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ABSTRACT

Colloidal semiconductors are nanosized semiconducting materials that are grown in solution and
dispersed in solvents. Since the first synthesis reports of colloidal nanocrystal quantum dots in the early
1990s, considerable progress has been made, enabling the production of monodisperse colloids that
are tunable in size and shape over a wide range of semiconductors and alloys. In recent years, the
deployment of these nanocrystals , has been considered in numerous optoelectronic devices such as
solar cells, photodetectors, and light emitting diodes, covering areas as diverse as renewable energies,

communications, medical imaging, displays, and lighting.

Lead sulphide (PbS) colloidal nanocrystals stand out, following ground-breaking discoveries in
energy harvesting and near infra-red (NIR) photodetection. In order to achieve successful integration
in the next generation of commercially available devices, several improvements must be made at the
material, device, and manufacturing level. This thesis attempts to address these challenges by focusing
on the application of PbS colloidal nanowires and quantum dots in NIR photodetection. Field effect
transistors have been fabricated to study the transport properties of PbS nanowires and it is shown
that p-type mobilities can reach values as high as 160 cm®V™'s™ thanks to the high degree of crystallinity.

The devices also showed interesting photo-response behaviour in the infrared with a responsivity as

high as 1.9x10* A/W, together with response times of the order of 30 ms.



Hybrid devices consisting of PbS nanowire FET's capped with PbS QDs were also made for
the first time thanks to an innovative fabrication technique involving the dry printing of PbS QDs. It
was shown that such hybrid structures exhibited substantial reduction in gate voltage hysteresis, which
was attributed to charge transfer occurring at the QD/nanowire interface, helping to passivate
localized trap states in the nanowire. PbS QDs were also used as standalone active materials in IR
photodetectors. The impact on device performance of ligand exchange, a strategy used to increase the
conductivity of QD films, was investigated in a study of two commonly used ligands, namely 1,2-
Ethanedithiol (EDT) and tetrabutylammonium (TBAI). EDT-exchanged films showed better

conductivity in the dark but a lower photosensivity than the TBAI-treated films.

The study on ligands served as a basis for the design of two photodetection devices, starting with
the fabrication of nanogap Schottky photodiodes consisting of ligand exchanged PbS QDs that were
sandwiched between gold (Au) and aluminium (Al) electrodes, with spacings of only a few tens of
nanometres. The electrodes were made via adhesion lithography, a novel fabrication technique that
holds great promise for probing charge transport properties as well as for large scale manufacturing of
devices. The devices fabricated in this work exhibited a responsivity of R = 38.7A/W in reverse bias
combined with a detectivity of 3.5x10" and a bandwidth of 180 Hz. These results highlight the
compatibility of colloidal PbS QDs with adhesion lithography fabrication processes for the
development of IR detectors for the next generation of flexible and transparent electronics. The
second type of devices consisted of patterned photodetectors made from printed micro arrays of PbS
QDs. It was shown that transfer printing was a suitable method for the patterning of such devices and
offered a viable alternative to commonly used non-patternable deposition techniques such as spin-
coating. Because of the versatility in the process, it was also shown that this technique could be used
with transparent and plastic substrates, leading to the realisation of transparent flexible photodetectors

made of PbS QDs.
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Chapter 1: Introduction

1 INTRODUCTION

1.1 Scope

Optoelectronics combine the physics and engineering of electronic devices that interact with light,
whether it be emission, control or detection. They have become ubiquitous in our everyday life through
light emitting diodes in displays, photodetectors in smartphone cameras, laser diodes in
telecommunications, or solar cells in energy harvesting. Modern optoelectronic devices primarily rely
on semiconductors that can convert photons of different energies into electrical signals or vice versa.
Historically, devices have been made using inorganic semiconductors such as silicon or alloys from the
third and fifth columns of the periodic table (thus known as III-V semiconductors). Their synthesis is
made thanks to epitaxial growth methods where bulk crystals are grown via deposition of precursor

atoms on a source substrate.

Despite the high quality of the as-grown crystals, epitaxy requires high temperature and
pressure growth conditions, and is limited by the nature of the source substrate, which induces strain
in the layers due to atomic lattice mismatch. Furthermore, the substrate size ultimately limits the device
fabrication throughput and places an upper bound on fabrication costs. The necessity to grow the
materials on crystalline substrates also limits the compatibility with plastic substrates and therefore
integration with flexible electronics. There has, therefore, been a lot of interest in finding alternative
semiconductor synthesis methods, which would ideally be compatible with solution-based processes.
These fabrication processes such as spin coating, doctor blading or inkjet printing are low cost and
scalable methods that could leverage further reduction in manufacturing costs. It is in this context that

the interest in colloidal nanocrystals for optoelectronics has emerged.
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Colloidal nanocrystals are nanosized inorganic semiconductors dispersed in solvents. Their
existence has been known since as far back as the 19" century with the observation of colour changing
gold particles[1]. Likewise, gold and silver colloidal nanoparticles were used by roman glassmakers,
albeit probably unknowingly; in the fabrication of dichroic glass as that of the famous Lycurgus Cup,
which appears red when light is transmitted through the glass and green when light is reflected from
it[2]. However, interest in the field only really developed at the beginning of the 1990s due to the
observation of quantum confinement effects in semiconductor nanocrystals [3][4] and the first
developments of fully solvent based growth processes[5][6]. Quantum confinement, which is
manifested as the ability of semiconductors to change their optical properties as a function of size,
focused the research towards the area of optoelectronics with the exciting prospect of spectrally

tunable devices relying on nanocrystals as building blocks|[7].

Since the initial developments, the ever-improving control on the shape, size, and surface
chemistry has placed colloidal nanocrystals as one of the most versatile nanoscale materials, relying on
widely available chemical synthesis apparatus for their fabrication, making them easy to produce at the
research level in large amounts[8]—[10]. From a nanoscience point of view, colloidal nanocrystals
became the perfect technological tool to understand material physics at the nanoscale, especially when
compared to resource expensive top-down approaches such as electron beam lithography or bottom

up methods such as molecular beam epitaxy.

The synthesis of nanocrystals has been developed for a variety of alloys (II-VI, III-V, IV-VI),
however, one class of material, lead chalcogens, has recently stood out as a prime candidate for
optoelectronics[11], [12]. Lead chalcogen nanocrystals are IV-VI semiconductors with a PbX
composition of lead (Pb) and X standing for sulphur (S), selenium (Se), or tellurium (Te). Over the
past decade they have been at the heart of colloidal nanocrystal research with notably ground-breaking

discoveries in energy harvesting and infra-red (IR) photodetection. Due to improved understanding of
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the carrier dynamics and better passivation strategies, solar cells based on PbS colloidal quantum dots
reached power conversion efficiencies above 10% thus offering an alternative to organic devices for
low cost solar energy harvesting[13]. PbS quantum dots are particularly efficient at absorbing light in
the near infrared (NIR) ranging from 750nm to 2400nm, a spectral range of interest in many
applications since it is the realm of standard optical communications (1300nm to 1550nm). In addition,
it is also of interest in biological imaging as there exists transparent windows, which are required for
deep tissue imaging, between 840 nm and 1680 nm. Infrared PbS QDs photodetectors such as hybrid
photoconductors composed of PbS quantum dots and 2D materials (graphene, molybdenum
disulphide) have achieved high photodetection performances, on a par with current state-of-the-art
photodetectors[14], [15]. Because of their solution processability, colloidal nanostructures are also
considered for use in the next generation of flexible and transparent devices, where the integration of
standard semiconductors have proven difficult due to the need for low temperature processing. In
this context, flexible electronic devices such as field effect transistors (FETS), inverters, and ring
oscillators have been made using colloidal quantum dots and colloidal nanowires showing a promising

alternative to the silicon CMOS technology that currently dominates this area[16], [17].

1.2 Aim

Despite the advances of the last few years, several challenges must be addressed to secure the
integration of colloidal nanostructures, and more particularly PbS nanostructures, into future
optoelectronic applications. For example, charge transport remains low in PbS devices and this limits
their potential. Air stability is also an issue, causing hysteresis and performance degradation in ambient
conditions. Moreover, if solution-based fabrication methods are low-cost and low temperature, they
come at the expense of difficult integration with other devices, due to the lack of efficient patterning

processes. These challenges can be addressed at three different levels:
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1. At the material level: by a thorough understanding of the physics and of the interactions at play

between the various interfaces of the components.

i. At the device level: with the successful fabrication and demonstration of high-performance

devices, matching the current state of the art.

ii. At the process level: where innovative technologies must be developed to integrate the

colloidal semiconductors into current processes in a scalable, reliable and low-cost manner.

In the following thesis, different devices based on PbS colloidal nanostructures are used to study those
three aspects. Nanowires (NWs) are used in field effect transistors (FETs) to investigate transport
properties of PbS nanostructures and their interactions with surrounding interfaces. Photodetectors
based on PbS QDs are also made to explore novel device structures such as coplanar nanogap
electrodes. The thesis also reports the integration of PbS QDs using an innovative process, transfer
printing. Transfer printing is a ‘pick-up and print’ deposition method using elastomeric stamps and has
shown promises in the integration of QD-LEDs for pixels in displays[18]. This method is scalable,
low-cost and compatible with colloidal nanocrystals. Here, it will also be used to demonstrate the
integration of PbS QDs with flexible substrates, and as a dry deposition method allowing solvent

contamination issues to be bypassed.

1.3 Outline

This work begins with an introductory chapter (Chapter 2) aimed at presenting the concepts and
general physics used throughout the thesis. Colloidal nanostructures are presented in detail with a focus
on PbS nanocrystals and their synthesis. A review of the working principle of the two main devices
used in this work, transistors and photodetectors will also be discussed. Finally, Chapter 2 will close
on a summary of the current state-of-the-art in PbS colloidal optoelectronics, to place this work, and

its contributions, into context.
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In Chapter 3 the experimental methods used for material analysis, device fabrication and
characterisation will be described. In addition to the common analysis techniques, such as UV-Vis
spectroscopy, scanning electron microscopy..., an emphasis will be put on transfer printing and its

kinetics given its importance in the later chapters of the thesis.

The first experimental results will be presented in Chapter 4 where field effect transistors with a
channel consisting of single PbS nanowires were made. After having introduced the synthesis of the
nanowires, inspired from the synthesis of PbS QDs detailed in Chapter 2 and characterised their
crystallography, the fabrication of the devices will be described. The electrical performances of the
nanowires will be discussed, using conventional figure-of-merits such as transfer and output
characteristics. The optoelectrical response will also be investigated in order to extract the device
photoresponsivity and time response. The chapter will conclude with a discussion on an interesting

effect observed during the investigation, where the devices showed enhanced performances with aging.

The electrical analysis of the PbS NWs FETs will be further investigated in Chapter 5 with an
emphasis on the observed gate voltage hysteresis. A time dependent analysis will be conducted in order
to identify the nature of the charge trapping effects assumed to be responsible for the hysteresis. We
will also show that it is possible to control the amplitude of the gate hysteresis by fabricating hybrid
NW/QDs heterostructures, which can play a role in the trapping/de-trapping mechanisms occurting
at the NWs interfaces. The fabrication of the hybrid structures will be based notably on dry transfer

printing methods so as to avoid damaging the nanowires with the further use of solvents.

Further investigations on PbS QDs were carried out with the fabrication of IR photodetectors,
which will be presented in Chapter 6. The first part of the chapter will focus on QD surface chemistry
and how passivation strategies, inspired from the research on PbS QDs solar cells, enable the
significant improvement in the device performance. The second part of the chapter will use these

passivation techniques in the fabrication of PbS QDs with a novel architecture using coplanar

5
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electrodes separated by a nanosized gap (nanogap). It will be shown that solution processed colloidal
QDs integrate perfectly into the nanogap architecture allowing for the realisation of IR photodiodes
over a wide range of electrode aspect ratios. This work was carried out in collaboration with Dr Dimitra
Papadopoulos from the Department of Physics at Imperial College, London who provided the

nanogap electrodes.

Chapter 7 focuses on the patterning of PbS QDs using the transfer printing fabrication method.
The design, fabrication, and characterisation of patterned stamps will be presented in detail together
with the optimisation of the transfer printing process. As a proof-of-concept, arrays of PbS QDs
photodetectors will be fabricated on silicon and glass substrates, together with, to the best of our
knowledge, the first fabrication of PbS QDs IRs detectors on transparent, flexible substrates. Possible

routes for device performance enhancements will also be discussed.

To conclude, Chapter 8 will summarise the key findings of this work and consider the future

opportunities and challenges for PbS colloidal nanostructures in optoelectronics.
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2 BACKGROUND AND LITERATURE REVIEW

2.1 Quantum size effects in nanostructures
2.1.1 Quantization of energy
Semiconductors
Semiconductors are materials whose electrical conductivity depends on their energy state. In a

semiconductor, the energy levels are separated into insulating (valence) states and conductive states by
a forbidden energy gap called the bandgap. The bandgap E; represents the difference in energy

between the lowest conducting energy level for the electrons E¢ and the highest insulating level Ey,

E, = Ec— Ey. @.1)

If an electron in the valence state receives energy that equals the value of the bandgap then it can
transition to the conduction band leaving a positively charged hole in the valence band. The excited
electron eventually recombines and loses energy equivalent to the value of the bandgap. In case of
radiative recombination, a photon of energy Ej is emitted. Such inter-band transitions between the
valence and the conduction bands are the main mechanisms exploited in semiconductor
optoelectronics. For instance, in solar cells, absorption of light creates excited charges which can then
be collected to generate electricity. Conversely, spontaneous emission is used in LEDs and stimulated
emission is used in lasers to create coherent sources of light. The electron-hole pair can remain
physically bound by Coulomb attraction; in which case it is considered as a quasi-particle known as an
exciton. Typically, the exciton energy is slightly lower than that of the bandgap and leads to below-

energy gap transitions and the appearance of an effective bandgap([19].
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The dimensions of a semiconductor significantly affect its electrical and optical properties. As the

physical dimensions approach nanoscale lengths, they become comparable to the wavelength of the

free charge carriers, resulting in spatial confinement. This confinement impacts the nature and the

position of the energy levels available for the electron and holes to occupy. Semiconductors of various

dimensions are depicted in Figure 2.1. In a 3D bulk solid (Figure 2.1a), the free charges are able to

move unrestricted in all directions and their energy is described by the dispersion relation[20]

h2
E —E, =2—m*(kx2 + k2 + k%),

with 4., &, &;being the Cartesian the coordinates of the wave vector.
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Figure 2.1. Confinement in semiconductors. (top) Schematic representation of the reduced

dimensionality of a) bulk, b) 2D, ¢) 1D, and d) 0D semiconductors with their associated density of

states (DOS).

Materials of lower dimensions have one or several dimensions reduced to a few hundred

nanometres, confining the motion of the carriers along these directions. This induces a discretization

8
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. . . nm . . . .
of the wave vector in the confined direction ky ,, , = R with n € N*. In two-dimensional materials,

such as thin film semiconductors (Figure 2.1.b), quantum wells or monolayered materials (e.g.
graphene, molybdenum disulphide), the charges can move freely along two directions (two degrees of
freedom) whilst the motion in one dimension is confined. The k-vector is therefore discretized along
one direction only. Similarly, one dimensional objects such as nanowires and nanotubes (Figure 2.1c)

have only one degree of freedom and the carrier energy is therefore quantized along two directions.

In zero-dimensional structures (Figure 2.1d), the motion of the charges in constricted in all three
directions and the energy is thus fully quantized. The confinement of the electrons and holes in all
three directions induce strong quantum size effects and these materials are often referred to as

quantum dots.

Density of States

Quantum confinement effect directly impacts the distribution of energy levels or density of states
(DOS). The density of states describes the number of available energy states available for an electron
(hole) over a small interval of energy. The DOS is proportional to the carrier concentration in a material
and impacts, therefore, the operation of semiconductor devices. The analytic expressions for the

density of states of 3D, 2D, 1D, and 0D semiconductors are plotted in Figure 2.1.

2.1.2 Quantum confinement impact on the bandgap

The bandgap is also affected by the physical dimensions of the semiconductor when it is of the
order of the exciton Bohr radius a. The exciton Bohr radius represents the distance within which an
electron and hole pair remain bound as an exciton. This value is specific to each material and can be

expressed as|21]

1 1
a, = £agmy (m + ), (2.3)
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where € is the semiconductor dielectric constant, my,* and m,” are the carrier effective mass for holes

and electrons, respectively, Mg and @ are namely the electron mass and the conventional Bohr radius
of the hydrogen atom. The Bohr radius gives a good indication of how effectively the quantum
confinement is ‘felt’ in the crystal, with strong confinement effects when the crystal size is lower than
this radius. It can be inferred from Equation 2.3 that a low effective masse implies a large Bohr radius,
which is a desirable condition for strong confinement. Table 2-1 summarizes the Bohr radii values of
common semiconductors from the II-VI, III-V and IV-VI categories. For strong confinement, the

value of the bandgap is affected such that

Eg,effective = Lgbulk + Econfinement'I'Eexciton (2-4)

whete Econfinement represents an extra energy term accounting for the quantum confinement and

Eexciton accounts for the Coulombic attraction between electrons and holes which become important
in confinement regime. Following the particle in a box approach [4], for a spherical quantum dot of

diameter R such that a, < R, the bandgap becomes [22]

E

g.ef fective 2.5)

h2n2< 1 1 ) 1.8e2

+ .
gbulk T 9R2 \m,* ' my* &R

The consequence of Equation 2.5 is that for small enough semiconductors (R < 1) there is a direct
relationship between the material dimensions and its bandgap. For quantum wires and quantum wells,
it has been shown that AE; = Ej cfrective — Egpuik also depends linearly on 1/ d? with d being
respectively the well width or wire diameter[23], [24]. Interestingly, Yu e a/ established that for an
identical critical dimension, d, the increase in bandgap due to the confinement followed the ratios

10
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Class Material E4 (eV) ap (nm)
CdS 2.48 2
I1-VI
CdSe 1.73 4
InP 1.34 8
I1-v
InAs 0.35 29
PbS 0.41 18
IV-VI
PbSe 0.28 55

Table 2-1. Bandgap and exciton Bohr radii of various semiconductors|21].

Figure 2.2 illustrates the size dependent energy level diagram implied by Equation 2.5, which

highlights the main feature of quantum confinement in nanostructures: as the size of the material
. . . C . .
shrinks, the bandgap widens. In terms of wavelength, Planck’s relation E = hz implies that as the

bandgap increases, the absorption wavelength decreases towards UV wavelengths which is sometimes
referred to as a blueshift. Therefore, by controlling the semiconductor dimensions, it is possible to
control its bandgap and thus its optical properties. This bandgap engineering has great implications in
optoelectronics as one could potentially build devices covering the whole UV-IR spectrum using only
one class of semiconductors[7]. It is however clear that bandgap engineering relies on the existence of
reliable synthesis methods that yield QDs with a narrow size dispersity. Top down techniques, which
involve the cleaving of bulk semiconductors into smaller crystals (electron beam lithography, molecular

epitaxy) were initially investigated and are still used in quantum information technology and quantum

11



Chapter 2: Background and Literature Review

CB
P s — A
> 7 A 0 !
Q ' ' ! :
w Y v v v
VB

v

Decreasing Size

Figure 2.2. Schematic illustration of the quantum confinement effect in semiconductors. As the size of
the semiconductor decreases, the bandgap increases, and discretised energy states appear. The smaller
the material the more discretised the energy levels become

computing. Unlike top down approaches, bottom up techniques, and particularly chemical procedures
such as colloidal synthesis, offer a cheap and scalable way to produce nanomaterials in a controlled

manner and therefore present an interest for optoelectronic devices.

2.2 Colloidal nanostructures
2.2.1 Terminology

Colloidal nanostructures are nanomaterials that, as colloids, are dispersed in solvents. As opposed
to those fabricated via top-down techniques, they are synthesized in solution via wet chemical
processes where the aim is to grow the crystal by gathering inorganic monomers into specific crystalline
directions (bottom-up methods)[8]. Whilst colloidal nanocrystals generally refer to inorganic
semiconducting quantum dots, in this thesis two different kinds of nanocrystals, namely nanowires
and quantum dots have been prepared. Therefore, in this work the term colloidal nanocrystals regroups
both solution processed quantum dots and nanowires. Colloidal quantum dots will be referred to as

quantum dots and colloidal nanowires as nanowires.

12
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2.2.2 Colloidal synthesis

The wet chemical approaches used in colloidal synthesis have numerous benefits. First, they require
widely available chemical equipment and inexpensive chemical precursors, which allows for large batch
processing and potential factory-sized scalability. The solution processability is compatible with a range
of deposition methods such as spin casting, doctor blading, inkjet printing, nanoimprinting, and

transfer printing[16].

Second, during synthesis the tens of thousands of atoms forming the nanocrystals tend to arrange
themselves according to the crystalline configurations of the bulk macro-crystal structures from which
they are derived. This gives them a high degree of crystallinity, reducing the impact of defects and a

necessary requirement for efficient charge transport.

