) and valence (EV ) band-
bending showing a recombination barrier, φ in the presence of a surface-associated depletion region
(shaded) for nanowires with diameter below, at, and above a critical diameter dcrit . A surface-mediated
recombination mechanism is shown in the d > dcrit case. (c) Plot of GaN nanowire photocurrent
against diameter, showing both experimental data and theoretical calculation. The kink at ∼85 nm
represents the critical diameter for this material system below and above which the photocurrent
decreases exponentially and increases linearly respectively. b) and c) Adapted from ref. 274. (d)
Demonstration of a ‘persistent’ photocurrent observed in ZnO nanowires seen in the conductance (G)
relative to dark conductance (G0) after a 60 s UV pulse. The persistent photocurrent stabilises before
a increase in the probing current (grey dashed line) from 0.5 to 150 nA at tH restores the conductance
to G0. Adapted from ref. 275.

insulators[274]. This is demonstrated experimentally in the plot in Fig. 5.7c. Below this
width, φ decreases with the square of the diameter, leading to increased surface related
recombination and therefore decreased photocurrent. Describing this mathematically, the
recombination rate can be expressed as exp(−φ/kbT ), where kBT is the thermal energy
contribution, and

for d < dcrit , φ =
eNDd2

16εε0
(5.13a)
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for d > dcrit , φ =
eNDd2

crit
16εε0

(5.13b)

where ND is the donor concentration and εε0 is the material’s dielectric constant [274].
For CdS nanowires in particular (though also observed in a range of other materials [276]),

the surface (photo-) chemistry plays a significant role in the transport and photosensitive
properties under ambient conditions, due to the strong attraction of oxygen by sulfur vacan-
cies [277]. Oxygen will be ionised at the surface and adsorbed;

O2(g)+ e− −→ O−
2 (ad), (5.14)

leading to the formation of a depletion shell (as discussed previously) and significantly
reducing the dark conductivity of the wire, as experimentally verified by measurements under
varied atmospheric conditions [278,279]. Under illumination, photogenerated holes are drawn
to combine with the ions at the surface;

O−
2 (ad)+h+ −→ O2(g), (5.15)

acting to enhance charge-separation; in this way the oxygen behaves similarly to a photo-
gating layer [278]. Even once illumination has ceased, whilst recombination of electron-hole
pairs in the center of the wire occurs rapidly through bulk-related processes, due to the
oxygen-mediated charge trapping it is slowed dramatically for those near the surface [275,280].
As seen in Fig. 5.7d, this results in a so-called ‘persistent’ photocurrent whereby the current
will initially return only to an intermediary level, in between that of the original dark current,
and the photocurrent under illumination [274,277,280,281] unless some mechanism is employed
to overcome the induced recombination barrier, such as Joule heating of the wire [275]. Clearly,
as detailed in section 5.1.5, passivation of the surface is one effective route toward stabilising
such effects [275,280].

5.2.2 Schottky barrier nanowire contacts

Whilst the discussion in the previous section assumes a nanowire contacted Ohmically by
two electrodes (that is, the system obeys Ohm’s law), this is not always straightforward to
achieve [282]. For an Ohmic relationship, there should be no energetic barrier (known as
a Schottky barrier) impeding the supply of carriers from the metal to the semiconductor
conduction band [283], that is, the voltage drop at the contact is negligible with respect to
the total drop across the two electrodes [284]. In theory, this can be achieved by selecting
a metal with a work function that is equal to or less than that of the semiconductor [284].
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However, even in bulk systems, the exact chemistry at the metal-semiconductor interface is
not easily predicted [285]. In practicality, surface treatments, such as ionic bombardment or
chemical etches are often required to eliminate surface barriers or produce workable contact
resistances, even when the material work functions have been matched, such as in the case
of In or Ga contacts to CdS thin-films [284,286,287]. In nanowires, this situation is further
complicated by Fermi pinning from surface states, image force, field penetration and the
formation of thin oxide or amorphous layers at the surface, as well as the small physical
dimensions of the metal-semiconductor interface [288,289]. This means that Ohmic contact for
a particular diameter and material system must often be empirically verified.

As with bulk systems, when fabricating nanowire contacts, a surface treatment is often
applied after the development stage of the lithography, immediately prior to metal deposition.
For example, treatment with dilute ammonium sulfide (NH4)2Sx has been shown to remove
native oxides and contaminants in InAs [290] and other semiconductor nanowires [161,258], as
well as terminating the nanowire surface with covalently bonded sulfur in a self-limiting
process, preventing reoxidation before the contact is deposited. With CdS nanowires, Ohmic
contacts have been created with Ti by using an Ar+ ion bombardment to create sulfur
vacancies, increasing the concentration of electrons in the exposed area and lowering the
Schottky barrier [291,292].

However, despite demonstration of such treatments, a significant proportion of two-
terminal nanowire devices in the literature display non-linear I-V behaviour; there is often
variability even across samples of devices produced with the same nanowires, contact material,
and fabrication conditions [289]. These I-V characteristics depend on both the properties of
the nanowires, such as resistivity, carrier mobility, and local doping concentration, and those
of the contact: the geometry, contact area, and the Schottky barrier height [289]. Non-Ohmic
devices with two symmetric terminals, where an appreciable Schottky barrier exists at both
electrodes, can be thought of as back-to-back diodes (Fig. 5.8a) [272]. A band diagram
representative of this scenario can be seen in Fig. 5.8b. Some works have also sought to
intentionally create nanowire (single) Schottky diodes to achieve rectifying behaviour, by
treating one electrode to attain Ohmic contact whilst depositing a high work function metal
such as Au or Pt at the other to introduce a Schottky barrier [291–294].

For typical Schottky junctions, the transit of carriers over the Schottky barrier occurs by
thermionic emission, in which the current, IT E , is based around a saturation current, IS, and
described by the following expression:

IT E = S IS

[
exp

(
eV
kBT

)
−1

]
(5.16)
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Fig. 5.8 Schottky barriers at the nanowire-electrode interface. (a) Circuit diagram for a nanowire
device with a Schottky barrier at both source and drain contact, behaving as a back-to-back diode.
(b) Band diagram for the system in a) when under bias, showing bending at the contacts resulting in
two barriers φb1 and φb2 at the metal-semiconductor interface. EC, EV , EF , EFS and EFD denote the
conduction-band, valence-band and Fermi level in the wire, source and drain respectively while ζ
represents the energy difference between the bottom of the conductance band and the Fermi level. (c)
I-V behaviour in a two-terminal nanowire device at different combinations of Schottky barrier heights,
based on the model developed in ref. 289. For curves 1-4, φb2 is fixed at 0.4 eV whilst φb1 is 0.6 eV,
0.43 eV, 0.4 eV and 0.35 eV respectively. In curve 5 φb1 = φb2 = 0. All figures adapted from ref. 289.

where S is the contact area[295]. The saturation current is given by

IS = A∗T 2 exp
(
− eφb

kBT

)
(5.17)

where the Schottky barrier height is denoted by φb and A∗ = 4πem∗kB/h3 is Richardson’s
constant, where m∗ is the effective carrier mass and h is Planck’s constant[295]. Broadly
speaking, deviations from ideal characteristics can be included by modifying equation 5.16
to

IT E = S IS

[
exp

(
e(V −Vth)

nkBT

)
−1

]
(5.18)

where Vth is a forward bias threshold voltage and n is an ideality factor that in nanowires can
account for effects related to for instance surface states and interfacial layers[272,289]. Whilst
the above provides a broad framework for transport, another component, which can dominate
under reverse bias, particularly in low-dimensional Schottky barrier systems, is the tunnelling
current. In ref. 289 Zhang et al. provide a more detailed model including this and a range
of other considerations which is able to predict a wide range of non-linear, two-terminal
nanowire device characteristics, as shown for varying Schottky barriers in Fig. 5.8c.
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As can be seen in equation 5.18, current passing through the barrier is highly sensitive
to the Schottky barrier height, which will be affected by changes in the local electric field
at the contact, through photoexcitation, adsorbed gases or otherwise [295]. In this way,
photodetection can be realised in these Schottky contacted devices where the responsivity
is actually significantly higher than those based on Ohmically contacted nanowires. For
example, photodetectors based on ZnO [296] and CdS [297] nanowires with Schottky contacts
showed four and nearly two orders of magnitude higher sensitivity respectively compared
to those based on the same nanowires but using Ohmic contacts. Further to this, Schottky
devices also exhibit far shorter response and recovery times (in some cases by over 2 orders of
magnitude), owing to the strong built-in electric fields present at the contact interface [276,295].

5.3 Miniaturised spectroscopy

5.3.1 Conventional systems

The fundamental working principle of a conventional spectrometer is to sample radiation and
introduce either a spatial or temporal separation between light of different wavelengths that
can be resolved at the plane of a detector, thus constructing a spectrum of the inputted light.
These systems can broadly be classified by the method used to achieve this; either using a
dispersive element such as a prism or grating (spatial separation) or through interferometric
optics (temporal separation) [298]. There are different, significant challenges involved in
miniaturising spectrometers based on either of these approaches due to adverse effects on
performance associated with scaling their components. As such, a range of innovative designs
have been employed toward developing ever more compact microspectrometers - though
they invariably necessitate compromise on particular operational parameters, such as the
resolution or spectral range.

Whilst prisms are generally not suited to scaling due to the long optical paths required,
many reported microspectrometers center around the use of a chip-based grating to disperse
light, the principle behind which is illustrated in Fig. 5.9a [299]. Some strategies closely
mirror macroscopic systems, involving complex fabrication processes to produce grating
structures that both receive and scatter light out of the plane of the chip, such as those in
Fig. 5.9b [300,301]. However, most grating-based designs feature planar integrated optics (an
example of which is shown in Fig. 5.9c), whereby light travels to the grating within the
chip’s plane, often along waveguiding channels, before being diffracted and directed to either
an in- or out-of-plane detector [302–306]. Here, a further sub-category of microspectrometers
are arrayed waveguide gratings (AWGs), commonly used in wavelength division multiplexed



5.3 Miniaturised spectroscopy 101

a) c)

b)

Fig. 5.9 Microspectrometers based on miniaturised conventional systems. (a) Operational princi-
ple behind a spectroscopy system based on the spatial separation of spectral components of incident
light using a dispersive element (in this case a grating). (b) and (c) Miniaturised dispersive spec-
trometer systems, with (b) a micromachined, out-of-plane grating architecture (c) a planar, integrated
grating system. All adapted from ref. 298.

telecoms systems, which function as an artificial prism, by guiding light into a series of
channels each of incrementally longer optical paths[307–309].

Arguably the key performance parameter when considering a spectrometer is its spectral
resolution, R, which is described by

R =
λ

∆λ
, (5.19)

where ∆λ is the full-width half-maximum (FWHM) for a particular wavelength, λ [298]. For
grating-based spectrometers the resolution is equal to the number of elements in the grating,
with the constraint that the optical path length must not be less than the Rayleigh distance
if Fraunhofer rather than Fresnel diffraction is to occur, in the far-field optical regime[298].
Under these conditions it can be derived that:

R =

√
λL
a

, (5.20)

where L is the optical path length and a is the pitch of the grating[298]. Clearly, miniaturising
a grating-based spectrometer necessitates reduction of the path length and as such these
systems are inherently limited with respect to scaling. Whilst, in accordance with this relation,
improvements in the resolution can also be achieved by decreasing the pitch, retaining high
quality in progressively smaller gratings and optics is complicated by the surface roughness
induced during etch-based fabrication processes[310]. As such, in order to achieve sufficient
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a) c)b)

Fig. 5.10 Interferometric microspectrometer designs. (a) A Michelson interferometer system with
a movable mirror. (b) A Fabry-Perot resonator-based interferometer with adjustable cavity length. (c)
A Fourier or ‘standing-wave’ spectrometer with a movable detector. All adapted from ref. 299.

resolution for their desired applications, the smallest of these microspectrometers typically
have a footprint in the range of 1 - 10 mm[306,309].

Some of the more novel spatially-dispersive microspectrometer systems have utilised
photonic crystals in an effort to overcome these obstacles. Momeni et al., for instance,
harnessed them to create superprism structures, with stronger dispersive properties than
typical grating designs, allowing a more compact system[311]. Redding et al. instead
managed to extend the effective path length to greater than the linear dimensions of the
device, by using disordered photonic crystal arrays to ‘fold’ paths by inducing multiple
scattering events prior to detection[312].

In interferometric spectrometer systems light is split and diverted along separate paths of
different, well-defined lengths, usually using either a beam-splitter or a resonant cavity. On
recombination, these paths will constructively interfere or resonate at wavelengths dependent
on the difference in path length, or, more specifically in the latter case, the length of the
cavity. In this way, adjusting the path length over time enables scanning across different
spectral components. As such, to scale down these types of spectrometers, most approaches
have employed microelectromechanical systems (MEMS) to achieve miniaturised systems
with movable optics. Schematics of the three most common architectures - a Michelson
interferometer, Fabry-Perot resonator and Fourier, or ‘standing-wave’ spectrometer - can be
seen in Fig. 5.10[299].

As with prisms, beam-splitters are a technologically challenging component to scale and
though some microspectrometers have been demonstrated[313], the majority of miniaturised
interferometer-based systems fall under the latter two classifications which share similar
limitations, relating to practical challenges in the fabrication of the cavity[298,299,314]. Here,
the resolution of the cavity is directly related to the mirrors’ reflectivity, r, as the FWHM,
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∆λ , at resonance is equal to the intrinsic finesse, Fint :

Fint =
π
√

r
(1− r)

. (5.21)

[298]. However, in order to achieve a sufficient signal to noise ratio (SNR), the transmis-
sion at resonance must also be high; in metallic mirrors these two conditions cannot be
satisfied simultaneously. Dielectric mirrors can offer both high reflectivity and low absorp-
tion at resonance, but they are far harder to produce using standardised industrial CMOS
processes [299].

Further to this, in practical terms the effective finesse, Fe f f , of the cavity is also limited
by defects in the mirrors relating to their curvature, the roughness of their surfaces, and their
non-parallelism. This can be described mathematically as:

1
F2

e f f
=

1
F2

int
+

1
F2

d
, (5.22)

where Fd is the defect finesse encompassing the three factors above [299,314]. As well as the
resolution, the free spectral range (FSR) suffers when scaling, whilst also being inherently
limited to

FSR =
λ 2

2dFP
, (5.23)

where dFP is the cavity spacing, given that the shortest first-order mode wavelength cannot
overlap with the longest in the subsequent second-order mode [314]. Electrostatic actuators
are most commonly used in these MEMS devices, in which the practical travelling range is
capped due to pull-in effects such that maximum ∆dFP/dFP is only around 33%, with high
voltages often required to achieve this [314].

5.3.2 Filter array spectrometers

Whilst the miniaturised spectrometers listed in the previous section are primarily heavily
inspired by the working principles behind conventional macroscopic designs, filter array
spectrometers represent a separate paradigm designed with robust, compact systems in mind.
In these devices, filters with different transmissive properties are mounted directly onto a
detector array, commonly made up of multiple CCD ‘pixels’, as shown in Fig. 5.11a. A
significant advantage here is that this removes the need for any focusing optics between the
wavelength-selective element and the detector, enabling smaller systems, with less complex
structures to fabricate than more typical spatially-dispersive designs.
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a) b)

Fig. 5.11 Filter array spectrometers. (a) Diagram of a basic narrow-band filter-array spectrometer
system. 128 monochromatic filters, fabricated from variably-etched thin-films, are integrated on top
of a detector array, with total size 12 × 12 mm. (b) Spectral transmission of all filters from the device
in a), showing the narrow-band nature of each channel. Both adapted from ref. 315.

A wide range of filter types have been used for these devices; these include Fabry-
Perot[316,317] and other resonant cavities[318] or microinterferometers[319], as well as pho-
tonic crystals[320,321], quantum dots[322], metallic plasmonic nanostructured films[323], or
more conventional variably etched thin-films[315]. These are commonly arranged into two-
dimensional arrays, though one-dimensionally arrayed designs also exist, including linear
variable optical filters (LVOFs)[324,325] - Fabry-Perot-type structures in which the cavity
separation decreases along their length - and gradient grating period guided-mode resonance
filters[326]. In all of these spectrometers, a calibration process must be carried out before
use to measure the spectral transmission characteristics of each filter, such that the readout
from each detector can be associated to a wavelength-dependent response function. In
early examples of these devices, exclusively monochromatic filters were used, each with a
narrowband response that directly contributes an individual spectral component of the final
readout, without any further signal processing, as can be seen in Fig. 5.11b[315–318,320]. The
resolution and FSR of these simple spectrometers is thus entirely dependent on the FWHM
of each filter’s transmission and the number of filters.

However, more recently in this area, microspectrometers based on broadband filters
(which are far cheaper to fabricate than narrowband counterparts) have emerged[322,323].
Most notable is the colloidal quantum dot (QD) spectrometer reported in 2015 by Bao et al.
in ref. 322. In this work, as illustrated in Fig. 5.12, the filters are made from mixtures of
CdS and CdSe QDs of different sizes, combined at varying ratios, so as to create a unique
transmission spectra and response function for each array element. Due to the wavelength
multiplexing principle, each detector therefore responds to multiple different wavelengths
of light, to varying degrees as defined by its filter’s transmission function. An algorithm
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a) c)b)

Fig. 5.12 A colloidal quantum dot spectrometer. The system detailed in ref. 322. (a) 195 unique
filters formed from different sized CdS and CdSe quantum dots, mixed at varying ratios and embedded
in a polymer film. (b) Transmission spectra corresponding to a selected sample of the filters in a). (c)
The packaged spectrometer system, as compared to the size of a US quarter. All adapted from ref.
322.

is then used to computationally reconstruct a target spectrum, by cross-referencing two
datasets for each of the array elements: the transmission function (as calibrated prior to
measurement) and the measured intensity of the transmitted light. Figure 5.13 shows a
schematic summarising and comparing this approach against conventional spectrometers and
narrow-band filter systems.

The computational strategy to reconstruct incident spectra via the broadband array
architecture is illustrated in Fig. 5.14. For an unknown incident light spectrum, s(λ ), the
transmitted intensity, Ii, through filter number i (where i = 1, 2,..., nF ) with transmission
function Ti(λ ), can be expressed mathematically as:

Ii = ∑
λ

s(λ )Ti(λ ), i = 1,2, ...,nF . (5.24)

Evaluating in this way, s(λ ) is discretised across the spectral range into nλ values of λ ,
corresponding to a set of nλ variables, where nλ ≤ nF if equation 5.24 is to be solvable.
Clearly, for a unique solution to be obtained, nλ = nF must be satisfied to yield a set of linear
equations. In practical terms however, this ideal scenario is significantly complicated by
even small measurement errors in both the transmission function and the intensity collected,
causing inconsistencies to arise between equations across the set. Whilst this in effect means
that it is impossible to recover an exact reconstruction of s(λ ) (that is, nλ < nF ), the solution
can be approximated, for instance by a least-squares linear regression.
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Fig. 5.13 Different spectrometer strategies. Schematical comparison of three different spectrometry
strategies to resolve the spectra from an incident light signal. The top and middle paths show a
conventional, dispersive system and a narrow-band filter array, where light is separated spatially such
that the intensity of individual spectral component is measured at each detector. The bottom path
illustrates the approach taken by broadband filter array spectrometers, that rely on the wavelength
multiplexing principle to analyse multiple spectral components at each detector simultaneously, before
computational techniques (as described in the text) are used to reconstruct the original spectrum.
Adapted from ref. 322.

Considering this discrete modelling of the system, and the measurement inaccuracies and
noise involved, a more detailed expression of the transformation between incident spectrum
and detected signal is given by the following matrix equation[327]

r = Hs+n (5.25)

where

r =




r1
...

r j
...

rN



, H =




D1(λ1) . . . D1(λM)
...

...
...

D j(λ1) . . . D j(λM)
...

...
...

DN(λ1) . . . DN(λM)



, s =




s(λ1)

s(λ2)
...
...

s(λM)



, and n =




n1

n2
...
...

nN




in which r is a vector where the elements are the outputted signal from the jth detector
(where j = 1,2, ...,N), H the spectral response matrix, s the incident spectrum vector and n a
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Fig. 5.14 Computational reconstruction of an incident spectrum by a filter-detector array. Dia-
gram illustrating the computational spectral reconstruction process behind a broadband filter-array
spectrometer with N filters. All terms are defined in the text. Adapted from ref. 327.

noise vector. Within H, D j(λ ) = Tj(λ )d(λ ) is a function representing the overall spectral
response for each of the N detectors, with d(λ ) representing a sensitivity function for the
CCD detectors (under the assumption that all the detectors are the same). This function (and
thus, the reconstructed spectrum, s(λ )) is discretised into M elements, corresponding in real
terms to the resolution at which the filter calibration has been carried out.

Given the operational principles of these broadband filter array spectrometers - compu-
tational reconstruction of the entire spectrum rather than direct measurement of individual
spectral bands - it should be noted that their performance metrics cannot be characterised
in the same manner, or as definitively as for conventional systems. Clearly the free spectral
range is governed directly by the upper and lower bounds of wavelengths for which suffi-
ciently varied transmission information can be produced across the filters. In the case of the
QDs, this is dependent on the lowest and highest bandgap crystals used respectively. How-
ever, the spectral resolution in these devices can be thought of more broadly as the accuracy
of the reconstruction. This is often either characterised by the FWHM when measuring a
monochromatic reference source, or by assessing the wavelength separation at which the two
components of a doublet peak become indistinguishable. The reconstruction accuracy can
be improved through two primary routes; by increasing the number of filters, such that M is
larger for the same spectral range, or by reducing the errors in the measured intensity and
pre-calibrated transmission function, for instance by improving the stability of the calibration,
or the performance of the CCD detectors.

A third way to improve the spectral reconstruction process, that does not require altering
the spectrometer hardware, is by using a more sophisticated algorithm to solve the inverse
problem posed in equation 5.25, which can push the resolution far beyond the limit set by
N. The system can either be modeled as one where the number of spectral components,
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represented by M, is larger than or smaller than the number of filters N [328]. When M < N,
the system is over-determined, that is, the number of unknowns is smaller than the number of
equations. In this scenario, relatively simple approximation techniques such as non-negative
least-squares algorithms are appropriate, however in practicality, even when M is much
smaller than N, such methods have been shown to deliver unsatisfactory reconstructions [327].

Far greater success has been had when modelling as an under-determined system, that is
with M > N, and as such, capable of resolutions that aren’t limited by the number of filters.
Algorithms addressing these under-determined cases will introduce a (commonly Tikhonov-)
regularisation term to stabilise the solutions, often relying on some prior knowledge of
the spectrum beforehand, such as the smoothness, non-negativity, or in many cases, the
sparse nature of the signals [321,329,330]. These sparse optimization techniques usually employ
L1-norm minimisation [329,330] and have shown far greater success in producing accurate
reconstructions, though limit the number of non-zero components allowed in the incident
signal; these are known as directly-sparse spectra. More recently, dictionary/machine-
learning techniques have expanded upon such algorithms to improve reconstruction of
non-directly sparse signals by representing them in an alternative transform domain, or
‘dictionary’, in which they are sparse [328].