Third, accurate control of the synthesis parameters, such as the reaction time and temperature allow
us to obtain quasi-monodisperse size distribution of the nanoparticles. This translates into a narrow
distribution of the particle bandgap and therefore narrow optical absorption and emission peaks. More
generally, the tweaking of the synthesis parameters gives excellent control over the size and the shape
of the nanocrystals. Using the same experimental set-up and similar reaction conditions, one can either
obtain quantum dots, nanowires, nanorods, and nanoplatelets, thus opening the way to shape

engineering. [20]

Finally, colloidal synthesis allows for efficient surface passivation and functionalization. Colloidal
nanocrystals are encapsulated in long, insulating ligands, such as oleic acid (Figure 2.4c). This is a
necessary requirement to keep the nanocrystals stable in solution and prevent them from aggregating
together. When capped with such long ligands, nanocrystal films have little to no conductivity as there
is weak electronic coupling between the nanocrystals and at the interface with the contact electrodes.

Whilst these ligands work against efficient charge transport, they can however be exchanged with

13
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shorter ligands in solution (solution ligand exchange)[27] or after deposition (solid state ligand
exchange)|[28]. Besides increasing the conductivity of the nanocrystal films, these short-length ligands
also affect the doping levels of the nanocrystals, meaning that the same nanoparticle can exhibit either
p-type or n-type conductivity depending on the nature of the encapsulating ligand[29]. The availability
of various ligands offers another degree of functionalization of the nanostructure in addition to the

size tunability.
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Figure 2.3. Schematic illustrating the solution synthesis of nanocrystals as a function of the
concentration of the monomers over time. Bottom panel shows the state of the solution after each
stage.

The growth of colloidal crystals is based on the nucleation process whereby nuclei act as seed
catalysts around which crystalline monomers condensate[30]. Monomers are nanocrystals building

blocks obtained from the reaction precursors. In classical nucleation theory, the nucleation rate is best

N
expressed as: (Z—IZ = Aexp (— iﬂ%), where AGN = 16my3V;2 /3(kgT In(S))? is the critical free energy,

or the energy required to obtain stable particle in the solution, y is the surface free energy, V,, is the

14
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molar volume, and S is the supersaturation ratio. The supersaturation ratio is defined as the ratio of

the concentration of monomers over the solubility of the bulk material. The critical free energy is
related to the critical radius by the relation:AGYN = gn)/rczn-t. To achieve fast nucleation, a high

concentration of monomer must be obtained over a short period of time (LaMer mechanism|[21]),
necessitating highly reactive precursors. This is best implemented by using the hot injection technique.
in which inorganic precursors are quickly injected into a hot solvent. It can be divided into three
different successive reactions (Figure 2.3). First, molecular precursors, usually in solid form, are
introduced into a hot solution where they undergo a chemical reaction giving rise to monomers i.e.
molecules or atoms that are the building blocks of the nanocrystal growth. Once the monomer
concentration has reached a nucleation threshold, the monomers nucleate and start aggregating
(reaction II). Nucleation subsequently decreases the monomer concentration below the nucleation
threshold and no new nuclei can then be formed. A continuous influx of monomers onto the nuclei

surfaces promotes the growth of the nanocrystals (reaction III). As time increases, further growth can
. L _ 2y .
occur through Ostwald ripening[31], which is driven by the Laplace pressure p = - Smaller particles,

with a higher Laplace pressure, will dissolve into monomers and in turn promote the growth of already
existing larger nanoparticles. The growth process is quenched by cooling the reaction temperature. All
these steps are affected by the presence of the organic ligands, which adhere to the nanocrystal surface
during nucleation and growth and are necessary to ensure the stability of the colloids in the solution.
Nanocrystals are then dispersed into post-synthesis solvents (toluene, chloroform...) and be used for

device fabrication.

15
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2.3 Lead Sulphide nanocrystals
2.3.1 Bulk Lead sulphide

Bulk lead sulphide (PbS) is alV-VI semiconductor belonging to the lead chalcogenide family PbX
(where X=§, Se, Te). PbS has a highly symmetrical rock-salt structure, which consists of two inter-
locked face-centred cubic lattices of lead (Pb) and sulphur (S) with a lattice parameter of a =
5.936 A (Figure 2.4a). it is a narrow gap semiconductor with a bandgap of 0.41eV and a
photosensitivity covering the near infrared (NIR), the short wavelength infrared (SWIR), and the mid-

wavelength infrared (MWIR) range (Figure 2.4d). As such, it was initially used in the first generations

*

Q

of infrared photodetectors[32]—[34]. PbS has similar electron and effective masses, m,* = my,
0.08 m, that are low in value. This in turns means that the exciton Bohr radius is rather large, a; =
18nm (Table 2-1). Confinement can therefore be achieved for crystals with a critical dimension of =
9nm, as it is generally accepted that strong confinement begins at dimensions that are half of the Bohr
radius. An advantage of the early onset of confinement in PbS is that it offers greater size tunability
and therefore wavelength tunability than other II-VI and III-V nanocrystals as those usually tend to
have large hole effective masses. Coupled with the bulk initial narrow bandgap, PbS nanocrystals can

cover a wide spectral range showing tunability throughout the entire near-infrared spectrum (Figure

2.4d)[35].
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Figure 2.4. a) Rock-salt crystal structure of PbS made of two cubic face-centered lattices of Pb (black)
and Sulphur (yellow). b) Crystal structure of a bare 5 nm PbS QD, presenting the (100) and (111)
facets plotted with the MPInterfaces code[216] c¢) Atomic structure of a PbS QD encapsulated with
oleic acid ligands. Reproduced from [217] under the license CC BY-SA 3.0. d) Spectral range of
common semiconductor used in semiconductors. Adapted from Saran ef a/11].

2.3.2 PbS Quantum dots

The first colloidal synthesis of PbS quantum dots (PbS QDs) was reported in 2003 by Hines e a/
following the report of the hot-injection process described in Section 2.2.2[30]. In their work, they
used lead oxide PbO and bis(trimethylsilyl)sulfide (TMS sulfide) as Pb and S precursors. Oleic acid
(OA) played the role of the capping agent, which was necessary to ensure the stability of the colloids.
PbO and OA were heated for one hour in an inert environment into which a solution of TMS and
octadecene (OE) was rapidly injected to provoke the nucleation stage. Subsequent growth was
controlled by time and temperature adjustments before quenching the reaction by cooling the solution.
They obtained remarkably narrow size dispersions of 10-15%. The size tunability was achieved by

tuning the PbO:OA ratio, which in turn controlled the reactivity of the Pb precursors. The higher the
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ratio, the less reactive the Pb monomers, and subsequently the bigger the QD size. Hines suggested
adding n-trioctylphosphine (TOP) to the ODE-TMS mixture which was later shown to increase the
size distribution and stability of the QDs[37]. Another common method for synthesizing PbS QDs
was established by Cademartiri e 2/ and involves lead chloride (PbCl,) and elemental sulfur S as the
precursors in a solution of oleylamine (OLA)[38]. The size of the PbS QDs ranges from 2-10 nm and

the energy size dependence has been modelled and experimentally fitted by the function [39]

1

. 2.6
0.0252d? + 0.283d 0

E, =041+

2.3.3 Oriented attachment and growth of PbS nanowires

Just like their bulk counterparts, colloidal nanostructures exhibit clearly defined crystallographic
facets. The crystal structure of a PbS QD follows that of a truncated octahedron (Figure 2.4b) with 8
{111} faces and 6 {100} faces[40]. The {111} faces are terminated by either lead or sulphur atoms
whereas, the {100} include both. The difference in surface energy causes the ligands to adhere
selectively on the crystal faces[41] and can be used to control the nanocrystals growth kinetics and
tailor the structures of anything from highly spherical quantum dots, arrows, nanorods, cubes, star
shapes to long anisotropic nanowires. For instance, Weller’s group reported that the assembly of
packed ligands on the {100} PbS surfaces drove the attachment of PbS along their {110} faces[42].
This process, known as oriented attachment[43], is one of the main mechanisms that allows the growth
of colloidal nanowires. For instance, Patla et al used oriented attachment to synthesize ultra-narrow
PbS nanowires (d=2nm)[44], [45]. The nanowires were formed through the spontaneous attachment
of PbS nanoclusters using a trioctylamine (TOA) solvent that enables the 1D growth. Similarly, Murray
and co-workers showed that the oriented attachment of the crystalline equivalent lead selenide (PbSe)
QDs leads to the formation of various nanostructures (nanowires, -rings)[46], [47]. Their growth

method was directly inspired from the synthesis of quantum dots which they tweaked by changing the
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concentration of oleic acid and the reaction temperature. They suggested that oriented attachment
during the nanowire synthesis might not only be due to favourable energetic rearrangements along the

crystal surfaces but also to dipole-dipole interactions between the nanocrystals.

A 10um long nanowire would require the assembly of more than 10° nanocrystals along the same
growth axis, which might seem counterintuitive considering that the nanocrystal has several energy-
equivalent facets. The difference in electronegativity between the Pb cations and the S anions make
the Pb-terminated and S-terminated {111} surfaces polar whereas the faces terminated by both S and
Pb ({100} and {110}) are non-polar[48]. The easiest way to maintain stoichiometric balance in the
crystal is to have 4 of the {111} surfaces that are Pb terminated and the 4 other facets S-terminated.
According to the different arrangements of the surfaces, the nanocrystals can have central symmetry
and therefore a net dipole moment of zero or lack of symmetry and a dipole moment along the <100>,
<110> and <111> axis. Assuming a random distribution of the {111} faces, the crystals have a
probability of 89% to have a dipole moment with the strongest probability along the <100> and
<110> axis[46]. Nanocrystals with a dipole moment aligned along these directions have the highest
probability of assembling and merging, which in turns induces an avalanche effect that increases the
dipole moment along the growth direction and triggers nanowire growth. As a consequence, the
nanowire possesses a strong dipole moment, which can be used during device fabrication for

deposition and alighment via electrophoresis[47].

Other techniques have been reported to control the growth of nanowires in solution. Among them,
is the solution-liquid-solid growth (SLS), which is an analogue to the common vapour-liquid-solid
(VLS) growth process, but carried out in the liquid phase[49], [50]. SLS uses metallic nanoparticles as
seed catalysts but the growth precursors are brought to the seeds in solution phase rather than in the

gas phase[51]. The prime advantage of this method is that the nanowire diameter can be controlled by
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the size of the starting catalyst nanoparticle. PbSe and PbS nanowires have thus been made using gold

and gold bismuth nanoparticles as the growth seeds[52], [53]

2.4 Device applications of colloidal nanostructures

2.4.1 Field Effect Transistors

24.1.1 Basics of Field-effect Transistors
Transistors are voltage-controlled devices whose conductance can be modulated upon the application
of a gate voltage. From a logic point of view, they are electrical switches that can be turned ON or

OFF depending on the value of the gate voltage.

Source

Figure 2.5. The architecture of a generic backgated PbS FET. The heavily doped p-type
polycrystalline silicon is separated from the semiconducting PbS by a SiO; layer of thickness t,y,
forming a MOS capacitor

The most common FET architecture is the metal-oxide-semiconductor (MOS) configuration, where
an applied voltage on the metal contact modulates the carrier concentration at the oxide-
semiconductor interface. Different regimes exist depending on the nature of the charge carrier at the
interface. When the concentration of majority carrier increases (decreases) the transistor is said to be
in accumulation (depletion), when the minority carrier concentration becomes dominant the transistor
switches to inversion regime. In typical MOSFETS, the source and drain contacts are heavily doped

regions that are electrically connected in inversion regime, where a minority carrier conducting channel
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links the electrical contacts. The nature of the carriers injected into the channel depend on the nature
of the doping in the source and drain regions. However, this configuration is somewhat difficult to
achieve in thin-film electronics because of the technical challenge of creating heavily doped source and

drain regions on thin substrates.
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Figure 2.6. Working principle of a back-gated p-type FET.

Back-gated FETs or Schottky barrier FETs with metallic source and drains contacts have been
heavily developed since the advent of carbon nanotubes FETs[54] and have established themselves as
the most common way to investigate the transport properties of emerging materials. The three-
terminal architecture (Figure 2.5) consists of a heavily p-doped Silicon region, which plays the role of
the gate over which a thin layer of silicon dioxide (SiO>) has been thermally evaporated. Next, either
the metal contacts or the active material are deposited, depending upon the configuration (bottom
contacts or top contacts). This design is much simpler than that of MOSFET' and, as a result, back-

gated FETs are easier and faster to fabricate. The working principle differs slightly from their
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MOSFET counterparts because the metallic nature of the source-drain contacts allows both type of
carrier to be injected into the channel. Back-gated transistors do not require an inversion of the carrier
concentration to start conduction, but instead function by increasing the majority carrier concentration

and therefore the channel conductivity.

Figure 2.6 shows the different modes of operation of a p-type back-gated FET. In equilibrium, no
voltage is applied on the gate and the Fermi levels of the metallic gate (heavily doped p-Si) and the
semiconductor are aligned. In a non-ideal case, the difference in the metal workfunction ¢y, and the
semiconductor workfunction ¢ creates a built-in potential at the oxide-semiconductor interface,

which induces a slight upward (downward) bending of the bands if ¢y > ¢s (Ppy < @s) (Figure
2.6a). For a p-type semiconductor, holes are intrinsically present in the channel, and the transistor is
conducting when a voltage is applied between the metal contacts (normally ON, Figure 2.6d). When a
negative voltage is applied to the gate (Figure 2.6b), the Fermi level in the metal moves up and the
bands at the oxide-semiconductor interface are shifted further upwards. Holes are attracted to the
surface and the majority carrier concentration increases. The transistor is in accumulation mode and
the conductivity in the channel increases (Figure 2.6e). When a positive voltage is applied (Figure 2.6c¢),
the bands shifts downwards and the majority carriers move away from the surface; the transistor is in
the depletion mode and the majority carrier concentration decreases. Consequently, the conductivity
decreases, and the transistor is turned off (Figure 2.6f). When applying a larger positive voltage, the
conduction band bends down to the quasi-Fermi level and the minority carriers are attracted to the
channel. The transistor is in inversion mode and n-type conductivity is observed. However, the
inversion mode is difficult to achieve in back-gated transistors because the minority carriers tend to be

trapped at surface sites and defects, which inhibits the minority current.

22



Chapter 2: Background and Literature Review

2.4.1.2 Figures of merit
At the research level, back-gated FETs are the perfect tool to probe the transport characteristics of

new materials and several useful figures-of-merits can be extracted. The three observable parameters
in FET characterisation are: the drain current I35, measured between the source and drain electrodes,
the drain bias, Vs, and the applied gate bias, V. Therefore, relevant figures-of-merits should be
expressed as a function of these parameters. In practice, a complete DC characterization of an FET

comes down to the measurement of the transfer characteristic I45(V;) |V and the output characteristic
ds

Ids (Vds) |Vg-

Field Effect Mobility

The field effect mobility of a semiconductor describes the ability of the charge carriers to move
under an electric field. The higher the mobility, the faster the carriers migrate into the channel and
therefore the faster the devices can operate. In the linear regime, i.e. for a small Vg, the ON current

in the transistor can be expressed as

01y CVys
gm - a‘(g - LZ ) (2.7)

where, g, is the transconductance of the device, C is the oxide capacitance and L is the channel length
(Figure 2.5). According to Equation 2.7 the linear mobility can be directly retrieved from the linear

part of the slope of the transfer characteristics.

Current modulation

Current modulation simply relates the ratio between the current level in the transistor ON state to
the current level in the OFF state. A high ON-OFF ratio is necessary in logical circuits and display
applications since it allows to clearly separate the ON and OFF states of the devices and achieve a high

signal to noise ratio. Furthermore, a low OFF current diminishes the current leakage when the device
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is turned off which in turn minimises the power consumption and degradation due to aging. Typically,

digital electronics require an ON-OFF ratio of at least 10°[55].

Threshold voltage

The threshold voltage is the voltage at which the transistor switches on. It is directly related to the
intrinsic doping of the semiconductor and thus is a perfect tool to probe the carrier concentration. An

expression of the threshold voltage is given by[50]

qnyd
V., = +
th - C

ox

+ Vip, 2.8)

where ng is the concentration of free cartiers, C,y the oxide capacitance, d the semiconductor
thickness, and Ve, = q(¢m — Ps) the flat band potential (assuming no fixed charges in the oxide).
The flat band potential is the potential required to achieve flat band conditions across the metal-oxide-
semiconductor junction with no bending of the bands at the interfaces. In this work, Vi, was

experimentally obtained as the intersection of the linear part of the transfer curve and the x-axis.

Subthreshold swing
The subthreshold swing, S, corresponds to the change in gate voltage required to induce a tenfold
increase in the drain current[20]. It is directly obtained from the inverse of the subthreshold slope, i.e.

the linear slope of the log of the transfer curve. This is expressed as

v, kgT (Cox + Cs+C
S =In(10) ——— = In(10) = (‘”‘ CS T),
ox

dn(lz) #9)

where Cs and Cr are, respectively, the capacitance of the channel and the capacitance induced by
trapped charges at the oxide-semiconductor interface. The lower the subthreshold swing, the sharper

the transition from the ON to OFF state will be and the more efficient the device will be.
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2.4.1.3 Charge transport in PbS QDs

Ligand Exchange

During QD synthesis, ligands are introduced to hold the QD together and to prevent them from
aggregating, ensuring solution processability[57]. These ligands are typically long organic molecules (8-
18 carbon chains) that coat the surfaces of the QDs (Figure 2.4c). However, this comes as a
disadvantage for devices as QDs encapsulated with such ligands present no electrical conductivity; the
long ligands prevent the charge from tunnelling from one QD to another (hopping). Moreover, the
high energy barriers surrounding the QDs, while being good for quantum confinement, generally mean
that the charges inside the QDs have little probability of exiting the nanoparticle, thus impeding

electrical transport.

Strategies have been sought to replace these ligands with shorter, more energetically favourable
ones. These new ligands serve the dual purpose of bringing the QDs closer together by reducing the
inter-particle distance and modifying the electronic structure of the nanoparticles. A main requirement
of the replacement ligands is that, while being short enough to ensure the transit of electrons via

tunnelling, they must prevent the sintering of the QDs leading to the loss of quantum confinement.

Chemical exchange methods have been used with both organic (thiols, acids and amines)[58]—[60] and
inorganic (thiocyanates[61], metal chalcogenide complexes[62], halides [63]) ligands, providing several

strategies for optimizing the transport of charges through the QD films.

Ligand exchange is the key step to ensure conductivity in the QD films. It can occur in two forms:
solid-state ligand exchange, where the ligands are exchanged after deposition of the QD film on a
substrate[28] and liquid-state ligand exchange, where the ligands are exchanged in solution, prior to
deposition[27]. While easier to implement, solid-state ligand exchange usually is accompanied by
cracking of the QD film, because of the loss of volume occurring when the QDs confined to a small

volume. These cracks can, in turn, impede the conductivity of the films.
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Doping and passivation

Unlike bulk semiconductors, QDs and nanowires have a high surface-to-volume ratio and
alterations at their surface can significantly affect the overall electronic structure of the particle. Since
the ligands bind directly at the QD surface, they can modify their properties thus opening the way to
QD functionalization via surface chemistry. Both the chemistry of the binding group and the ligand
dipole moment affect the strength of the QD-ligand surface dipole and result in a shift of the vacuum
energy level, which in turn shifts the valence and conduction band levels. In the case of, Brown e a/
have shown that using various ligands ranging from halides to thiols the energy shift could span as
much as 0.9eV due to various dipole interactions[29]. Ligands based on halides groups
[tetrabutylammonium iodide (TBAI), bromide (TBABY), chloride (TBACI), and fluoride (TBAF)]
showed a deep shift downwards of the energy levels resulting in n-type doping, whereas the thiols and
amine-based ligands [1,2-ethanedithiol (EDT), 3-mercaptopropionic acid (MPA), 1,2-ethylenediamine
(EDA) ammonium thiocyanate (SCN)...] had shallower band shifts resulting in intrinsic or p-type
doping. These collective findings show that, on top of the tunability of the bandgap via size
modification, post synthesis chemistry adds another degree of tunability paves the way to band
alighment engineering, a particularly effective strategy for improving the efficiency of PbS QDs solar

cells[13].

Surface changes such as modification of the Pb:S stoichiometry, structural defects at the surface or
dangling bonds or incomplete ligand exchange often induce the formation of trap states[64], i.e.
localized energy states in the bandgap that trap the free charges and promotes recombination, both
effects are detrimental to device performance. However, ligands can also act as passivation materials
to reduce the density of traps within the QDs by selectively passivating the trap states[10]. For instance,
several studies have shown that inorganic ligands based on halides can help to passivate surface defects

and improve electronic transport[13], [65].
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In a similar way, unwanted atoms or molecules that adsorb at the QD surface will also impact the
electronic structure. For instance, oxygen easily adsorbs at the surface of lead chalcogenide QD and
behaves as an acceptor resulting in p-doping of the QDs and oxidation of the QDs as well as
degradation of device performance with time. This has motivated research to steer away from air
sensitive organic ligands and Sargent’s group has shown that halides that attach to the QD surface can

effectively act as an oxygen blocking layer, resulting in air-stable QDs[65], [66].