5.3.3 Wavelength-selective nanowire-based optoelectronic devices

Broadband filter-array spectrometers, using algorithmic spectral reconstruction, currently
present the most technologically viable route for providing the most compact, low-cost
and robust microspectrometer systems possible. With respect to scaling, they supplant
conventional grating or interferometric systems, in that their resolution is no longer dependent
on path length, nor relies on mirror-based architectures and MEMS which require complex
fabrication. The limiting factor when miniaturising their footprint is instead related to the
minimum dimensions at which the filters or CCD detector can be fabricated and the number of
filter-detector elements required to produce an accurate reconstruction, which together define
the area of the filter array. Considering only the array, the QD spectrometer from ref. 322 has
a footprint on the order of 5 × 5 mm2. It may be possible to scale this device down further;
contact printing of QDs can achieve features with sub micron resolution [331] whilst CCD
pixels down to ∼10 µm can be made, though it is likely that fabricating the microspectrometer
at such length-scales would prove technologically challenging. Miniaturisation beyond this
would require a reduction in the number of filters; to achieve this whilst maintaining the
same reconstruction accuracy would clearly require improvements to the algorithm, which
may or may not be feasible.
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Through the work contained in the rest of this thesis, I have sought to show that band-gap
gradient nanowires present a plausible route toward realising spectrometers with even smaller
footprints. Creating a series of electrodes along such a nanowire serves in effect to produce a
one-dimensional array of wavelength-selective photodetectors, each with a different spectral
response, dependent on the composition of the nanowire between the electrode pair. Such
a system could function in a manner analogous to a filter array, whereby, in essence, each
photodetector along the wire serves the same purpose as a filter-detector pair in a typical two-
dimensional array. Assuming capability to fabricate a sufficient number of electrode pairs to
provide enough spectral response information, the footprint would be limited only by size of
the nanowire. However, beyond this, this strategy could hold a number of advantages over a
filter array design. From a fabrication standpoint, the full bandgap range is incorporated into a
single structure in one growth step, contrasting with the production, blending and printing of
potentially hundreds of separate quantum dot mixtures. Likewise the simplicity of the design
is attractive in that the filtering and detection of light both occur in the nanowire, requiring
only a single straightforward electrode deposition, rather than the multi-step fabrication of
a CCD array. With choice of the correct electrode and substrate materials, the device also
could potentially be made both flexible and transparent, a far more complex task to achieve
with solid-state CCD detectors. To date, only two publications have demonstrated a series of
wavelength-selective devices along a single nanowire: ref. 208 in 2011 and ref. 332 in 2018,
based on SixGe1−x and CdSxSe1−x gradient systems, respectively; the latter of which I shall
cover in more detail below, given its use of the same material system as my own work. These
are also the only works so far to produce detailed spatially-resolved optoelectronic analysis
of two-terminal devices for on-nanowire composition-gradients.

In ref. 332, Schottky contacts were deposited on a CdSxSe1−x nanowire, with x varying
from 0.94 to 0.43 at the green and red end respectively; this was done using Cr-Ag electrodes,
with no surface treatment. Initial characterisation of the optoelectronic properties was carried
out using a simple two-terminal architecture with an electrode at either end of the nanowire
as shown in Fig. 5.15a. Measurements in the dark showed symmetrical non-linear I-V
characteristics (Fig. 5.15b), indicating a back-to-back diode where a Schottky barrier has
formed at both contacts. Due to this strong symmetry, the assumption was made that the
Schottky barrier heights at both the metal-semiconductor junctions were approximately equal
due to Fermi-level pinning across the device.

Firstly, to test the relationship between illumination power, P, and photocurrent, IPC,
the whole device was illuminated by a diffuse 488 nm laser at different powers, revealing
that IPC ∝ Pk, where k ≈ 0.93 at bias of both +3 V and -3 V (Figs. 5.15b and c). Scanning
photocurrent microscopy (SPCM) - where a focused laser excites a biased nanowire device
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a) b) c)

d) e) f)

Fig. 5.15 CdSxSe1−x nanowire photodetectors. (a) Optoelectronic characterisation schematic, as
well as optical and SEM images, for the CdSxSe1−x nanowire device with two Schottky contacts
detailed in ref. 332. (b) I-V characteristics for the device in a) at varying incident light power with
a wavelength of 488 nm, showing the non-linear behaviour associated with Schottky contacts. (c)
The device photocurrent as a function of incident light power, plotted on a double logarithmic scale
with fitted lines corresponding to a value of k ≈ 0.93 for both reverse and forward bias. (d) Scanning
photocurrent microscopy at 488 nm for the device in a) with the electrode at the CdS end biased at
+3 V and -3 V as labelled. (e) and (f) Band diagrams for a photoexcitation process localised at the
middle of the nanowire device in the case of a reverse-bias at the CdS- (e) and CdSe- (f) end electrode.
Re-emitted photons travelling toward the CdSe side can be re-absorbed and re-emitted (orange arrow)
to photoexcite material at that end, but those travelling to the CdS end are passively waveguided (blue
arrow) without further absorption, as their photon energy is less than the bandgap of all material in
that direction. All adapted from ref. 332.

at different locations to produce a spatial map of the photoresponse - was also used to
analyse the same device, at a wavelength of 488 nm, which can be seen in Fig. 5.15d.
For Schottky barrier devices based on uniform CdS nanowires, SPCM photocurrent peaks
are typically strongly localised to the reverse-biased electrode[291,292,294,333]. This suggests
that only carriers within their respective diffusion length (on the order of 100 nm for holes
in CdS[291]) of the contact can be collected. That this occurs at the reverse-biased (hole-
collecting) electrode in these nanowires is because hole diffusion is far less efficient (that
is, electron mobility is higher) in CdS[292]. However, notably for these gradient nanowire
devices, whilst the above was true for the case when the CdS-rich end was reverse-biased,
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a) b)

Fig. 5.16 Wavelength-dependent nanowire photodetectors using CdSxSe1−x. (a) Three
wavelength-selective photodetectors fabricated on a single CdSxSe1−x gradient nanowire as de-
tailed in ref. 332, with inset showing an optical microscope image. (b) Spectral response for each
photodetector as labelled in a) at reverse bias, as well as forward bias for PD3, at -3 V and +3 V
respectively. Both adapted from ref. 332.

when the CdSe-rich end was reverse-biased, the current was only weakly localised to that
electrode, with an appreciable current measured at the forward-biased electrode (i.e. at the
CdS end) also. This was explained by considering the active waveguiding that occurs due to
the bandgap-gradient in these nanowires, which was previously discussed in section 4.3.2. As
illustrated in the band diagram schematics in Figs. 5.15e and f, when the CdSe end is reverse
biased, photons illuminating any particular point in the middle of the wire can be re-emitted
(through recombination) and waveguide toward the CdSe contact to re-excite material there,
as the bandgap of all material between the illumination point and that end is lower than the
energy of the photon. Material between the illumination point and the CdS end has bandgap
higher than the re-emitted photon energy and as such only excitation close to the contact of
the CdS end can contribute to photocurrent when this is the reverse-biased side.

A multi-electrode device was then created with four electrodes (i.e. three photodetecting
units) using the same conditions that produced the Schottky contacts above, a schematic of
which is shown in Fig. 5.16a. Illuminating the whole device with a tunable light source at a
constant power density of 0.1 mW cm−2, the photocurrent as a function of wavelength for
each unit is plotted in Fig. 5.16b, showing clear cut-offs around the bandgap of the material
in that particular region. As can be seen for the ‘PD3’ section, the response cut-off can be
extended to longer wavelengths, by varying between forward and reverse bias, so as to probe
material nearer one or the other electrode for each unit, as discussed in the SPCM results.
Typical device characteristics indicate Ion/Io f f ratios up to 105, with response and recovery
times of around 3 ms. However, it is important to note that whilst these results demonstrate
clear wavelength-selectivity between detector units, such a device simply functions as three
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independent photodetectors, without combining the information provided by each unit to
assess the relative intensities of different wavelengths of incident light, as in a spectral
reconstruction spectrometer. Furthermore, the number of photodetector units is far lower
than would be needed for any accurate spectral reconstruction, whilst the stability of the
photoresponse has not been analysed or demonstrated in any respect as viable for such
application.

Summary

In this chapter, I reviewed the literature surrounding the production and operation of nanoma-
terial optoelectronics relevant to the devices studied in this thesis. Wet transfer processes
for CVD graphene were discussed along with some of their associated drawbacks, including
polymer contamination and wrinkling. For nanowires, dry contact-based transfer and optical
fiber probe-based manipulation techniques were presented.

The practicalities of nanofabrication were introduced, firstly addressing how metal elec-
trodes can be deposited to create electronic contact to nanomaterials. I detailed the patterning
techniques (photolithography and electron-beam lithography) and metal deposition processes
(thermal evaporation, electron beam evaporation and sputter-coating) used in my research,
with explanation of their respective capabilities and merits. Further to this, I presented
methods for, and examples of, passivating nanowire and 2d material devices, to stabilise the
sensitivity of their properties to environmental changes. The physical mechanisms and fun-
damental concepts behind the characteristics of nanowire photodetectors were summarised,
addressing the central phenomenon, photoconductivity, in particular, and noting the different
mechanisms involved depending on the presence of a Schottky barrier at the electronic
contact.

Finally, the literature around the central device in this thesis - a nanowire-based spectrom-
eter - was reviewed to put this device in context with the field of miniaturised spectrometers.
This focused initially on microspectrometer systems based on conventional temporal- or
spatially- dispersive designs, before discussing how filter arrays can be used in conjunction
with computational techniques to reconstruct target spectra. Results were also assessed from
one of the only two previous works to date with direct similarity to the device in this thesis;
wavelength-selective photodetectors based on single, compositionally-graded nanowires. In
the next chapter I move on to detailing the experimental work carried out during my doctoral
research, beginning with the development and optimisation of the fabrication techniques
used.



Chapter 6

Process development: nanowire transfer,
characterisation and contact deposition

Overview

Chapter 6, 7 and 8 of this thesis will cover my experimental research at different stages
within the central project of this thesis: developing a prototype nanowire spectrometer. This
chapter will cover the processes developed to fabricate these devices, which proved to be
one of the most challenging, time-consuming aspects and, in fact, the primary bottleneck
for the whole project. There was highly limited prior practical experience within the HNE
group of fabricating nanowire devices, and none at all of producing devices at the feature
resolutions that were required, using electron-beam lithography. Furthermore, the physical
characteristics of the CdSxSe1−x nanowires available, as well as the highly non-uniform
distribution of these properties across growth batches, presented many obstacles. As such, this
required me to develop a methodology from scratch, with existing processes and conventional
nanofabrication techniques adapted and optimised toward bespoke strategies that fitted this
particular material system. A summary of this methodology, including process parameters, is
presented in tables 7.1 and 7.2 at the end of chapter 7.

The first section of this chapter will detail the transfer processes I used to remove
nanowires from the growth substrate and place them on a device substrate. Characterisation
of nanowire physical and photoluminescent properties is then presented, which was used
primarily to gather data for making more informed optimisations to fabrication processes.
The second section will first discuss the fabrication processes themselves, highlighting key
issues in the deposition of electrodes through conventional processes especially. A process
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that I developed to address these issues is then detailed and discussed, involving embedding
the nanowires in a polymer layer.

The compositional-gradient nanowires used in this thesis were grown by my colleague
Zongyin Yang during the first year of my studies (2016), using the furnace that he and others
developed under the supervision of Prof Limin Tong at Zhejiang University and using the
same method as in ref. 203, detailed in section 4.3.1. Note that the setup used was dismantled
shortly after, which prevented any further investigation into the growth process, or indeed the
growth of any further nanowire batches. He also carried out the set of TEM measurements
presented in this chapter.

6.1 Nanowire deposition and characterisation

6.1.1 Transfer from growth substrates

The CdSxSe1−x compositional-gradient nanowires used in this thesis were grown via the
source-moving VLS growth strategy published in reference 203, the specifics of which are
outlined in detail in chapter 4. As grown, a ‘forest’ of randomly orientated and tangled
nanowires are attached at the base to the Si growth substrate. The first step for either
characterisation or device fabrication of individual nanowires must therefore be to remove
them from this chip and isolate them onto the device/characterisation substrate. As can be
seen in the SEM images in chapter 4, the nanowires at this stage are densely arranged and
intertwined, which makes it almost impossible to selectively assess the quality of individual
wires or to extract them using the optical fibre probe detailed later in this section. As a result
of this, a contact transfer process was used to remove a selection of nanowires from the
growth substrate onto an intermediary Si:SiO2 chip, where they could be assessed for device
suitability.

These intermediary chips were pre-patterned with a grid of labelled coordinate markers
using electron beam lithography, to provide reference points for locations of nanowires
during subsequent imaging, PL measurements or fibre-probe transfer. The chips were cleaved
using a diamond scriber to a size of ∼3 × 3 mm2 so as to allow sampling of different areas
of the growth chip, given their size of ∼8 × 20 mm2. Using tweezers, each intermediary
chip was inverted and briefly placed SiO2-face down onto a particular section of the growth
substrate (Fig. 6.1a), before being removed and placed face-up under the microscope for
initial optical assessment. Whilst contacted, some of the nanowires in the forest become
sufficiently adhered to the intermediary substrate by Van der Waal’s attractions that they
become detached from the growth chip when the two chips are moved apart.
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Fig. 6.1 Contact transfer of nanowires from growth to intermediary substrates. (a) Intermediary
substrate is placed face-down onto the nanowire growth substrate before being removed after 5 s. (b)
Optical images of three intermediary substrates after transfer, typical of those without surface treatment
(top) and with an unoptimised (middle) and optimised (bottom) plasma treatment respectively. Scale
bar is 50 µm. (c) Optical images taken under 390 nm UV illumination showing nanowire fluorescence
from three different areas of three different growth substrates. Lack of optimisation at the growth
stage to ensure spatially homogeneous properties across the growth substrate, as well as the breakage
of nanowires during contact transfer, means that for some transfers mostly CdS-rich sections (top)
or CdSe-rich sections are seen (middle), while only a minority contain wires with a wide-spanning
gradient (bottom). Scale bar is 30 µm.

The spatial density of nanowires deposited depends on both the length of time spent in
contact with the as-grown forest and the surface energy of the intermediary chip. As shown
in Fig. 6.1b, untreated chips were found to take on an insufficient number of nanowires, so
a mild plasma treatment (60 s, O2 at 5 W, pressure 7.5 × 10−3 mbar ‘Moorfield Nanoetch’
reactive ion etching (RIE) system) was used on intermediary chips to increase their surface
energy. Using this treatment and a growth chip contact time of 5 s produced a workable
nanowire spatial density (Fig. 6.1b bottom panel). Higher plasma and contact times resulted
in such dense transfers that nanowires could not be addressed individually (that is, were
overlapping), or were adhered too strongly, so as to allow picking up by fibre probe (Fig.
6.1b middle panel).

As evidenced in Figs. 6.1b and c, there were highly inhomogeneous spatial distributions
of nanowire morphology and compositional gradient spans across each growth chip, as
well as between growth chips. Further optimisation of the growth process would evidently
be required to correct this, which was not possible during the investigation. Furthermore,
whilst they are highly flexible, the pressure of the intermediary chip on the as-grown forest
is such that a significant proportion of nanowires are fractured as they are transferred. As
the nanowires are grown with CdS (x = 1) at the base and CdSe (x = 0) at the top, one
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consequence of this fracturing is that a contact transfer from a fresh growth chip will contain
a significantly higher proportion of CdSe rich sections of wire, whilst subsequent transfers
from the same location will produce progressively more CdS rich segments. A potential
solution here would be to create liquid-phase nanowire dispersions via light sonication of the
growth chip in an appropriate solvent; this could then be distributed onto the intermediary
substrate by drop-casting.

As a result of these two issues, depending on the location sampled on the growth chip,
only a very small minority of nanowires transferred onto the intermediary chips were ‘viable’
for use toward any potential spectrometer device. Here the criteria for ‘viable’ nanowire
characteristics determined over the course of my research (taking into account considerations
from stages of device fabrication and characterisation detailed later in this chapter and
chapters 7 and 8) were, in order of priority:

1. A broad bandgap span, such that PL emission from the CdS and CdSe rich ends of the
nanowire is as close as possible to 505 nm and 710 nm (corresponding to emission
from pure CdS and pure CdSe), respectively.

2. An even, continuous gradient of bandgaps / PL emission along the nanowire.

3. A nanowire length, lnw, between 50 - 200 µm; lnw <50 µm constrains the number
and/or width of electrodes which can be fabricated along the structure, whilst lnw >
200 proved problematic for optical fibre transfer.

4. The absence of any dislocations, or abnormalities such as kinks, branches, or unusually
high diameter sections in the nanowire.

Each intermediary chip was therefore scanned by eye through a microscope, covering
the whole substrate in a serpentine fashion (see Fig. 6.2a), to map out the locations of
viable nanowires. This mapping was carried out initially under 350 nm UV light to view
the fluorescence from each nanowire and roughly assess and select those with potentially
suitable wavelength spans and composition gradients (criterion 1 and 2). Figures 6.2b
and c show nanowires deemed unsuitable due to abrupt compositional changes (b) and
limited compositional spans (c). Measurements of the nanowire length were made using
the microscope software to assess criterion 3. As well as from visually assessing the
nanowires under white light, criterion 4 was assessed through the waveguiding properties
of the nanowires under UV illumination. Highly crystalline, intact nanowires will show
strong directionally-dependent waveguiding (as introduced in chapter 4, and which can be
seen in the nanowire marked with a red arrow in Fig. 6.2b) such that red/orange light is
emitted (only) out of the green end - defects will result in no observable waveguiding, or
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Fig. 6.2 Mapping the intermediary substrate. (a) The intermediary substrate is first scanned under
microscope in a serpentine pattern to locate suitable nanowires for devices. (b)-(c) Fluorescence
images, taken under 390 nm illumination of CdSxSe1−x nanowires excluded from device selection
due to poor compositional gradient (b) and limited bandgap spans containing majority CdS (c, top)
or CdSe material (c, bottom). Scale bars are 20 µm. (d)-(e) Locations of nanowires identified as
potentially suitable for devices are recorded relative to locational markers on the substrate (gold cross,
d) and the PL emission peaks for each end measured by spectrometer under a focused 457 nm laser.
Scale bars are 40 µm.

the escape of waveguided light at the point of notable structural anomalies or fractures.
As demonstrated in Fig. 6.2d and e, after filtering the sample through these rough visual
assessments, single point measurements were made of the PL emission at each end of the
potentially viable nanowires (using a Renishaw InVia microspectrometer system, with an
Ar+-ion laser filtered to a wavelength of 457 nm) to quantitatively assess the bandgap span
(criterion 1); a distribution of these measurements is shown in the next section. It should be
noted here that the CCD on the microscope camera was not sufficiently sensitive to capture
colour variations over ∼620 nm and as such the red ends of the nanowires all appear to be a
similar colour in captured images, despite significant variation (up to and beyond 50 nm) in
emission wavelength. At this stage, quantitative analysis of the composition gradient was
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impractical due to the number of potential nanowires (10 - 20 per chip) and the time required
for a full lengthwise mapping of each nanowire (∼1 hour).

Nanowires in each sample with the broadest wavelength spans were then transferred
to the device substrate. Optical fibre probes, similar to those detailed in chapter 5, were
fashioned to achieve this, as illustrated by the schematic in Fig. 6.3a. After stripping the
cladding surrounding their cores, the middle of the fibres were heated with a blowtorch flame,
whilst the ends were drawn apart. Under tension the heated section thins before breaking
to leave two ultra fine tips, with estimated radii < 100 nm, optical images of which are
shown in Fig. 6.3b. Individual probes were then mounted on an arm, in turn attached to a
travel translational stage (Thorlabs, model PT3), with manually adjustable micrometers to
allow finely-controlled movement in the x- y- and z-directions. This setup was positioned
next to the microscope on a vibration controlled optical table. Whilst observing through
the microscope viewport, the fibre probe is moved to contact the surface near selected
nanowires and manipulated such as to pry them away from the substrate, picking them up
from underneath (Fig. 6.3c). The probe is then lifted away from the intermediary chip, before
being brought down on to the desired location on the device substrate to deposit the nanowire
by bringing it into contact with the surface (Figs. 6.3d and e).

For this latter stage, it is crucial that the surface energy of the target substrate be finely
tuned, such that the nanowires will adhere preferentially to the surface rather than the probe.
A standardised process to achieve this was developed and optimised; substrates were cleaned
via sonication in IPA and acetone for 5 minutes, before a 120 s O2 plasma exposure, at a
system power of 5 W and pressure 7.5 × 10−3 mbar (‘Moorfield Nanoetch’ RIE system). If
treated for significantly shorter (< 60 s) the nanowires will either stay attached to the fibre
probe, or adhere only very loosely to the substrate, with much of the structure still not in
contact with the surface. Exposures for longer than ∼180 s result in the fibre probe becoming
suddenly and sharply attracted to the surface once moved closer than a particular separation
threshold, either breaking the nanowire or springing it further up the probe where it cannot
be retrieved. It is also possible at this stage to make minor adjustments in the positioning or
orientation of the nanowire, say, to move it away from locational markers that would short
contacts.

There are multiple other practical challenges involved in the fibre probe transfer, some of
which are shown in Figs. 6.3f-i. If nanowires are surrounded or overlapped by others, as is
common due to the nature of the contact transfer, they must first be removed by the probe
before the selected nanowire is addressed. Furthermore, the probe tip must be able to be
wedge between small gaps between the nanowire and the substrate. If the whole length of a
nanowire is completely adhered to the substrate, or are so thin that the probe cannot penetrate
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Fig. 6.3 Optical fibre probe-based nanowire transfer method. (a) Creation of a probe tip from
an optical fibre probe. The cladding (purple) is stripped to reveal the fibre core, before the wire is
drawn apart over a blowtorch. (b) Optical microscope images of a typical fibre probe tip. Scale
bars are 500 µm and 20 µm for the main and inset images, respectively. (c)-(d) Schematic of the
fibre-probe transfer process. A micrometre controlled stage is used to land the probe at the surface
of the intermediary substrate, before being moved horizontally and then upward, so as to prise a
nanowire away from the surface, attaching it to the probe (c). The probe is then moved to and landed
on a plasma-treated device substrate where the nanowire will preferentially adhere to the surface
(d). (e) Optical images of the same nanowire (marked by red arrow) on the intermediary substrates
and as transferred onto the device substrate under white light (right, top) and UV illumination (right,
bottom). Scale bar is 40 µm. (f)-(i) Optical and fluorescence images of nanowires exemplifying
issues arising during fibre probe transfer, such as breakage by the fibre probe (f), poor adhesion to the
device substrate (g), damage causing localised loss of photoluminescence (h, right-hand nanowire
end) and significant overlapping on the intermediary substrate causing attachment of other nanowire
fragments (i). Scale bar, shown in i) and applicable to images f) through i) is 40 µm.
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underneath them, it is extremely difficult to remove them in this way. An extreme degree of
care must be taken when picking up the nanowires, which is significantly complicated by
vibrations of the tip due to air movement or table vibration; it is common for the nanowires
to be broken in two by the probe, or for structural damage to be induced, resulting in a loss
of PL in these regions. Once the nanowire is positioned on the substrate, even with optimised
surface treatment, the probe must often be used to flatten it onto the surface or it can become
dislodged by spin-coating processes at later fabrication stage.