PbS QD FETs

The progress in ligand exchange strategies has led to a dramatic improvement in charge transport
in QDs films and has enabled mobility-based devices such as FETSs. Traditionally, cadmium-based
QDs have shown better performances, achieving high mobilities of 10-30 cm®V".s"[67]-[71] with
champion devices reaching near-crystalline mobilities[72]. However, the best performing devices often
relied on annealing temperatures above 200°C, resulting in a loss of quantum confinement due to
sintering, a disadvantage for light-related applications (phototransistors, light emitting transistors...).
As for lead chalcogenides, PbSe QDs FET's have been widely studied and mobilities have been found
to be in the range of 0.1-1 cm*>V'.s™ range[59], [73]—[75] with the best devices reaching values as high
as 10 cm® Vs using stoichiometric control and thiocyanate ligands|[76]. Interestingly, progress in the
formation of QD superlattices via controlled solvent evaporation and a better understanding of the
oriented attachment process, have led to a novel approach in the fabrication of QD devices, parting
from the conventional layer by layer spin deposition method. For example, a recent study by Balazs ez

al has reported high field effect mobilities in superlattice PbSe devices of 24 cm®V'.s™[77].

FETs consisting of PbS QDs have somewhat lagged behind in terms of development, but the
breakthroughs in PbS QDs solar cell research[13], [78] still provide a strong motivation for the
investigation of PbS nanomaterial FETS, with the hope that an improved understanding of the charge

transport will lead to better solar cell efficiencies. Towards this end, Kagan’s group have applied their

27



Chapter 2: Background and Literature Review
findings for PbSe QDs to PbS (QDs and have shown that careful control of the stoichiometry via the

ligand exchange process (sodium sulphide Na,S) and liquid phase lead chloride (PbCl,) treatment has
resulted in mobilities of 0.5 cm®.V".s'[79]. The 10-fold increase in performance of PbSe over PbS is
attributed to the stronger electronic coupling of the PbSe QDs and the lower density of traps[58].
FETSs were initially made using organic thiol ligands (mobility 10° ecm®V™".s"[58], [80], [81]) but ait-
stability issues limited their potential in FET's application. Halides (ligands terminated with halogen
ions: iodide I, chloride CI', bromide Br ...) were also used with the purpose of achieving air stability

and enhanced trap passivation (ex: tetrabutylammonium iodide, TBAIL, mobility 0.1 cm>V".s"[82]).

Halide ligand exchange promotes n-type doping, thus halides are the ligand of choice when it comes
to the use of n-type PbS QDs in devices[83]. Besides optimizing carrier mobility and ambient stability,
research has also focused on controlling the polarity of the majority carriers in the channel, i.e. using
ligands and encapsulation techniques to achieve p-type, ambipolar and n-type transport in QD films.
Thiocyanate (SCN) ligand exchange was reported to produce ambipolar QD films with both hole and
electron mobilities approaching 0.5 cm>V™".s[84], [85]. Alternatively, Bisti e @/ used ion-gel gating to
improve the filling of the carrier traps which, combined with organic ligand (3-mercaptoprepionic acid,
MPA), produced ambipolar FET's with high electrons and hole mobilities (1.9 cm>V™.s™ for electrons
and 0.15 cm®V'.s™ for holes, measured in air-free conditions)[81]. Air exposure is a major contributor
in doping as oxygen behaves as an electron acceptor, suppressing electron current and effectively p-
doping the channel[86], [87]. No reliable ligand exchange strategy has been reported to selectively p-
dope the QDs as the p-doping often reported with organic ligands relies on air exposure and partial
oxidation of the QDs. The lack of true, well passivated p-type PbS QDs limits their integration in more
complex designs such as CMOS inverters. Therefore, hybrid devices with well-known p-type

nanomaterials such as carbon nanotubes have also been investigated|[88].
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2414 Lead chalcogenide NW FETs

Due to the similarity in the synthesis procedure (see section 2.3.3), colloidal nanowires FETs have
also been developed in parallel with the development of QD FETs. The main advantage of colloidal
nanowires over their QD counterparts lies in the fact that improved transport performances can be
expected because of their highly crystalline nature. Furthermore, since NW FETSs are made of NWs
(multiple or single) bridging over two contact electrodes, ligand exchange is not required to achieve
electrical conductivity. Therefore, colloidal NW FETs are the perfect tool to probe the various
interface interactions in colloidal FETs (channel/dielectric; channel metal contacts; channel/air...)
without being hindered by low device performances/sensitive fabrication techniques[89]. During the
nanowire growth, a trade-off must be established between nanowire length and diameter as longer
reaction times will tend to yield longer but thicker nanowires. To achieve sufficiently long nanowires
for device fabrication (length = 10um), the nanowire diameter needs to be 20-50nm. It should be
mentioned that at such diameters, low to weak quantum confinement is expected in PbS and PbSe
despite their large bohr radii (18nm and 46nm for PbS and PbSe, respectively). In the end, the nanowire
approach is similar to that of sintered CdSe QDs, which has so far produced the best performance

FETs[68], [69].

The first lead chalcogenide colloidal NWs were reported in 2007 with the synthesis of PbSe NW's
by Murray ef a/]46], [47]. Extensive studies on PbSe nanowires were made by the Kagan’s group, which
most notably showed the ability to tune the nanowire polarity from n-type to p-type using hydrazine
(N2H4) and controlled oxygen exposure[89]. They also studied the influence of the dielectric and
reported that a gate dielectric stack made of self-assembled monolayer (octadecylphosphonic acid
(ODPA)) on aluminium oxide (Al,Os) resulted in low hysteresis on flexible substrates[90]. In the same
study, they introduced polymer encapsulation of the nanowire using poly(methyl methacrylate)

(PMMA), which effectively acts as an oxygen blocking layer allowing for the nanowire to maintain its
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n-type conduction in air. This ultimately led to the realization of nanowire p-n junction with the n-side
of the junction covered in PMMA and the p-side exposed to air[91]. Throughout these studies, field
effect mobilities remained in the 10-50 em®V™.s™ range, confirming the better transport performance

of nanowires over PbSe QDs. (see Section 2.4.1.3).

Several groups have demonstrated the synthesis of PbS nanowires following a similar oriented
attachment method but the analysis of their electrical properties somehow falls behind [92]-[94]. Jang
et al led an interesting study where they compare the electrical performance of PbS NWs grown via
three different synthesis methods, namely oriented attachment, chemical vapour deposition (CVD)
and gas phase substitution[92]. They reported that the PbS nanowires exhibited p-type condcutivity
and that CVD nanowites had the highest hole mobility of about 10 cm>V™.s™, whereas that of otiented
attachment grown was only of 0.1cm®V'.s™. In our work, we extensively studied the electrical response
of p-type PbS nanowires grown via oriented attachment and obtained high hole mobilities averaging
over 30cm’.V'.s'[95]. These performances are in-line with that obtained by the Kagan’s group with

PbSe NWs.
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2.4.2 Photodetectors
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Figure 2.7. Device types of PbS photodetectors. a) Basic two terminal photoconductor. b) bottom-
gated phototransistor. ¢) Schottky photodiode with aluminium and gold contacts. d) Vertical p-n

junction photodiode (solar cell).

Photoconductors are two terminal devices made of a photoactive semiconductor material connected

to two metal electrodes via ohmic contacts as shown in Figure 2.7a. Photoconductors rely on a change

of conductivity when illuminated. Upon light excitation, photons are absorbed by the semiconductor

and generate electron-pairs which modify the carrier density and increase the electrical

conductivity[96]. A basic expression of the semiconductor conductivity is 0 = q (nun + pup) and any

increase in the carrier concentration will increase the conductivity[20]. If the absorption of a single

photon can recirculate charges several times into the circuit before recombination, then

photoconductive gain is created. In the schematic shown in Figure 2.7a, electron-hole pairs are created

upon photon absorption. Under the action of a bias voltage, positive charges (holes) are extracted into
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the circuit via the cathode (§) and reinjected via the anode (D) creating one cycle. To achieve high gain
G, carriers with long lifetimes (long recombination time) Tj; and fast transit times T,y are required.

Whenever T;p > Ty, G > 1 is achieved. The presence of charge trapping states, called recombination
or sensitizing centres, inside the material will help to achieve high gain, since as long a charge is trapped
in the channel it does not recombine with the opposite charge, which can circulate in the circuit many
times. For instance, in Figure 2.7a, as long as the trapped electrons do not recombine with the

circulating holes, gain is created.

Phototransistors

Phototransistors are effectively three terminal photoconductors with the addition of a gate terminal
(Figure 2.7b). The purpose of the gate voltage is to modulate the channel carrier concentration via an
electric field effect. This changes the concentration of majority and minority carriers in the channel,
which can help optimize the photoconductor performance. For instance, for a p-type semiconductor
applying a negative gate voltage will induce supplementary holes into the channel and increase the
photoconductivity and gain. The gate voltage also controls the position of the Fermi level and can be
used to populate or depopulate the trap states. States close to the valence (conduction) band will be
filled on the application of a negative (positive) gate bias. Artificial filling of the sensitizing centres can
therefore be used to increase the lifetime of the carriers Ty. It is important to note that in such
scenarios, the long lifetime trapping of the carriers will screen out the applied gate electric field, which
results in a shift of the Fermi level within the semiconductor. Experimentally this is observed by a shift

of the threshold voltage upon light illumination[97].

Photodiodes

Unlike photoconductors, photodiodes rely on the presence on an internal built-in electric field
across the semiconductor to extract the photogenerated charges (photovoltaic effect). There are two

major types of photodiodes differing by how the built-in potential is created. Schottky photodiodes
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(Figure 2.7¢c) are metal 1-semiconductor -metal 2 (M1-SC-M2) architectures where the difference in
the work function of the two metals @y — @y, creates a bending of the energy vacuum level across
the semiconductor thus creating a built-in electric field. Careful choice of the metal/semiconductor
interface should aim to establish ohmic contact on one side of the junction and Schottky contact on
the other side. The Schottky battier at the semiconductor/metal Schottky contact results in rectifying
characteristics when the diode is biased. Note that unlike the device presented in Figure 2.7¢c, Schottky
diodes typically have a vertical architecture to maximise the electric field across the junction, however

the presented design is similar to what will be discussed in Chapter 6.

Junction photodiodes and particularly p-n junction photo diode use the potential that builds up
when a p-type and n-type semiconductor are brought in contact[20]. The device presented in Figure
2.7d shows a classic vertical p-n architecture commonly found in QD solar cell technologies. The p-n
interface creates a depletion region in which photogenerated charges are broken away by the built-in
potential and separated electrons (holes) are drawn towards the cathode (anode). There are usually hole
and electron buffer layers inserted in between the semiconductor and the electrodes to facilitate charge
extraction[13]. In photodiodes, since both electrons and holes are extracted on the circuit, one
absorbed photon can only contribute to the circulation of one carrier and the gain cannot exceed unity.
On the other hand, since the response time of the photodiodes rely only on the carrier transit time

instead of recombination time, they tend to have a faster response than photoconductors.

2422 Figures of merit

The large variety of photodetectors, as well as the many sensing applications they are used in, has
rendered it necessary to use figure-of-merit to evaluate their performances. The consensus, however,
is that photoconductors will be used whenever high gain is needed (optical amplifiers) and photodiodes

when fast response times are required.
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Quantum efficiency, Responsivity and Gain

The external quantum efficiency 7 is the most intuitive figure-of-merit which describes how many

carriers are converted into current per incident photon

_ Iphot _ Iphot (ﬂ)

- q¢ q \P, 240

where Ippo¢ is the photocurrent generated in the photodetector, ¢ = Py, /(hv) is the photon flux, v
is the frequency of the incident light, q the electron charge and P, is the incident power. The

responsivity of a photodetector, R (in A/W), is simply the ratio of L. to the optical power

R= =n —. 2.11)

Both 1 and R are dependent on the wavelength of the incident light, since the absorption of light by
a semiconductor is not uniform across the spectrum. At a fixed wavelength and incident power, they
are however, straightforward to measure experimentally since only the photocurrent is needed. The

photoconductive gain G is related to the responsivity and the quantum efficiency by

Rhv 1y
- _ 2.12)
nq Tte
Noise and Detectivity
The signal-to-noise ratio (SNR) is given by
RP; I
SNR = — 2 = Phot, 2.13)
lTl Ln

where i, is the noise current. The noise current can arise from different parameters such as thermal

noise I¢p, shot noise igp, 1/f noise [11], [98]. The root mean square values of the shot noise and thermal

noise are defined, respectively, by igp = +/2qBly, and iy, = \/4kBT /R, whete B is the noise
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bandwidth, I is the datk current, k the Boltzmann constant and T the temperature. The noise
equivalent power (NEP) is defined as the power at which the SNR is unity and defines the minimum

detectable power by the photodetector (in W.Hz"/?)

in
NEP = —. 2.14
R (214

However, the NEP is specific to the surface area of the detector and researchers tend to use the
normalized detectivity D*, which is independent of the device area. D* describes the SNR with a

detection bandwidth of 1Hz, a device area of 1 cm” for an incident power of 1W and is expressed in

cm.Hz"*W' or Jones[99]

D* = i—\/AB, (2.15)

n
where A is the surface area of the detector. The shot noise is often considered to dominate the noise
current and leads to an expression of D* that is independent of the electrical bandwidth, B (D* =
R\/A/(2qly))[100], [101]. However, other noise sources have been reported to dominate in colloidal

photodetectors[102] and in this case the shot noise approximation then leads to an overestimation of

the detectivity.

Temporal Response

For a photodetector excited with a modulated light source of frequency, f, the photocurrent

decreases when the time required to recover from the current under light Ijjgps to Igqrk is longer than
the time 1/(2f). The cut-off frequency, f;, is defined as the frequency at which the DC photocurrent

value decreases by a factor of V2 [11]. For systems with an exponential temporal response, the time

constant of the device, T, is related to the cutoff frequency f, via the relation T = . However, T

only describes the time at which ;g5 has reached =63% of its final value and therefore the rising
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time T, and falling time Tf offer a better representation of the detector speed. They correspond to the
time necessary for the light current to either rise from 10% to 90% (7;-) or to fall from 90% to 10%
(tf) of its final steady-state value. The rising and falling times might be different, notably when traps
states interfere with carrier recombination, in which case the response time of the longest edge (tising
or falling) determines the bandwidth. The response time is linked to the rising (falling) time by the
relation T; = 2.27 (where i € [1, f] represents the longest edge). Therefore, one can obtain the band-

width of the photodetector from the rising and falling times using

0.35

1
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2.42.3 Recent advances in PbS photodetectors
Based on the figures-of-merits that have been introduced, we can now present a brief review of the
progress made in colloidal PbS photodetectors technologies. The performances of the devices

presented are summarized in Table 2-2

Photoconductors
High photoconductive gain in photoconductors requires both long carrier lifetimes 7;; and short
transit times Ty (Equation 2.12). As discussed in Section 2.4.2.1, increasing the carrier lifetime, or
photosensitization, is directly linked with the presence of states within the bandgap that traps one type
of carrier whilst allowing the other type of carrier to circulate. However, long carrier lifetimes limit the
response time of the device leading to a fundamental gain-bandwidth trade-off in photoconductors:

for example, high gain devices tend to have cut-off frequencies below 100 Hz.

. S . - . . 12 .
The carrier transit time is related to the carrier mobility via the relation T4 = > where pu is the
u

mobility of the circulating carriers, L the electrode spacing and V is the applied bias. Therefore, the
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faster the mobility, the shorter the transit time. Since ligand exchange impacts both the density of trap
states and the mobility of the QDs, exchange strategies discussed in Section 2.4.1.3 are the main way
to improve the performances of PbS QDs photodetectors. Early PbS QDs photoconductors were
based on butylamine ligands, which showed high gain and detectivity in both the SWIR[103] and visible
range[104]| that outperformed the state-of the art epitaxially grown devices. To increase the
photodetector bandwidth, the same group carried out an extensive trap analysis to increase the detector
bandwidth and showed that EDT treatment of the QDs lead to the creation of a single shallow trap
with a short recombination time of 30 ms, ideal for imaging applications[105], [106]. These excellent
device performances were, however, achieved in air-free conditions, which are impractical for real
commercial applications. Later studies showed that inorganic passivation using arsenic sulfide (As,Ss)
[107] or sulfide (with an alumina passivation layer)[108] resulted in high performing devices in ambient
conditions. Recently, a study using an halide passivating ion (cetyltrimethylammonium bromide

(CTAB)) produced a device with high gain, 100kHz bandwidth and air stability[109].

To overcome the gain-bandwidth trade off, hybrid structures based on fullerene/PbS have also been
investigated. The principal idea in this case is to sacrifice some of the gain by extracting the trapped
charges (electrons) into the polymer as a result of favourable band alignment. In turn, this reduces the
carrier lifetime allowing bandwidths as high as 330 kHz to be obtained [110], [111]. Silver
nanoparticles were also blended with QD films, which donate electrons to the system by filling the
trap states near the valence band. This n-type doping resulted in lower dark currents and faster
response times enhancing both the gain and time response of the photoconductor[112]. Following this
hybrid approach, Ren ef a/ reported the use of bilayer devices made of EDT and TBAI-treated PbS
layers[113]. The energy difference between the layers promoted the extraction of electrons into the
TBAI layer and holes into the EDT layer, which resulted in enhanced response time without

compromising the gain.
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Phototransistors

In parallel to two terminal photoconductors, gate dependant photoconductivity was also
investigated. The primary advantage of this configuration is to use the gate modulation to investigate
the nature of the states within the bandgap. Nagpal and Klimov showed, for instance, the existence of

mid-gap states that form a conductive band contributing to dark current when partially filled[114].

However, in term of device performances, the most striking results were obtained with hybrid PbS
QDs/2D materials (graphene, molybdenum disulphide (MoS2)) phototransistors. In this case, the
underlying idea is to use the high mobility of the 2D materials[115] to achieve fast transit times for the
circulating charges. Under the action of a built-in potential appearing at the PbS/2D interface, photo-
charges (holes) from the QD layer are transferred to the 2D material, while opposite charges (electrons)
remain trapped in the QD layer. The first hybrid phototransistor was introduced by Konstantatos and
used EDT-treated PbS QDs and graphene as a transport layer and demonstrated outstanding gain and
detectivity[15]. Instead of graphene, Kufer e a/ resorted to the 2D semiconductor, MoSy to bypass the
high dark conductivity of graphene and to benefit from the p-n junction occutring at the MoS,/PbS
interface[14]. This approach was recently further investigated by our group using bi-layer TBAI/EDT

QDs to enhance the built-in electric field necessary to extract electrons in to the MoS:layer [116].

The strategy of increasing transit time to obtain high gain is, however, limited by the fact that high
mobility materials also exhibit large dark currents, which means low SNR. A novel device design was
presented recently by Adinolfi called photojunction FET, which used a rectifying molybdenum oxide
(MoOs)/PbS junction to fully deplete the channel in dark conditions, so that only photogenerated

charges contributed to the current, resulting in high gain and low dark current[117].

Photodiodes

Contrary to photoconductors, photodiodes exhibit high speeds at the price of low gain. Both

photogenerated charges are extracted thanks to the built-in electric field and fast transit times can be

38



Chapter 2: Background and Literature Review

achieved provided that the distance travelled by the extracted charges before collection is shorter than
their diffusion lengths. PbS QD photodiodes (and solar cells) benefit from the long diffusion length
of PbS QDs (80nm[118]) meaning that reasonably thick layers can be used, which increases light

absorption without damaging the charge collection efficiency.

In 2009, Clifford ef a/ presented a seminal PbS Schottky photodiode using BDT-treated PbS QDs
and Al/Indium Tin Oxide (ITO) as electrodes[119]. By decreasing the thickness of the photodiode,
they created fully depleted junctions which resorted only on drift current to extract the charges
resulting in a large bandwidth (3 MHz, Table 2-1). Other Schottky diodes have since then been
reported, using either a different metal/PbS barrier [120], [121] or introducing novel fabrication
techniques (doctor blading) [122]. If p-n junction photodiodes based on PbS (QDs have extensively
been used in solar cell technology [78], [123], [124], these works have not necessarily reported on the
classical photodetectors figures-of-merits. Pal fabricated a p-n junction architecture with respectively
PbS as the p-type and ZnO as the n-type material[125]. Concurrently, a heterojunction based on
ZnO/TBAI PbS/EDT PbS was fabricated by Qiao et al which used lead iodide (PbI2) as an
passivation layer between ZnO and the PbS QDs[1206]. Finally, Dong et al used a blend of PbS QDs
and ZnO QDs dispersed in a polymer matrix in which the QDs were used as photoactive material and
the polymer matrix facilitated charge extraction[127]. They showed that ZnO QDs acts as sensitizing
centres under illumination which allows to create gain and turned the device into a hybrid photodiode

in the dark and photoconductor under illumination.
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Device type Ligand Responsivity Detectivity Temporal Year Ref
(A/W) (Jones) Response

Photoconductor Butylamine 2700 1.8 x 10" 18 Hz 2006 [103]
Photoconductor Butylamine 113 5 x 10" 8 Hz 2007 [104]
Photoconductor EDT 10 1.2 x 10™ 25 ms 2008 [105]
Photoconductor AszS3 200 1.2 x 10" - 2014 [107]
Photoconductor S* 50 34 x 108 40 Hz 2014 [108]
Photoconductor CTAB 7.5 x 10° - 40 us 2015 [109]
Photoconductor Butylamine n=5% 4.4 x 107 330 kHz 2010 [111]
Photoconductor Butanedithiol 5 2.5 x 10" 200 Hz 2015 [112]
Photoconductor TBAI/EDT 250 1.7 x 10" 29 ms 2017 [100]
Phototransistor EDT 107 7 x 10" 10Hz 2012 [15]

Phototransistor EDT 6.5 x 10° 5x 10" - 2015 [14]

Phototransistor TBAI/EDT 54 x 10* 1 x 10" 950 s 2018 [116]
Phototransistor TBAI 5 ~2.5 x 10'° 100kHz 2015 [117]
Photodiode BDT n=17% 1 x 10" 3MHz 2009 [119]
Photodiode MPA 0.26 10" 135 ps 2016 [122]
Photodiode TBAC 0.2 10" 1 MHz 2017 [121]
Photodiode EDT n=17% 1.45 x 10" B 2012 [125]
Photodiode TBAI/EDT 0.53 13 x 10" 53 us 2017 [126]
Photodiode Butylamine 1.24 2.2 x 10" 180 ps 2014 [127]

Table 2-2. Comparison of the performances of PbS photodetectors reported in the literature.
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3 EXPERIMENTAL TECHNIQUES
3.1 Introduction

In this work two types of optoelectronic devices were used; phototransistors in Chapter 4 and 5 in
which the current can be modulated under the action of both an external electric field and light
stimulation, and infrared photodetectors which convert incident IR light into an electrical output
(Chapters 6 and 7). The main photoactive materials were PbS nanowires and quantum dots whose
synthesis were made by Dr Bo Hou and Dr John Hong and were summarized in Chapter 2. This
chapter will introduce the reader to the experimental processes occurring after the QD/NW synthesis

in order to achieve successful device fabrication and characterisation.

3.2 Material characterisation

3.2.1 Electron Microscopy
To allow direct imaging of the QD films and nanowires beyond the resolution of conventional
optical microscopes a combination of scanning electron microscopy (SEM) and transverse electron

microscopy were used throughout this work.

SEM

SEM is a conventional technique used to image the morphology of materials at sub-micrometre
resolutions. It works by directing a focused beam of accelerated electrons under a high voltage
(typically 2kV to 50kV) on the sample. The beam scans the sample line by line (raster scans) and the
excited electrons interact with the surface atoms of the material. Two kinds of electrons are re-emitted
and collected by sensors, providing information about the topography of the material. Secondary
electrons are emitted by sample surface atoms as they are excited by the electron beam. Secondary
electrons typically have low energy (2-5¢V) and only come from atoms close to the specimen surface.

As such they are sensitive to the surface topography and are the most common source of electrons

41



Chapter 3: Experimental techniques

used for SEM imaging. Back scattered electrons on the other hand are high energy electrons coming
from the electron beam which are reflected from the sample by elastic interactions with the specimen
atoms. Elements with a higher atomic number (heavier) scatters more electrons than lighter elements

and thus a contrast can be created depending on the chemical composition of the imaged atoms.

In this work we mainly used secondary electrons imaging with two SEMs, a Carl Zeiss Evo SEM
for resolutions up to 1um, and a high vacuum FEI Quanta 600 for resolutions up to 200nm. A great
advantage of the SEM is that the characterization is non-invasive and can be done at any stage of the
device fabrication process. The NWs and QDs samples did not need any special preparation if the
surface was electrically grounded with copper tape to the metallic stage holder to avoid electrostatic
charging from the electron beam. When imaging polymers such as PDMS (Chapter 7), a thin layer of
gold (2nm) was sputtered on the samples to avoid charging and obtain better resolved images. As for
the acceleration voltages, they were kept with 2-15kV as we found that prolonged exposure to higher

energy beams damaged the samples.

TEMf

Transverse electron microscopy (TEM) is another common tool used in material science to image
and characterise materials. A TEM is composed of an electron source, a set of electromagnetic lenses,
and electron detector. An electron gun creates a beam of electrons accelerated at high energy (100-
300kV) and thus low wavelength. The beam is then focused on the specimen with the electromagnetic
lenses. If the substrate is thin enough (10-100nm) the electrons can transit through the material and
the beam shape is modified via inelastic and elastic scattering with the atoms of the imaged material.
This imprints an image of the material in the beam which can then be magnified through another set
of lenses and detected, usually with a fluorescent screen coupled with a charge coupled device (CCD)
camera system. Because of the low wavelength of the incident electrons, very high resolution can be

achieved, down to the dimensions of atoms. When imaging crystals the periodic arrangement of the
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atoms acts as diffraction gratings which creates constructive and destructive interferences in the
transmitted beam. This property can be used with the selected area diffraction method (SAED) to
determine the crystalline structure and lattice parameters by imaging the material at different angles,
corresponding to different diffraction conditions. By carefully controlling the aperture of the beam,
one can image and identify the crystalline arrangements in area as small as a few hundreds of
nanometres. In scanning transverse electron microscopy (STEM) the beam is focused to a narrow spot
size (0.2nm) and scanned across the specimen in a raster. Coupled with energy dispersive x ray
spectroscopy (EDX) , which detects the x-ray radiations (specific to each element) emitted by the
atoms when hit by the beam, this allows to perform an element composition mapping of the sample
over a selected area (see for instance: Chapter 4, Figure 4.1). The combination of high-resolution
imaging, diffraction and elemental analysis makes TEM a very powerful and ubiquitous tool in material
characterisation, only limited by the low thickness to which the specimen must abide for effective
imaging. In this work all the TEM imaging was performed by Dr Bo Hou. The samples to be imaged
(PbS NWs, PbS QDs) were drop casted on TEM grids made of metallic grids covered by ultra-thin

carbon films to be correctly imaged.

3.2.2 Atomic Force microscopy

In atomic force microscopy (AFM), imaging is done by scanning an ultra-sharp tip on a cantilever
across the sample. When the tip approaches the surface of a sample, the attractive/repulsive forces
between the sample the tip induce a deflection of the cantilever. The amplitude of the deflection can
be measured by a laser incident on the cantilever and a photodetector. The AFM can be operated in
various modes divided into contact modes and tapping modes. In contact mode the tip is scanned
across the sample surface and the variation of the topography is measured. Whenever the topography
of the sample changes, so does the deflection of the cantilever whose variation in amplitude can be

quantified by the change in intensity at the photodiode. However, it is usually not the direct deflection
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of the cantilever which is measured, but rather the intensity of the feedback signal required to keep the
cantilever at a constant position. Because in contact mode, the tip is directly touching the specimen,
this technique can lead to both tip and sample damage. In tapping mode, the cantilever oscillates up
and down near its resonant frequency at fixed amplitude, driven by piezoelectric elements. The
attractive forces interacting with the cantilever when the tip comes close to the specimen surface
disrupt the amplitude of the cantilever oscillation. This change in amplitude is compensated by
adjusting the height of the cantilever in order to keep a constant oscillation amplitude. Compared to
contact mode, damages done to the tip and the sample are less important due to the short duration of
the applied forces and the reduction of the lateral forces between the tip and the sample (drag). Tapping
mode also allows to plot a phase map of the sample which shows the dephasing of the cantilever
oscillations as it contacts the samples. As different materials have different stiffnesses/surface energies
this will induce a contrast in dephasing as the tip scans over and thus give information regarding the
sample material composition. Phase profile often offers higher resolutions than amplitude ones, as

the phase contrast can be higher than the amplitude which is limited by the radius of curvature of the
tip.

In this work AFM characterisation was performed using a Veeco Dimension 3100 AFM in tapping

mode with silicon cantilevers and 8nm sharp tips (Brucker TESPA-V2).

3.2.3 Absorption Spectroscopy

Absorption spectroscopy gives information about the energy states of the probed samples. For
semiconductors, photons with an energy greater than their bandgap radiated on the sample will be
absorbed. On the contrary photons with energy lower than that of the bandgap will be transparent to
the material and pass through. Thus, by measuring the photon flux transmitted thorough a sample at
different energies, one can determine the absorption spectrum of the material. The onset of absorption

corresponds to the lowest favourable energetic transitions from the ground state to an excited state.
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For a semiconductor this usually corresponds to transitions from the valence band to the conduction
band and allows to recover the bandgap of the material. In QDs a peak is observed to in the absorption
spectra which corresponds to the first excitonic peak. As discussed in Chapter 2, the electron-hole pair
resulting from the absorption of a photon can be bound to form an exciton. The exciton energy level
is located a few meV below the conduction band which leads to below-energy-gap absorption. In bulk
semiconductors excitons dissociate quite easily, but as they are tightly bound in quantum confined
systems, the excitonic peak can be observed. The shape of the peak also gives an indication regarding
the size dispersion of the QDs as the higher the dispersion is, the higher the energy broadening of the

exciton level is and thus the broader the absorption peak will be.

In this work the absorption spectrum of PbS QDs were taken with a Cary 5000 UV-Vis
spectrometer. Absorption could be measured for both colloidal and solid states samples. Colloidal
samples were prepared by diluting the post-synthesis stock solutions in chloroform in transparent
cuvettes adapted for UV-Vis measurements. Solid samples were prepared by spin coating or transfer
printing the QDs on transparent glass substrates. Unfortunately, no successful absorption
spectroscopy of the PbS NWs could be recorded as the presumed absorption onset of the PbS NWs
(3um) was too close to the apparatus limit (3.2um) and the measured signal was too noisy at high
wavelengths. Absorption measurements were carried out by Dr John Hong in the Department of

Materials facility at the University of Oxford.
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3.3 Device Fabrication

3.3.1 Lithography
To fabricate the FET's and the photodetectors two lithography methods were used, ultraviolet (UV)
lithography also known as photolithography and electron beam lithography (EBL). Both methods rely

on the sensitization of a resist by an incident beam which alters their solubility in developing solvents.

UV lithography

In UV lithography the resists are crosslinked under exposure to ultraviolet light. Two kinds of resists
exist, namely positive photoresist where the areas exposed to the UV light becomes soluble in the
developing solvent, and negative photoresist where the exposed areas are ‘hardened’” and become
insoluble in the developer. The choice of a photoresist typically depends on the required resolution
and the desired vertical profile of the etched resists. Positive photoresists generally offer higher
resolutions but come with a ‘positive’ edge profile where the base of the developed area is narrower
than the area at the top. This can make subsequent process steps such as metal lift off difficult to
achieve. In UV lithography as the UV lamp exposes the whole surface of the wafer, the use of
photomasks is required to pattern the photoresist. These masks are made of transparent materials with
area covered in a dark, UV blocking material (e.g. a thin layer of chromium) corresponding to the areas
of the resist to be etched away (positive photoresist) or to be kept on the substrate (negative
photoresist). Here, we used a positive photoresist, Microposit S1813. The resist was spin coated on
the wafers for 45s at 4000 rpm to obtain a uniform film thickness of 1.5um. After deposition, the
photoresist was soft baked at 115°C for 1 minute to enable solvent evaporation. UV exposure was
made using an EVG 620 mask aligner and a 360nm UV lamp. The optimised dose for 1.5um SR 1813
was 45 mJ.cm® After exposure the wafers were immerged for 50s in Microposit MF-319 for
development which was stopped in a de-ionized water bath for 1min. For the epoxy masters used in

the fabrication of patterned PDMS stamps (Chapter 7), a MicroChem SU8 2002 negative photoresist
46



Chapter 3: Experimental techniques

was instead used. The viscous resist was spun in two steps, 10s at 500rpm to spread it over the wafer
and 45s at 3000rpm to achieve a target thickness of 2um. The resist was prebaked 95°C for 60s,
exposed at 60 mJ.cm™ and post baked at 95°C for 180s. The post exposure bake was necessary to
activate the crosslinking of the exposed polymer and harden the photoresist. The wafers were then
developed in MicroChem proprietary SU8 developer for 60s and washed in isopropanol for 60s too.
After development some cracks could be seen around the inside corners of the patterns. This was due
to excessive stresses occurring at these points during the development. To solve this a 15 mins hard
bake step at 150°C was added at the end of the process. After the hard bake, the cracks were completely

removed.

Electron beam lithography

EBL relies on a high energy electron beam identical to those of scanning electron microscopes to
change the solubility of the exposed electron sensitive resist. Compared to conventional
photolithography, EBL can comfortably pattern sub-micrometre dimensions with a correctly focused
beam. The process does not require masks to create patterns in the resist, as the patterning is done by
the relative displacement of the focused beam over the sample. The patterns are instead designed using
computer aided design (CAD) software such as AutoCAD from Autodesk. Furthermore, EBL systems
come with integrated SEM detectors which, combined with the high displacement accuracy of the
stage, makes the alignment of the design to previously exposed patterns extremely easy and tolerant
(<1um alignment error). Here a poly (methyl methacrylate) (PMMA 495K A4, MicroChem) was used
as the electron sensitive resist. PMMA was spin coated on the substrates at 4000rpm for 45s and soft
baked at 180°C for 90s. The wafers were then exposed by a Raith e_ LINE Plus EBL. A beam current
of ®20nA and a dose of 100 pC.cm™ was used for direct writing in the resist. After exposure, the resist
was developed for 45s in a 1:3 mixture of Methyl isobutyl ketone (MIBK) and IPA. The development

was stopped with a 90s IPA bath.
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3.3.2 Metal deposition and lift-off

The fabrication of FETs and photodetectors required the deposition of metals after lithography to
create the device electrical contacts. This was done at the Thin film facility of the Department of
Physics at the University of Oxford. A thermal evaporator was used to evaporate a metal stack
consisting of 5nm of Chromium and 45nm of Gold. After metal deposition, the photoresist was
removed using acetone baths, thus lifting off the metals from the unexposed areas of the samples. The
lift-off times usually ranged from 45mins to 60mins until the metal layer completely delaminated from

the substrate. When required, the samples were gently sonicated to help removing the areas which did

not lift off.

3.3.3 Transfer Printing of nanostructures

Transfer printing is a versatile fabrication process used for the assembly of micro and nanomaterials
into determined spatial arrangements[128]. Elastomeric polymers are used as stamps to pick up and
place the ‘ink’ on the receiving substrates. The ‘ink’ consists of a various class of materials ranging
from nanoscale materials (QDs[129], NWs[130], graphene[131], [132], DNAJ[133]...), to fully
functional devices (TFTs[134], LEDs[135], photodiodes[1306]...). As the process is low cost, scalable,
solvent free, efficient at room temperature, and compatible with virtually any substrates, it has become
a tool of choice for the development of heterogeneously integrated structures in optoelectronic and
photonic devices as well as flexible and stretchable electronics. The various transfer printing
approaches can be divided in three categories, depending on the manner with which the stamps are
inked: additive transfer, subtractive transfer, and deterministic assembly (Figure 3.1). In additive
transfer the stamp is directly inked with the desired material with process such as physical vapor
deposition, spin coating, drop casting or even physical transfer. The stamp inked stamp is then brought
into contact with the target substrate and slowly peeled back to transfer the ink. In subtractive transfer

the material of interest is previously grown on a separate substrate called the donor. The stamp is then
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pressed against the donor and quickly picked up, delaminating the material from the source substrate,
thus inking the stamp. Printing is then done in an identical manner to that of additive printing.
Deterministic assembly is a derivative of the subtractive method where the materials are already pre-
patterned on the donor substrate. Peeling the stamp away leads to removal of the selected structures
and partial inking of the stamp, which can then be printed on the receiving substrate. All three methods
rely on the viscoelastic properties of the stamp to release the ink on the target and/or delaminate the

material from the donor.

In terms of kinetics, the printing/peeling process can be explained by the fracture mechanics theory

using the energy release rate G which accounts for the energy loss occutring during steady state crack

(a) Additive Transfer (b)  Subtractive Transfer (c) Deterministic Assembly
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Figure 3.1. The three basic modes of transfer printing. a) Additive printing where the stamps is
directly inked with nanomaterials. The stamp is then put in contact and slowly peeled off a target
substrate to print the ink. b) In subtractive printing, the inking step is realised by peeling off the
nanomaterials from a donor substrate using fast removal of the stamp. ¢) Deterministic assembly is a
derivative of b) where inks are patterned on the donors prior to inking/printing. Reproduced with
permission from Reference [128] . Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim
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propagation (i.e delamination). In other words, delamination occurs once G reaches a critical release

rate. This is related to the peel force by[137]
F
G=— (1)
w

where F is the peel force perpendicular to the stamp and w is the stamp width.

Pick up Gt strong film/substrate interface

b

stamp/film
Gcrit
film/substrate e
crit ‘Printing ./
Printing o 5
G . .
0 Weak film/substrate interface
Stamp

\"

1 1
- 0 Vc vmaX v

Figure 3.2. The kinetics of transfer printing. a) Schematic diagrams of the pickup (top) and printing
(bottom) of a thin film ink, with the two interfaces stamp/film and film substrate depicted. b)
Evolution of the film/substrate energy release rate as a function of the stamp peeling velocity. The
horizontal red line corresponds to the critical release rate around which the printing/peeling of the
thin film can be kinetically controlled. Reproduced with permission from reference [137]. Copyright
© 2007 American Chemical Society

As the printing and pick up process involves two interfaces, namely the stamp/ink interface and the
ink/receiver interface (Figure 3.2a), two competing fracture pathways occurs with different critical
release rates. The energy release rate between the ink and the substrates (donor or receiver) depends

on the materials properties which are considered to be elastic. Consequently, the critical energy rate

ink/substrate . . . .
G Cn-t/ is independent from the peeling velocity v
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ink/substrate _ ,~ink/substrate
Gcrit - Gcrit (U) (3'2)

The stamp however is made of viscoelastic polymer (PDMS) and the critical release rate can be

modelled as a velocity dependent power law[138], [139]

crit

Gtamp/ink oy [1 n (%)n] (3.3)

stamp/ink

where G is the release rate at v = 0 cm.s™, v the peeling velocity at which G, reaches 2G,

and the exponent N is a scaling parameter which can determined experimentally. From equations

Equation 3.1 and Equation 3.3 the pickup of an ink from a substrate occurs at the peeling force

_ ink/substrate
F pickup — Gcrit (3-4)

and is therefore independent of the peeling velocity. Likewise, the release of the ink from the stamp

occurs at a velocity dependent peeling force

Frelease = WGcsrlf;Ltmp/ink (U) 3.5)

A criterion can be established for the pickup and printing of the ink based on the peel off velocity of
the stamp: pickup occurs when the critical release rate at the ink/substrate interface is reached before

the critical release rate at the stamp ink interface or

Fpickup < Frelease

(3.6)

G ink/donor

stamp/ink
crit (v)

crit

<G

and the printing of the ink on the target substrate occurs when the critical release rate at the stamp/ink

interface is reached before the critical release rate at the ink target interface or
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Fpickup > Frelease

(3.7

ink/target stamp/ink
Gcrit > Gcrit (U)

Therefore, for a specific stamp/ink/substrate combination, peeling from donor substrate and printing
on the release substrate can be achieved by tuning a single parameter, the velocity of the stamp. This
is illustrated in Figure 3.2b, which plots the critical release rates of Equation. 3.2 and Equation. 3.3. At
peeling velocities below that of a critical velocity v, the energy release rate of the stamp/ink interface
is below that of the ink/substrate and printing can be achieved. Conversely, at velocities greater that
V. the energy release rate of the ink/substrate interface is above that of the stamp ink interface and

delamination occurs. The critical velocity v, can be found by equating Equation. 3.2 and Equation. 3.3

; 1/n

Gm.k/donor_ G

Ve = vo< it a S (3-8)
0

ink/substrate

Note that to ease the pickup, the energy release rate G.;;

can be lowered by decreasing the

ink/substrate

surface energy of the donor substrate. This lower G orit and allows to delaminate the ink from

the donor at lower velocities (Figure 3.2b).

The pick-up and printing process used in this work are reported in detail in Chapter 7, Section, 7.2.
We used a bespoke Nano Imprinter from Seoul Engineering. A schematic of the transfer printing
machine is shown in Figure 3.3. The printer consists of an adjustable x-y stage onto which the
substrates are positioned for either printing or pickup. The stamps are maintained by a vacuum holder
which moves vertically at controllable speeds. Before operation the stamp holder must be aligned with
a set of lasers to ensure that the holder is as flat as possible for experiment reproducibility. The stamp

holder was transparent so that a set of optics could be focused through and allow manual alignment
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of the stamp with respect to the substrates similarly to the alignment of masks and wafers in

conventional photolithography.

/.% 5‘5\>/§
"

Sample vacuum holder

XY stage

Figure 3.3. Schematic of the transfer printer. Dimensions are given in mm. From the Seoul
Engineering manual.