6.1.2 Morphological and photoluminescence analysis

Whilst studying the physical properties of the nanowires was not a primary objective of
my research in and of itself, it was necessary to characterize them to make more informed
judgements and decisions relating to device fabrication. Aside from optical assessment
of nanowires at the transfer stage, three main methods of analysis were used: scanning
electron microscopy (SEM), atomic force microscopy (AFM) and photoluminescence (PL)
measurements.

An FEI Magellan 400L XHR system was used in secondary electron detection mode to
take SEM images assessing the morphology of the nanowire, primarily assessing the width
and cross-sectional shape along their length. Ideally this would have been carried out on
all device nanowires prior to fabrication, to allow correlation of their geometry with their
optoelectronic properties. However, significant electron beam exposure is documented in the
literature [334] to affect nanowire optoelectronic properties, due to charging based effects and
the creation of accumulation layers or vacancies at the nanowire surface. Instead, a sample of
nanowires were imaged to provide a representative summary of the physical characteristics
for the whole growth batch.

A selection of these images can be seen in Figs. 6.4a-d. To avoid the need for sputtering
the nanowire and surface in Au, a low beam current of 13 pA, at acceleration voltages of 3 -
5 kV, to prevent build up of surface charge. The lack of growth optimisation is evident even
in optical analysis, but elucidated further by the SEM images; the width and cross-sectional
shape (Figs. 6.4a-c) were seen to vary significantly between nanowires, as well as often
along each nanowire itself (Fig. 6.4d). For the majority of nanowires, variation in nanowire
width was continuous and unipolar along the structure, such that the thinnest and thickest
sections of nanowire were located at each end. As shown, the cross-sectional shape ranges
from quasi-cylindrical, to quasi-hexagonal, to rectangular. Whilst the latter of these are often
referred to in the literature as "nanobelts" or "nanoribbons", for simplicity, and considering
that the rectangular cross-sections observed often transition to cylindrical or hexagonal along
the length of the structure, all specimens will still be referred to in this thesis as "nanowires".
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e)

a)

b)

c)

d)

Fig. 6.4 Morphological characterisation of CdSxSe1−x nanowires. (a)-(c) SEM images of six
different nanowires showing the broad range of thicknesses (left to right) and different cross-sections -
cylindrical (a), hexagonal (b) and rectangular nanobelts (c) - seen in nanowires from the same growth
substrate. Scale bar in right panel of a) is 500nm, applying to all images aside from right panel of c),
where scale bar is 1 µm. (d) SEM image of a whole nanowire, with insets showing magnification of
black dashed boxes, demonstrating the change in morphology and thickness along the length of the
wire. Scale bars are 10 µm (main image) and 500 nm (insets).

Note though that this does mean that nanowire width, wnw, and nanowire height hnw are not
necessarily equal, or equivalent to nanowire diameter.

For device fabrication, due to considerations around the thickness of resists used and metal
layers deposited (which will be elaborated on in the next section), it is far more important
to measure hnw rather than wnw, which is not straightforward to assess with SEM even with
a tiltable stage. Therefore, an AFM (Bruker Dimension Icon) was used for topographic
imaging of the nanowires, using Bruker’s proprietary "PeakForce" tapping mode. Here, even
though the AFM is operated in a non-contact technique, the nanowire is liable to attract and
attach to the tip, depending on how thin and how strongly adhered to the substrate it is. It was
found that to lessen the chance of this occurring, the line scanning should be slow (100 mHz)
and orientated as close to perpendicular as possible to the principal nanowire axis. Also
with this in mind, scans of narrow sections were taken at the thickest and thinnest part of the
nanowires (generally near the two ends) rather than mapping the entire length of the structure.
Due to the high aspect ratio of the nanowires, even with such slow scanning the AFM system
struggles to accurately track the nanowire profile when moving down from the nanowire
to the substrate, resulting in an artefact called ‘comet-tailing’. As such measurements of
wnw were often not reliable (as checked against SEM width measurements), though rough
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Fig. 6.5 Morphology distribution across nanowire samples. (a) AFM height profile measurements
of the nanowires in the right hand panels of Fig. 6.4a, b and c, demonstrating their different cross-
sections. (b) Distribution of nanowire lengths (as measured by optical microscope) across a sample
(n = 85) of nanowires selected and transferred for device fabrication. (c) Distribution of the heights
(hnw, as measured by AFM) across the same sample as a), measured at either end of each nanowire.
Columns show all 170 measurements, while red and purple lines are the distribution for the thicker
and thinner ends of each nanowire, respectively. (d) Plot of the heights at the CdS- and CdSe-rich
ends for each nanowire in the sample; dashed line represents nanowires which have uniform thickness
along the length, i.e. hnw(CdS) = hnw(CdSe).

assessment of the cross-sectional shape for larger wires is possible; nanobelt plateaus and
broadly hexagonal and cylindrical shapes can be seen in Fig. 6.5a, corroborating the SEM
images.

Collating the physical characteristics for 85 of the nanowires that were selected, trans-
ferred and used in devices over the duration of my studies, typical distributions of nanowire
length, lnw, and height, hnw can be seen in Figs. 6.5b and c respectively. The mean nanowire
length was µlnw ≈ 86 µm with a standard deviation of σlnw ≈ 31 µm. Note nanowires with
lnw outside of a 50 - 200 µm range were excluded from use in devices (criterion 3 in the
previous section). As seen in the distributions of nanowire height for the CdS (hCdS) and



6.1 Nanowire deposition and characterisation 123

CdSe (hCdSe) rich ends, there was a broad spread of nanowire heights across the sample. For
nanowire heights, taking into account all measurements (both the hCdS and hCdSe datasets),
µhnw ≈ 334 nm with σhnw ≈ 254 nm. A selection bias that should be noted here is that
thinner wires (hnw < 100 nm) were far more difficult to pick up with the fibre probe without
breaking, given their relative fragility and the radii of the probe tip.

A plot of hCdS against hCdSe for each nanowire in the sample set is shown in Fig. 6.5d.
The spread of points away from the hCdS = hCdSe trendline indicates the non-uniformity of
nanowire thickness along the wire, whilst the symmetrical nature of the scatter either side of
this trendline indicates that there was little tendency for either composition end to be thicker
than the other. These results again highlight the failure of the growth process to produce
geometries that are either uniform along each nanowire or consistent between nanowires or
batches. The changes in thickness and cross-section observed along the nanowire lengths
are likely due to poorly controlled local conditions at the substrate during growth, owing to
fluctuations in vapour pressure as the sources are moved through the furnace. The extent and
nature of these changes is likely to be different across the length and width of each growth
substrate; as the sample contains a spread of nanowires transferred from many different
locations from across a growth substrate, this may explain why there is little correlation
between the thickness and the material composition.

PL spectra along the length of the CdSxSe1−x nanowires were mapped using the Renishaw
InVia microspectrometer system (Ar+-ion laser, 457 nm wavelength) at 50× magnification,
corresponding to a focused spot diameter of ∼1 - 2 µm. The central wavelengths for the
measured emission peaks, at measured distance d along a representative nanowire, λc(d)
(where d = 0 corresponds to the CdS-rich end and d = lnw corresponds to the CdSe-rich end),
are plotted in 6.6a. Example PL spectra for three points can be seen in the inset; these have
been normalised to the maximum peak height, though it should be noted there is significant
variation along the nanowire that correlates broadly with the nanowire height (and thus,
generally speaking, the volume of semiconductor) at the measurement point. No spatially
resolved quantitative analysis with respect to the PL efficiency, or to elucidate physical
processes was carried out, as this was not a primary objective of the project, though this,
along with OPTP spectroscopy, could prove useful in future device studies. In assessing
λc(d), a Gaussian fit was used for each peak. The majority of peaks were well fitted by a
Gaussian, though at some locations, dual-component peaks were observed, suggesting the
presence of non-uniform material at that section. Remarkably, considering the variation
in geometry along them, for the sample of nanowires fully mapped (n = 15), all show
strongly linear λc(d), with a continuous and even increase in emission wavelength along
the nanowires, suggesting an even gradient of alloyed material, as shown in the literature
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Fig. 6.6 Photoluminescence measurements of CdSxSe1−x nanowires. (a) Central wavelength for
the emission peaks of PL measurements taken at different points along the length (0 is the CdS end,
lnw = 102 µm is the CdSe end) of a nanowire, shown in PL image 1 beneath and corresponding to
data point 1 in part b). Inset plot shows the PL spectra for selected points as marked in the image. All
measurements made using a 457 nm laser focused with 50× magnification objective lens, spot size
∼1 - 2 µm. (b) Plot showing the total emission wavelength span (that is, λc(lnw)−λc(0)) against the
emission peaks at the CdSe-rich end (position = lnw) for each nanowire in a sample, n = 85, selected
during intermediary substrate scanning after contact transfer. Dashed lines indicate the mean values
for each axis, whilst grey shaded area denotes one standard deviation either side of the mean. PL
images beneath are of nanowires corresponding to the numbered data points in the plot. All scale bars
are 20 µm.

(chapter 4). Once again the selection bias should be noted that nanowires with gradients that
were obviously uneven to the naked eye were not selected for device fabrication (criterion 2
from the previous section). Distributions for λc(0) and λc(lnw) are shown in 6.6b for a wide
sample of nanowires (n = 85) selected as passing criterion 1 - 4 under visual assessment at
the intermediary substrate mapping stage, many of which were used in devices. As can be
seen, even for those nanowires that have passed visual assessment, there is a wide range of
bandgap spans and minimum / maximum wavelengths.

That there are no nanowires with λc(lnw) > 660 nm, when the emission for pure CdSe
should be ∼710 nm, suggests that there may have been a fault during nanowire production
that led to termination of the growth before this material could be incorporated. It is also
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a)

b)

c)

Fig. 6.7 Spatially-resolved transmission electron microscope imaging of a CdSxSe1−x nanowire.
(a) Real-color photoluminescence image of the nanowire on a Transmission electron microscope
(TEM) carbon grid. (b) TEM image of the nanowire. Insets (B1-B7): High-resolution TEM images
and selected-area electron diffraction patterns taken from several representative regions, as marked in
b). (c) Scanning electron microscope (SEM) image of one end of the nanowire.

possible that, at the transfer stage, as the CdSe is the material at the top of the forest, these
sections are being fractured off of the CdS-rich sections, as it is these ends that contact the
intermediary substrate - though it seems unlikely that this would account for the whole of the
50 nm reduction in emission span. Clearly this directly limits the detectable wavelength range
of photodetectors along the nanowire, however, further investigation into, and optimisation
of, the growth process would be needed to rectify this that was not feasible during my study.

Transmission electron microscope (TEM) images were also captured at different locations
along the length of a typical nanowire (Fig. 6.7). These results agree well with those in the
literature, showing highly crystalline material at each point along the nanowire, with minimal
defects and no observable dislocations, despite the alloying process.
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6.2 Depositing nanowire contacts

6.2.1 Challenges surrounding electrode deposition

After transfer, for device fabrication the next stage to address was the definition and deposition
of electrodes - via lithographic patterning - to allow electronic contact to the nanowires.
Here, the variability of nanowire length presents the need to create custom lithographic
patterns on a device-by-device basis, rather than being constrained by a fixed, pre-patterned
mask. Furthermore, to allow the possibility of fabricating denser arrays of electrodes on the
nanowires, to electronically probe them at higher spatial resolution, electrode widths and
thus lithographic resolutions down to and below ∼1 µm are desired. Therefore, despite far
lower throughput than photolithography, electron-beam lithography (EBL) was selected as
evidently the more suitable patterning process. For all EBL processes detailed in this thesis,
a Nanobeam Ltd. "nB1" system was used, with a beam acceleration voltage of 80 kV.

To create device substrates, doped 4" silicon wafers, with 280 nm thermally grown oxide
layers, were first patterned via EBL with a grid of 60 10 × 10 mm2 units. Each unit in this
grid contains alignment markers placed in each corner (a rectangular grid of eight squares,
sides: 20 µm, spaced 200 µm apart) serving as reference points for calibrating the origin of
the EBL write and determining the x-y-z plane of the substrate to negate any tilt. As well as
this an array of markers is patterned on each unit (crosses, width: 3 µm, spaced at 200 µm
apart in x and y directions, simply such that four markers can be seen in the field of view at
50× microscope magnification; these can be seen in nearly all nanowire or device optical
images) with coordinates labelled for each to reference the locations of optical or SEM
images taken of nanowires transferred to the chip at later lithographic or characterisation
stages. Wafers are first cleaned through sonication in IPA and acetone (5 minutes each) before
spin-coating in PMMA 950 A4 resist then baking for ten minutes at 120 ◦C. After patterning
and development, the wafer is metallized with a Ti:Au, 5:40 nm layer via electron-beam
evaporation (Lesker PRO Line PVD 200, typical deposition pressure ∼5 × 10−6 mbar),
followed by lift-off through sonication in acetone then IPA for 10 minutes each. Wafers were
then cleaved by diamond scribe and ruler along the borders of each unit to produce a batch
of 60 10 × 10 mm2 device chips. Nanowires would then be transferred after chips were
further cleaned and treated with plasma to enhance adhesion (as all described in the previous
section).

A number of important issues and considerations were established during fabrication
of early devices during my PhD, surrounding lithographic definition and deposition of
electrodes onto the CdSxSe1−x nanowires. In a typical process, the pattern to be written
was first designed using CAD software (Autodesk AutoCad 2017), defined relative to a
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Fig. 6.8 The electrode deposition process. (a)-(c) Optical images summarising steps in the fab-
rication of an early nanowire test device; the nanowire is transferred to the substrate (a), before
spin-coating in PMMA resist, electron-beam lithographic write of the electrode pattern and devel-
opment (b) and finally metallization and lift-off, leaving the final device (c) - left and right panels
under 390 nm UV illumination and white light. respectively. Scale bar is 25 µm. (d) 3-dimensional
AFM image of a the region uncovered by development in b), illustrating the geometry of the resist
(thickness tr) with respect to the nanowire (height, hnw). Ticks along the x- and y-axis are 5 µm apart,
and 500 nm apart along the z-axis.

map of the already patterned alignment markers, coordinate grid and optical images of the
as-transferred nanowire (shown in Fig. 6.8a). A chosen resist was spin-coated onto the
nanowire device substrate, then the pattern written with EBL, with each features assigned
particular beam doses (measured in µC cm−2). For a fixed developer and development time,
the choice of dose was dependent on the resist used and the thickness it is spun at, the feature
size (meaning that multiple doses must be used for patterns with a large range of feature
sizes), as well as the spatial density of features (due to the exposure proximity effect as
detailed in chapter 5). Methods developed for ‘dose testing’ to establish appropriate doses
for complex device structures will be covered later in more detail in chapter 7. Assuming
dose and development time has been optimised, resist in the written areas is selectively
removed (Fig. 6.8b) through soaking in the developer, exposing the substrate and nanowire
beneath, an example of which is illustrated by the 3-dimensional AFM image in Fig. 6.8d.
A metal layer was then deposited (Fig. 6.8c); for this, three methods were tested and used
during my research - thermal evaporation, electron-beam evaporation, and sputter coating
(all introduced in chapter 5), before use of a solvent to remove the resist and metal layer in
those areas not exposed by the EBL writing.

At this stage, a number of general constraints were established. Firstly the resist height,
tr, must be greater than hnw, or only thin sections of resist are left on top of the nanowire
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which were liable to be removed at the development stage even without direct writing, due
to the proximity effect. Secondly, a general, spoken rule accepted in the field for EBL is
that to allow efficient lift-off, there should be a >3:1 ratio between tr and the thickness of
the metallization layer, tm. Finally, a critically limiting factor was that exposures to acetone
beyond 15 - 20 minutes were observed to dramatically reduce the PL emission intensity of
the nanowires, increasing with the length of time exposed and toward negligible levels for
exposures of 24 hours or longer. Figure 6.9a exemplifies this. Photocurrent in the resultant
devices was correspondingly, and dramatically, reduced; further investigation would be
required to establish the mechanism by which this was occurring. Long, often >12 hour
soaks in lift-off solvent that are used in many nanofabrication processes were therefore not
feasible here. Additionally, whilst sonication is often used to aid lift-off, this was found to
both increase the resistance of final devices and often lead to removal of the nanowire from
the surface. A light syringe was however effective in reducing lift-off time for all deposition
methods by as much as three times, without removing the nanowire from the substrate.

In early devices a 950k A8 (molecular weight and % dilution in anisole respectively)
PMMA resist, spun at 4000 rpm was used. Measured using ellipsometry as well as AFM,
under these conditions, tr ≈ 880 nm. As the resolution of the lithography should decrease
as the tr increases (due to greater scattering of electrons while penetrating a greater volume
of resist), this value was selected as a compromise, keeping tr as low as possible whilst still
larger than almost all of the thicker nanowires transferred.

Figure 6.9b shows SEM images of some typical early devices with Cr:Au electrodes
deposited by thermal evaporation. These illustrate one of the main challenges when depositing
contacts onto nanowires as outlined in chapter 5. Aside from affecting the required tr, the
high aspect ratios of these relatively thick nanowires (with hnw of the majority of nanowires
rising above ∼300 nm) means that the nanowires can "shadow" evaporation methods where
the metal vapour trajectory can be thought of as a straight line (thermal and electron-beam
evaporation). As can be seen, this creates discontinuities in the film adjacent to the nanowire
on the side that is facing away from the evaporation source. Further to this, depending on
horizontal displacement of the source with respect to the substrate (i.e. the angle of the source
vapour trajectory), metal will also be deposited on the sidewalls of the resist that are facing
toward the evaporation source, resulting in the creation of a ‘lip’ that is liable to collapse
during lift-off - see Fig. 6.9c. As the sidewalls are necessarily high due to the requirements
on tr, these lips can be large enough to short contacts that have narrow separations.

Clearly, one way to circumvent the issue of nanowire ‘shadowing’ is to evaporate such a
thick metal layer that tm > hnw. However, given that hnw is regularly >500 nm, aside from
being time-consuming and costly, metallization of such thick layers would require a much
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Fig. 6.9 Characterisation of, and challenges for, metallisation and lift-off. (a) Photoluminescence
images comparing two nanowires before and after electrode lift-off in acetone for 5 minutes (top) and 2
hours (bottom) representative of the effects of lengthy exposures to acetone on the PL intensity. Scale
bar is 20 µm. (b) SEM images of electrodes deposited by thermal evaporation, demonstrating how
the nanowire ‘shadows’ the source vapour, creating discontinuities at the side-walls of the nanowire
on the side facing away from the evaporation source. Inset of main image shows the highlighted
area at a stage tilt of 30◦. Scale bars of left, top right and bottom right images are 5 µm, 200 nm
and 500nm, respectively. (c) Demonstration of the ‘lips’ created when metal is evaporated onto the
side-walls of the resist, which can collapse and short the electrodes as shown. Scale bar is 2 µm. (d)
Typical Ni electrodes deposited by sputter coating. Scale bar is 1 µm. (e) Electrodes deposited on
two different nanowires by an electron-beam evaporation system using a tilted, rotating stage, so as to
sequentially expose all nanowire surfaces to the source vapour evenly. Right-hand image highlights
the lip structures that form as a result of deposition onto the sidewall in this method. Scale bars are
1 µm.

thicker resist than the 950 A8, limiting the resolution of the EBL and further exacerbating the
issue of ‘lip’-formation, creating thick deposits on the sidewalls, significantly complicating
lift-off. Sputter coating was investigated to address the problem of shadowing; as discussed
in chapter 5, the mean free paths of source vapour particles is far shorter in sputter systems,
resulting in a conformal film. Sputtered Ni electrodes (thickness 80 nm) on a nanowire can
be seen in the images of an early test device shown in Fig. 6.9d. The sputter system used
throughout the PhD was a magnetron-based system, produced by Precision Atomics - unless
otherwise stated all sputtering was done with Ar gas, at chamber pressure 3.5 × 10−3 mbar,
after pumping to a base pressure of <5 × 10−6 mbar. The SEM and AFM analysis show
that whilst the sputtering forms a continuous, conformal electrode with no cracks, it also
completely coats the side-wall of the resist, producing very pronounced lip structures at the
electrode edges, with heights only slightly less than tr. For Ni, it was observed that the metal
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layer was malleable enough that even despite side-wall coating, lift-off was remarkably fast
(∼1 - 3 minutes depending on thickness and features). However, for other metals, such as Al,
this conformality resulted in extremely challenging lift-off, as solvent cannot penetrate the
resist through the sidewalls; sections of metallized resist on test devices were still attached
even after a 24 hour acetone soak.

A final electrode deposition method developed was to use the electron-beam evaporation
system, but with a tilted (25◦), rotating (2 rpm) stage. Note that this was only done on the
electron-beam evaporation system as no thermal systems had a tilted stage capability. By
rotating in the plane of the tilted substrate (rather than in the horizontal-plane), all sides of
each feature on the device substrate are orientated to face the evaporation source for equal
time during the evaporation. Thus, a conformal coating around the nanowire sides can be
achieved, as shown in the SEM images of test devices with a Ti:Au (5:120 nm) metal layer in
Fig. 6.9e. As with the sputter coating, this method also coats the resist side-walls, producing
‘lip’ structures after lift-off. However, these are far thinner than those in the sputter-coating,
given that the sidewalls are only directly facing the evaporation source for a fraction of the
total deposition time, and are often removed in the lift-off process.