3.4 Measurements

3.4.1 Electrical measurements

To perform time independent measurements such as I-1” or I-1/, characteristics, the chips were
electrically probed using a Keithley 4200-SCS Parameter analyser connected to a four probes Cascade
Microtech probe station (EPS150) located in a shielded enclosure, acting as a physical ground and
allowing to perform measurements in dark conditions. For gate field electric measurements, the
backgate voltage was created by electrically connecting the doped silicon substrate to a conductive

substrate (copper tape) with silver paint. For transient measurements, the probes were disconnected
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from the Keithley Analyser and plugged into a low noise current amplifier (Stanford Research Systems

SR 570) whose output was wired into a high definition oscilloscope (Lecroy HD4000). When gating
was required during transient measurements, the DC gate voltage was applied using a DC external

power supply (Kikusui PWR400H).

3.4.2 Photoresponse measurements

Photodetection measurements were made by illuminating the chips from the top with an 850nm
laser source (Roithner LaserTechnik L.DM850/3LJ) that was externally triggered by a waveform
generator (LeCroy WaveStation 2012). The spot size was controlled with an adjustable lens at the end
of the laser body. The laser diode was fixed on a vertical mount connected to a manually adjustable x-
y stage with a 10um displacement resolution, which helped with the alignhment of the laser spot size
on top of the devices. The laser spot size was measured using a CCD camera set up. The accuracy of
the CCD measured was double checked with a homemade knife-edge measurement setup, with a laser
to detector distance equal to the laser to device distance within the probe station, (millimetre precision)
and with the same laser focus, which gave similar spot size values to that observed with the CCD

camera.
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4 FIELD EFFECT TRANSISTORS AND PHOTOTRANSISTORS BASED UPON P-

TYPE SOLUTION-PROCESSED PBS NANOWIRES

4.1 Introduction

For a number of years, semiconductor nanowires (NWs) have been widely investigated for their
potential deployment in future electronics and optoelectronics technologies[140]. Their large aspect
ratio, typically of the order of a few micrometres in length for diameters of around 100nm, makes
them an interesting tool with which to investigate the nanoscale properties of materials. Furthermore,
they show outstanding crystalline properties and they enable the fabrication of nanoscale devices
without the need for sophisticated patterning processes. As such, a range of promising devices
including field effect transistors[141], logic circuits[142], sensors[143], and photodetectors[144] have

been demonstrated.

With the advent of bottom-up fabrication methods such as vapour-liquid-solid (VLS) synthesis
[145]—[147], there has been a surge in nanowire research because these methods allow for the large-
scale synthesis of nanowires with diameters beyond the limits of conventional lithography. However,
these vapour-phase synthetic procedures typically require high growth temperatures accompanied by
a precise control of the pressure or flow of the reaction gases, which may ultimately impede the large-
scale prodcution of nanowires and their potential commercial applications. Therefore, the research
focus has shifted towards cheaper and more facile approaches involving the growth of the nanowires
from a liquid phase. For such methodologies, nanowires are either grown out of a metallic seed catalyst
(e.g. solution-liquid-solid growth (SLS))[148] or out of the oriented attachment of nanoparticles (e.g.

colloidal synthesis)[47], [149], [150]. Nanowires can then be readily recovered from the solutions and
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deployed into various devices through cost-effective processes such as spin coating/ casting[151], spray

deposition[152] and doctor blading methods[153].

Solution-processed nanowires are typically grown from inorganic II-VI and IV-VI semiconductors
following a synthesis technique that is similar to that employed for the fabrication of colloidal quantum
dots (QDs)[46]. Among them, lead chalcogens (PbX, X=S, Se, Te) have shown particular promise for
optoelectronics applications due to their extensive band gap tunability[35] and earth-abundant
availability. The solution processing of PbS nanomaterials has been used to synthesize complex
geometrical structures such as hyperbranched nanowires[44] or star-shaped nanocrystals[154].
However, even though the colloidal processing of PbS nanowires has been reported a number of

times[92], [93], a detailed analysis of their optoelectronic performances still remains unexplored.

In this work, we have successfully fabricated single crystalline PbS nanowires using solution
processing and have employed them in single nanowire field effect transistor (FET) devices. Even
though the device fabrication and measurements were made in ambient conditions, our nanowires are
found to exhibit stable hole conduction (p-type semiconductor) with high field effect mobilities that
are, on average, larger than 31.6 + 4.78 cm®V''s™, reaching values as high as 166 cm®V™'s™ for champion
devices. To evaluate the potential application of PbS nanowires in infrared-related technologies,
nanowire phototransistors were made and their response to an 850nm light source was evaluated. It
was found that different photoconductive mechanisms occurred, enabling high photoresponsivity and

fast response times by simply tuning the gate voltage.
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4.2 Nanowire synthesis and characterization

4.2.1 PbS Nanowire Synthesis

As discussed in Section 2.3.3, the colloidal synthesis of the PbS nanowires is based upon an oriented
attachment process [40], [94] where nanowires are grown by first synthesising nanocrystals monomers
via a hot-injection process[155], which then combine along energetically favourable crystal faces[42].
By tuning parameters such as the precursor concentration, temperature and reaction time, it is possible
to adjust the dimensions of the nanomaterials, making the process extremely versatile[156]. The
nanowires synthesis was done by Dr Bo Hou of the NST group. The PbS seed-solution was prepared
by mixing lead oleate with trioctylphosphine coordinated sulphur (TOPS). These precursors were
swiftly injected into a diphenyl ether solution (ca. T = 250°C) to initialize the oriented attachment
growth of PbS NWs. The nanowires were then recovered by centrifuging at 8000 rpm for 10min from
an acetone/hexane mixture solution (1:1/V:V). Specifically, 0.3207 g of sulphur was dissolved in 10
mL of trioctylphosphine (TOP) for 2 hours at 50 °C to form the sulphur precursor (TOPS). In parallel,
0.76 g of lead acetate trihydrate and 2 mL of oleic acid were dissolved in 10 mL of diphenyl ether to
form the lead precursor. After cooling to 60 °C, the lead oleate solution was mixed with 4 mL of
0.668mol (0.668ml, 1.0M TOPS) TOPS solution in TOP and injected under vigorous stirring into a
hot (250°C) solution containing 0.2 g of n-tetradecylphosphonic acid dissolved in 15 mL of diphenyl
ether. After 5 minutes of heating, the reaction mixture was quenched to room temperature using a
water bath. The nanowires were dispersed in toluene and stored in argon-sealed vials in the dark and

at room temperature.

4.2.2 Characterisation

The crystalline structure of the nanowires was characterzed using transmission electron microscopy

(TEM) and high-resolution TEM (HRTEM). The nanowires were found to have an average diameter
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within the 30-60nm range, and the length could be as long as 10um. Figure 4.1a shows that the

nanowires have rough, zigzag-shaped edges, in line with the observations made by Jang e a/[92].
Octahedral shaped nanocrystals (NCs) can also be observed, which are the residues of the PbS seeds
that did not take part in the oriented attachment process that formed the resultant nanowires. In the
HRTEM image depicted in Figure 4.1b, the {111} crystal planes are clearly observed and reveal a high
degree of crystallinity of the as-prepared nanowires. It is shown that the {111} planes ate separated by

3.5A + 1A, which is in accordance with that observed for bulk PbS (Power Diffraction File PDF — 78

1057).
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Figure 4.1 Characterization of PbS nanowires. a) TEM image of a 50nm diameter PbS nanowire. Scale
bar = 50nm. (b) HRTEM image of the nanowire surface. Scale bar = 2nm. The d111 crystalline planes
with 3.5 A spacing, which matches that of bulk PbS, can be readily observed. SAED pattern (inset,
zone axis = [011]) confirms the [110] growth direction. (c) XRD pattern of the PbS nanowires (top,
blue) and of bulk PbS (bottom lines, black) from PDF — 78 1057. (d)-(e) HAADFSTEM-EDX element
mappings of the as-prepared PbS nanowires to show the presence of Pb and S, respectively. Scale bar
is 100nm. Data was acquired by Dr Bo Hou for the NST group.
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The x-ray diffraction (XRD) pattern of the as-synthesized nanowires is presented in Figure 4.1c. It

is found that the peaks closely match the XRD pattern obtained for bulk PbS (PDF — 78 1057)
indicating that the lead and sulfide atoms are arranged in a rock-salt-like cubic structure identical to
that of bulk PbS. The slight displacements in the measured XRD peaks compared to the standard bulk
PDF values are due to the presence of the glass substrate employed during the measurements. The
rock-salt galena cubic configuration can be readily indexed from the selected area electron diffraction
(SAED) image (Figure 4.1, inset). The SAED pattern was captured along the [011] zone axis which
further confirms the single crystal nature of the nanowires and indicates that growth took place along
the [110] direction. To gain insight into the surface composition, we performed high angle annular
dark field (HAADF) scanning transmission electron microscopy (STEM) analysis together with
element mapping, which confirmed that both lead (Figure 4.1d) and sulphide (Figure 4.1e) were

present on the nanowire surface.

4.2.3 Device Fabrication

Photolithography was used to deposit a combination of 5/45nm of chromium/gold electrodes onto
a highly p-doped silicon substrate, covered by a thermally grown layer of 3000A silicon dioxide (SiO5).
The electrode spacing was 5pm. A few drops (~0.2mL) from a diluted solution of PbS nanowires were
subsequently spin-cast at 2000 rpm for 30s. Finally, a large amount of methanol was spin-cast onto the
devices to ensure removal of the excess of ligands (10 drops, 30s, two times). The devices were
subsequently annealed in vacuum at 150°C to evaporate the solvents and promote electrical
conductivity. All the devices that were fabricated were stored in ambient room conditions. Transfer
curves and output curves were measured in both dark and ambient conditions (air and room
temperature) using a probe station together with a Keithley 4200-SCS parameter analyser.
Photodetection measurements were made using an 850nm near-infrared (NIR) laser source (Roithner

LaserTechnik LDM850/3LJ) that was externally triggered by a waveform generator (LeCroy
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WaveStation 2012). The time response was measured using a digital oscilloscope (Teledyne HDO4104)

reading a signal pre-amplified by an I/V converter (Stanford SR570). When required, an external gate

bias voltage was applied with the aid of a DC power supply (Kikusui PWR400H).

4.3 Results and discussion
4.3.1 Field Effect measurement

A high-resolution SEM image of a single PbS nanowire bridging over the two Au electrodes after
spin coating is shown in Figure 4.2a. Atomic force microscopy imaging (Figure 4.2a, inset) reveals that
the nanowire bends at the electrode interface, implying good mechanical flexibility. It also shows that
most of the nanowire, and therefore the FET channel, is in contact with the underlying SiO2 dielectric
layer. Knowing this, the capacitance of the nanowire can be obtained numerically with the COMSOL
Multiphysics software (Figure 4.2b) for a 50nm wide, 5pm long cylindrical nanowire on a 300nm thick
SiO, substrate and is found to be 3.8%X10™" F/cm. This method was favoured over the traditional
cylinder on a plate capacitance model, as it has previously been reported that this tends to overestimate
the capacitance of back-gated nanowire FETs[157]. With the traditional, analytical model the

capacitance is estimated to be

C 2TEYE,
L

B cosh™1 (toxr‘l' r) 1)

where &j the vacuum permittivity, &, the SiO; dielectric constant, t,, the dielectric thickness (300nm),

L the nanowire length (5um) and ris the radius of the nanowire(25nm). The analytical capacitance is

then found to be C = 6.65x10™" F/cm, which would yield field effect mobilities that are a factor of
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two lower than that reported. However, as the order of magnitude remains the same, this does not

change the main conclusion.

0.5

Figure 4.2 2) SEM image of a bottom contact, single nanowire PbS FET. Scale bar = 5pm. The
measured diameter of the nanowire is 53nm. The AFM inset shows the mechanical bending of the
nanowire at the electrode contacts. b) COMSOL calculation of the back-gated capacitance. A voltage
bias of 1V was applied to the bottom surface of the oxide layer and the nanowire was grounded. The
colour legend represents the norm of the electric field in V/m. To improve visibility, the diameter of
the nanowire shown is in b) is 10 times larger than that used in the actual simulation.

The transistor drain-source current lis was measured as a function of the bias voltage V45 for
different gate voltages, V; and the corresponding output curves are presented in Figure 4.3a. The drain
current evolves linearly with Vg, showing that ohmic contacts are formed at the PbS/Au interface. It
is also shown that I35 decreases with increasing values of Vy, confirming the p-type nature of our PbS
nanowires in accordance with previous results reported in the literature[92], [158]—[161]. P-doping of
lead chalcogenide structures have been reported to be the result of either a stoichiometric imbalance,
where the amount of chalcogen atoms (S, Se) exceeds those of lead[160], or due to oxygen adsorption
at the nanowire surface[90], [162], [163]. Scanning transmission electron microscopy (STEM)

measurements revealed that the nanowire surface tends to be lead-rich (see Figure 4.9), which leads us
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to favour the latter hypothesis, as device fabrication, storage and electrical measurements were

performed under ambient conditions, exposing the nanowires to significant amounts of oxygen.
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Figure 4.3 a) Output Iy curves of a PbS nanowire for gate voltages ranging from -50V (black) to
50V (orange), in 25V increments. The inset shows the same plot on a log-scale. b) Transfer curve of
the same PbS nanowire device; the hysteresis was evaluated by performing a forward sweep with the
gate voltage first (i.e. from 50V to -50V for p-type FETSs) followed by a reverse sweep in the voltages
(-50V to 50V).

The field effect mobility of the nanowires could be deduced from the transconductance relationship,

al 1 . .
m = dlfs, which was extracted from the transfer curve and plotted in Figure 4.4. To ensure the
9

reproducibility of the device performances, we carried out a statistical analysis of 53 FET's made with

nanowires from different batches. The average hole-field effect mobility was found to be 31.6 £ 4.78
cm’V's™! for an ON-OFF current ratio of 1.8X10° £ 518. The best performing devices exhibited

mobilities as high as 166 cm*V's™ and a 10* ON-OFF ratio, suggesting that the device performances
could be further improved. These are the highest values reported so far for solution-processed PbS
nanowires[92], [93], which compare well with that of solution-based PbSe nanowires[91] and is close
to the performance of PbS nanowires grown via chemical vapor deposition (CVD)[160]. The large

hole mobility values place PbS nanowires in the upper range in terms of performance of p-type
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solution-processed nanowires[164]—-[167] (Table 4.1). Furthermore, these results were obtained after

one month of storage in ambient conditions, revealing good air stability properties.
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Figure 4.4. Transconductance g,, = Uds  f the device plotted in Figure 4.3(reverse sweep).
g
Material Growth Mobility (cm® V™' s7") | Reference
PbS solution processed | <10 [92]
PbS solution processed | 0.8 x10-3 @200k [93]
PbSe solution processed | 15 [91]
PbS CVD 15-140 [160]
Cu,O solution processed | 0.15 [164]
Zn0O solution processed | 0.8-1.2 [165]
Ge solution processed | 3.0-8.0 [166]
CuP; solution processed | 147 [167]
PbS solution processed | 31.6 this work

Table 4-1. Summary of mobilities of p-type nanowire field effect transistors quoted in the main text.

In parallel, devices stored in an argon glove box were found to exhibit a hole mobility of 62.3 *

15.0 cm®V''s™ and an ON-OFF current ratio of 2.2x10°> + 558.6 (12 devices tested). Both storage
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conditions resulted in devices with similar performances and it can therefore be concluded that the

ambient storage conditions did not significantly alter the performance of the resultant FETSs.
Interestingly, an increase in the ON-OFF ratio of the nanowires was observed following aging in both
argon and ambient storage conditions and they were found to reach a stable condition after three to
four weeks, this phenomenon which we refer to as aging effect will further be investigated in Section
4.4. A gate hysteresis effect can also be observed in Figure 4.3b, which is attributed to the measurement
performed under ambient conditions. Indeed, it is known that for one-dimensional FETs, water and
oxygen molecules at the semiconductor/dielectric interface can induce charges that screen out the gate
electric field, which can, in turn, lead to a hysteresis in the plots [168], [169]. FET parameters such as

subthreshold swing (4.4V/dec.), threshold voltage (2.5 V) and free-catrier concentration (3.1x10"

CVin
qmr2L

cm’, n, = ) can also be extracted from the transfer characteristics.

4.3.2 Photogating Effect

To demonstrate the potential use of PbS nanowires for optoelectronic applications, the response of
the devices to a laser diode was evaluated. Figure 4.5a shows the phototransistor transfer curves
measured at various incident illumination powers. A prime advantage of the phototransistor
configuration is that the field effect modulation allows for low currents in the transistor OFF state,
which enhances the light response while reducing the dark current noise (shot noise). The photocurrent
as a function of the laser power P was subsequently extracted and fitted with a power law dependence,
Iphot ~ P%. As can be seen in Figure 4.5b, the photocurrent exhibits different behaviour depending
on the gate voltage. Indeed, for positive gate voltages, corresponding to the OFF state of the transistor,
the exponent « is found to be close to unity, implying that the photocurrent scales linearly with

increasing incident power. However, when going to the ON-state (i.e. negative gate voltages), &
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decreases to 0.36 and the photocurrent scales sub-linearly with the power. The different gate-

dependent behaviour implies that two different photogeneration mechanisms occur in the nanowire.
In the OFF-state, the linear Ippos ~ P behaviour is characteristic of the standard photoconductive
effect, where photogenerated charges increase the free-carrier concentration in the channel and hence
the drain current[170]. On the other hand, in the ON-state the carrier concentration is saturated as
indicated by the decrease in the transconductance with negative gate voltage as shown in Figure 4.4.
The contribution of photogenerated carriers to the current is therefore limited and a photogating effect

appears to dominate.
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Figure 4.5 a) Transfer curves of a device measured under illumination of an 850nm laser light at
different power densities. The inset shows the threshold voltage, Vu, as a function of the incident
powet. (b) Power dependence of the photocurrent, I at different gate voltages. (c) Photocurrent
Lige— L as a function of gate-voltage extracted from (a). The negative photocurrent observed at
V, = -30V and P = 0.0025mW is discarded as an uncertainty in the measurement.  (d)
Photoresponsivity, R, as a function of the power density of the light source for different gate
voltages (values were extracted from the data plotted in (b)).
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Photogating is an effect that results from the long lifetime trapping of photogenerated carriers in

localized states near the band edges, which causes a shift of the Fermi level within the
semiconductor[97], [171]. The photocurrent resulting from photogating is proportional to the

transconductance g, (Figure 4.4) and can be expressed as g = gmAV;p[170], where AV, is the

variation in the threshold voltage due to a shift in the Fermi level. The shift in Vp, plotted in the inset
of Figure 4.5a , scales non-linearly with the power of the incident light[170]. The direction of the shift
towards positive voltages indicates that electrons become pinned within localised energy states known
as trap states, which are believed to be due to interactions between oxygen and the surface of the
nanowire as well as interface states that arise from direct contact with the dielectric oxide. Konstantatos
et al. reported the existence of long lifetime electron trap states in PbS QDs due to the presence of
surface lead oxides (PbSO4, PbSO:;) and lead carboxylates[105], which could very well be present in
our nanowires due to the similarities in the device fabrication and nanomaterial synthesis that have
been implemented. Charge trapping effects in PbS NWs will be further investigated in Chapter 5. The
proportionality of the photogating cutrent I, gwith the transconductance is evidenced in Figure 4.5¢
where the photocurrent measured at different power densities evolves in a similar fashion to the

transconductance plotted in Figure 4.4.

4.3.3 Response time
To quantify the response of the nanowire to incident light, we have calculated the photoresponsivity,

R, using the relation

I
R = phot
PyAess

4.2)

where A is the nanowire effective area, approximated to be 2.5x10”cm?’ for each device (50nm

diameter, 5pum long nanowires), and Py is the laser power density, which was calculated by dividing
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the total power by the laser spot size. From this, the normalized detectivity, D*, of the photodetector

D* = R(A.sB )Y/2 /i, could also be determined, where B is the electrical bandwidth and in is the

shot noise current, defined as i, = (2qlzqB)Y?, with q representing the electron charge. The
power dependent photoresponsivity of the device presented in Figure 4.5a is shown in Figure 4.5¢ for
various gate voltages. In this exemplar device, the responsivity is found to reach a maximum value of
1.9x10*A /W, which was obtained at the peak of the transconductance (Vg = -10V), a power density
of 2mWem™, a gate voltage of -10V and a drain bias of -1V. The corresponding value of D* was then
calculated to be 1.9x10" Jones. These performance metrics are comparable to that of III-V IR
nanowire photodetectors (10°- 10" Jones)[171]. At positive gate voltages, the transconductance is both
constant and minimal (Figure 4.4), resulting in a decrease in the photogating effect as the regular
photoconduction mechanism becomes dominant. Therefore, the photocurrent becomes independent

of the gate voltage and the measured responsivity was found to be of the order of 10A/W (D* =~ 10"

Jones).
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Figure 4.6 2) Dynamic response of a PbS nanowire FET in the OFF state to an 850 nm laser that
was pulsed at a frequency of 500 mHz. (b) A magnified plot of one of the crenels shown in (a). The
red and blue lines are exponential fits that were used to determine the rise, #, and fall times %,
respectively.
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The temporal response of the nanowire FET was also measured, and the photo-switching

characteristics are represented in Figure 4.6a (NIR laser pulse 850nm, P = 2.5mW). The time response
in the OFF state was measured, where the photoconduction mechanism is dominant, so as to minimize
the influence of trap recombination. As gate hysteresis was important, the time response was
consistently measured after a short reset to the ON state. The time constants of the photoconductor
corresponding to the rise, Ty, and fall times,T,, were extracted with the 10%-90% method (Figure
4.6b). The rise and fall times, which were found to be 33.5ms and 31.8ms, respectively, were obtained
at a bias voltage of 1V and are clearly very similar. According to Equation 2.16, this corresponds to a
bandwidth of 10.44Hz. It is noted that the switching times of our phototransistors are much faster
than that reported for PbSe nanowire-based photoconductors, whose time response has been reported
to be of the order of a few seconds [91] and comparable to previously reported CVD-grown PbS
nanowires[158], [173]. Beside the fact that in the OFF state the photoconduction is enhanced, we also
attribute these good device parameters to the high degree of crystallinity of our nanowires (Figure 4.1),
which has previously been shown to enhance the performances of nanostructured

photodetectors[174].