6.2.2 Developing a process for nanowire embedding

As detailed in chapter 5, one solution for deposition of high resolution structures onto thicker
nanowires is to planarise the surface with a polymer layer, embedding the nanowire, before
exposing its top surface through a plasma etch or use of a solvent [245,246,248,249]; during my
research I sought to develop such a process. In these methods, a primary requirement for
the embedding layer is that it must be highly resistant to physical alteration by any further
fabrication processes (for instance, solvents required for lift-off) serving as a permanent
feature of the device. In test devices, parylene-C was first used, as it is highly inert, robust,
and is known to form pin-hole free layers - recipes for its deposition had also already been
optimised for the work on black phosphorus detailed in chapter 3. AFM imaging of a
typical embedded nanowire in parylene-C are shown in Fig. 6.10a, with corresponding height
profiles in Fig. 6.10b. As can be seen, the coating is almost completely conformal - that is, the
thickness of the embedding layer, temb, on the top and sides of the nanowire (as determined
by AFM) is equal to that on the substrate (as determined by AFM and ellipsometry), even if
temb ≫ hnw. Whilst this is desirable for many applications, such a layer is not suitable for the
embedded structures that were being targeted. This is because - as demonstrated in Fig. 6.10
- etching of the parylene-C layer using the RIE system available (a Diener Femto plasma
system) is sufficiently directional/anisotropic that it removes material on top of the nanowire
at the same rate as that around it. As such, given that the thickness on top of the nanowire
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Fig. 6.10 Unsuitability of parylene-C for nanowire embedding. (a) AFM images (peak force
mapping is shown to better highlight topography) of a nanowire before (top) and after (middle)
coating in a ∼400 nm parylene-C (P-C), and after a ∼15 min N2 etch (bottom). (b) Height profile
measurements corresponding to the dashed lines in a).

is approximately equal to temb, the nanowire will only be revealed once all the material is
removed. In this case it follows that if the nanowire is to be revealed, a planarising (rather
than conformal) layer must be used, such that the height of material above the nanowire is as
close as possible to temb −hnw.

Embedded layers formed of SU-8 photoresist were tested in this regard. Not only is SU-8
highly resistant to any forms of chemical removal once it is cross-linked and cured, as a
negative photoresist (areas exposed to UV become cross-linked), it can be lithographically
patterned, allowing greater flexibility in device production, for instance in revealing sections
of the substrate where the embed layer is not desired (e.g. on top of the pre-patterned
EBL alignment markers). The thinnest commercially available formulation is SU-8 2000.5
(MicroChem) which can spin down to a thickness of around 500 nm. To allow a greater range
of control over temb, to embed thinner wires, as well as to allow testing of layer application
where temb < hnw, dilutions were made up 50% and 25% by mixing SU-8 2000.5 and SU-8
Thinner (MicroChem) at 1:1 and 1:3 ratios, respectively, using a magnetic stirrer for 24 hours.
These layers, as spin-coated onto Si:SiO2, were measured using AFM and ellipsometry to
calibrate the thickness at various spinning speeds, as shown in Fig. 6.11a. It was found that
for the 50% and 25% dilutions, it was essential to spin-coat device chips within the same
day as the plasma treatment for nanowire transfer, or the resist would not wet the substrate
surface. In a typical process, after spin-coating the device substrate, the SU-8 layer was
baked on a hot plate for 1 minute at 95 ◦C. Depending on the desired architecture, a flood or
masked UV exposure was then administered (SUSS MicroTec MJB-4 mask aligner system,
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Fig. 6.11 Nanowire embedding using SU-8 part i). (a) Thickness of spin-coated layers on Si:SiO2,
as measured by ellipsometer, for undiluted and 50% and 25% dilutions of SU-8 2000.5 at varying
angular speed. (b) Etch rate of SU-8 layers under RIE (N2 plasma at 8 × 10−3 mbar) at varying
system power. Inset shows example (for a power of 50 W) ellipsometry measurements of ∆temb
(the etched height of the embed layer relative to un-etched) at varying etch duration, carried out to
determine the rate at each power. (c) Optical microscope image of a nanowire embedded in SU-8,
showing contrast variation where film has aligned to the nanowire when hnw > temb. Scale bar is
40 µm. Yellow highlighted section corresponds to AFM image in Fig. 6.12a.

with a Hg arc lamp) at an intensity of 10 mJ cm−2 for 15 s, before a second bake, of 1 minute
each at 65 ◦C then 95 ◦C. If the film is being patterned (i.e. a masked exposure), development
of non-exposed sections is done in PGMEA for 25 s (duration is non-critical).

To allow precise control in the process of ‘revealing’ the nanowire top surface, etch rates
of the SU-8 layer under different conditions were first calibrated (plots are shown in Fig.
6.11b). This was carried out with two separate RIE systems - the Moorfield Nanoetch and a
Diener Femto plasma system - over the course of my studies due to the failure of the latter
during my third year. N2 gas was used in all etches, to provide a relatively inert plasma
and avoid chemically altering the nanowire surface; in this regard, O2 plasma was found
to completely extinguish any PL emission from the wires. Figure 6.11c shows an optical
microscope image of a nanowire embedded in SU-8.

A typical SU-8 nanowire embedding process, including etching to reveal the surface, is
demonstrated by the AFM images and measurements in Fig. 6.12, taken at each stage: before,
and after, spin-coating, and after the N2 etch. Ellipsometry was used to define the global
thickness (away from the nanowire) of the embedding layer pre- and post-etch, temb and t∗emb,
respectively. To illustrate both scenarios where temb < hnw and temb > hnw, embedding of a
nanowire with a large height gradient is shown, and SU-8 spun such that h−nw < temb < h+nw.
As can be seen, for temb > hnw, the spin-coated surface is essentially planarised, with a small
mound in the film of around 5 - 15 nm above the nanowire; the mound height was observed
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Fig. 6.12 Nanowire embedding using SU-8 part ii). (a) AFM image† (left) and height profiles
(right) corresponding to like-coloured dashed lines, for the section of nanowire highlighted in Fig.
6.11c with a height gradient such that at one end hnw < temb (blue) and at the other hnw > temb (green).
Scale bar is 2 µm. (b) AFM image† (left) of the end of an embedded nanowire (different to that shown
in a) and height plots (right) corresponding to the dashed lines showing profile along its length (green),
at the base-line level of the SU-8 layer (blue) and perpendicularly across the nanowire at its maximum
thickness (magenta) and at a thinner section (teal). Yellow highlighted section corresponds to AFM
images in c). Scale bar is 10 µm. (c) AFM images† for the highlighted section in a), of the nanowire
before SU-8 embedding (top), after spin-coating (2nd top) and after a 120 s, 50 W N2 plasma etch
of the embedding layer (2nd bottom), with a magnified section of the final structure (bottom). Scale
bars for top 3 images and bottom image are 500 nm and 100 nm respectively. (d) Height profile cross
sections corresponding to the respectively coloured dashed lines in c). Main plot shows a zoomed
section at the embedding layer surface while inset shows the whole nanowire relative to the whole
structure relative to the substrate, with embed layer thickness and nanowire height labelled. †In all
AFM images, peak force error mapping is shown to better illustrate topography, whilst cross-sections
correspond to simultaneously mapped height sensor data; images have been cropped therefore arrowed
dashed lines denote cross-sections that extend further than the image boundaries.

as < 15 nm regardless of the nanowire thickness or width, though where temb � hnw, the
mound is negligible.

More notably, for temb < hnw, at close proximity (from 5 µm to 10s of µm, depending on
the magnitude of temb −hnw) to the nanowire the SU-8 layer begins to ‘align’ itself with the
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Fig. 6.13 Embedded nanowire devices. (a) Schematic summarising the fabrication process starting
from a nanowire transferred onto a Si:SiO2 substrate. (b)-(d) SEM images at various magnifications
for a three different embedded devices with thermally evaporated (b) and sputtered contacts (c,d).
The distortions observable in b) around the electrodes are due to the electron beam charging the SU-8
surface. Scale bars are 2 µm (b,c) and 500 nm (d).

top edges of the NW due to surface-tension effects, forming a slope between the nanowire
and resist surface. As an aside, as can be seen, depending on the nanowire cross-section,
the SU-8 will often not wet the nanowire surface well in this scenario, instead leaving small
droplets of resist on the surface. This sloping surface alignment was measured (by AFM)
for embedded nanowires with sections where temb < hnw, even in scenarios where hnw − temb

is as large as 800 nm, and regardless of the size of temb. The effects can be seen even in
optical images, manifesting in interference-based variation in contrast near the nanowire
(Fig. 6.11c). Therefore, by coating in SU-8 whereby temb < hnw along the whole nanowire
length, a short etch process, removing only 15 - 20 nm of SU-8 can be used to reveal all of
the nanowire surface.

In this way, the difference between the nanowire and the immediately adjacent surface
is reduced from 100’s of nm to around 20 nm, regardless of changes in height along the
nanowire. As such, electrodes can be deposited straightforwardly without any issues of
shadowing or cracking at the nanowire edges and without requiring thick metal layers. For
device fabrication the etch was typically carried out after the lithography and development
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step, so that channels between contacts are shielded from the plasma by the EBL resist.
Figure 6.13 shows a schematic illustrating this process, as well as SEM images of some
typical embedded devices, demonstrating the continuity of these electrodes near the nanowire
edge, in contrast with those in the previous section deposited onto bare nanowires.

6.2.3 Embedding alumina-encased nanowires

During my studies, a notable variation developed on these embedded nanowire device
structures was to first encase the nanowire in a passivating layer. The reasoning behind this
was two-fold; firstly, detailed in chapter 4, nanowire properties can be highly sensitive to
their interfacial chemistry. Therefore, the primary aim was that an assessment could be made
to compare the effects of this pre-coating versus a direct SU-8-nanowire interface. Secondly,
as can be seen with the SU-8 embedding, the top-surface of the nanowire is often not wetted
properly by the resist. As such, an ALD layer encasing the nanowire would be able to shield
it from later exposure to acetone during lift-off.

To achieve this, after transfer, Al2O3 was deposited onto the nanowire by atomic layer
deposition (ALD), using a Veeco/CNT Savannah thermal atomic layer deposition system,
using TMA and water precursors, at a deposition temperature of 120 ◦C. As introduced in
chapter 5, these layers are completely conformal, and their thickness can be controlled down
to atomic-level precision - the typical thickness used in these processes was ∼20 nm as
verified by ellipsometry measurements. From this point the embedding process was carried
out with the same steps as for non-encased nanowires, until after EBL-writing, development
and the etching of the SU-8 layer. It was verified that the ALD layer is only negligibly etched
by N2 RIE and as such a solvent-based approach was used to etch through those sections
exposed by development. A TMAH-based developer, AZ726 was found to selectively etch
the Al2O3, without affecting the patterned PMMA resist or the SU-8 layer; ellipsometry
calibration of the etch rate on test layers showed the alumina is removed at ∼3 nm min−1 at
room temperature. Once the ALD layer has been removed, the patterned resist would then be
metallized for lift-off. A schematic illustrating the process is shown in Fig. 6.14a.

A significant issue encountered here was the isotropic nature of the TMAH etch. Whilst
the Al2O3 on top of the nanowire was removed, TMAH would penetrate around the sides of
the NW and remove the casing also, even when the etch height was carefully controlled. This
was observed through AFM mapping of these structures (Fig. 6.14b-d), whereby a sharp
trench can be seen in between the SU-8 surface and the nanowire top-face. SEM images of the
resultant devices show that this produces a marked gap in the electrode deposited. When the
metal deposition was over ∼100 nm, current was often measured across channels, suggesting
that these trenches can been bridged by the electrode. However, given these challenges, and
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a)

c) d)b)

1. ALD coating 2. spin-coat SU8, PMMA 3. lithography, development

4. SU-8 etch (N2 plasma) 5. Al2O3 etch (TMAH) 6. metallisation, lift-off

Fig. 6.14 Embedded, alumina-encased nanowires. (a) Schematic illustrating the different stages
to create embedded structures where the nanowire is first encased in Al2O3. (b)-(d) AFM images
showing such a structure after SU-8 etching, and after alumina etching with TMA for an InAs
nanowire. These illustrate an extreme example of a drawback in this process, whereby for particularly
thin nanowires, due to its isotropic nature, the second etch will penetrate beneath the SU-8 layer and
undercut the Al2O3 layer, up to microns away from the nanowire, even when the rate of the etch is
carefully controlled. Image d) is a magnified section of c), showing the trench (seen as a dark line)
that has formed directly adjacent to the nanowire where the ALD-deposited layer has been removed.
Scale bars are 2 µm for b) and c) and 200 nm for d).

the extra processing steps required in contrast to the relative simplicity of the SU-8-only
embedding method, alumina-encasing was avoided for use in future multi-electrode devices.
Further investigation should be made into anisotropic means of etching the alumina layer to
increase the reliability of such a process.

Summary

Processes to transfer CdSxSe1−x nanowires, and to make electronic contact to them, have
been developed. A contact transfer technique allowed nanowires to be taken from the
growth substrate to an intermediary substrate; the fashioning of an ultra-fine optical fibre
probe allows individual nanowire to then be picked up and transferred to a device substrate.



6.2 Depositing nanowire contacts 137

The inhomogeneity of nanowire PL characteristics (the nature and span of the bandgap
gradient) across the growth sample significantly limited the number of nanowires available
with suitable properties for device fabrication. Topological analysis further demonstrates a
diverse range of nanowire morphologies and thicknesses across the sample. The magnitude
and variability of nanowire heights, as well as the sensitivity of nanowires to long lift-off
times, lead to the development of a bespoke process for embedding these nanowires in a
polymer layer, after conventional electrode deposition processes proved problematic. These
quasi-planarised structures allow straightforward deposition of electrodes using EBL at high
resolution, regardless of nanowire morphology. In the next chapter, I will move on to discuss
the design and characterisation of the specific spectrometer devices central to my thesis,
produced utilising the techniques developed here.





Chapter 7

Nanowire-based devices

Overview

From the review of the literature surrounding filter array spectrometers (section 5.3.2), I
hypothesised that it should be possible for a multi-electrode CdSxSe1−x nanowire device to
function in a fashion analogous to a filter-array spectrometer. By fabricating a number of
parallel electrodes (adjacent electrode pairs are henceforth also referred to as ‘photodetector
units’) along the nanowire, and measuring each one’s characteristic wavelength-dependent
photoresponse, such a device would mirror a system of filter-detector pairs with different
transmission functions. It was proposed that, in theory, it should be possible to reconstruct
the spectrum of an unknown light signal illuminating the device, by cross-referencing the
measured photocurrent with the pre-calibrated response function dataset, provided there is
sufficient spectral information contained within the response functions for that wavelength
range (again, as covered in detail in section 5.3.2). However, as also well documented in the
literature, it is important that a) there be enough detector units to gather a sufficient amount
of spectral information and b) that these units operate with enough stability such that errors
in the measurement are not so significant that they destabilise the reconstruction.

Building on the processes developed in the previous chapter, the next stage was there-
fore to design and fabricate a device with a multi-electrode array architecture, that would
allow the photoresponse to be probed at as many points as possible along the length of the
nanowire. Top-coating embedded nanowires with graphene electrodes was first investigated
in this respect, before the study turned toward the use of metallic electrodes. Beyond that,
the specific conditions surrounding the fabrication were to be optimised to improve those
properties of the devices that are most important with respect to spectral reconstruction, in
particular the stability and the signal to noise ratio (SNR) of each photodetector unit.
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The first section of this chapter will cover the development of graphene-nanowire hybrid
structures, which were initially proposed as a platform on which a multi-electrode array-
based device could be fabricated. This will cover the development and optimisation of
a graphene transfer process, as well as electronic measurement of graphene channels on
etched SU-8 (to test the viability of fabricating devices on this surface) and AFM imaging
of graphene-coated embedded nanowire structures. The second section shall discuss multi-
electrode nanowire devices based around metallic contacts, beginning initially with how the
device architecture was devised within the constraints around measurement and fabrication.
Measurement and subsequent optimisation of the devices shall then be presented, discussing
the addition of extra fabrication steps such as contact treatments and surface passivation,
as well as spatially resolved optoelectronic characterisation along the nanowire, including
the calibration of photodetector unit spectral response functions required for spectrometer
operation. Chemical vapour deposition (CVD) of graphene was carried out by Dr Phillipp
Braeuninger (Department of Engineering, University of Cambridge). The PCB-based control
board shown in section 7.2.3 was constructed by Dr Zongyin Yang in consultation with
myself.

7.1 Graphene-nanowire hybrid devices

7.1.1 Graphene transfer, optimisation and characterisation

Graphene used in this project was grown via CVD onto Cu foil (99.8% purity, 25 µm thick),
using a cold-wall Aixtron Black Magic Pro 4’ plasma-enhanced-CVD reactor. The reactor is
ramped to 1065◦C, and the Cu annealed in a 4:1 Ar:H2 mixture, before injection of methane,
to leave a mixture of 250:26:9 Ar:H2:CH4, for a 45 minute growth stage, followed by cooling
under Ar. In order to deposit this graphene onto substrates for device-fabrication, a modified
wet transfer technique was developed, similar in basic principle to that shown in section 5.1.
Significant optimisation was necessary in order to minimise unwanted physical and electronic
characteristics induced in the final film by the transfer process, notably, contamination by
residual polymer, cracks or tears, wrinkles and unusually high electrostatic doping of the film.
In order to assess the relative significance of different aspects of the process, a number of key
variables were investigated: the type of polymer used for the support scaffold [Poly(bisphenol
A carbonate) (PC) and PMMA], the composition of the Cu-etchant solution [Marbles reagent
(50ml:50ml:10g H2O:HCl:CuSO4) and aqueous ammonium persulfate] the use of rinsing
and cleaning steps in between the etch stage and final deposition, the use of surface treatment
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of the target substrate (using oxygen-plasma), and heating of the polymer-graphene film after
transfer (varying the temperature and duration).

In the final process that I established, PC (Sigma Aldrich) solution is prepared by
dissolution in chloroform at 1.5 weight % by volume, before spin-coating onto the growth
side of the Cu foil at 3000 rpm for 40 s. O2 plasma treatment (30 seconds, 100 W, 0.6 mbar)
is then used to etch the poor quality graphene from the back side of the foil, to prevent it
attaching to the main graphene sheet post-removal of the Cu. The foil is then flattened and
cut into sections of desired size for the target substrate, before floating onto an etchant bath
of aqueous ammonium persulfate (APS) (Sigma Aldrich), concentration 1.2 weight % by
volume. As soon as the Cu is completely etched - typically 7-8 hours - a glass slide is used
to ‘fish’ the graphene-PC film from the solution, by moving it toward the film in a vertical
orientation, simultaneously lifting upward out of the bath. The film is then floated onto a
bath of deionised (DI) water for 10 minutes, before being fished and floated onto another DI
bath a second time, to thoroughly rinse away the etchant solution.

The target substrate - Si:SiO2 used for characterisation - is O2-plasma-treated (Diener
Femto plasma system, 10s, 100W, 0.6 mbar) to increase the wetting of the surface, which
has proved essential for preventing macroscopic wrinkling of the film. However, longer
treatment durations prevent the film adhering to the substrate at all. The graphene-PC film is
then fished out with the substrate, before being left to dry vertically at room temperature for
over 12 hours. The substrate is then heated on a hot-plate at 50◦C for 10 minutes to drive
off any trapped water, before raising the temperature to 200◦C for 5 minutes. This second
stage is included to soften the PC film, ensuring the graphene is allowed to conform to the
substrate beneath. This is crucial to promoting adhesion at the SiO2-graphene interface and
significantly reduces the generation of cracks and tears in the film during removal of the
polymer scaffold and in later fabrication/patterning. Finally, the polymer scaffold is removed
by dissolution in chloroform for 2 hours, followed by degreasing in acetone, then isopropyl
alcohol (IPA) and dried with N2.

Optical and physical characterisation of deposited films was carried out to analyse the
effects of varying different parameters in the transfer process. Optical microscopy was
used for initial assessment, to examine the graphene sheet on the micrometer scale, for
larger cracks, tears and wrinkles, as well as significant contamination by polymer residues.
AFM was then employed for further, more detailed analysis of surface contaminants and the
physical integrity of the film, able to reveal wrinkles, tears and residual polymer at dimensions
and contrast that cannot be resolved using optical microscopy. This imaging was carried out
using the same system and imaging mode as in previous chapters (Bruker Dimension Icon
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c)

8 nm
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Fig. 7.1 Transferred CVD graphene characterisation. Representative optical images of CVD
graphene films transferred from Cu to silicon using (a) a PC scaffold with marbles reagent etchant,
showing significant ∼10 micron-scale contamination and tears (scale bar = 40 µm), (b) a PMMA
scaffold and APS etchant, showing higher structural integrity, but still with dense coverage of smaller,
particulate polymer residues (scale bar = 20 µm) and (c) a PC scaffold and APS etchant, showing
negligible contamination via optical scan (scale bar = 40 µm). Figures (d), (e) and (f) are AFM scans
corresponding to typical films transferred using the same methods as the optical scans above each
respective image (though not taken from the same sample area). All AFM scale bars are 5 µm.

AFM, with a silicon nitride tip, operating in ScanAsystT M mode, an automated, peak-force
tapping-mode).

This analysis of the physical properties of the films can be seen in typical optical and
AFM images of CVD graphene sheets, transferred using different processes, in Fig. 7.1.
With respect to the presence of contaminants, in the form of residual polymer, the two
most dominant factors are the etchant and polymer scaffold material used. Using marbles
reagent to remove the Cu results in films with significant, micron-scale patches of residual
polymer, as well as a larger quantity of cracks and tears, as can be seen in Figs. 7.1a and
7.1d, regardless of the polymer used. This would suggest that the etchant can cause chemical
modification of the scaffold, making it tougher to remove. With regards to the polymer
scaffold, optical and AFM analysis revealed that use of a PC layer facilitates a far cleaner
transfer over PMMA, as can be seen through comparison of Figs. 7.1b and 7.1e (PMMA)
with 7.1c and 7.1f (PC). The physical quality of these films, through comparison with other
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Fig. 7.2 Raman spectroscopy of transferred CVD graphene. (a)Raman spectra representative of a
graphene film transferred using APS etchant and a PC scaffold (black) and a heavily contaminated
sample, transferred using a marbles reagent etchant and PMMA scaffold (red), normalised to intensity
of the G peak. (b) Raman spectra of graphene films exposed to a cleaning solution (DI-water, H2O2
and HCl, mixed in a ratio of 20:1:1) during transfer, showing significant electrostatic doping, with a
typical (red) and extreme case (green), in comparison to that transferred without this step (black). 2D
to G intensity ratios are noted for each spectrum.

AFM images in the literature [227,231], is typical of CVD-graphene transferred using wet
processes.

Finally, Raman spectroscopy was used in order to characterise transferred films with
respect to the introduction of defects or any chemical modification induced in the graphene
lattice during the transfer process, as well as to provide information relating to the electrostatic
doping of the sample, as introduced in chapter 2, and well detailed in the literature [108].
These measurements are carried out using a Renishaw InVia microspectrometer system, at
an excitation wavelength of 514 nm from an Ar+-ion laser. Spectra are acquired at room
temperature in a backscattering geometry, with a spot size of ∼1 µm2 and laser power of
∼ 0.05mW to avoid damaging the sample.

A comparison of representative Raman spectra for both heavily contaminated and clean
graphene films transferred using initial and optimised processes respectively, can be seen in
Fig. 7.2a. The spectra corresponding to the optimised transfer is typical of high quality, post-
transfer CVD graphene in the literature, [77,83], usually with a very low (I(D)/I(G) < 0.15)
or negligible D-peak; the feature which is most sensitive to defects in the graphene lattice
and external contaminants [108]. This is in contrast to typical, heavily contaminated samples,
where broad D-peaks of significant intensity are observed, with I(D)/I(G) ∼ 0.3 or above.

A notable finding revealed from the Raman analysis is that the inclusion of a cleaning
stage after the first DI-water rinsing step - whereby the graphene-polymer film is floated
onto a bath of DI-water, hydrogen peroxide and hydrochloric acid, mixed in a ratio of 20:1:1
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- has a significant impact on the electrostatic doping of the final film. The I(2D)/I(G)

ratio in graphene Raman spectra can be used to probe the concentration of dopants in the
sheet [108]. Neutral and lowly-doped samples typically have I(2D)/I(G) ∼2 - 3.3, however
heavily doped films will have ratios down between 1.5 - 0.5 [105]. This is due to suppression
of the 2D peak, on filling of the conduction band at energies above that of the exciting
radiation [108]. Typical I(2D)/I(G) values are between 0.5 and 1.5 for graphene transferred
with an additional cleaning stage (as can be seen in the representative spectra in figure 7.2b),
indicative of significant doping induced by species deriving from the HCl or H2O2 in the
cleaning solution.

7.1.2 Graphene-top-coated embedded nanowires

As an initial step toward constructing a hybrid device system, the electronic properties of
CVD graphene transferred onto etched SU-8 were first assessed. As can be seen in profiles
of etched SU-8 and Parylene-C in the previous chapter, etching by RIE is inhomogeneous
and causes a notable increase in the layer’s surface roughness. Therefore, it was feared this
would be significantly detrimental to electronic transport in the graphene layer, which is
highly sensitive to the interfaces it forms with other materials, as discussed in chapter 2.
It was also necessary to determine whether the graphene would adhere sufficiently to this
rough SU-8 layer, or if it would become detached or torn during resist removal after the two
lithographic patterning steps required (etching graphene and depositing contacts) - this is
seen even on Si:SiO2 when, for instance, unsuitable photoresists or development / lift-off
solvents are used.

After transfer using the technique developed in the previous section, a mask was patterned
by EBL in a PMMA resist, before development to expose the sections which are to be etched,
as shown in Fig. 7.3a. A 5 µm wide channel was left covered by PMMA whilst regions for
metal contact pads to be deposited are established, removing the graphene in these areas
such that they do not short. The same O2 plasma etch as used in the previous section (to
remove graphene from the back-side of Cu foil) was then applied to remove the exposed
graphene. A second lithography step was then carried out to pattern and deposit contacts onto
the graphene channel. After development, but before metallisation, the layer was bombarded
with a very low power Ar plasma (Moorfield nanoetch RIE, 0.5 W, 20 s, 7.5 × 10−3 mbar)
to create defects in the graphene layer under the electrode, which has been shown to lower
the contact resistance [335]. Sputter-coating was then used to deposit Ni:Al contacts at a
thickness of 15:105 nm (Fig. 7.3b), as following a recipe used in reference 336. Lift-off
of these layers in acetone proved problematic and requires further optimisation, failing in
cases of electrodes with narrow separations, as can be seen in the inset of Fig. 7.3b. The
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Fig. 7.3 Toward a graphene-nanowire hybrid device platform. (a)-(c) Initial electronic testing
of graphene channels on etched SU-8. a) After transfer of graphene, a PMMA mask for graphene
patterning is written by EBL and developed - purple area is exposed graphene on SU-8, green is
PMMA. Scale bar is 200 µm. (b) After plasma etching of graphene and removal of the PMMA mask,
Ni:Al contacts are deposited along the graphene channel. with increasing separation. Note lift-off has
failed on the last electrode pair. Inset shows a zoomed image of the graphene channel. Scale bars
are 200 µm and 20 µm. c) Electronic characterisation between each working electrode pair of the
image in b) - inset shows measurement of the contact resistance (CR ≈ 600 Ω) by the transmission line
method. (d)-(e) Schematic of a potential final device with graphene channels running perpendicularly
across the nanowire, so as to achieve wavelength-dependent photogating of each channel. (f)-(i)
Graphene/embedded-nanowire hybrid structure, before patterning. f) Optical images under white
(left) and UV (right) illumination of the initial nanowire first encased in ALD and then embedded in
SU-8. g) After etching to reveal the nanowire top surface, a discontinuous graphene film is transferred,
visible here under UV illumination. Scale bar in all optical images is 40 µm. h) AFM height profile
imaging of the graphene on nanowire structure, featuring a tear in the film so areas with and without
graphene can be measured - inset shows the AFM cantilever and area of the nanowire being scanned.
Scale bar is 1 µm. i) Cross-sections corresponding to the like-coloured dashed lines in h).

electrodes deposited in these test devices were arranged so as to assess both the resistance
of the channel as well as the resistance of the contacts, using the transmission line method
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(TLM). Electrodes are positioned at increasing separation (4 to 14 µm, in increments of
2 µm) along the graphene channel, and measured using a probe-station, as shown in Fig.
7.3c. By TLM, contact resistance was read from the y-intercept at around ∼600 Ω, which is
comparable with that seen for top-contacted devices in ref. 336. Resistances for the same
channel lengths and widths are actually around 5× lower than seen in ref. 336 (∼2.3 kΩ vs
11 kΩ for a 6 µm long and 5 µm wide channel). One potential reason for this is that the
graphene in the channel is of higher quality, with fewer grain boundaries than that in ref. 336.
Given that the CVD processes developed by the Hofmann group are capable of grain sizes of
around 50 - 100 µm, it is probable that there are no grain boundaries whatsoever in such a
small channel. However, this does suggest that placement and fabrication on top of a rough
SU-8 substrate does not dramatically impede charge transport. Transport characteristics,
measured through back-gated FETs, would be required for a more in-depth comparison of the
mobility in these films with those in the literature, or control samples, on Si:SiO2 substrates.

Once the viability of graphene interfaced onto SU-8 was established, a design for a
device was produced, a schematic of which can be seen in Figs. 7.3d and e. This involved
transferring graphene onto the top-face of an embedded nanowire structure, before patterning
of channels and deposition of contacts. The concept behind this design was that during
illumination, the graphene channels would undergo wavelength-dependent photogating -
changes in electrostatic doping of the graphene layer - depending on their location along the
nanowire and corresponding to photoexcitation of carriers in the particular semiconductor
material beneath. Due to graphene’s sensitivity, photogating architectures can produce
ultrahigh photogain, as detailed in chapter 2, and demonstrated in particular in ref. 48 - which
could be far higher than simply depositing metal electrodes alone onto the nanowire.

Alumina-encased CdSxSe1−x nanowires were embedded in SU-8, as detailed in section
6.2.3. The top surfaces of the nanowires were revealed by N2 plasma and AZ726 etches,
before a layer of CVD graphene was transferred over the top, using the PC-based method
detailed in the previous section. The time used for post-transfer dissolution of the PC layer in
chloroform was kept to only 15 minutes, due to concern about the aforementioned sensitivity
of the nanowire to solvents. However, perhaps through protection from both the embedding
and graphene layers, intensity of photoluminescent emission was retained, as shown in the
images of a typical structure before and after graphene transfer in Figs. 7.3f and g. As can
be observed in the sample in Fig. 7.3g, a discontinuous graphene film was used for some
nanowires (where growth has been terminated such that grains have not merged together),
to allow comparative imaging of those areas covered by graphene or not. A scan of the
graphene-nanowire hybrid structure from Figs. 7.3f and g, post-transfer but pre-patterning, is
shown in Fig. 7.3h. Here, the trench adjacent to the nanowire formed from the etching of the
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ALD layer (see section 6.2.3) demonstrates where the wire is covered in graphene - as can
be seen from the height profile where the trench is covered and not covered. This imaging
demonstrated that graphene was robust enough to reliably coat these embedded nanowire
structures without tearing or structural damage at the top face of the nanowire.

The lift-off in this batch of devices failed due to an unforeseen problem with the EBL
system, and due to time constraints, no further batches could be fabricated. As such, no
observation of photogating in these structures was possible, though the device platform has
been developed to the stage where fabrication should now be straightforward. Proposals for
further work in this area are detailed in the final chapter of this thesis.

7.2 Multi-electrode CdSxSe1−x nanowire device design and
development

7.2.1 Device architecture and lithography dose testing

From references 322 and 327, it was clear that for a multielectrode nanowire device to
function as a spectrometer, as much varied spectral data as possible should be gathered at
the response function calibration stage, that is, n, the number of electrode pairs, needs to be
‘sufficiently’ high. At the outset of the investigation, it was unknown what a ‘sufficient’ n - or
in other words, the minimum number of units - would be to produce a spectral reconstruction
with a viable level of accuracy for potential commercial application. As such, I sought
initially to create a multielectrode device with the maximum number of photodetector units
that could be fabricated and measured within the practical constraints of the methods and
equipment available to us. The primary considerations in this respect were how to measure
a large number of electrode units in a workable timeframe and at what resolution and thus
spatial density an array could be deposited through EBL, given the issues with lift-off
discussed in the previous section.

Addressing the first of these points, it was decided that if each electrode pair had to
be measured using a probe-station - where contact tips must be moved and landed onto a
new electrode for each measurement - the measurement time would be far too long to make
efficient progress in testing the device. Therefore, a device architecture was designed to
allow wire-bonding to a chip carrier for integration into a PCB-based setup (although probe
station measurements were still also used for initial characterisations). After patterning of
the EBL alignment and locational markers onto the device substrate (as described in the
previous chapter), 0.3 × 0.3 mm2 pads (large enough to allow easier wire-bonding) were
also deposited around the perimeter of the substrate, as shown in the CAD schematic in Fig.
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e) f)

Fig. 7.4 Multielectrode device layout and fabrication stages. (a) CAD design of the initial
10 × 10 mm2 device substrate, before nanowire transfer, showing EBL alignment (corner sections)
and locational (central grid) markers (blue) and pre-patterned wire-bonding pads (purple). Inset shows
a zoom on four different adjacent locational markers, with the space in-between removed. (b) CAD
design with overlaid optical microscope images, aligned to the locational markers, showing a substrate
with a nanowire transferred to the centre, subsequently coated in SU-8 which has been patterned
to a 4.5 × 4.5 µm2 square, leaving the pads and alignment markers uncovered. (c) CAD design of
EBL patterning for the device electrode deposition stage - colours show sections with different EBL
doses applied. Note electrodes (red) extend over the SU-8 region so as to make contact with the
wire-bonding pads (purple). (d) A zoomed in section of c), showing the fine-detail of the electrode
array design as it converges to contact the nanowire. Distance between locational markers (blue)
is 200 µm. (e)-(f) Optical images of the final device after deposition of Cr:Au electrodes, under
white-light (e) and UV (f) illumination.
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7.4a. This was pre-patterned onto batches of device chips before any nanowire transfer, as
the feature sizes are so large that to write them into PMMA by EBL, in the same step as the
fine features at the nanowire interface, would take many hours per chip.

Ordinarily, photolithography would provide satisfactory resolution for this task. However,
to avoid expenditure on production of a photolithography mask, a different EBL recipe was
used, detailed in ref. 337. This process uses UV1116 (50% dilute) photoresist to allow
around 20× lower exposure doses, and thus 20× faster write-time, than PMMA, enabling a
batch of 15 chips to be patterned in around an hour. Ti:Au gold contacts were evaporated at a
high thickness (10:180 nm), to make them more robust for wire-bonding. Here, a maximum
number of 44 pads (and thus a maximum n) was dictated by the chip carriers available, which
were 44 pin (11 on each side) arrangements. We did not reach the stage in this study where
a greater number of electrodes warranted testing, though this would be straightforward to
achieve in this respect, simply requiring a chip carrier with more pins, and possibly a larger
substrate to allow more pads.

From this stage onward nanowires were transferred to the substrate as described in the
previous chapter. For embedded devices, after measurement of the nanowire height (and
in the case of alumina-encapsulated devices, after ALD), SU-8 was then spin-coated at a
thickness less than this. The SU-8 was then patterned into a square with sides measuring
∼4.5 mm (Fig. 7.4b) using the MJB-4 mask aligner (section 6.2.2), to leave the central
region around the nanowire coated, but the pads and the alignment markers exposed for
wire-bonding and further EBL steps respectively. A pattern was then drawn in AutoCAD
and patterned by a second EBL step, to connect the pre-deposited wire-bonding pads with an
electrode array on top of the nanowire (Figs. 7.4c and d) before metallization to leave the final
device (Figs. 7.4e and f). Given the lengths of the nanowires (∼50 - 150 µm), to fabricate up
to the maximum number of electrodes allowed by the chip carriers (44) required an array
pitch of ∼1 - 3 µm, and thus, electrode widths and spacings down to ∼500 nm. At these
length-scales, it is impossible to assess the progression of development in the electrodes by
optical microscope and early device fabrication attempts, using EBL dose recipes developed
by others within the department of engineering, resulted in unsuccessful or very lengthy
(>4 hour) lift-off. As such, methods of ‘dose testing’ were investigated, to ascertain the
appropriate EBL doses for a particular feature size.

Initial dose testing involved assessing the resist sidewall profile for varied channel widths
and separation using different resists (PMMA 495 A4 and A8, 950 A4 and A8), developers
(MIBK:IPA 1:3, DI:IPA 7:3) and development conditions (at room temperature and in an ice
bath). This was done by writing and developing channels in the resist across the length of a
Si:SiO2, before cleaving it perpendicular to the channels and placing it vertically at a 90◦
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orientation to the SEM stage. Typical SEM images of this process can be seen in Fig. 7.5a-c.
For the same resist and development conditions, it can be seen that under-exposure (Fig.
7.5a) results in a positively sloped resist sidewall at the channel, whilst optimal exposure
(Fig. 7.5b) produces a slightly negative sidewall (due to spreading of the electron beam as it
enters the resist). The former will result in metal coating the sidewalls as well as the substrate
beneath, producing a continuous metal film with no location for solvent to penetrate. In the
latter case, the negative profile ensures that for anisotropic evaporation methods, metal is not
deposited onto the sidewall and as such solvent can penetrate into the resist layer to enable
lift-off. The case shown in Fig. 7.5c illustrates the proximity effect as these channels are
brought closer together - the channels in this image were written to have equal width and
spacing, but it can be seen that the spacing is far narrower. Electrons delivered to each feature
are scattered to those nearby, resulting in over-exposure and thus widening of each channel.
Given the photocurrent is dependent on the area of nanowire exposed, it is important to have
fine control of electrode pair separation, even without consideration of the ease of lift-off.

Whilst such imaging was informative in and of itself, imaging of the sidewalls alone
was not sufficient to predict the doses for which patterns would lift-off most efficiently;
sidewalls with similar profiles would often produce quite different results after metallisation.
Furthermore, the electron beam in the SEM would actually tend to ‘melt’ the resist, allowing
only a relatively short window to capture images. A far more robust method of dose testing
was therefore devised, whereby a dummy run of the entire electrode deposition process,
including patterning and metallisation, was carried out and the final features assessed by
SEM, rather than assessing the resist at an interim stage. In this method, a 5 × 5 grid
with repeated units of the desired multi-electrode array design would be patterned on the
dummy chip with an incrementally increasing exposure dose along each row of the grid in a
serpentine pattern. In this way, 25 different doses are tested for the same device pattern, with
a fixed resist (most commonly PMMA 950 A8), development conditions (most commonly
room temperature, 1 minute, 3:7 deionised water:IPA mixture), and lift-off conditions (10
minutes, acetone, light agitation by syringe) to assess the optimal exposure dose. In the
dummy chips, all other conditions are also kept the same as those intended for the actual
device - for instance, the presence of an SU-8 embedding layer or the use of a plasma etch or
contact treatment step - so as to control for these factors.

Optical microscope and SEM imaging of this dose testing methodology is shown in Figs.
7.5d-l. It should be noted here that another consideration is the proximity effect, which
means that the features in the most densely packed regions of the array (i.e. the centre) are
most liable to become over-exposed (as can be seen in Figs. 7.5f and h). As such, design of
the pattern must make adjustments to compensate for this, applying different doses to those
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a) b) c)

d) e) f) g) h)

680 nm

i) j)

k)

l)770 nm

620 nm

830 nm

Fig. 7.5 EBL dose testing for the electrode array. (a)-(c) Cross-sectional SEM imaging of channels
patterned by EBL into a 300 nm thick PMMA film demonstrating the side-wall profile in under-
exposed (a) and optimally exposed channels (b), as well as the proximity effect as channels are
patterned with lower separation: the channels in c) were written to be the same width as the separation.
Scale bars are 1 µm (a and b) and 500 nm (c). (d)-(f) Optical microscope imaging of EBL-patterned
PMMA (950 A8, spun at 4k rpm onto Si:SiO2) films after the same development conditions (1 min,
3:7 deionised water:IPA), written with doses of 40 µC cm−2 (d), 60 µC cm−2 (e), 60 µC cm−2 (f),
resulting in under-exposure, optimal exposure and over-exposure respectively. (g)-(h) Metallisation
and lift-off for the patterned films in e) and f), respectively. Scale bar for d)-h) shown in d), is 100 µm.
(i)-(l) SEM imaging for metallized/lifted-off electrode arrays patterned with different exposure doses
under the same resist and development conditions as in d)-h), showing those produced after under-
exposure i), with optimal exposure j), slight over-exposure k), and significant over-exposure l). Right
hand panels of j) and k) show magnified sections of the left-hand panels. All scale bars for all main
images are 10 µm, and 500 nm for magnified images.

regions, as can be seen in the CAD schematic in Fig. 7.4d, where the colour of the region
indicates the application of different doses. As a result of this dose testing process, it was
possible to fabricate arrays of up to the maximum of 44 electrodes allowed by the chip carrier,
with a width and spacing down to 400 nm with both thermally evaporated, electron-beam
evaporated and sputtered metal layers, within the required lift-off timeframe of < 20 minutes.

7.2.2 Preliminary device measurements

Initial electronic characterisation of these multi-electrode arrays was carried out using a
probe-station (Cascade Microtech coupled with an Agilent Technologies sourcemeter and
analyser) equipped with three probe tips. As a rough, preliminary test of the photoresponse
of these devices, measurements were made in the dark and under illumination by the probe-
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station (white LED) lamp. The lamp was measured using a conventional microspectrometer
and power-meter (Thorlabs) to have an intensity at the substrate of ∼400 µW cm−2, and an
even emission spectrum across the nanowire response range, with a slight, broad peak in
the ∼600 nm region. Figure 7.6a shows typical results of this characterisation, as measured
for electrode pairings on bare CdSxSe1−x nanowires with Cr:Au contacts deposited, without
any extra processing steps. The behaviour of these devices varies considerably regardless
of the positioning of these electrodes along the nanowire (though the magnitude of the
photocurrent varies, as will be discussed later). I-V curves characteristic of the formation of
back-to-back Ohmic contacts, back-to-back Schottky barrier contacts, and electrode pairings
Schottky-barrier contacts were all observed. The unpredictable nature of nanowire contacts
is well reported in the literature, as detailed in section 5.2. Also introduced in chapter 5,
treatment of the contact interface after lithography and development, immediately prior to
metallisation, was investigated to try to devise a process that produced uniform characteristics
across a typical sample of nanowire devices. Experimentation with the contact material
was also carried out, to assess the effects of different work functions. A variety of different
treatments were tested, including HCl acid etch, O2 plasma as well as a range of electrode
materials, including Ti, W, ITO (Indium tin oxide), Al and In.

Here, the most significant results were gathered through use of a N2 plasma exposure
(Moorfield nanoetch RIE, 5 W, 120 s, 7.5 × 10−3 mbar) and soaking samples in an ammonium
sulfide (NH4)2S (1:10 solution diluted in deionised water) etch for 10 minutes at 40◦C, pre-
contact deposition. Corresponding I-V curves are shown in Figs. 7.6b-d. These treatments,
coupled with Cr:Au (similar results were also achieved using In:Au) electrodes deposited
by electron-beam evaporation, produced contacts with ohmic behaviour in around 70%
of photodetector units. The magnitude of photocurrent seen using the surface treatments
was usually over 2 - 3× higher than those without, indicating a reduced contact resistance.
Meanwhile, use of sputtered Ni electrodes saw more reliable production of Schottky barrier
behaviour in measured I-V curves.

However, though some degree of control was attained here, fabrication of devices ex-
hibiting a consistently predictable contact behaviour was not achieved. A far more thorough
analysis, controlling for factors such as the precise nanowire composition, morphology would
be required to elucidate the interfacial chemistry in a quantitative manner and inform further
optimisation. Kelvin probe force microscopy (KPFM) was carried out to try and characterise
the work function of the nanowire surface to match with that of the contact metal, but no
conclusive results were gathered; data were inconsistent from sample to sample despite
similar PL emission indicating like compositions. Due to time constraints on the project,
once stable contacts with sufficiently high signal to noise ratios had been achieved using these
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Fig. 7.6 Varying the conditions at the contact interface. I-V curves measured by probe-station,
of a bias between electrode pairs deposited onto CdSxSe1−x nanowires using different metals and
surface treatments. Electrodes and channel widths maintained as constant. (a) A range of different be-
haviours all seen for Cr:Au contacts without any surface treatment, representative of systems whereby
two Ohmic contacts (left), one Schottky-barrier and one Ohmic (middle) and two Schottky-barrier
contacts (right) have formed, respectively. (b)-(d) Behaviours commonly observed when depositing
combinations of (sputtered) Ni and (electron-beam evaporated) Cr:Au electrodes, immediately after
treating the contact interface with nitrogen plasma and an ammonium sulfide (NH4)2S (1:10 solution
diluted in deionised water) etch for 10 minutes at 40◦C.

treatments, no further optimisation was carried out with respect to controlling the contact
behaviour.