4.4 Discussion on the aging effect

It is interesting to note that the nanowires initially exhibited a quasi-metallic behaviour with poor
modulation (Figure 4.7a). However, the ON-OFF current ratio increased gradually when the devices
were left to age in ambient conditions for several days. Even though a few FETs showed immediate
modulation upon deposition, this aging effect was observed in most of the tested devices. To confirm
its reproducibility, we performed a statistical analysis over 28 devices exhibiting aging effects on three
different Si/SiO2 chips and found that the ON-OFF current ratio consistently increased from below
10 on the day of fabrication to above 10 after 30 days of aging (Figure 4.7b). Besides the increase in

ON-OFF ratio, other figure of-merits were also found to be affected, as it was observed that the field
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effect mobility started at values above 50 cm” Vs and was found to decrease to 20 cm®V'.s™" after

30 days of aging (Figure 4.7c). Passivation of the trap states or surface states can therefore be ruled
out for being responsible for the aging effect, since we would expect that trap passivation would have
led to an increase in the carrier mobility not a decrease [706], [175], [176]. The voltage threshold, Vth,

was also found to decrease with aging and the linear relationship between the majority carrier

. VinC . ..
concentration, n,, and the threshold voltage[177] n, = %, allows us to infer that a significant
qn(—) L
2
decrease in the carrier concentration occurs with aging.
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Figure 4.7 a) Effect of aging on the field-effect current modulation of a nanowire FET from
deposition (red curve) to 30 days after fabrication while being stored in ambient conditions. b) Plot of
the change ON-OFF ratio with aging over 30 days and the corresponding decrease in mobility (in
cm> Vs,

To shed some light on the origin of the aging effect, the oxidation of the PbS nanowires was studied
over time. The p-type conduction originates from the adsorption of oxygen, which acts as an electron
acceptor, reducing the electron concentration and increasing the hole concentration[162], [163]. As
mentioned earlier, this is the most probable explanation for the p-type nature of the PbS nanowires,
since from device fabrication to measurements, they were largely exposed to air. However, prolonged

exposure to oxygen could have further oxidized the nanowires resulting in the aging effect. X-ray
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photoelectron spectroscopy (XPS) was used to study the evolution of the nanowires Pb oxidation

states over time. Initial measurements were made on the day of deposition on SiO, substrates, followed
by measurements of the aged nanowires a couple of months later. Two different cases were considered,
one where the nanowires were left to age naturally in conditions identical to that of the FET devices,
and another one where the nanowires were thermally annealed in ambient conditions (45 mins, 90°C)

to promote oxidation.

Q
S—

b) - e F-rSHY
THERMALLY ANNEALED _;'e;(;‘ AS SYNTHESIZED —— Aged
jm—. ' |

-

o
-
<

Normalized Intensity (a.u)
ol o
o w

Normalized Intensity (a.u)
o
w

e
=3

Popc) 5 1 3 0 = g g 1 o U N U ST T R
146 144 142 140 138 136 134 146 144 142 140 138 136 134

B.E.(eV) B.E.(eV)

0 THERMALLY ANNEALED + AGING

100nm ™ 250nm '

Figure 4.8 a) XPS spectra of PbS nanowires that were thermally annealed in air (90°C, 45mins) and
that recorded on the day of deposition (black line). The XPS signal was once again measured after
aging in ambient conditions (red line). The shifts towards higher energy suggests further oxidation of
the nanowires. b) XPS spectra of PbS nanowires on the day of deposition (black line) and after aging
in ambient conditions (red). ¢)-d) Oxygen STEM mapping after aging (2 months) of nanowires that
have been annealed c) and left to age naturally d). Insets are TEM images of the nanowire to show
where it is located on the substrate. Scale bars = 250nm

Thermal oxidation under ambient atmospheric conditions of PbS has been reported previously

[66], [162], [163] and we aimed at finding out whether thermal annealing could effectively speed up the
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aging process. In parallel, STEM mapping of the PbS nanowires was performed under the same

conditions (natural aging and aging + thermal annealing). In the thermal annealing case (Figure 4.8a),
a clear chemical shift of the Pb4f peaks towards higher binding energies was observed, meaning that
the oxidization state of Pb increases with time, in line with the oxidation of the nanowires. Likewise,
oxygen mapping using STEM (Figure 4.8¢c) showed an increase in oxygen concentration at the
nanowire surface. The combination of XPS spectrum and STEM mapping allows us to conclude that
after thermal annealing and aging, the nanowires are further oxidized. On the other hand, in the natural
aging case, no chemical shift of the XPS spectra could be observed (Figure 4.8b). Additionally, the
oxygen concentration at the surface is hard to distinguish from background noise levels after 2 months
of aging (Figure 4.8d, inset is the corresponding TEM image), suggesting that no significant amount
of oxygen is present at the surface of the nanowires. Based on this, we can conclude that thermal
annealing under air combined does promote oxidation of the nanowires; however, it is difficult to
conclude unequivocally whether further oxidation occurs as a result of a natural aging of the wires, i.e.
without thermal annealing. As such, we infer that nanowire oxidation is not responsible for the

electrical aging effect observed in Figure 4.7.

The stoichiometry of lead and sulfur at the nanowire surface was also considered. Recent work on
PbS QDs FETSs showed that sulfur rich nanocrystal films had almost no gate modulation and high p-
type conductivity, and presented transfer characteristics similar to that of our devices after deposition
[76], [178]. A simple charge orbital framework model allows us to understand the impact of the
stoichiometry on the doping of the nanocrystals[179]. In such model, the number of electrons that
each atom contributes is closely related to its oxidation state, where atoms with positive oxidation state
(i.e. Pb, oxidation number +2) contributes electrons, and those with a negative oxidation state (S,
oxidation number -2) contributes holes. Therefore, one can assume that nanocrystals with

concentrations of sulfur atoms superior to that of lead atoms will present a high concentration of free
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holes and heavily p-type conduction. This was indeed shown in a couple of studies by controlling the

concentration of sulfur in PbS QDs with chalcogen salts[76], [178]. TEM and STEM mapping
measurements were carried out on nanowires deposited on a TEM imaging grid in conditions that

were identical to that of the nanowire FETS.
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Figure 4.9 a) STEM eclemental line scan of a nanowire spin-coated onto a TEM grid (inset)
immediately after deposition and annealed in vacuum at 150°C for 30mins to evaporate the solvents
and speed up the aging process. Red and blue lines show normalized counts of the Pb and S elements
along the scanning axis, respectively. The S:Pb ratios were calculated as the ratio of integrals of the
two lines. b) Elemental line scan of a different nanowire on the same grid after a week of aging under
ambient conditions. Scale bar 200nm

Figure 4.9 shows the mapping of the nanowire surface before and after one week of aging. It was
found that the S:Pb ratio decreased from 0.887 to 0.853 after one week of aging, suggesting a slight
reduction in the concentration of sulfur atoms at the nanowire surface. According to the charge orbital
framework, the reduction in the sulfur concentration would reduce the concentration of free holes and
make the nanowire less p-type in nature, in accordance with the FET measurements. However, the
STEM data shows that the surface is predominantly lead-rich regardless of the aging conditions. This
implies that the stoichiometry model cannot fully explain the nanowire doping mechanism as this

would have meant n-type conduction, which was not observed experimentally. In the light of these
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results, it is proposed that the p-type doping comes from the adsorption of oxygen at the nanowire

surface which, like sulphur, introduces additional free holes in the nanowire. The hole concentration
in the nanowire results from a combination of excess oxygen and sulphur atoms, which results in p-
type conduction and no current modulation in the nanowire FETSs. As the aging process continues,
the concentration of sulphur atoms is reduced and so is the concentration of free hole carriers allowing
for current modulation. Further experiments on device fabrication and measurements in rigorous

oxygen-free environments would, however, be required to validate this explanation.

4.5 Conclusion

In summary, solution-processed colloidal PbS nanowires that are up to 10um in length and around
50nm in diameter have been successfully synthesised. XRD and TEM analysis indicated that the
colloidal synthesis approach allows for the fabrication of nanowires with a high degree of crystallinity.
Single nanowire FET' revealed that the nanowires are predominantly p-type, exhibiting a record hole-
mobility of 166 cm®V's". The transfer curves exhibited gate-dependent hysteresis, which was
attributed to both localized surface states that were formed at the nanowire/dielectric interface and to
structural defects. Nonetheless, the devices showed, after an initial period of aging, excellent stability
and could be stored in ambient conditions for many weeks without a significant alteration in their
performance. Even if not fully explained, the aging effect proved to be consistent and was taken into
account in the device fabrication cycle time. Subsequently, the photo-response of the phototransistors
was studied, and the devices showed gate-tunable photo-conductivities with a high photoresponsivity
in the ON state due to a photogating effect as well as fast response times in the transistor OFF state.

The best device in terms of performance was found to have a responsivity and normalized detectivity
of 1.9x10* A/W and 1.9x10" Jones, respectively, occurring in the linear regime of the field effect

modulation. In the transistor OFF mode, where a simple, gate-independent, photoconduction
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mechanism is dominant, fast switching times of the order of 30ms were obtained. These high-

performance metrics make solution-processed PbS nanowires an exciting material for infrared
optoelectronics such as thermal imaging and, more broadly, a functional and economical p-type

nanowire.
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5 HyYBRID 1D/0D LEAD SULPHIDE NANOWIRES AND QUANTUM DOTS

PHOTODETECTORS

5.1 Motivations

A major use of quantum dots in optoelectronic devices has been through their integration with other
materials such as 2D graphene and molybdenum disulphide (MoS:) or conducting polymers[14], [15],
[111], [180], [181]. The need to combine QDs with highly conductive materials has been driven by the
desire to bypass the inherent low electrical mobility of QD films whilst benefiting from the high
photosensitivity of the QD layer. Research on these material combinations has resulted in some of the
best photoconductors performances reported, with ultra-high gains. Moreover, these findings have

initiated research in IR photodetectors based on PbS QDs hybrid structures[14], [15].

Based on the favourable mobility of colloidal PbS p-type nanowires studied in the previous
Chapter[95], it was therefore deemed logical to investigate hybrid PbS QD/nanowire structutes for
the fabrication of photoconducting devices. A schematic of such a structure is presented in Figure
5.1a. In its simplest configuration, the hybrid structure consists of a bottom gated NW FET onto
which a layer of PbS QDs is deposited. In this configuration, it is expected that the QD layer acts as a
photoactive material and increases the light absorption of the device. Furthermore, Chapter 4 revealed
that the devices suffered from remnant hysteresis, which for NW FETs is often attributed to the
trapping of charges in the conducting channel or at the dielectric interface. Following on from the
findings in the previous chapter, I sought to investigate whether encapsulating the NW devices with a
QD layer could help passivate the traps via interfacial charge transfer. Trap states are localized states
in the bandgap of a semiconductor which do not contribute to current but induce a shifting of the
Fermi level and thus screening of the threshold voltage of a FET which leads to hysteresis. They can

be classified as acceptor states which are neutralised when empty but charged when occupied by an
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electron, and donor states which are neutral when occupied by an electron but charged when

empty[20].

The argument for QD film passivation is as follows: charges could migrate from the QD layer to
the nanowire and electrically passivate the trap states by emptying or filling them|[182], depending on
the nature of the trap. In addition, trap passivation of PbS QDs films has been well studied and it was

therefore interesting to see if the strategies used for PbS QDs could be reproduced for PbS NWs[27],

[86], [176].
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Figure 5.1. a) Schematic cross section of a hybrid NW/QD phototransistor. b) impact of methanol
solvent on the transfer curve of bare PbS NWs FETs before (black) and after (red) cleaning in
methanol solution.

The deposition of the QD layer proved to be challenging as conventional solvent based spin coating
processes can damage the underlying material. Furthermore, spin coating does not allow for the
patterning of the QD layer, which can short circuit the transistor drain source current and introduce
leakages in the device response. It appeared eatly in the development process that the methanol solvent
used in the ligand exchange step, which was necessary to electrically activate the QD layer, severely

damaged the NW FET. Figure 5.1b shows the transfer curves of a NW FET before and after having
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been washed with methanol (spin coating of three drops at 3000rpm for 45s). After the methanol wash

step, the field effect modulation was dramatically reduced, as observed in the figure. The reason for
this degradation in the performance is still unclear but it is believed to relate to the polarity of methanol

as other solvents such as toluene and chloroform did not affect the device performances in this way.

A method to circumvent the solvent impact is to anneal the device immediately after exposure
allowing for the solvent residues to quickly evaporate. However, this approach was impractical in our
case as annealing, even at low temperatures (90-150°C), resulted in merging (sintering) of the QD layer
and loss of quantum confinement, effectively turning the films into amorphous PbS. An alternative
approach is to use a dry process based on transfer printing of the QD layer on top of the nanowire
devices (Chapter 3, Section 3.3.3).Combined with electron beam lithography, this approach allows for
the patterning of the deposited layer, thus avoiding short circuits between the contacts and the QD

layer.

The motivations for developing hybrid structures consisting of QDs and NWs were manifold.
From a process point of view, developing a fabrication method for the dry transfer and patterning of
QDs on top of an electrically active device could be of significant interest for photodetectors based
on hybrid QD structures. Additionally, from a device perspective, it would enable us to gain a better
understanding of i) the hysteresis occurring in NWs and ii) investigate possible passivation paths using
QD film deposition. This Chapter will therefore be divided into three parts. To begin with, the
hysteresis nature of QD-free NW FET's will be investigated to bring elements of discussion regarding
the possible nanowite passivation with QDs film. For second patt, the fabrication process of QD/NW
hybrid FETs will be presented together with device characterisation. Finally, these two parts will be
brought together and the observed reduction in the hysteresis in the switching of the NWs/QDs

structures will be discussed.
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5.2 Hysteresis in bare NWs FETs

To better understand the impact of the QD layer on the NW FET hysteresis, we set out to
characterize the origin of the gate voltage hysteresis in the NW devices. The gate hysteresis is defined
as the difference in threshold voltage measured during the forward scan (OFF to ON, Figure 5.2a A-

C) and the backward scan (ON to OFF, Figure 5.2a D-F). The threshold voltage Vi, is given by[183]

nyd
Ve, = iq 0

+ Vi, (.1)

L

where n,, is the density of free carriers, d is the nanowire diameter, C; is the dielectric capacitance, and
Vep is the flat band voltage which comes from the difference in the workfunction between the gate
and the semiconductor. The sign of the first term depends on the sign of the charge carriers (positive
for holes, negative for electrons). From this equation, we see that a change in V, can come from
either (i) change in the free carrier concentration (doping, trapping), (i) change in the dielectric
capacitance (charge injection, polatization) or (iii) change in Vg, (structural changes in the

semiconductor).

In our case, a defining feature of the hysteresis is that the backward scan exhibits lower current than
the forward scan (Figure 5.2a). Lower backward scan hysteresis has been reported to be due to the
trapping of free charges in the channel, which changes the density of free carriers and therefore induces
a shiftin Vyy,. As the trapping of either minority or majority charges can originate in lower back sweep
hysteresis, we employed time domain measurements to identify which type of carrier gets trapped in
the NWs FETs. We followed the method proposed for organic field effect transistors reported in
references [184], [185] and [186].While continuously measuring the drain current, the devices were
initialized by turning them off with an applied gate voltage of 50V for 20s. The transistor switching on

was realised in two steps by applying gate voltages of 0V and -50V for 12s to monitor the behaviour
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Figure 5.2. a) Hysteresis of a bare NW FET. Forward sweep, or OFF to ON is from points A to C.
Backward sweep, or ON to OFF, is from points D to F. b) Transient drain current behaviour of the
FET (bottom panel) at various applied gate voltages (top panel). ¢) Schematic view of the charge
trapping occurring in the nanowire at the various voltage points marked in Figure 5.2a. Traps are
shown as empty squares and holes are shown as red circles.

of the transistor in respectively the subthreshold state and the turned-on states. The gate voltage was
then increased to OV in 10V steps to slowly turn the transistor OFF again. The transient measured
currents (bottom panel) and the applied gate voltage steps (top panel) are depicted in Figure 5.2b.
When decreasing voltages are applied, i.e. when the transistor switches from the OFF to ON state, it
is observed that, after an initial step-like increase, Iz slowly decays with time. Conversely, when the
gate voltage is increased towards positive values, the transistor switches from ON to OFF, and after
the initial decrease, the transistor drain current starts increasing again. This transient behaviour is

comparable to that of organic pentacene FETs reported by Ucurum ef a/ [184] [185], and a hole
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trapping induced hysteresis model was proposed to explain the behaviour observed. As positive
voltages are applied, the holes are depleted in the channel and the hole traps are therefore empty (A,
Figure 5.2c). During the forward scan, once the accumulation condition V; < Vi, is achieved, free
holes populate the channel and, under the application of a drain voltage, the transistor starts
conducting current (B, Figure 5.2¢). As |V;] - Vthresholdl increases, more holes are introduced in into

the channel and the [ further increases until saturation (C, Figure 5.2c).

However as time increases, a growing number of holes become trapped in the hole trap states, which
diminishes the free carrier concentration ny and causes the current to decay slowly (D, Figure 5.2¢).
When the transistor is switched back off, the lower hole concentration induces a Vy, shift towards

negative values, as implied by Equation 5.1 and thus gate dependent hysteresis (E, Figure 5.2c). As
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Figure 5.3. Gate bias stress effect in NWs FETs. Observed shift in the transfer curve between an
initial measurement (red), a measurement after having applied a gate bias of -50V for 30s (blue),
followed by another measurement after a gate bias of +50V for 30s (yellow)

positive voltages are applied, the holes are slowly released from the trap states (de-trapped) and the

drain current increases with time after the initial drop. Note that this current recovery cannot be due

to the trapping of electrons, as this effect occurs at |Vg — Vinreshota| < 0 where the electrons ate still
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depleted in the channel. Therefore, in line with the studies of Ucurum e @/, we conclude that hole

trapping mechanism governs the hysteresis in bare NWs FET's.

To illustrate the hole trapping and de-trapping occurring at negative and positive gate voltages,
respectively, gate bias stress measurements were also conducted and reported in Figure 5.3. After an
initial I45(V;) measurement (red line), a gate voltage of -50V was applied for 30s in order to charge
the hole traps, which was followed by an immediate second measurement (blue line). The stress time
was chosen to be 30s to ensure that the current decay due to trapping reached its steady state value.
The decay response time was of the order of a few seconds but varied from device to device so a long
enough stress time was chosen to ensure consistency. A shift in the curve to negative values was
observed compared to the initial measurement, which we explain by the trapping of free holes, leading
to a lower Ny and , in accordance with Equation 5.1, lower Vi, values. After this measurement, a
positive voltage was applied for 30s to empty the hole traps. As can be expected, this led to a shift of
the transfer curve to more positive values, suggesting hole de-trapping and recovery mechanisms.
Importantly, bias stress measurements did not lead to quantitative changes in the hysteresis, which

suggests that it did not result in irreversible damage to the nanowire.
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5.3 Device Fabrication and characterisation

5.3.1 Process

f e

Figure 5.4 . Fabrication process of the Hybrid QD/NWs FETs. a) PbS NW deposition. b)
encapsulation in PMMA and the formation of a trench via electron beam lithography. c) spin coating
of PbS QDs ononto a silicon source substrate. d) Fast pick of the QD layer on a PDMS stamp. e)
TBALI ligand exchange on the stamp. f-g) slow printing and release of the QD layer on the nanowire.

The fabrication process employed a combination of electron beam lithography and nanoimprint
lithography and is schematically shown in Figure 5.4. Colloidal NWs are first spin coated from a
chloroform solution onto lithographically patterned gold electrodes Figure 5.4a). As NWs FETs tend
to exhibit better performances with aging (Chapter 4), the NWs were cured at 150°C for 30 mins in a
vacuum oven to speed up the aging process. A thin layer (180 nm) of polymethyl methacrylate (PMMA)
was then deposited and baked at 180 °C for 90s to act as a sensitive resist for the electron beam
lithography. Note that the PMMA did not coat well onto aged substrates, presumably due to organic
contamination of the silicon substrate and the PMMA had to be coated right after NW deposition to

obtain a smooth coverage. A trench was then etched out using electron lithography and development
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in a 3:1 IPA:MIBK (isopropanol, methyl isobutyl ketone) solution (Figure 5.4b). The dimension of the

trench was 4 pm X 60 pm and was centred on the 5 um spacing between the two gold electrodes. The
exposure to the developer solvent was the only wet process step used in the device fabrication, but
was discarded in the further analysis as after the EBL step the nanowires were annealed and left to age
in ambient conditions for two weeks in order to recover the possible loss in the modulation induced
by wet processes. On a separate substrate, a self-assembled monolayer (SAM) of octadecyl
trichlorosilane (ODTS) was grown onto which a single layer of PbS QDs was subsequently spin coated
(Figure 5.4c). The inorganic SAM modifies the surface energy of the silicon substrate and help in the
delamination of the QD layer during the transfer printing[135]. A PDMS stamp was made by mixing
and stirring 10:1 PDMS and silicone curing agent and left to cure for 2h at 60°C. The stamp was then
used to pick up the QD layer from the source substrate after having been pressed onto it for 30s at an
applied load of 0.5kg and then pulled up at a fast speed of 0.5cm.s-1 (Figure 5.4d). The oleic acid
ligands surrounding the QDs were subsequently exchanged by shorter TBAI ones to improve the
conductivity of the QD film[63]. As it proved difficult to pick up the ligand exchanged QDs from the
source substrate and since the TBAI solvent (methanol) was not compatible with the PMMA layer
encapsulating the NWs, the ligand exchange step was performed after the inking of the QDs layer on
the stamp but before printing. This also allowed for the process to be kept completely dry. A few drops
of TBAI were put on the QDs and left still for 30s before spin coating and cleaning in methanol
(Figure 5.4¢). The stamp was then flipped and aligned onto the trench for printing. Printing was done
at an applied load of 1kg for 2mins and then slowly removed (0.1mm.s-1) to release the QD layer using

the elastomeric properties of the stamp[187]( Figure 5.4f-g).

83



Chapter 5: Hybrid 1D/0D Lead Sulphide nanowires and quantum dots photodetectors

5.3.2 Characterisation

Hybrid 1D/0D device

Figure 5.5 Hybrid NW/QD characterisation. a) optical image of the NW FET after PMMA
encapsulation and trench opening and b) after transfer printing of one QD layer. Scale bar 5um. c)
SEM images of the hybrid NW/QD layers. SEM scale bar 2um. d-¢) TEM image of a layer of QD
printed on a nanowire. The dark areas correspond to the edges of the nanowire. Dashed circles have
been added as a guide to the eye.

Optical images of a nanowire device encapsulated in PMMA with an EBL etched trench is shown
before QD deposition in Figure 5.5a, and after printing of a single QD layer in Figure 5.5b. A magnified
SEM image reveals that after ligand exchange the QD flakes cover the nanowires inside the trench
(Figure 5.5¢). However, film shrinkage lead to apparition of cracks in the QD film during the ligand
exchange process[188], which in turn results in an uneven coverage on the nanowires. The devices

were then covered by three QD layers to mitigate this effect. Nanowires were also deposited onto a
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TEM grid onto which one layer of exchanged QDs was printed using the steps depicted in Figure 5.4c-

f. The ensuing TEM characterisation shows that in the areas where the QD film and the nanowire
overlap, the QD film effectively wraps up the nanowire (Figure 5.5d) and that the QDs within the film

arrange on top of the nanowires in a disorderly manner (Figure 5.5¢).
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Figure 5.6. Analysis of transfer printed PbS QDs monolayers. a) AFM imaging of the QD film before
and b) after TBAI ligand exchange. c) Step profile of the QD film before (black) and after (red) ligand
exchange. d) dark current (black) and current under illumination (red) of a simple, monolayer transfer
printed photodetector. Inset shows an optical image of the device. Orange areas correspond to the
gold electrodes, blue area to the QD film.

QD film characterisation
To evaluate the effects of the transfer printing process on the QD layer, AFM analysis was carried
out on printed monolayers. A QD film was transfer printed onto a dummy device with neither NW's

nor PMMA and was measured before and after ligand exchange. AFM images show that upon
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exchange with TBAI the device thickness reduces from 73 nm to 16nm (Figure 5.6a-c). Furthermore,
when biasing the device and illuminating it, a measurable photocurrent was observed, confirming that
the QDs still retained their light absorption properties after transfer printing and TBATI ligand exchange
(Figure 5.6d). A more detailed analysis of transfer printed QD layers is discussed in Chapter 7, Section
7.3.2 where UV-Vis absorption spectra of printed films is presented. After ligand exchange the first
exciton peak was still visible, implying that quantum confinement was not lost (Figure 7.6¢) during the

printing process.

5.4 Results and discussion

The drain current as a function of the applied gate voltage is plotted for forward and backward
sweeps of the gate voltage on the transfer curves of Figure 5.7 in the dark (Figure 5.7a) and under IR
light (Figure 5.7b). After printing of the QD layer, a noticeable reduction in the transistor gate
hysteresis from 44V to 25.5V is seen. This effect was routinely observed: out of the 15 devices from
two fabrication batches, 11 showed hysteresis reduction after QD deposition. Further, a higher ON
current was measured at negative gate voltages whenever hysteresis reduction was observed (Figure
5.7a). When IR light was shone onto the devices, the phototransistor light response was nearly
unchanged before and after QD deposition. No consistent and reliable increase (or decrease) of the

photocurrent could be measured after printing of the QD layers (Figure 5.7b).

Before discussing the possible impact of QD deposition on the NW FET performances, a series of
control experiments were carried out to ascertain that the observed behaviours were indeed triggered
by the printed QD film. To this end, NW FET's were encapsulated in PMMA in an identical manner
to that carried out during step b of Figure 5.4. On a separate batch, QD layers were printed on the

NW FETs without having undergone the TBAI ligand exchange occurring at step 5.4e. Finally, pristine
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PDMS stamps (i.e. deprived of any QD film) were pressed on some NWs devices using the printing

conditions of step 5.4f to evaluate the possible impact of printing related stress on the NWs.
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Figure 5.7. a) Transfer curve of NW FET measured before (dashed, black) and after (solid, red)
printing of the QD layer. b) Transfer curve of the device shown in a) measured under IR light.

As summarised in Figure 5.8a-c, none of the control devices showed the effects present in Figure
5.7,1.e. a reduction in the gate hysteresis and an increase in the ON current. PMMA encapsulation has
often been used to reduce hysteresis in nanowires FET's, due to the polymer hydrophobicity and low
oxygen permeability, which prevents oxygen and water adsorption at the nanowire-dielectric interface,
a well-known cause of hysteresis in NWs and carbon nanotube FETs[90], [91], [168], [169], [175], [189]
This however did not appear to be the case in this experiment, as no hysteresis reduction was observed
after PMMA encapsulation (Figure 5.8b). This could be explained by the fact that the NWs FETSs
underwent several process steps in ambient conditions before PMMA encapsulation and were thus
exposed to a significant amount of water and oxygen. To truly state on the impact of PMMA, it would
therefore be necessary to perform the NWs deposition, PMMA encapsulation, and electrical

measurement in an air controlled environment (such as an argon or nitrogen glovebox).
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Figure 5.8. Control devices. a) Transfer curves of a device before (black) and after (red) PMMA
encapsulation. b) Transfer curve of a device before (black) and after (red) applying a load of 1 kg for
30s onto it with a PDMS stamp. ¢) Transfer curve of a device before (black) and after (red) printing a
layer of QDs without ligand exchange.

In the absence of ligand exchange, the QD films are electrically inert as the large inter QD spacing
does not allow for the charge carriers to hop from one QD to another and generate current flow[70],
[86]. This reasoning could be applied to NWs/QDs interactions as in the absence of ligand exchange,
no impact on the FET hysteresis can be observed (Figure 5.8c). This implies that the QD layer must
be electrically activated to interact with the nanowire and that the hysteresis reduction therefore must
come from charge interactions between the nanowire and the QD layer. Note that after nanowire
deposition (Figure 5.4a), the devices were cleaned with EDT to make sure that no insulating ligands
were present at the nanowire surface. The intended effect was two-fold since EDT is known to
promote oxidation of PbS nanostructures[80] and thus speed up the aging process described in
Chapter 4. Apart from faster aging, EDT treated devices did not show sensible difference in

performance compared to untreated ones, which suggests that this step might not be critical.

To gain a better understanding of the hysteresis reduction observed after printing of the QD layer,
we performed transient measurements of the drain current at different gate voltages before and after
QD deposition on the nanowire FETS, following the same method described in Section 5.2. The gate
voltage dependent transient current of a NW FET before (black) and after (red) deposition is plotted
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on Figure 5.9a. Before deposition, the observed behavior was identical to Figure 5.2b (different device)
with decreasing drain current in the ON state due to hole trapping and increasing currents when the
transistor is incrementally turned OFF because of hole de-trapping. However, after QD deposition,
the transient drain current in the ON state (V;=-50V) no longer decreases with time but increases
(Figure 5.9a, red plot, t=32s to t=44s). From this we hypothesise that hole trapping no longer occurs
at negative voltages after QD printing. The reasons for this are considered to be: i) electrical passivation
due to transfer of charges between the QDs and the NW channel, and ii) structural passivation of the

trap states caused by the TBAI ligands.
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Figure 5.9. a) Transient drain current behaviour of the FET (bottom panel) before (black) and after
(red) QD deposition at various applied gate voltages (top panel). b) Energy band diagram of the PbS
NWs and PbS QDs treated with TBAI at equilibrium. Energy levels of the nanowires were taken from
reference [190] and energy levels of PbS QDs (TBAI) were measured in Chapter 6

QD-NW charge transfer
A schematic energy band diagram of the hybrid QD-NW structure is proposed in Figure 5.9b. As
the measured diameter of the nanowires (30 to 60nm) is larger than the PbS exciton Bohr radius
(18nm), little to weak confinements effects are expected and the energy levels of the NWs were taken
to be those of bulk PbS[190]. The energy levels of PbS QDs are, however, size and ligand dependent
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and were consequently measured by UPS spectroscopy and will be further detailed in Chapter 6.
Because of the difference in electron affinity and the larger bandgap of PbS QDs compared to NWs,
a type 1I heterojunction is formed were both electrons and holes can be injected from the QD layer
into the nanowire. When measuring the transistor current modulation under gate voltages it is therefore
expected that different charges will be injected following the direction of the voltage scans (OFF to
ON vs ON to OFF). During the OFF to ON scan, a measurable shift in the threshold voltage is
observed towards negative voltages, which we attribute to the passivation of holes traps in the channel.
Hole traps, also known as donor states, act as fixed positive charges when empty (i.e. occupied with a
hole) and as neutral states when occupied by an electron. At positive voltages mobile electrons transfer
from the QD layer to the NW and occupy those states, thereby neutralizing, or passivating, them. This
results in a shift of the NW Fermi level towards the conduction band. More free holes must therefore
be injected to activate the channel which translates as a threshold voltage shift to negative values. In
the ON state, these excess holes result in a higher drain current, which is also observed in the transfer

plot in Figure 5.7a.

At Vg = 0V, electrons stop transferring from the QD layer and the hole trap states are quickly
charged. This can be observed in Figure 5.9a at t=20s where the drain current remains constant as
long as the hole states are neutralised with electrons and starts decreasing when these short-lived
electrons recombine. At negative gate voltages, the donor states are positively charged with holes.
However, as holes transfer from the QD layer to the NW and help increasing the free hole
concentration thus overcoming the current decrease due to hole trapping. A hole de-trapping
mechanism is still evidenced in the backward sweep by the slowly increasing drain current due to de-

trapping or recovery.
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TBAI Passivation

Another possible explanation for the hysteresis reduction could be attributed to the presence of
TBALI to which the NW have been exposed during the printing of the QD layers. As mentioned, trap
states are often a consequence of the adsorption of oxygen at the surface of low dimension
semiconductors. Therefore, strategies aimed at reducing oxygen adsorption have been investigated in
nanowires and carbon nanotubes, most notably using low oxygen permeability polymers such as
PMMA[90], [168]. On the other hand, halide compounds such as TBAI have been shown to act as
oxygen blockers at the surface of PbS QDs due to the presence of iodine[63], effectively allowing air
stable operation of the devices. Along these lines, the presence of iodine at the NW surface could
prevent the adsorption of oxygen at the NW surface, thus reducing the density of hole traps and
therefore the hysteresis. Figure 5.10a shows the elemental mapping of the nanowire/QD hybrid
structure whose TEM image is presented in Figure 5.5. On top of the ubiquitous lead and sulphur
elements, a small but non negligible quantity of iodine can be observed throughout the layer. Another
control test was performed in which TBAI had been spin coated on a stamp that was subsequently
‘printed’ on the nanowire, to reproduce the deposition conditions of Figure 5.4 and minimise exposure

to solvents.

It is worth mentioning at this point that one of the eatliest passivation methods attempted in this
work to reduce the hysteresis od PbS nanowires was solid-state ligand exchange using solvent based
spin coating, much like that used in the passivation of PbS QDs films. However, no sensible
conclusions could be drawn regarding passivation and hysteresis reduction as the methanol treatment
damaged the device performances (Figure 5.1b). The plot of the transfer curves before and after the
dry deposition of TBAI (Figure 5.10b) shows a small reduction in the nanowire hysteresis. Hysteresis

reduction is less important than that of hybrid NW/QD device and was only found in one of the three
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treated devices. If the TBAI passivation hypothesis stands, this could be attributed to the poor

coverage of the NWs with TBAI using the dry transfer method thereby limiting its efficiency.
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Figure 5.10 2). STEM elemental mapping of the NW/QD hybrid structure shown in Figure 5.5d. On
top of lead, sulfur and oxygen, constant traces of Iodine were detected.

We finally looked at the transient response under infrared light for the bare and hybrid devices. To
ensure consistency, both devices were measured following the same routines consisting of an
initialisation step where a constant positive voltage (50V) is applied for 30s followed by IR
measurements at negative gate voltages (Vg = -50V, OFF to ON sweep). After the IR measurements,
the devices were kept in the ON state for 30s to stabilize them, then turned OFF by applying a positive
gate voltage (Vg = 50V, ON to OFF sweep) and the IR photocurrent was again measured. In the OFF
state (Figure 5.11 top panel) the hybrid NWs/QD showed a slightly higher photocurtrent of about 5
nA for the presented device, however the devices were quite sensitive to the alignment of the laser
spot size, as offsetting the spot size position by a few micrometres could result in lower photocurrent.
Therefore, it is sensible to assume that this observed increase of photocurrent falls within the

measurement range and cannot be safely interpreted.
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Figure 5.11 (top) Photocurrent time response of a hybrid NW/QD FET in the OFF state (Vg = 50V)
before (black) and after (red) QD deposition. (bottom) Photocurrent response of the device in the
ON state (Vg = -50V).

In the ON state (Figure 5.11bottom panel) different behaviours were observed between the first on
cycle and the following ones for the hybrid structures. On the laser initial rising edge (t=0s) the
photocurrent quickly decayed, and the device showed negative photoconductance. During the
following laser on periods, normal behaviour was restored, and a positive photocurrent was observed.
In the context of the hypothesis of electrical passivation of the trap states with electrons from the QD
layer, these results can be explained as follows: under light illumination, the electrons present in the
trap states quickly recombine and those are filled with holes resulting in a sharp decrease in the
photocurrent. This effectively acts as a reset condition and negates the influence of the QD layer. The
ability to reset the charge trapping of the device under light favours the QD/NW charge transfer
hypothesis of the device over TBAI passivation as the latter implies permanent passivation whereas

the former would be impacted by charge recombination mechanisms.
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5.5 Conclusion
In this chapter, hybrid 1D/0D FETSs were made based on PbS nanowires and PbS QDs. To bypass
device degradation occurring during the deposition of the QD films, resulting from the use of solvents
that can damage the underlying nanowires, a novel process was developed using a combination of
electron beam lithography (EBL) and transfer printing. PbS nanowires were encapsulated with PMMA
into which a window was opened using EBL. PbS QDs, having previously undergone solid-state ligand
exchange with TBAI, were subsequently aligned and printed so as to fill up the window and thus form

the hybrid device.

As a consistent and measurable decrease of the FET hysteresis was observed upon QD printing,
the causes of hysteresis in bare PbS NWs FET's were also investigated. Transient current measurements
at different gate voltages revealed that hysteresis occurred due to the trapping of holes in the transistor
ON state, decreasing the free carrier concentration and shifting the threshold voltage to more negative
values. Two different possible mechanisms were studied to explain the hysteresis reduction, namely
electrical passivation of the trap states, which is due to electrons migrating from the QDs so as to
neutralize the trap states and the influence of iodine present in the QD layer preventing oxygen
adsorption. Since the process was shown to be reversible, the former hypothesis is favoured over the
latter as the structural impact of iodine would have been more permanent. Interestingly, no measurable
difference in the photocurrent could be measured before and after deposition of the QD layer, despite
the increased thickness of the absorption layer. This could be explained by the fact that both types of
photogenerated charges could transfer from the QD layer to the nanowire and therefore cancel each
other. To counter this, an electron or hole blocking layer could be deposited between the nanowire
and the QDs, so as to ensure that only one type of charge can transit from the QD layer to the

nanowire. Attempts have been made using a polymer electron blocking layer (TTB), but so far this has
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been unsuccessful due to the lack of an optimised method for the dry transfer of the polymer layer

onto the NW.
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6 SOLUTION PROCESSED PBS QUANTUM DOT PHOTODETECTORS

6.1 Introduction

This chapter presents the photodetection performances of colloidal PbS quantum dots devices made
via layer-by-layer deposition. The first part aims at introducing several concepts used throughout this
work such as the layer-by-layer deposition technique and the ligand exchange procedure. To that end,
photoconductors were made using two commonly used ligands in PbS photovoltaics:
tetrabutylammonium iodide (TBAI) and 1,2-Ethanedithiol (EDT) ligands. TBAI is an inorganic n-type
ligand, whereas EDT is an organic ligand thought to promote p-type doping of the QDs upon air
exposure. These two ligands then cover a wide range of parameters useful for performance
optimisation. In the second part, we focus our attention on lateral junction Schottky photodiodes made
with an innovative lithography technique, which allowed us to fabricate ultrashort conductive channels
between coplanar electrodes. In this work, I have sought to investigate whether the use of channels
shorter than the diffusion length of PbS QDs, coupled with the high electric field created across the

junction by the Schottky contact, enhanced the performance of a PbS photodiode.

6.2 TBAI and EDT-treated PbS QDs photoconductors

6.2.1 Formation of QD Films

Synthesis of PbS QDs
The synthesis and characterisation of PbS QDs was carried out by John Hong and Dr Bo Hou of the
Nanoscience and Technology group at Oxford. The synthesis concept was explained in Chapter 2 and
the process has been reported in detail elsewhere[156], [191]. To briefly summarise here, the Pb
precursor was prepared by mixing lead oxide (PbO) with oleic acid (OA) and 1-octadecene (ODE) in
a 50mL two-neck flask. The solution was heated in two steps: 100 °C for 3 hours in a vacuum and 130

°C for lhour in an argon environment for further precursor treatment. The sulphur precursor was

96



Chapter 6: Solution Processed PbS Quantum Dot Photodetectors

made by mixing and stirring hexamethyldisilathiane (TMS) and ODE for 4 hours at room temperature
under argon. The QD synthesis was triggered by the rapid injection of the sulphur precursor into the
Pb precursor solution. Parameters such as reaction time and temperature, which usually govern the
growth of the QDs[306], were fixed to 20s and 130 °C, respectively. Instead, the growth was controlled
by the Pb precursor concentration by varying the ratio of PbO to OA. This allows us to manipulate
the initial monomer concentration and to precisely control the size of the QDs, independently of other
reaction parameters. A high concentration of Pb monomer (e.g PbO:OA = 1:2) results in small
diameter QDs whereas a lower concentration (e.g PbO:OA = 1:17) yielded larger QDs. Using this
technique, we were able to precisely tune the bandgap of the QDs from 0.84 ¢V to 1.37 eV thereby
covering a large band of the IR spectrum. Figure 6.1a shows the TEM images of as-prepared QDs
with different sizes and their corresponding optical bandgap is revealed through absorption
measurements as shown in Figure 6.1b. The absorption peak represents the lowest available energy
transition level (optical band gap) that corresponds to the first excitonic peak and provides evidence
of quantum confinement[21]. As the size of the QD decreases, the optical bandgap increases which
translates as a blue shift of the absorption peak in Figure 6.1b In this work, unless otherwise specified,
the diameter of the QDs was 3nm, which corresponds to a 1.3eV bandgap. After synthesis, the PbS
QDs were dispersed in toluene at a concentration of 50mg.mL" and stored in dark conditions until

device fabrication.