Field effect measurements were also made to assess the transport characteristics for
photodetector units at different positions along the length of these nanowires. This was
carried out by directly contacting the Si base of the Si:SiO2 substrate with a third probe tip
to allow application of a backgate bias. For a fixed electrode width and spacing (typically
each around 1 µm), the magnitude of photocurrent measured along these nanowires was seen
to increase significantly from the CdS to the CdSe end, ranging from 10s of nA, to on the
order of ∼1 - 5 µA respectively for a source-drain bias of 500 mV, corresponding to channel
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Fig. 7.7 FET transport characteristics along the length of a CdSxSe1−x nanowire. (a) Source-
drain current against bias under white (LED) light illumination (solid lines) and in the dark (dashed
lines), without any backgate, for three different photodetector units positioned along the multi-
electrode nanowire array shown in the inset of b); locations indicated by the inset images - numbering
begins from CdS-rich end. (b) Source-drain current as a function of a back gate voltage applied to the
Si substrate (300 nm SiO2 dielectric) for the three units shown in a), under white (LED) illumination
(solid lines) and in the dark (dashed lines).

resistances ranging from 50 MΩ to ∼100 kΩ . This can be seen in the I-V curves in Fig.
7.7a, typical of quasi-Ohmic contacts onto sections with ∼540, 580 and 600 nm PL emission
(left, middle and right respectively).

Trans-characteristics, showing the source-drain current with respect to variable backgate
bias can be seen in Fig. 7.7b, for the same device and units as in Fig. 7.7a. These demonstrate
typical semiconductor nanowire FET characteristics for each unit, whereby the conduction of
the channel can be switched from an Ion to an Io f f state, by shifting the Fermi level through
tuning of the backgate bias. As covered in chapter 5, illumination induces photogeneration
of electron-hole pairs, increasing the free carrier density, shifting the I −Vg curve in the
negative direction, with a corresponding increase in conductivity. However, these results also
show that the Fermi level of the channels gradually decreases along the nanowire toward
the CdS-rich end, observable in a gradual negative shift of the I −Vg curve, explaining the
difference in the photocurrent magnitude along the wire. A possible explanation here is the
stepwise band structure seen along the length of the nanowires, due to the gradual decreasing
bandgap from the CdSe to CdS ends of the nanowire, as explained in the literature review in
chapter 4.

The literature around filter array spectrometers (section 5.3.2) suggests that the magnitude
of measurement errors is one of the key factors affecting the accuracy of spectral reconstruc-
tions. In this respect, it is crucial to have a high degree of consistency between repeated, like
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Fig. 7.8 Al2O3 passivation of CdSxSe1−x nanowire devices. (a) Optical microscope images at 5×
and 50× magnification of the multi-electrode device measured in this figure, showing Al2O3 deposited
by ALD onto the whole device except the contact pads. Scale bar of main image is 500 µm, inset
image 50 µm. (b)-(c) Source-drain I-V curves for photodetector unit 8 (b) and 34 (c), locations of
which are labelled in a), before and after passivation by ALD, under white LED illumination and in
the dark. (d)-(e) Dark (teal) and light (white LED illumination, purple) current, photocurrent (green)
and signal to noise ratio (black) measured at 500 mV bias for 10 different photodetectors along the
length of the device in a), before (d) and after (e) coating with Al2O3.
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measurements (that is, with the same illumination and bias conditions) conducted on the
same photodetector unit. Thus, to reduce the sensitivity of the nanowire photodetectors to
their environment, passivation by atomic layer deposition (ALD) of Al2O3 over the device
was investigated. ALD layers were patterned using photolithography such that the SU-8 and
nanowire sections are coated but the contact pads were exposed, as shown in Fig. 7.8a.

Figures 7.8b and c demonstrate the effect of this passivation in the I-V characteristics of
representative units at the CdS and CdSe end of the nanowire respectively. The current for
the same illumination is dramatically increased by this surface passivation, by as much as
two orders of magnitude for the CdS end, while more modest enhancement of around 2 to 5×
is typically seen at the CdSe end. A potential explanation here is that without passivation, (as
detailed in chapter 5 of the literature review) adsorbed gases at the bare nanowire surface
create a carrier depletion region, restricting transport through the nanowire to a narrower
cross-section. However, as can be seen in Figs. 7.8d and e, the signal to noise ratio, defined
as (Ilight − Idark)/Idark, is dramatically reduced by the passivation - that is, the dark current is
much larger relative to the photocurrent. This correlates well with results in the literature for
CdS nanowire photoconductors, introduced in chapter 5, which suggest that the photogain in
these devices is enhanced, or even primarily mediated through the reversible chemisorption
of oxygen at the surface under illumination. The photogain is thus reduced once the devices
are passivated.

The stability of the measurements, though, is significantly increased by ALD passivation,
as can be observed through the coefficient of variation for photocurrent measurements (Fig.
7.9a), defined as the ratio of the standard deviation to the mean. For a series of ten repeated
measurements on the same photodetector unit, the coefficient of variation is reduced from 5%
before Al2O3 deposition, to 2% after. For the purposes of the spectrometer, the stability of
measurement is a more dominant factor in determining the accuracy of spectral reconstruction
as introduced in section 5.3.2. Thus this drawback - a reduction in photogain - may be offset.

Final measurements with the probe-station were directed toward assessing an appropriate
bias to use for further measurement of the devices, shown in Fig. 7.9b. These demonstrated
that for both non-ohmic and ohmic contacts, a bias of around 0.5 V provides a balance
between attaining a high photocurrent (to increase the ratio of signal to the system noise
level), whilst maintaining a stable device - above this value the coefficient of variation begins
to increase significantly, potentially due to thermal effects, owing to joule heating of the
channel.
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Fig. 7.9 Effect of ALD passivation and bias on measurement stability. (a) Photocurrent recorded
for 10 repeat measurements of the same photodetector unit at 500 mV source-drain bias, before
(teal) and after (purple) ALD passivation, with coefficients of variation for each set labelled. (b)
The coefficient of variation seen over 10 repeated photocurrent measurements for ohmically and
non-ohmically (where a Schottky barrier is observed) contacted CdSxSe1−x photodetectors without
alumina passivation, denoted by the purple and teal lines respectively.

7.2.3 Optoelectronic characterisation

To carry out more thorough optoelectronic analysis of the multi-electrode devices, a custom
setup was constructed to allow both wavelength- and power-dependent photoresponse mea-
surement; this apparatus is shown in fig. 7.10. A Xe-arc lamp was used as the light source,
coupled with a programmable grating, allowing wavelength tunability. As this was a lamp
rather than a laser-based source, the FWHM of light produced by this setup was ∼2 nm. An
adjustable attenuator allowed variation of the intensity of light, which was focused through a
lens into an optical fibre allowing direction and delivery of light to the spectrometer chip. A
diffuser at the output end of the fibre ensures a uniform light distribution across the centre
of the chip, whilst a motorized power meter was programmed to temporarily intercept the
beam path prior to each measurement, to read the total signal power. As touched upon in
section 7.2.1, to allow rapid measurement of all electrode pairings in each device, without
need for adjustment of electronic connections, contact pads were wire-bonded to a packaged
chip carrier. The chip carrier was then inserted into a connection interface coupled to a PCB.
This control board, in turn attached to a sourcemeter (Kiethley Instruments) features a series
of relays that facilitate the application of a bias, and the reading of a current across each unit,
in turn, with a specified time delay. For all measurements the time delay was set as 2 ms,
corresponding to the typical rise time of ohmically contacted units (discussed later in this
section).
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b)

a)

Fig. 7.10 Multi-electrode optoelectronic characterisation setup. (a) Schematic of the setup used
for all wavelength- and power-dependent optoelectronic measurements, illustrating how light is
directed onto a packaged chip to which the multi-electrode CdSxSe1−x nanowire device substrate is
wire-bonded. The tunable light source is based around a Xe-arc lamp. Optical microscope image
shows a typical device under UV illumination, scale bar is 10 µm. The packaged chip measures
∼17 × 17 mm2. (b) Photograph of the setup, with key components highlighted labelled.

Figure 7.11 shows initial characterisation of two typical unit pairs (passivated by ALD),
one with back-to-back Ohmic contact characteristics, and the other exhibiting back-to-
back Schottky barrier behaviour, as detailed in the previous chapter. The power-dependent
response of these devices was first measured, by adjusting the level of attenuation for incident
497 nm light whilst maintaining a constant source-drain bias, the I-V curves for which can
be seen in Figs. 7.11a and b for Schottky barrier and Ohmic-contacted devices, respectively.
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The corresponding power response for each type of contact behaviour can be seen in Figs.
7.11c and d. For Ohmic devices, a non-linear power response is observed, with a sharp
increase in photocurrent at low power (< 0.1 mW cm−2), before flattening to a linear region
between irradiances of ∼0.3 to ∼1.3 mW cm−2. This result is corroborated by findings
in the literature which suggest the photocurrent, IPC ∝ P0.8 for nanowire photodetectors
with quasi-ohmic contacts [338]. However, for Schottky-barrier contacted nanowires, a linear
power response is seen for all irradiance levels < 1.2 mW cm−2. In both contact regimes, the
response begins to plateau beyond irradiances of ∼1.3 mW cm−2, suggesting that electronic
states available for photoexcitation are becoming saturated. For the ohmically contacted
sections of the nanowire, the responsivity (as defined in equation 3.4) of the detector units
(at 497 nm) are consistently in the region of ∼104 A W−1, assuming all radiation on the
device is absorbed and that the total power on the device Popt = I0A, where I0 is the irradiance
and A is the exposed area of the whole device rather than one unit, given that light may be
waveguided along the wire. This corresponds to a notably high photoconductive gain, G
(as defined in equation 5.11) of ∼3 × 105. These values are in concordance with results
for similar detectors in the literature such as the CdS nanobelt devices in ref. 339, which
measured (at 490 nm and 3 mW cm−2) a responsivity and gain of 7 × 104 A W−1 and
2 × 105 respectively. As introduced in section 4.3.2 and 5.2.1, contributing factors to such a
high gain could include the micron-scale electrode separations, light confinement within the
nanowire and the high photoconductivities seen in CdSxSe1−x 1d systems, due to the band
structure resulting from the compositional gradient (Fig. 4.10).

As introduced in chapter 5, as well as the previous section, it is important to minimise
measurement instabilities for like measurements of the photodetector units. This means a
Schottky-type contact is preferable with respect to the power-response; a steep, non-linear
response implies that any variation in the incident light power at calibration will produce
a greater corresponding variation in the photoresponse, increasing the measurement error
level with respect to spectral reconstruction. As attempts to ‘engineer’ Schottky-contacts
with reliable consistency and stability were unsuccessful (previous section), one method of
circumventing this non-linearity at low power is to introduce a ‘light bias’ to Ohmically-
contacted devices, in the form of an additional, low power light source (blue LED, 490 nm
central peak, intensity 0.3 mW cm−2) present for all measurements. This acts to provide a
background level of illumination that will offset the response curve (as illustrated in 7.11d),
shifting a low-power target light signal into the linear region.

Finally, the time response of these contact regimes was characterised using a pulsed LED,
as shown in 7.11e and f, with rise and fall times calculated as the transition between 10% and
90% of the peak photocurrent value (treating the dark level as a baseline). The rise and fall
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Fig. 7.11 Photodetector power and time response under different contact conditions. For a
nanowire photodetector unit/electrode pair demonstrating back-to-back Schottky-barrier contact
behaviour and where both display ohmic behaviour, respectively, (a),(b) the I-V characteristics under
increasing irradiance of 497 nm illumination as provided by the tunable light source in Fig. 7.10,
(c),(d) the photocurrent measured with respect to the incident irradiance and (e),(f) the time-dependent
photoresponse measured under illumination by a blue LED pulsed at 250 Hz (e) and 50 Hz (f). The
purple dataset in d) illustrates the effects of adding a 300 µW cm−2, 490 nm LED background source
to act as ‘light bias’, improving the linearity for low power measurements.
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Fig. 7.12 Backgated optoelectronic characterisation. Power-dependent characterisation of a back-
gated photodetector unit in an FET architecture at the CdS (unit 9) end of a 38-unit multielectrode
device, using 497 nm illumination from the setup in Fig. 7.10, showing (a) Source-drain I-V curves
at varying irradiance, at zero (solid lines) and -20 V (dashed lines) backgate bias and (b) trans-
characteristics for the nanowire FET at varying irradiance. (c)-(d) The same measurements as in a)
and b), respectively, measured for unit 33, at the CdSe-rich end of the same nanowire photodetector
array.

time for the Schottky-contacted barrier, at ∼500 µs and ∼800 µs respectively, are an order
of magnitude faster than that of the ohmically contacted device, at ∼1.5 ms and ∼3.5 ms
respectively. This agrees well with findings in the literature which suggest the strong in-built
fields at the contact interface, owing to the presence of an energy barrier, lead to far higher
response times in Schottky devices [276,295].

Further to the FET measurements in the previous section, the irradiance-dependent
transcharacteristics of these photodetector units were measured when subject to a varying
backgate bias. The results of these measurements are shown in Fig. 7.12, for two units
representative of those situated toward the green/CdS-rich (Fig. 7.12a-b) and red/CdSe-rich
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Fig. 7.13 Spectral response calibration. Wavelength-dependent photocurrent responses, Ri(λ ) for
each unit, with index i, of a multi-electrode CdSxSe1−x nanowire device (total unit number, n = 31, as
measured using the setup shown in Fig. 7.10.

Fig. 7.12c-d ends of the nanowire - PL emission at these locations was measured as ∼540 nm
and ∼620 nm, respectively. These provide a basic demonstration of the mechanisms occurring
as different ends of the wire are photoexcited. As the fluence is increased, an increasing
number of free carriers are generated through electron-hole pair creation, shifting the Fermi
level of the nanowire. This positive photoconductivity manifests in the transcharacteristics
(Isd(Vg) curve) becoming progressively more offset toward the negative polarity direction,
increasing the level of conductance for a particular gate bias.

The final, most crucial optoelectronic measurements of these devices was the calibration
of the wavelength-dependent photoresponse for each unit, Ri(λ ). This dataset is required as
an input in a computational reconstruction, analogous to the transmission functions in filter
array spectrometers. The photocurrent was therefore measured (under a bias of 500 mV) for
each unit, across a wavelength range between 490 and 630 nm, corresponding to the bandgap
span of the material along each wire. The emission wavelength of the tunable light source
(FWHM ∼2 nm) was varied incrementally, in steps of 3 nm over this span. This was limited
by practical and time constraints surrounding the equipment available; further work would
benefit from the use of, for instance, a tunable laser with a significantly narrower FWHM,
and higher resolution sampling (smaller increments) over the wavelength range.

The Ri(λ ) dataset over i = 1 to n for a typical multi-electrode CdSxSe1−x device (n = 31)
is plotted in figure 7.13. As can be seen, the spectral responses exhibit a cut-off wavelength
above which the current drops to negligible levels, as the energy of incident light is lower
than the bandgap of the material. However, as can be seen, this cut-off transition is typically
spread over a wavelength range of around 30 - 40 nm for each unit. A first contributing factor
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to this is that the peak PL emission span across one unit (that is, a section of length around
2 - 3 µm) is typically anywhere from around 2 to 4 nm given that there is a continuous
variation of material in the nanowire. Further, it may be possible that the response in a
particular unit is influenced by the effects of photoexcitation and induced fields in adjacent
units, effectively spreading the active detection area. Secondly, as seen in chapter 6, the PL
emission, and thus, the spectral response, is broadened due to a number of possible physical
factors, such as thermal energy contributions, as well as the presence of structural disorder in
the wire due to the alloying process. It is further possible that, due to imperfections in the
growth process, parts of the nanowires feature localised regions of irregular alloying, with
higher concentrations of either S or Se than the surrounding region; this may explain, for
instance the secondary peak observed for R1(λ ) around 520 nm.

Summary

CdSxSe1−x devices have been designed toward conducting spatially resolved optoelectronic
measurements along the length of the nanowire, through use of photodetector arrays. An
initial approach was to use graphene channels, photogated by the nanowire as the basis for
the array. CVD graphene transfer was optimised for this purpose, but whilst embedded
nanowire structures coated with graphene layers were fabricated, no further measurements
could be carried out due to the time constraints and the development of a different approach,
using metallic electrodes. A process was optimised to fabricate device chips featuring
wire-bondable contact pads and densely packed electrode arrays with high resolution at
the nanowire interface, allowing the photoresponse to be probed at up to 44 points along
each nanowire. A set of tables summarising and detailing the entire fabrication framework
developed for embedded multi-electrode devices within this thesis is shown in Figs. 7.1 and
7.2. Initial electronic measurements of these devices demonstrated that whilst the contact
behaviour was challenging to engineer with a degree of predictability, ALD passivation
produced significantly more stable photoresponse. Finally, a setup was constructed to
characterise the wavelength, power and time-dependent photoresponse, including calibration
of the spectral responses required for potential spectral reconstruction. The next chapter
shall detail demonstration of these devices when operated as computational reconstruction
spectrometers.
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Process Stage Fabrication / Characterisation Step

1. Device substrate preparation 1.1 Definition of alignment markers on wafer via EBL

1.2 Lift-off of alignment markers, wafer cleaving

1.3 Definition of bonding pads on wafer via EBL

1.4 Lift-off of bonding pads

1.5 Surface treatment of substrate

2. Nanowire transfer / characterisation 2.1 Nanowires transferred from growth to intermediate substrate

2.2 Optical and PL mapping to select suitable nanowires

2.3 Nanowire transfer to device substrate using optical fibre probe

2.4 AFM measurement of nanowire height

2.5 PL mapping along length of nanowire

3. Nanowire embedding 3.1 Spin-coating in diluted SU8 embedding layer

3.2 Photolithography to reveal bonding pads

4. Electrode deposition 4.1 Custom CAD design, definition of device contacts via EBL

4.2 Plasma etch to reveal nanowire surface layer

4.3 Surface treatment using ammonium sulfide

4.4 Lift-off

5. Device passivation 5.1 ALD of alumina layer

Table 7.1 Fabrication framework summary part i. Table summarising the different stages of the
device fabrication framework developed for the single nanowire spectrometers in this thesis.
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Electron beam lithography

Nanobeam nb1 - beam voltage: 80 kV, current: 1 nA and 14 nA for fine and rough features, respectively

Step Resist, spin-coating and curing Exposure dose / C m−2 Development

1.1 PMMA 950k A4, 40" 4k rpm, 10’ at 120◦C hot-plate (H-P) 7.5 (rough), 8.5 (fine) IPA:DI (7:3), 20"

1.3 UV1116, 40" 3k rpm, 2’ at 120◦C pre and post exposure 0.6 (rough), 0.7 (fine) MD-CD-26, 20"

4.1 PMMA 950k A8, 40" 4k rpm, 2’ at 95◦C H-P 4.5 (rough), 5.0 (fine) IPA:DI (7:3), 2’30"

Metal deposition and lift-off

Lesker PRO Line PVD 200, base pressure < 10−6 mbar

Step Layer 1 Layer 2 Lift-off

1.2 Ti, 5 nm, 0.03 nm s−1 Au, 45 nm, 0.1 nm s−1 12 hrs sonication in acetone

1.4 Ti, 10 nm, 0.03 nm s−1 Au, 200 nm, 0.1 nm s−1 1 hr sonication in acetone

4.4 Cr, 5 nm, 0.03 nm s−1 Au, 60 nm, 0.1 nm s−1 ∼5’ acetone, mild agitation with syringe

Surface treatment and etching

Plasma system: Moorfield Nanoetch, base pressure ∼ 10−7 mbar

Step Gas / etchant Conditions Power Duration

1.5 Oxygen plasma 3.5 × 10−3 mbar 30 W 120"

4.2 Nitrogen plasma 7.5 × 10−3 mbar 5 W 120"

4.3 Ammonium sulfide 40◦C H-P n/a 10’

Photolithography for nanowire embedding

SUSS MicroTec MJB-4 mask aligner

Step Resist spin-coating, pre-bake Exposure, cure Development

3.2 SU8 2000.5 diluted 3:1, 40" 5k rpm, 1’ 95◦C H-P 20", 10 mJ cm−2, 2’ 95◦C H-P 25" in PGMEA

Atomic layer deposition of AlOx passivation

Savannah ALD system, base pressure ∼ 10−2 mbar

Step Chamber conditions Pulse 1 Pulse 2 Cycles

5.1 120◦C, 20 sccm N2 flow 17 ms TMA 22 ms H2O 550, 6" delay

Table 7.2 Fabrication framework summary part ii. Tables summarising the different process steps
within each stage of the summary table in part i.





Chapter 8

Prototyping a single nanowire
spectrometer and spectral imaging
system

Overview

This chapter is the culmination of the main project of this thesis, building on and utilising the
results obtained and devices designed in the previous two chapters. Here it is demonstrated
that the multi-electrode devices developed around individual compositionally-engineered
nanowires can indeed be an effective basis for an ultra-compact computational microspec-
trometer. In this platform, the previously distinct elements which separate and detect light
have been combined into an individual, micrometre-scale component grown in a single
bottom-up process, affording an elegantly simple spectrometer system, with a footprint 2 - 3
orders of magnitude smaller than any other reported to date.

I will begin by introducing the computational algorithm that was developed to per-
form spectral reconstruction, using the pre-calibrated spectral responses and the measured
photocurrents from each photodetector unit along the nanowire, when illuminated by an
unknown light signal. Operation of the spectrometer shall then be presented, in resolving
the spectra of monochromatic and broadband light. Whilst the spectrometer developed is a
proof-of-concept, there are many avenues to readily improve its performance - both in terms
of the accuracy of spectral reconstruction, as well as the spectral range - which will also
be discussed. The final section concerns the demonstration of spectral imaging using the
device, illustrating its potential for such applications from the macroscale, down to lensless,
single-cell-scale spectral mapping.
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The work presented has now been accepted for publication in Science (see Publications
section, item number 8). The measurements and analysis of data presented are an equal-
contribution collaboration between myself and Zongyin Yang. The code for the reconstruction
algorithm and simulations was developed by our collaborator Hanxiao Cui (supervised by Dr
Mauro Overend, Department of Engineering), in consultation with us.

8.1 Spectrometer operation and performance

8.1.1 Principles behind spectral reconstruction

Here I shall elaborate on the computational scheme employed to reconstruct target spectra
using the multi-electrode nanowire devices. The problem to be solved is essentially the same
as that posed in the section in the literature review on filter array spectrometers: how can
an unknown target spectrum, F(λ ), be reconstructed from a set of photocurrents measured
from n photodetection units, each with different spectral responses. The strategy is illustrated
schematically in Fig. 8.1.

For each ith unit of the spectrometer, the measured photocurrent, Ii (also referred to as the
integrated response, given the mathematical description in equation 8.1), can be expressed
in terms of the unknown spectrum, F(λ ), and its pre-calibrated spectral response dataset,
Ri(λ ), as follows:

∫
λmax

λmin

F(λ )Ri(λ )dλ = Ii (i = 1,2,3, ...,n) (8.1)

where λmax and λmin are the maximum and minimum wavelengths where varying spectral
information is available for Ri(λ ) (in this case limited by the lowest and highest bandgap
materials in the wire respectively).

It was decided to approximate F(λ ) as a linear combination of Gaussian basis functions.
Gaussians are suited here in that they provide template functions which both match the
smooth nature of most typical target spectra and are straightforwardly defined by just two
parameters: the FWHM and central wavelength [329]. This approximation can be expressed
for j component functions (where j = 1, 2, ..., m) as:

F(λ )≈ F̂(λ ) =
m

∑
j=1

Ri(λ )α jφ j(λ ) (8.2)
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a)

b) c) d)

Fig. 8.1 Principles of spectral reconstruction using a nanowire spectrometer. (a) Operational
schematic of the nanowire spectrometer, showing illumination by an unknown light signal with
spectrum F(λ ), and measuring of the corresponding photoresponses from each photodetector unit
(electrode pair), Ii. (b) Simulated spectral response, Ri(λ ), and the photocurrent Ii, which is in theory
equal to the red area which indicates the integral responses to the incident light. (c) Mathematical
description of the relation between F(λ ), Ri(λ ) and Ii. (d) Spectral reconstruction via solving the
equation set, to leave the reconstructed spectrum of the simulated incident light.

where α j is a constant coefficient for the jth Gaussian function and φ j(λ ) is a Gaussian
function whose peak is centered at λ = λ̂ j, as described by:

φ j(λ ) =
1

σ
√

2π
exp

[
− 1

2

(
λ − λ̂ j

σ

)2]
(8.3)

with a constant, σ , acting as the control parameter that defines the width of the Gaussian.
Here, σ = (2

√
ln2)−1δd ≈ 0.425δd , where δd is the full width at half maximum (FWHM)

of the Gaussian peak. The peak positions of each Gaussian component, λ̂ j ( j = 1, 2, ..., m),
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are simply generated such that they are distributed linearly and evenly across the wavelength
range between λmin and λmax with equal spacing; that is:

λ̂k =
λmax −λmin

m−1
(k−1)+λmin (k = 1,2,3, ...,m) (8.4)

where, as described in equation 8.2, there are a total of m of these basis functions.
To incorporate this Gaussian approximation into the problem, equation 8.2 is substituted

into equation 8.1, giving:

m

∑
j=1

(∫
λmax

λmin

Ri(λ )φ j(λ )dλ

)
α j = Ii (8.5)

As also introduced in the filter array spectrometer section of the literature review, the problem
can be more elegantly represented by the matrix equation,

Aα = c (8.6)

which contains two known variables: A, an n×m matrix with elements Ai j =
∫

Ri(λ )φ j(λ )dλ

and c = [I1, I2, ..., In]
T , a 1 × n vector containing the photocurrent measured by each detection

unit, as well as α = [α1,α2, ...,αm]
T , an unknown 1 × n vector containing the coefficients

for each basis function.
Therefore, the objective of the algorithm becomes a minimization process; it seeks to

return the coefficients of α which give the lowest possible residual norm, or error, e =

{∥Aα − c∥2}. This is expressed as follows:

min
α

{∥Aα − c∥2
2} (8.7)

However, framing the problem as in equation 8.7 is directly equivalent to performing the
inverse of the integration in equation 8.6. Even tiny errors in the measured values (photocur-
rents and spectral response functions) cause such a problem to become numerically unstable,
leading to amplification of high-frequency noise signals. As discussed in the literature
review, one way to selectively dampen noise in the produced spectrum is to use a Tikhonov
regularisation scheme, where a regularisation factor, γ , is introduced into the problem. Thus,
equation 8.7 becomes:

α̂γ = min
α

{∥Aα − c∥2
2 + γ

2|α∥2
2}, γ > 0 (8.8)
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(8.3)

(8.4)

(8.5)

(8.9)

(8.8)

Calculate

Calculate

Reconstructed Spectrum

Fig. 8.2 The reconstruction algorithm. A flow diagram illustrating the computational process used
to reconstruct spectra by adaptive regularisation. Blue boxes indicate inputs, orange for processes,
green for outputted data and red for the final reconstructed spectrum.

where α is re-termed as α̂γ = [α̂1, α̂2, ..., α̂m]
T - the optimal coefficients for the basis functions

which minimise inconsistencies in the reconstruction.
A range of different computational, parameter choice processes can be used to adaptively

select the regularisation factor, γ , such as the L-curve method[340], or Generalised Cross
Validation (GCV)[341,342]. Generally speaking, these processes find a balance between
robustness and resolution, associated with high and low values of γ respectively. In the
code used in the spectrometer, γ was adaptively selected using the GCV method, within
which (for Tikhonov regularisation) the optimal regularisation factor, γ̂ , obtained from the
cross-validation is described by:

γ̂ = min
γ

{‖Aα̂γ − c‖2
2

[n− trace(A(AT A+ γ2I)−1AT )]2
(8.9)
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where m is the total number of basis functions and I is the identity matrix. Further to
optimising γ , the accuracy of the spectral reconstruction is also dependent on selecting the
FWHM of the Gaussian basis functions, δd . This was varied incrementally for each device, to
find an optimum value. Here, the optimum δd was seen to decrease with increasing number of
units used; δd ≈ 8.5 nm and 7.0 nm for 30 unit and 38 unit device measurements respectively.
A summary of the entire computational reconstruction process can be seen illustrated by the
flow diagram in Fig. 8.2.

8.1.2 Characterisation of spectral reconstruction

To demonstrate the capabilities of the spectrometer, a variety of different incident light
signals were measured using two different nanowire spectrometers, containing 38 and 30
photodetector units, and were compared with the same signals measured by a conventional
spectrometer (Thorlabs CCS100, 0.5 nm wavelength accuracy), as displayed in Fig. 8.3. First,
single peak monochromatic light signals were used to illuminate the two devices, as produced
by the same tunable Xe arc lamp source as used in calibration of the spectral response. A
typical set of reconstructions can be seen in Fig. 8.3a for an individual peak at 570 nm, which
both agree well with the reference spectrum; peak positions are accurate to within 1 nm in
this case. Given the algorithm assumes that the spectra will be constructed from a set of
component Gaussian peaks, it follows intuitively that the minimum reconstructed FWHM for
a monochromatic peak is equivalent to the optimal bandwidth for these basis functions, δd ,
in accordance with equation 8.3. As shown, optimal δd is ∼7 and ∼8.5 for the 30-unit and
38-unit spectrometer, respectively.

As addressed in section 5.3.2, whilst the resolution of a conventional spectrometer can
simply be characterized in relation to the wavelength spacing achievable between distinct,
separated spectral components, a spectral reconstruction spectrometer produces a quasi-
continuous output, to which this methodology is not applicable. It is thus less trivial to decide
how best to quantitatively define the ‘accuracy’ with which these spectrometers reproduce
the original spectrum of light. Given the limited number of computational spectrometers in
the literature, there is no established consensus here thus far. In ref. 343, the resolution is
simply defined through the minimum FWHM measured from a monochromated incident
signal, whilst a more statistical approach is taken in refs. 323 and 344, using the mean error
or R2 value with respect to a reference spectrum. Another method used in the literature is the
measurement of spectra containing two monochromatic peaks that are shifted progressively
closer together, in order to find the smallest peak separatation at which the two features
become indistinguishable in the reconstructed spectrum [312,322,344]. This methodology was
used to characterise the reconstruction accuracy in the nanowire spectrometers, typical results
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a) b) c)

d) e) f)

Fig. 8.3 Demonstration of spectral reconstruction by nanowire spectrometer. (a) Measurement
and reconstruction of a single spectral peak at 560 nm using a 30- and 38-unit device, relative to
the same signal measured by a conventional spectrometer (Thorlabs CCS100, 0.5 nm wavelength
accuracy). Arrows indicate FWHM. (b) Two mixed narrow-band signals, with peaks separated by 15
nm, are resolved by the devices from A. (c) Spectral reconstruction from a 30- and 38-unit nanowire
spectrometer demonstrating the separation (10 nm) at which two monochromatic peaks become
indistinguishable. Reference spectrum measured by conventional spectrometer shown by dotted lines.
(d) Reconstructed spectra from data measured by the 38 unit device when illuminated (separately) by
monochromatic light at selected wavelengths across the spectrometer’s operational range. (e) The
same demonstration as in d), with broadband light signals, FWHM ∼10 nm. (f) Spectrum of a white
LED light as measured and reconstructed using the 38-unit spectrometer, demonstrating the ability to
reconstruct arbitrarily shaped light signals.

for which are shown in Fig. 8.3b and c. The spectrometers were able to resolve two peaks
around 570 nm separated by 15 nm, though the 38 unit spectrometer was able to more closely
reconstruct the gap between these features. For both spectrometers, the two peaks became
indistinguishable once the separation is decreased to ∼10 nm.

Assessing performance across the spectral range of the 38-unit spectrometer, a sample
of narrowband signals with different peak wavelengths (spread evenly across the span of
cutoff wavelengths observed in the nanowire spectral responses) were measured separately,
as shown in Fig. 8.3d. The operational wavelength range of the spectrometer is between 500 -
630 nm, consistent with the bandgap span of the material in the nanowire. The spectrometer
cannot function outside of this range due to a lack of spectral information in the response
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a)

b) c)

Fig. 8.4 Device-to-device reproducibility. (a) Measured variation for two different devices when
reconstructing monochromatic light signals (from a xenon arc lamp source) across a range of wave-
lengths from 505 to 620 nm, using 31 photodetection units on each nanowire. (b) and (c) The
differences in peak position and FWHM respectively, corresponding to the spectra in a). The grey
area in b) represents the precision of the peak position produced by the light source.

functions. Further to this, separate broadband signals spread across this range were also
measured, as produced again by the tunable Xe arc lamp source, with FWHM ∼10 nm when
measured by the reference spectrometer Fig. 8.3e. As can be seen, the reconstructed spectra
agree well with that of the reference spectrometer, regardless of where peaks are placed
within the wavelength range. Finally, a white light LED was measured with the 38 unit
spectrometer to demonstrate reconstruction of an arbitrarily shaped spectrum, rather than that
with distinct Gaussian peaks. As can be seen in Fig. 8.3f, whilst there are some inaccuracies
in the reconstruction, the overall shape of the spectrum is consistent with that measured by
the reference spectrometer.

It is important to note here that the use of a calibration process can actually be a significant
advantage with respect to the reproducibility of performance on a device-to-device basis.
The alternative would be to rely on one ‘master’ set of spectral responses used across
all devices; in this scenario, not only must nanowires be the same length, with the same
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number of units fabricated, there must be a high degree of consistency in the characteristics
(responsivity, spectral response curve shape, etc.) of like photodetector units on different
spectrometers. In practicality, this is extremely challenging to achieve with any nanomaterial
system, due to uncontrollable defects in nanowire growth between or within batches, and
random, even minor variation or faults in fabrication processes (nanowire transfer, lithography,
metallization). Characterising a set of unique spectral responses, specific to each device
can serve to negate these anomalies and inconsistencies. Whilst the nanowire length and
the photodetector characteristics of unit i across two devices may be dissimilar, the overall
quantity and spread of unique spectral information contained across the spectral response set
should be mostly consistent (assuming that the nanowire gradients are continuous and the
material compositions at each end are the same).

Therefore, it would be expected, even under different fabrication conditions, for the
spectrometer reconstruction accuracy to have a good degree of consistency across two
devices with the same unit number (and therefore, the same amount of data contained within
the set of Ri(λ )). Shown in Fig. 8.4a, this was demonstrated by comparing monochromatic
light reconstructions from the same two devices as in Fig. 8.3. So as to keep the number of
units the same (n = 31) across both devices, 7 units (at equal i-spacings across 0 - n) were
removed from the 38-unit device at the data processing stage (note that one of the units in
the fewer unit device later failed, which is why the characterisation in Fig. 8.3 lists it as
n = 30). As can be seen in Fig. 8.4b, all the peak positions are consistent to within ∼2 nm,
with an average difference of ∼1.1 nm. For reference, the tunable light source for calibration
is only accurate to the nearest ∼1 nm, which could potentially be a considerable factor
in the differences between the two devices. Meanwhile, the FWHM in the reconstructed
spectra differ only by an average of ∼0.29 nm between the two devices, shown in Fig. 8.4c.
Whilst, clearly, more than two spectrometers are necessary for a robust statistical analysis of
the performance reproducibility, these results do suggest that through calibrating each one
individually a high degree of device-to-device consistency is possible.

A potential issue relating to the device performance over time is the impact on perfor-
mance should one or more units in a device fail, and how robust the system is with respect to
such an occurrence. As can be seen from the comparison of the 30- and 38-unit devices in Fig.
8.3, whilst the FWHM of reconstructed monochromatic signals increases, monochromatic
peak positions and the minimum distinguishable peak separation remains consistent from
the lower to the higher unit device. In this respect, a reduction of one unit, let alone 8, will
not dramatically affect the quality of the reconstruction. In fact, even without recalibrating
the device, the failure of any particular contact is absorbed by the algorithm in a number
of ways. If the contact failure leads to non-physical measurements, such as a negative or
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a)

b) c) d)

Fig. 8.5 Stability of spectral reconstruction with unit failure and over time. (a) Schematic of a
nanowire spectrometer where one photodetection unit has failed. (b) Reconstruction of a narrowband
peak when the signal from one unit is as measured during calibration, and when it has depreciated
by half, and when it is lost completely, compared with the target spectrum as measured from a
conventional spectrometer. (c) The same demonstration as in b) but where the algorithm has identified
the failed unit and removed it from calculations. (d) Reconstructions of a narrowband target spectrum
from a 30-unit nanowire spectrometer, as based on data measured immediately after calibration and
two months after this initial measurement, relative to that measured using a conventional spectrometer.

infinitely large photocurrent, these anomalies will be identified by the algorithm and the
measurements from this unit removed from the rest of calculation procedure. If the contact
failure results in a noticeably higher level of measurement noise across all units, the damping
coefficient γ will be re-adjusted by the parameter choice method (i.e. the GCV method in this
case) to better reflect the noise level in the spectrum reconstruction process. As mentioned,
generally speaking, the spectrum reconstruction becomes more robust to noise signal if
the damping coefficient is increased, while more sensitive (that is, higher resolution) if the
damping coefficient gets smaller. Figure 8.5 illustrates how the quality of a monochromatic
peak reconstruction is affected should one of the nanowire units fail, with and without the
addition of a function to detect such an event (8.5b and c respectively).

In terms of the long-term operational stability of the devices, Fig. 8.5d shows two
reconstructions produced by the same device, from measurement of a single monochromatic
peak at 560 nm separated by a period of two months. Whilst the two measurements are
consistent within a peak position of around 1 nm, note that the long term stability of the
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devices is not an area that has been extensively investigated. It may be possible, through
different or more extensive passivation methods, to significantly reduce even this fairly minor
deviation in performance. Furthermore, recalibration of the device sees the reconstruction
accuracy return to the original level of the initial measurement.

8.1.3 Further enhancing the reconstruction accuracy

Whilst resolutions of <1 nm are now routinely achievable with benchtop scale spectrometer
systems, it is important to put the performance of these nanowire spectrometers in context
with other microspectrometer systems. Table 8.1 contains a comparison of the performance of
the nanowire devices with respect to other microspectrometers in the literature, and the state-
of-the-art in those commercially available. Clearly, the primary advantage of the platform
that has been developed is the ultra-compact footprint and pixel size it allows. However,
it should be noted that even without further improvements in performance, the devices
are currently competitive with commercial, grating-based microspectrometers, despite a
reduction in footprint of 3 - 4 orders of magnitude.

The most notable microspectrometer system to date is that reported in ref. 322 - as
discussed in chapter 5, this device is based around QD-based filters that must be individually
prepared and positioned on top of a millimeter-scale CCD sensor array. The spectral range
in these QD devices is around 400 - 650 nm compared to that of 500 - 630 nm in the
nanowire spectrometers, owing to the greater range of semiconductor materials used in
the QDs. However, whilst the devices are demonstrated here with a particular nanowire
material system (CdSxSe1−x), the spectral range can be expanded through the growth of
nanowires incorporating wider or narrower bandgap materials, which has been achieved
straightforwardly [199,207]. It should also be noted that the nature of nanowire growth has a key
advantage here. In QD mixtures it is possible to tune the relative intensity of different peaks
in the spectral response by varying the ratio of a particular species with respect to another.
However, to shift the underlying peaks and introduce more, varied spectral information, a
different size or material QD must be grown in a new step and included in the mixture. This
may therefore require potentially tens of separate growth steps for the same set of filters,
depending on the number of different responses required. Contrastingly, through the adapted
VLS growth process, a continuously varying range of material compositions can be included
in one nanowire structure, in one growth step, rather than in a discrete fashion as with QDs.

In the QD device, the minimum separation for two monochromatic peaks is around 3 nm
before the two features become indistinguishable, representing around a 3× improvement
on the current nanowire devices, where features are indistinguishable at 10 nm separation.
However, it should be emphasized that the primary advantage of this work is the reduced
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Type Basis Footprint 1 Unit size 2 Resolution 3 Spectral range Development Reference

Reconstruction Nanowire 0.5 × 75 µm2 4 0.5 × 1 µm2 5 10 nm 130 nm proof-of-concept this work

Reconstruction Quantum dots 8.5 × 6.8 mm2 0.5 × 0.5 mm2 3.2 nm 300 nm proof-of-concept 322

Reconstruction Photonic crystals 210 × 210 µm2 32 × 32 µm2 - 6 200 nm proof-of-concept 343

Reconstruction Interferometer 2.5 × 0.6 mm2 7 n/a 0.2 nm 20 nm8 proof-of-concept 344

Conventional Grating (planar) 12 × 12 mm2 n/a 0.15 nm 148 nm proof-of-concept 345

Conventional Grating (out of plane) 21 × 10 mm2 n/a 15 nm 440 nm commercial 346

Table 8.1 Microspectrometer technology comparison. Characteristics of this work relative to cur-
rent state-of-the-art microspectrometers, both based on computational reconstruction and conventional,
spatially dispersive systems, from the literature as well as one that is commercially available. 1: Foot-
print is the area of the active dispersion element or system within the device, not including supporting
systems for outputting electronic signals and otherwise. 2: The size of each individual detector within
the array of the device, which defines the minimum step (that is, pixel) size within a scanning spectral
imaging strategy. 3: For the spectral reconstruction spectrometers, the measured resolution is defined
as the minimum separation between two indistinguishable peaks in the target spectrum, as used in Fig.
8.3c. 4: Note that the dimensions of these nanowire are variable, typically from diameters 100 - 500
nm and lengths from 50 to 100 µm. Though shorter (or longer) wires could readily be grown. 5: Use
of the nanowires in reference 207, for instance, would expand spectral range to 320 nm (380 to
700 nm). 6: There is no demonstration of the minimum separation for two distinguishable peaks
within this work. 7: Estimated from the scale bar in an optical image of the device. 8: Note this
spectrometer operates in the telecoms wavelength range (centered at 1560 nm) rather than the visible
spectrum.

footprint (and complexity) of the device, which is between 2 and 3 orders of magnitude
smaller than that in the QD work, with a far smaller number of units used - 38 compared
with 195. With improvements along the lines of those described in the previous section,
including a greater number of units, I believe the devices presented here would match the
QD spectrometer in terms of resolution, alongside the substantial reduction in footprint.

A range of readily achievable strategies have been identified for improving the spectral
reconstruction accuracy further. These address what have been determined as the two primary
sources for the errors arising in the computational reconstruction: 1) The (lack of) available
measurement data; mathematically, since a spectrum is supposed to be a continuous curve
with infinite number of points, an infinite number of measured data points to perfectly
reconstruct such a curve. 2) The presence of errors in the measured data points for each unit
(photoresponse and calibrated spectral response), which introduce inconsistencies into the
set of equations that is to be solved.

To address the first of these points, a greater quantity of unique spectral response data
should be collected at the calibration stage. This can be achieved through two routes. Firstly,
the quantity of detection units on the device, n, can be increased by fabricating a greater
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number of narrower electrodes (for the same nanowire length). Secondly, the resolution
of the calibration process can be improved, to increase the number of data points for each
unit’s spectral response curve within a given range. Increases in n - by decreasing both
the contact width and separation - are limited by practical constraints. As contacts become
narrower, the contact resistance increases, decreasing the SNR of the photodetector unit
and increasing measurement errors. This will be balanced to some degree by an increase in
photocurrent due to the decreased contact separation. The minimum achievable resolution of
the lithography and fabrication of electrodes is also a potential practical limitation. However,
with the embedded nanowire strategy that has been developed in chapter 6, and with industry
standard lithographic processes, it should be straightforward to fabricate electrodes with a
width and pitch down to ∼10 and 20 nm, respectively. Therefore, I expect that the contact
resistance rather than process resolution would be the limiting factor here. In terms of the
calibration resolution, given the linewidth of the tunable light source (as detailed in chapter 7)
for each unit 50 data points were measured for Ri(λ ), from a wavelength of 490 to 640 nm in
intervals of 3 nm. Improvements in the sampling resolution, for instance, to <1 nm, through
use of a different light source or otherwise, would allow better definition of the spectral
response for each detection unit.

It is possible to reduce the effects of errors in the measured data both at the fabrication
stage as well as through the computational strategy used. From a fabrication standpoint, the
primary concern is reducing the coefficient of variation (CV) between repeated photocurrent
measurements (that is, under the same incident light and device bias conditions) from any
particular detection unit. As mentioned previously, random fluctuations here will introduce
inconsistencies in both the measured photocurrent and spectral response datasets. Detailed in
the previous chapter, steps have been taken to begin to address this, through Al2O3 passivation,
as well as through the use of plasma and ammonium sulfide treatment to improve the stability
and lower the contact resistance of the contacts, improving the SNR of the detector. However,
further improvements are likely possible through a more extensive investigation of other
surface treatments, contact conditions/metals, or passivation methods. Furthermore, the
photogenerated carrier dynamics of nanowires are dependent on their intrinsic physical and
geometrical properties, which can be adjusted at the growth stage; it may for instance be
possible to reduce charge trapping and increase measurement stability in this way. Finally,
relating to the calibration stage, as is detailed earlier in this and the previous chapter, a
tunable Xe arc lamp (FWHM ∼2 nm) was available for characterizing the spectral responses.
Use of a light source with a narrower FWHM, such as a tunable laser, would allow greater
accuracy here, reducing measurement error in the R(λ ) dataset.
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a) b) c)

d) e) f)

g) h) i)

Fig. 8.6 Comparing the effects of measurement errors on non-iterative method- and adaptive
regularization-based reconstructions. (a) Reconstruction of a simulated spectrum with peak wave-
length of 565 nm by a non-iterative method. Unit number n = 38. (b) and (c) Noise of the reconstructed
spectrum raises with the increase of the stimulated random error level of each photodetector unit. The
spectrum is fully distorted when error is 1 %, which is below the system measurement errors (2 % ).
(d)-(i) Reconstructions of the same spectra as in a) by adaptive regularization, with simulated random
errors of each photodetector from CV = 10 % to 80 %. Compared with the ordinary non-iterative
methods, the adaptive Tikhonov regularization exhibits high error tolerance. Although the spectrum
accuracy decreases, the major peak can still be observed even with an error level of 80 %.

Relating to the computational strategy, as detailed in section 8.1.1, to reconstruct the
spectrum from limited and noisy measurements, a Tikhonov regularization scheme based on
the GCV method is used to select the regularization parameter, which selectively dampens
the noise signals. Already, the use of these techniques rather than simple, non-iterative
methods makes the reconstruction significantly more robust with respect to measurement
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error. This is illustrated in Fig. 8.6 through reconstructions of simulated signals with
different noise levels. As introduced in chapter 5, many investigations have sought to
use prior knowledge and additional information about the measured spectrum in order to
improve the quality of spectral reconstruction. In this work for instance, it is assumed that
the noise is white, and the spectrum of incident light can be approximated by a series of
Gaussian basis functions. Several works have had success by basing reconstructions around
an assumption as to the ‘sparse’ nature of the original signal, by placing limits on the number
of non-zero components in the spectra (directly-sparse signals) [321,329,330]. More recently,
dictionary/machine-learning techniques have expanded upon these algorithms to improve
reconstruction of non-directly sparse signals by representing them in an alternative transform
domain, or ‘dictionary’ in which they are sparse [328]. Through testing a range of other
different existing reconstruction methods, or by developing new strategies for reconstruction
such as in reference 328, more accurate reconstruction could be achieved even without any
changes to the existing hardware.

To illustrate the potential increase in resolution, simulations have been carried out for a set
of hypothetical devices with an increasing number of units, at varying levels of measurement
noise as shown in Fig. 8.7. Increased unit numbers have been simulated via an interpolation
of the real, measured spectral response data for one of the nanowire spectrometers, to produce
an arbitrary number of simulated spectral responses at evenly separated cutoff wavelengths,
within the same wavelength range (500 - 630 nm). In this instance, to simulate measurement
error, a white noise component has been generated in the target spectrum that is being
‘measured’. For two simulated peaks with a 1 nm separation and no noise component,
reconstruction accuracy is satisfactory (the peaks are distinguishable) at 500 units (Fig. 8.7b),
but begins to break down at 400 units (Fig. 8.7c). When the peak separation is increased to
2 nm, distinguishability is maintained down to 200 units but breaks down beyond this (Figs.
8.7d-f). With the addition of a noise (simulated measurement error) component to the 1 nm
separated peaks, accuracy breaks down for the 500 unit hypothetical device only once this
reaches 8% (Figs. 8.7g-i). For reference, measurement error levels in the current devices
is 2% (see chapter 7), though in practicality this value may increase with the fabrication of
smaller electrodes necessary to increase unit number.

Note that fabricating such a number of units on, for example, a 75 µm long nanowire,
would be possible with a pitch and electrode width of 150 nm and 75 nm, respectively. If the
same pitch to width ratio is maintained (that is, ∼2:1) the same length of nanowire should be
exposed and thus the photon flux incident on the wire remains similar to the existing devices.
It should be stressed that these improvements are achieved through increasing the unit number
alone, and are based off of an interpolation of the existing, measured calibration curves. By
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a)

e)

b) c)

d) e)

e)d) e)

Fig. 8.7 Simulated device performance with increased unit numbers. (a) A simulated target
spectrum with two narrowband peaks, of different intensities, at a set wavelength separation. (b),(c)
Reconstructions from simulated devices of the two peaks in a) positioned at 1 nm separation, using
500 and 400 units respectively, with zero measurement noise. (d)-(f) The same reconstructions as in
b), with peaks at 2 nm separation, using simulated devices with 400, 200 and 150 units respectively,
and, (g)-(i), at 1 nm separation using a 500-unit device, with 4%, 6% and 8% simulated measurement
noise respectively.

improving the algorithm further, reducing the noise in the measurements, increasing the
resolution of the calibration, as well as increasing the number of units, it may be possible to
achieve such resolution, or better, with far fewer than 500 units.

8.2 Spectral imaging

In many fields, such as astronomy[347], precision agriculture[348] and nanophotonics[349],
spectral imaging is in high demand to cross-analyze spectral and spatial information. Through
use of a point-scanning strategy, spectral imaging was demonstrated using the 38-unit
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a)

f)

b) c)
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g) h)

Fig. 8.8 Macroscale spectral imaging. (a) Schematic of the scanning spectral imaging scheme
demonstrated using a nanowire spectrometer. Photograph of the Cambridge university logo by a
CCD camera before and after filtering (bottom panel). (b) Spectral imaging is conducted by scanning
the nanowire spectrometer on the imaging plane in a serpentine pattern. (c) Each pixel contains a
photocurrent value of each photodetector unit and forms an initial data cube. (d) The spectral data
cube is reconstructed from the initial photocurrent data cube. (e) Spectrum of yellow color from
the projector. Bandpass filter and spectrometer detectable ranges are indicated in the diagram. (f)
A series of reconstructed images at various wavelengths. Pixel intensity range of these images is
normalized. (g) Left panel: Original photograph of the image. Right panel: Pseudo-coloured spectral
image converted from the spectra according to CIE color matching functions. (h) Spectra of A and B
points in g), measured by the nanowire spectrometer and a conventional spectrometer.

nanowire spectrometer. As shown in Fig. 8.8a, an image was focused by a lens onto the
device, which was then translated across the focal plane on centimetre scales using an
electronically controlled scanning stage, in a serpentine pattern - Fig. 8.8b. In this scheme,
the resolution is defined by the mapping step used, which can be equal to or larger than the
device footprint; here a step-size of 0.3 mm has been used. Photocurrents measured at each
mapping step are recorded in a 3D (x, y, Ii) data cube (Fig. 8.8c). This initial cube was then
converted to a spectral data cube (x, y, λ ) by the reconstruction algorithm (Fig. 8.8d). A
bandpass filter was used to remove wavelengths outside the operational span of the device
Fig. 8.8e.

Cross sections of the spectral data cube in the x-y plane are equivalent to single-
wavelength spatial mapping (Fig. 8.8f). Applying standardized (International Commission
on Illumination) color matching functions to the spectral cube produces a pseudo-coloured
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a)

h)

b) c)

d)

f)

e) g)

Fig. 8.9 Spectral imaging at the micrometre scale. (a) Schematic of spectral imaging at microscale
by nanowire spectrometer. (b) Initial photocurrent data cube, where each layer is shifted because
of the different location of the photodetector units. (c) Spectral data cube reconstructed from the
photocurrent overlap region. (d) Schematic of the operation of cell mapping. (e) Photograph of
the cell mapping apparatus. (f) Micrograph of a naturally pigmented red onion cell surrounded by
transparent cells. Scale bar: 50 µm. (g) Reconstructed absorption spectra from different parts of the
red onion cells. (h) Absorption spectral images of onion cells at various wavelengths. Pixel intensity
range of these images is normalized.

image which is consistent with the original photograph (Fig. 8.8g). In addition, the recon-
structed spectra are in good agreement with conventional spectrometer measurements of the
same points (Fig. 8.8h).

Furthermore, in-situ, micrometer-scale spectral imaging was demonstrated using the
nanowire spectrometers, which has long been a great challenge across fields such as cytobi-
ology and biomedicine[350,351]. Given the typical footprint of the spectrometers is between
50 - 100 µm, the scanning method above must be adapted to achieve these resolutions. A
shift register strategy was adopted, which sequences the measured photocurrent data with the
measurement location for each unit (Fig. 8.9a). The spectral image data cube is reconstructed
from the overlapping register region of the initial photocurrent data cube (Fig. 8.9b and c).
The scanning step can be any integer multiple of the electrode array’s pitch, meaning the
maximum resolution is limited by the width of one unit (∼1 µm for current devices).

A red onion cell membrane, featuring naturally coloured cells surrounded by transparent
cells, was mounted onto the holder and positioned over the nanowire spectrometer with a
gap of several µm (Fig. 8.9d and e). During imaging, the nanowire spectrometer scans



8.2 Spectral imaging 185

across the x-y plane beneath the membrane surface, under illumination by white light through
the aperture, with a fixed mapping step (Fig. 8.9f). In this case, a step size of 10 units
was chosen to shorten imaging time and avoid the cell membrane drying out during the
measurement. Constrained by the stage setup, imaging time is currently limited by the
movement and adjustment between points, which results in a total measurement timeframe
of around 1 - 2 minutes for each pixel. More sophisticated scanning or imaging technologies
would allow higher resolution scans within the same timeframe. High-speed measurement
could also be achieved through the development of a snapshot spectral imaging system based
on a two-dimensional spectrometer array (see next chapter). The intensity maps at fixed
wavelengths and reconstructed absorption spectra for different points on the onion cells (Figs.
8.9g) illustrate the potential of these spectrometers to obtain spectral images at the cellular
level.

Summary

The use of individual compositionally-engineered nanowires enables an entire spectroscopy
system to be miniaturized down to a scale of tens of micrometers, which could open new
opportunities for almost any miniaturized spectroscopic application, including lab-on-a-
chip systems, drones, implants, and wearable devices. The proof of concept demonstrated
here presents a simple, versatile and ultra-compact platform that can be expanded upon
through a number of avenues by altering either the hardware or software of the system. This
study also offers a practical step forward for other light sensitive nanomaterials to be directly
exploited for customized design of ultra-miniaturized spectroscopy systems. The next chapter
shall conclude this thesis, summarising the achievements of my research, before addressing
possible avenues for future investigation that can be derived from my work.





Chapter 9

Conclusion

9.1 Avenues for further research

9.1.1 Liquid-phase-exfoliated black phosphorus

Extension of the work on solution-processed black phosphorus (BP) in this thesis should
initially focus on the completion of the study on the environmental stability of films produced
by liquid-phase-exfoliation (LPE), which was curtailed by practical limitations, as discussed
in chapter 3. A stage setup should be engineered for a Raman spectroscopy system that
allows repeatable, high spatial resolution (spot size <2 µm) mapping measurements of drop
cast LPE BP films, within an inert environment. The exposure of these films to pseudo-
ambient environments should be carried out at increments on the order of only 30 minutes,
with careful control maintained over conditions such as the temperature, light intensity and
spectral characteristics. A statistically significant sample size of films must be studied so as
to effectively analyse the evolution of each BP Raman peak over time. Factors such as the
film thickness and the dispersion carrier solvent should also be assessed. In this way, it may
be possible to develop a simple and non-contact technique for analysing the stability of these
BP films; this would represent a vital characterisation tool to help, for instance, analyse the
effects of different device processing steps on this sensitive material platform.

9.1.2 Advancing the single nanowire spectrometer

As illustrated by the experimental work in chapter 6, the rate-determining step in the produc-
tion of these devices, and perhaps the key bottleneck for the entire nanowire spectrometer
project, was the lack of available nanowires with suitable properties for device production.
For any one batch of devices, the most time-consuming aspect of fabrication was the location
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of potentially viable nanowires for transfer. Even then, a number of obstacles exist between
transfer and the final device, that meant that only a very small fraction of these nanowires
produced fully operational devices with > 30 functioning, stable units, possessing a sufficient
spread of spectral information across them. These include for instance, nanowire breakage
or damage during fibre-probe manipulation, extinguishing of PL emission during lift-off or
an insufficient number of working, stable contacts. This dramatically limited the number
of devices that could be investigated during my research, negating the possibility of any
meaningful or rigorous statistical analysis that would have provided insight as to how best
to further optimise these devices. Further to this, an even smaller fraction of nanowires
had wavelength ranges that stretched to 650 nm, with none stretching above 660 nm, corre-
spondingly limiting the spectral range of the final devices. Considerable inconsistency of
morphological properties both between nanowires but also within nanowire structures meant
also that it was impossible to control for these factors when trying to assess the influence of
certain fabrication processes on, for example, the stability of electronic contact.

As such, it is evident that the area to address for the highest impact on the study as a whole
is the nanowire growth and transfer stage. Growth of compositionally-graded nanowires
is a far more complex challenge than those of a single material due to continually varying
vapour compositions and pressures. However, if even ∼20% of each growth batch were
comprised of viable nanowires, the number of chips that could be transferred in the same
period of time would increase by an estimated factor of 10 or more. An in-depth study of
the effect of varying different growth parameters should be carried out, including the growth
temperature range and its gradient across the furnace, the flow and type of carrier gases
and the rate of movement (and thus evaporation) of pre-cursors through the chamber. The
primary aim of this investigation should be to minimise variation in nanowire properties
both across the growth substrate and within each nanowire structure. At the extreme, this
would seek to produce nanowires with entirely homogeneous cross-sections, thicknesses
and lengths. Furthermore, the gradient span of these nanowires should be from pure CdS at
one end, to pure CdSe at the other, with as even as possible a gradient of bandgaps, that is,
dEg/ds ≈ constant, where s is the distance along the wire.

The optoelectronic properties of the nanowire should also be optimised at the growth stage.
Analysis by PL or OPTP spectroscopy of as-grown samples could be correlated with their
growth conditions to further tailor and optimise nanowire production to produce for example,
nanowires with enhanced photoluminescent efficiency and thus, higher photoconductivity.
Incorporating different concentrations of dopants into the nanowire during growth could also
be investigated to produce more stable electronic contact.
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Even without uniform nanowire properties, a larger number of nanowires would allow a
more rigorous study, with a statistically significant sample size (n > 100) to ascertain optimal
device parameters, such as contact metal, surface treatments, and electrode widths. Such a
study would also benefit from correlating all electronic measurements with the material at that
section, either through PL measurements or, for instance, electron energy loss spectroscopy,
as well as the nanowire width and height, as measured through AFM and SEM.

Beyond this, there are many other routes toward advancing the performance of the
spectrometer, which have been discussed in more detail in section 8.1.3. At ∼10 nm, the
current resolution of the spectrometer is already sufficient for certain basic spectral imaging
applications; for instance, the requirements in remote agricultural analysis can often simply
be detection of the presence of very broad spectral features, with FWHM >40 nm [348].
However, for more detailed analyses, in for instance biological or medical hyperspectral
imaging, where narrow spectral features separated by nanometres in wavelength may need
to be distinguished, resolution down to the order of ∼1 nm or below is desirable [352]. An
initial investigation should aim toward increasing the number of photodetector units, n, and
experimentally studying the effect of this on reconstruction accuracy; a starting point would
be to assess the minimum contact size viable for the electrode array. There are multiple
considerations here including: the minimum electrode width and array pitch that can be
fabricated whilst maintaining ease of lift-off, the dependence of the contact resistance and
barrier behaviour as the nanowire-electrode interface is decreased and how the impingement
of light on the system is affected as the pitch of the array is decreased to near- and sub-
wavelength scales. Furthermore, a setup should be constructed that allows expansion of the
number of contacts to upward of 100 electrodes. It should also be assessed whether it is
possible to introduce new spectral responses into the system through measuring different
permutations of multiple electrodes in parallel. This in theory does not introduce new spectral
information to the set, as the combined response is a convolution of the individual responses,
though in practicality this may not prove the case, and could allow a greater number of Ri(λ ),
without actually increasing the number of physical units. Aiming further afield, toward
more dramatic expansion of the system, there are a variety of areas which warrant bespoke
investigations in their own right. These include: methods to deposit precisely arranged arrays
of nanowires, with a view toward creating arrays of spectrometers for snapshot spectral
imaging, conducting the entire device development using different material systems to
expand the spectral range, and the development of machine learning-based algorithms to
provide more robust and accurate reconstruction capabilities.

With respect to spectral imaging, to overcome the need for a stage scanning system with
moving parts, a snapshot image sensor, in which each pixel consists of an electronically
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Fig. 9.1 Potential design for a nanowire-array-based snapshot spectral imaging device. An
array is constructed whereby each ‘pixel’ contains its own spectrometer system. Furthermore, each
spectrometer system may consist of multiple nanowires operating in tandem, covering different
wavelength ranges, from the mid infrared to ultraviolet.

addressed nanowire spectrometer should be developed, such as exemplified in Fig. 9.1.
Furthermore, a device could be designed whereby each spectroscopic-super-pixel in this
snapshot imager has multiple nanowires integrated per pixel, each covering a different
waveband; from UV-VIS to near-to-midwave IR (NIR-MWIR). Current snapshot imagers
are limited to mosaics of spectrally distinct bandpass filters atop image sensors providing
the spatial-spectral disclination; known as multispectral filter arrays (MSFAs)[353–355]. In
MSFAs there is an inherent trade-off between spectral and spatial resolution, that is: the
higher the number of spectral bands, the lower the spatial resolution, and vice versa[355]. Our
devices have potential to develop into snapshot systems operating with high spectral and
spatial resolution with short acquisition time, covering broad wavebands, which has long
been considered a primary target in the field of spectral imaging[352].

9.1.3 Devices based on bandgap-gradient nanowires

As introduced in chapter 7, the embedding techniques developed in this investigation show
evident potential for creating horizontally aligned graphene-coated nanowire hybrid photode-
tectors; such devices have not yet been reported in the literature. Clearly, a study here would
lead directly on from - and complete - the work detailed in section 7.1.2, by fabricating and
characterising graphene channels on top of CdSxSe1−x nanowires. Particular areas to be
analysed would be the photosensitivity and wavelength-dependency of graphene channels in
this architecture, as well as the effect of varying the width of the graphene channels. The
results in ref. 48 suggest that far higher photogain may be possible through such a system
than using metallic electrodes. Backgating of this device in an FET architecture should be
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investigated to assess whether this can be used to afford a greater level of control over the
device properties, or enhance the stability in some way. For instance, it may be possible,
by applying a different backgate voltage for each photodetector measurement, to avoid the
variations in photosensitivity seen in the metal electrode devices. Photocurrent mapping
would elucidate the mechanisms occurring in these devices and determine the effects of
directionally-dependent waveguiding of light along the nanowire. Given the sensitivity of
both of these nanomaterial components to their surrounding environment, a key element to
device development would be identification of the most effective means of passivating these
devices to afford long-term stability. This should begin with assessing ALD of Al2O3, but
could also look to other surface coatings, such as parylene-C, ALD of alternative materials,
or even encapsulation in other 2d materials such as h-BN. Particularly considering graphene’s
interfacial sensitivity, effects on the device performance and stability of using different etch
parameters (varying, for instance, the systems, gases and powers used) for exposing the
nanowire top-surface is another area that could be investigated.

Once these initial investigations have been completed and the stability of the devices
maximised, the next step would be to assess whether these hybrid devices could be used in
the same way as the metal multielectrode structures, to function as a spectrometer. The same
setup as used in the investigation in this thesis could be used for this purpose, without any
necessary modifications. Here, the algorithm and the measurement parameters would need to
be tailored appropriately, after initial measurements determine the most limiting factors for
the spectral reconstruction when replacing the metal electrode architecture with this hybrid
system.

Further investigation beyond this could center around assessing new device structures
and mechanisms, rather than the top-gated / photogating system proposed in chapter 7. The
most straightforward step in this direction, using existing techniques, and still based on a
photogating mechanism, would be to instead place nanowires on top of graphene channels
that have been transferred and patterned on Si:SiO2. This avoids embedding, and may offer
more stable photogating given the cleaner, flatter interface with silicon rather than the rough,
etched SU-8 surfaces. More complex device designs could however look toward different
basis mechanisms, for example by attempting to form direct junctions between the nanowire
and the graphene, rather than relying on electrostatic doping by proximity. Direct transfer
of charge perpendicular to the graphene plane is far less efficient than at the graphene edge,
though it may be possible to address this by introducing physical damage to the graphene
at the nanowire junction, through, for instance, bombardment with Ar ions. Finally, an
advantage of using graphene over metallic electrodes is their transparency and flexibility,
properties shared by the other components in this system - SU-8 and the nanowires. As such,
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a study should be conducted where the silicon substrate is replaced with a platform such as
PET, to probe the potential for flexible, transparent wavelength-dependent photodetectors, or
even spectrometers.

9.2 Concluding summary

The results contained within this thesis demonstrate first and foremost that compositionally-
engineered nanowires can form the basis for a new paradigm of ultra-compact spectrometers,
with footprints two to three orders of magnitude below those previously reported. In order
to achieve this, first, a comprehensive device fabrication framework has been developed for
the creation of photodetector arrays on CdSxSe1−x nanowires. This framework draws on
the literature, as well as initial experimental findings to address a series of challenges posed
by the material system in general, but more specifically the particular samples of as-grown
nanowires available for the investigation. Included within this, a series of processes have been
devised to identify, transfer and characterise nanowires that are most likely to be viable for
functioning devices. Nanowire embedding techniques have been developed to allow reliable
fabrication of electrode arrays at the high resolutions required. This embedding technique has
also been applied to allow the hybridisation of graphene and embedded-nanowire structures
for the first time. Furthermore, processes have been established to tailor the electronic
behaviour at the contact through surface treatment, as well as to dramatically improve the
repeatability of photoresponse measurements via ALD-mediated passivation.

Alongside the creation of a custom-built characterisation setup, multi-electrode nanowire
devices have been designed to allow for spatially resolved measurements at between 30
and 44 points along each nanowire, including calibration of the spectral response of each
photodetector unit in these arrays. Crucially, under illumination by an unknown optical
signal, it has been shown that by cross-referencing these calibrated responses with the mea-
sured photocurrent for each unit, the spectrum of the incident light can be computationally
reconstructed by a bespoke algorithm. Characterisation of the reconstruction accuracy in
these single-nanowire spectrometers reveals competitive resolution with existing microspec-
trometer technology, despite the dramatic reduction in the device footprint. Furthermore
a range of strategies for further enhancing the performance have been identified, through
altering either the device fabrication or through changing the computational techniques used,
many of which could be straightforward to achieve. The potential of these devices for spectral
imaging, from the macroscopic down to the single-cellular scale, has also been illustrated,
using a custom-designed point-scanning apparatus. The strategy that has been developed
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could be applied to virtually any compositionally-engineered nanomaterial system, allowing
great versatility in the operational wavelength range.

Further to this, the most significant, secondary findings of this thesis relate to the pro-
duction of inkjet-printable black phosphorus (BP) inks for optoelectronic applications. In
developing this platform, high concentration black phosphorus dispersions have been pro-
duced and characterised, with minimal degradation to the flakes. A solvent-exchange method
has been devised to allow the conversion of these dispersions into inks, based on a binder-free
mixture of IPA and butan-2-ol that can be reliably printed to produce highly uniform black
phosphorus films, with ultra fast drying times. Raman spectroscopic analysis of deposited
flakes suggests that despite multiple processing steps flakes are not significantly degraded
over the course of this entire process. Parylene-C encapsulation of these films ensures their
long-term stability (> 30 days), and allows their integration and use in photodetectors and
lasers, under intense irradiation, without any observed drop in performance over time. These
results have showcased the first scalable method for the deposition of solution-processed BP
films and features with viable device performance and stability.
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