Ligand Solution Preparation

TBALI solutions were prepared using the following procedure. 0.4 g of TBAI powder was mixed using

a vortex mixer with 40 ml of methanol (10 mg.ml") in a glass vial. Similarly, 1,2-Ethanedithiol (EDT)
solution was prepared by mixing 8 pl of EDT and 40 ml of acetonitrile (0.02 v/v%). These ratios were

optimized for our group’s solar cell work[156], [191]—[193] and kept constant throughout this work.
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Figure 6.1. a) TEM images of the as-prepared PbS QDs with different diameters and optical
bandgaps. Scale bar is 20nm. b) Optical absorption spectra of different diameter PbS QDs. TEM
imaging was performed by Dr Bo Hou. QD synthesis and UV-Vis spectroscopy were performed by
Dr John Hong from the NST group.

QD Film Deposition

The deposition of one QD layer was carried out as follows: the substrates (SiO,, Si, Glass, ITO,
PET) were first cleaned by an acetone/IPA /DI water wash and then in an O, plasma oven for 5 mins.
One drop of 50 mg.mL" of PbS QDs dispersed in toluene was spin cast at 3000rpm for 30s. A
significant amount of the ligand solution (usually 10 drops, depending on the dimension of the
substrates) was then deposited and left for 30s before spinning again at 3000rpm for 30s to remove
the solvent and the exchanged ligands. Finally, the substrates were thoroughly washed in methanol or
acetonitrile depending upon the type of ligands used by depositing 10 drops of solvent and spin casting
at 3000rpm for 30s. This process was repeated as many times as the number of layers required for

device fabrication. When EDT was used, only the first layer was exchanged for 30s, the subsequent
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layers were immediately spun after ligand deposition since prolonged exposure to the EDT solution

tended to delaminate the bottom layers.

6.2.2 Ligand Exchange characterization

Fourier Transform Infrared (FT-IR) spectroscopy performed on the films before and after ligand
exchange provides direct evidence of the successful removal of the OA from the surface of the PbS
QDs. Oleic acid is an organic molecule that contains several carbon-hydrogen groups along its carbon
backbone and is terminated by a carboxyl group COOH. These bonds can be readily observed using
FTIR and the black line in Figure 6.2 shows that the C-H bonds produce vibrations at 3000cm™ while
the COOH vibrates at 1300cm™ in a PbS layer encapsulated with OA. After treatment with either EDT
or TBAI, these vibrations are reduced which indicates the successful removal of the OA attached to

the QDs surface.
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Figure 6.2 Surface analysis of PbS QDs film encapsulated in oleic acid (black), EDT (top, red), and
TBAI (bottom, red). FTIR measurement were performed by Dr Yuljae Cho in the NST group

The UV-Vis absorption spectra of PbS QDs with oleic acid and after exchange with either TBAI or

EDT are shown in Figure 6.3. As the first excitonic peak is still visible after ligand exchange, one can
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conclude that the QDs have not lost their quantum confined nature throughout the process, and that
the ligand exchange did not induce sintering of the QDs into bigger particles. For the TBAI case
(vellow line) a small shift towards higher energies can be observed, which could be a consequence of
the enhanced coupling between the QDs or the changes in the polarization of the dielectric

environment[194].

Besides FTIR and UV-Vis spectroscopy, we also investigated the QD films before and after the
ligand exchange process using tapping mode atomic force microscopy (AFM). AFM scans along a
clean edge of a PbS film passivated with OA, EDT and TBAI are shown in Figure 6.4a, b, and c,
respectively. The bright areas correspond to the QD layers whereas the dark areas correspond to the
silicon substrate onto which the layers were spin coated. The surface roughness of the OA-PbS QDs
was measured to be 8.47 £ 1.15 nm, which decreased to 3.65 * 0.24 nm and 3.14 £ 0.20 nm when

treated with either EDT or TBAI, respectively.
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Figure 6.3 UV-Vis absorption spectra of PbQs QDs capped with oleic acid (red), EDT (blue), and
TBAL

The reduction in surface roughness corresponds to a shrinking of the QD layer upon ligand

treatment, which decreases the interparticle distance. Interestingly, the surface roughness of the ligand-

100



Chapter 6: Solution Processed PbS Quantum Dot Photodetectors

exchanged layers closely matches the diameter of the deposited QDs (3nm); however, as the target
radius of the AFM tip is reported to be 8 nm in the manufacturer specification, it is difficult to state
that one single layer of QD was directly imaged. Likewise, the surface roughness of EDT and TBAI
treated films fall within the device measurement limit and should not be interpreted as absolute values.
The step profile was extracted from the AFM data and is reported in Figure 6.4d. The average thickness
of one QD layer deposited after one cycle of the deposition process described earlier was measured to
be 70 nm. After ligand exchange this was reduced to 30 nm and 22.5 nm for the EDT and TBAI cases,
respectively. This result, coupled with the lower roughness average for the TBAI-treated layers,

suggests that TBAI ligand exchanged films have a higher packing density than the EDT-treated ones.
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Figure 6.4. AFM height profiles of QD layers encapsulated in a) oleic acid, b) exchanged with EDT,
and c) exchanged with TBAI d) Step measurements of a QD layer before (red) and after (blue) EDT
ligand exchange, and before (yellow) and after (green) TBAI ligand exchange.
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6.2.3 Photoconductor fabrication and characterisation

Photoconductors were fabricated by depositing layers of QDs onto SiO; substrates that were
prepatterned with electrodes using photolithography. To enhance the current levels of the devices, an
interdigitated pattern was used to increase the width-to-length ratio of the device, which is directly
proportional to the current density. The channel length was 10 um and the total channel area of the
device was A = 3.09 cm®. The -V characteristics of the devices consisting of 1 and 5 layers of ligand
exchanged QDs with both EDT and TBAI are presented in Figure 6.5a and Figure 6.5b, respectively.
The symmetry of the plots at positive and negative voltage bias indicate that good ohmic contacts are
achieved and thus demonstrates that the ligand exchange procedure renders the films conductive even
at low applied voltages. The 2-point conductivity of each device was derived from the slope of the I-
V curve and is reported in Figure 6.5c. EDT-treated devices consistently showed higher conductivities
than the TBAI-treated ones at either one or 5 deposited layers. The conductivity in a semiconductor
can be expressed as 0 = qu;N;, where y; and Nj are, respectively, the majority carrier mobility and
concentration. Our group has recently calculated the mobilities for EDT and TBAI-treated PbS QDs
films using space charge limited current method[191] (SCLC) and found that the EDT-films have a

mobility of p, = 4.4 X 1072cm*V's! while the TBAI-treated films have a mobility of p, =

3.5 X 1072 cm* Vs, While comparable, these values suggest a slightly better charge transport in

EDT-treated film, in accordance with our conductivity measurements.

An increase in the dark current 4,4 with the number layers is seen in Figure 6.5d. The current in
. WD .
photoconductors follows the ohmic law as [ = oV - where W, D, and L are the channel width,

thickness and length. Therefore, the current through the device will scale with the device cross-section,
WD, as is the case when the number of layers is increased. However, the different linearities of 0.15

nA/layer and 2.9 nA/layer suggest that other factors contribute to the current increase. The first
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Figure 6.5. Log scale I-V characteristics of PbS QDs photoconductors made from a) single and b)
five deposited layers. Dashed lines correspond to dark current I, and solid lines to current under
IR light [};gp¢. ©) Two-point conductance of the different devices in the dark and under illumination.
d) Evolution of the dark current as a function of the number of deposited layers for EDT and TBAI
exchanged devices.

potential contribution may be the filling of the micro and nanoscale cracks that occur after deposition
because of solvent drying and the reduction in volume due to the shrinking of the layers that occurs
with ligand exchange[195]. Another contribution might be the encapsulation of the bottom layers by
the top layers, which passivates the charge trapping states induced by surface defects such as dangling
bonds|[64]. Halide ligands such as TBAI have been reported to passivate surface defects[65], therefore
TBAI-treated devices should be less sensitive to the stacking of layers since they are already well

passivated, an effect that can clearly be observed in Figure 6.5d.
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The photocurrent, Ippor = lLiight — laark, was measured with both TBAI and EDT ligands for
single or five deposited layers at different light intensities and the current-power dependence is
reported in Figure 6.6a. As expected, the five layered devices showed the highest photocurrents as a
result of the increased channel cross-section and of the thicker films. allowing for the absorption of

more photons. EDT devices consistently show higher photocurrents, at the cost of a lower device

light — ldark . . .
photosensitivity. The sensitivity § = —2*—="=_which quantifies the ratio of photocurrent to dark

ldark

current, is the main factor influencing the signal-to-noise ratio (Equation 2.13) and is reported in Table

6-1.
S
1layer 5 layers
TBAI 34.9 167.4
EDT 40.2 99.01

Table 6-1. Sensitivity of single and five layer PbS QD photoconductors treated with either TBAI or
EDT ligands. measured at 850nm at a voltage of 2V..

Because of the better conductivity, the sensitivity of the EDT-treated devices is found to be higher
when only one layer is deposited. This is, however, inverted when increasing the number of layers due
to the enhanced dark current. The dark current enhancement of TBAI treated device was however less

important which lead to better sensitivities at 5 layers.
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Figure 6.6 a) Photocurrent and b) responsivity as a function of the power and power density for
single and five deposited layers devices exchanged with either EDT or TBAI ligands. Bias voltage was
2V.

The dependence of the photocurrent on the light power was fitted with a power-law function

Ipnot = P%, with a as the fitting parameter. The fitted values obtained for a range between 0.47 <

a < 0.48, indicating that the photocurrent scales roughly with the square root of the incident light
intensity over the range of measured powers. This effect has been observed in other PbS QDs
photodetectors[111] and was attributed to losses due to bimolecular recombination, i.e. recombination
between photogenerated electrons and holes. The square root dependency indicates that the density
of photogenerated charges is much higher than that of trap sites since the photocurrent in devices in
which losses are governed by trap recombination mechanisms typically scale linearly with the light
intensity[196], [197]. This result could imply either a low density of traps in the QDs layers or that the
incident power is too high to reveal losses due to trap recombination. Interestingly, the exponent «
for the single TBAI exchanged layers was found to be around 0.4, suggesting that different
photoconduction mechanisms occur in this case. We attribute this result to the thinner layer of the
QD film, which makes it more sensitive to cracks and defects since transport occurs mostly through
percolation pathways through the film, thus affecting the conductivity[198]. Figure 6.6b shows the

device responsivity that was derived from Ippoe using Hquation 2.11. The highest measured
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responsivity R = 1.1 was obtained for 5 layers of deposited PbS QDs treated with the EDT ligand, at

an irradiance of 32 uW.cm™ and a wavelength of 850nm The associated normalized detectivity was
then calculated to be D* = 3.5 X 10! Jones. These values are in range with those reported at 850 nm
by Konstantatos ez a/. for EDT-treated devices[105] even though our devices are thinner and higher

powers are used. Overall, responsivity is found to decrease with the light power.

To fully characterize the photodetectors, we also measured the transient response of the
photodetectors using a laser diode switching at 500 mHz. Figure 6.7a shows the normalized time
response of a single layer EDT-treated device measured at different light intensities. The photocurrent
consistently showed an initial overshoot followed by a rapid decay upon light excitation. In Figure 6.7b

the decay observed between t = 0s to t = 1s was fitted with a double decaying exponential of the

_t=to _t-to
formy = yo+ Aje 1 + Aze 72 . The fitting time constants T; and T, plotted against the light

power (Figure 6.7c) show that the decay speed increases with light power. We interpret this decay as
follows: when the laser is turned on for the first time at t = Os the photocurrent quickly rises due to
the carriers being efficiently swept by the electrodes. Then the traps are slowly filled resulting in carriers
that can no longer contribute to the current[100]. As the light intensity increases, the density of
photogenerated carriers increases and the traps are filled proportionally. Simultaneously, the increase
in density of the carriers boosts the electron-hole (bimolecular) recombination which also contributes
to the light-induced current decay[199], [200]. This result is consistent with the dependence of the
photocurrent on the light power shown in Figure 6.6a, which implies that bimolecular recombination

is predominant over trap-assisted recombination in the device.
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Figure 6.7. 2) Normalized time response of a single layer EDT-treated photodetector at various light
intensities (in mW). b) Transient decay occurring on the initial turn on of the laser fitted by double
decaying exponentials (black lines). ¢) Time constants extracted from the fitting of b). d) Evolution of
the rise and fall times of the TBAI and EDT-treated devices as a function of the optical power.

It is interesting to note that at higher light intensities, the overshoot only occurs when the laser is
turned on for the first time but not the subsequent times. The current decay is fast enough to reach its
steady-state value during illumination and is not reset during the laser off time. However, turning off
the device for a long enough time will reinitialize the overshoot behavior. This suggests a saturation
effect at high light power where the traps are inhibited, and the light current is only limited by electron-
hole recombination. After the device is switched off the traps are emptied, and the behavior

reinitializes. This effect impacts the photodetector rising dynamics as the rise time was observed to
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increase with light power (Figure 6.7d, top) due to the vanishing of the overshoot. The fall times remain
largely power independent (Figure 6.7d, bottom), which implies that the light power does not affect
the de-trapping rate of the device. EDT and TBAI-treated devices showed similar rise and fall times

were found to range from 4 to 16ms and from 22 to 13ms, respectively, with a bandwidth of 15Hz.

6.3 PbS Quantum Dot Photodiodes based on asymmetric coplanar nanogap

electrodes

6.3.1 Motivations

As discussed in Chapter 2 Section 2.4.2, PbS QDs have been widely investigated as a photoactive
material for energy harvesting and infrared photodetection. Because of their tunable bandgap, PbS
QDs can cover a wide part of the near-infrared (NIR) spectrum which, combined with the scalability
of the solution processed synthesis, makes them a strong candidate for the next generation of flexible
and transparent electronics. While photoconductors such as the ones studied in Section 6.2
traditionally exhibit high photoresponsivity, the gain mechanism relies on the trapping of charges in
long-lived sensitizing centres, which impedes a fast response time. Photodiodes on the other hand,
favour high speed operation with fast transit times of the photogenerated carriers under the action of
a built-in potential across the depletion region formed at the diode junction. Numerous PbS

photodiodes have been realized so far, with an emphasis on p-n and Schottky junctions commonly

found in solar cell technology[102], [119]-[121], [127], [201].

Conventional photodiode fabrication methods rely on vertical structures[119], [125], [201] where
the active material is sandwiched between two electrodes. In such structures, the device performance
is limited by the active layer thickness with a trade-off between carrier generation and collection
efficiency. Thicker layers absorb a large fraction of the incident light, but only the carriers generated

in the vicinity of the depletion region can be collected efficiently. Thin films on the other hand have
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high collection efficiency but suffer from low photon absorption. Furthermore, the low degree of
transparency of the vertical structure makes it impractical for applications in flexible and transparent

electronics.

Coplanar diodes using a broad range of materials made via adhesion lithography have been
demonstrated by the Anthopoulos group[202]—[205]. Adhesion lithography is a scalable low-cost
fabrication technique that allows high throughput fabrication of coplanar asymmetric electrodes
separated by a ~15 nm nanogap on a wide range of substrates, including plastics. Nanogap electrodes
have several features of interest for PbS QDs photodiodes. The nanometre dimension of the channel

means that high electric field can be achieved at low applied voltages and thus fast transit times, which
scales as the inverse of the applied electric field (T4, = é, with W, L and € the carrier mobility, channel

length and applied electric field, respectively). Furthermore, the electrode width can be arbitrarily long,
up to the centimetre scale, allowing for the creation of large device areas as to increase photon
absorption. Since PbS QQDs have a diffusion length of about 80 nm[118], most carriers generated in
the gap can diffuse to the depletion region for extraction, thereby maximising the collection efficiency

and thus offering a way to overcome the absorption-collection trade-off.

In this work, we report on the realisation of PbS QDs infrared photodiodes using nanogap
electrodes patterned via adhesion lithography. We show that solution processed PbS QDs effectively
fill the 20 nm nanogap between asymmetric electrodes to create coplanar Au/PbS QDs/Al Schottky
diodes. The unique architecture of the devices resulted in photodiodes with low dark currents and high
responsivity, together with a bandwidth of 180 MHz. To the best of our knowledge this is the first

experimental report of QD-based infrared photodetectors using nanogap electrodes.
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6.3.2 Device design and fabrication

Design Considerations

PbS QDs + EDT

_}?ND

15 nm

Figure 6.8 a) Schematic of a PbS Schottky nanogap photodiode consisting of coplanar Au and Al
electrodes onto which a layer of PbS QQDs is deposited. For clarity, only half of the PbS QD layer is
pictured. b) Associated nanogap device cross-section depicting the electrical connections used for
characterisation.

Schottky diodes were fabricated by depositing a layer of PbS QD films on top of the Au-nanogap-
Al device. The Al and Au electrode were patterned as concentric rings separated by a nanogap of
length ranging between around 15 nm (Figure 6.8a) via adhesion lithography. Various ring diameters
were used from 0.5 mm to 10 mm to scale over different width-over -length ratios. As for the choice
of ligand, EDT was preferred over TBAI for several reasons. First, we reported in Section 6.2 that
EDT-treated QD films had better photodetection performances in term of responsivity and detectivity
due to improved conductivity. The limiting factor was the higher dark current density, which we aim
at reducing by using a reverse biased diode. Second, thiols have long been used in self-assembled
processes with gold electrodes due to the strong gold-sulphur interaction that facilitates attachment.
We posit here that the thiol in EDT will promote the adhesion of QDs to the Au electrode and will
help to fill the nanogap and it is likely to induce a directionality that may improve charge transport.
Schottky diodes require the formation of an ohmic contact on one side of the junction and a Schottky
contact on the other. Our work in Section 6.2 indicates that both TBAI and EDT-treated devices
formed ohmic (or near ohmic) contact with gold, meaning that the Schottky contact had to be formed

on the aluminium side of the junction. For a p-type semiconductor such as PbS, Schottky contacts are
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created if the condition @y, > Py, is met, where Pz, and Py, are the work functions of the

semiconductor and metal, respectively. The resulting Schottky barrier ¢y, can be expressed as[20]

¢p =Eg+x— Py 6.1)
with y the semiconductor affinity (conduction band edge). In a previous work, we used ultraviolet
photoelectron spectroscopy (UPS) to measure the band-edge and fermi levels of 1.25 eV PbS QDs

treated with both ligands[191], which are reported in Table 6-2.

Ligand E, (eV) E. (eV) E:(eV)
TBAI -5.25 -4.00 -4.29
EDT 4.9 -3.65 -4.36

Table 6-2 Corresponding energy levels of 1.25eV  PbS QDs passivated with either EDT or TBAI
ligands obtained using UPS spectroscopy. Data was acquired by Dr Yuljae Cho[191].

Considering an aluminium work function of 4.3 eV, Table 6-2 shows that PbS treated with EDT
satisfy, theoretically, the condition for the creation of a Schottky contact at the PbS/Al interface. The
theoretical energy barrier is then deduced to be 0.6 V. The corresponding energy band diagram is
presented in Figure 6.9 where the built-in potential across the junction, due to the work function

difference between aluminium and gold, can be observed along with the Schottky barrier.
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Figure 6.9. Schematic energy band diagram of the EDT-PbS Schottky photodiode drawn with data
extracted from Table 6.2

Adhesion Lithography

Adhesion lithography allows the fabrication of nanometre scale gaps (nanogaps) between two
different metals over large areas using the selective assembly of self-assembled monolayers over metals.
The nanogap formed between the two metals can be used as a channel for coplanar electrodes in two
terminal devices such as diodes and photodetectors. Figure 6.10 illustrates the fabrication process of a
nanogap between gold and aluminium electrodes, which was optimised and carried out by Dr D.
Georgiadou at Imperial College[205], London, and will be briefly summed up here. First, Al electrodes
(M1) are patterned on a substrate (Si, Glass, PET'...) via conventional UV lithography method (Figure
6.10a) onto which a self-assembled monolayer of octadecylphosphonic acid (ODPA) is grown by
immersion in solution. The SAM functionalizes the first aluminium and the gold metal (M2) is
deposited on top, so that AI-SAM-Au interfaces are formed (Figure 6.10c). An adhesive tape is then
brought into contact with the Au layer and slowly pulled off. The Au areas in contact with the SAM
are peeled off during this step due to the low surface adhesivity of the SAM, while the Au areas directly
in contact with the substrate are not picked up (Figure 6.10d). After peeling-off, the device consists of
lateral AI-SAM-Au structures and the Al and Au areas are then only separated by a short distance,
corresponding to the chain length of the ODPA (10-20nm). Subsequent removal of the ODPA by
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Acetone-IPA washing and UV-Ozone cleaning leads to the formation of the nanogap between the
two metal electrodes (Figure 6.10¢). The length of the gap mostly depends on the length of the SAM

and can be tuned within the 15-40 nm range[202].

QD deposition
QD deposition and EDT ligand exchange was carried out in our laboratory at Oxford according to
the process described in Section 6.2.1. Prior to deposition, the devices were rinsed with acetone and

IPA and cleaned in a UV Ozone oven for 10 mins to ensure complete removal of the ODPA SAM.

a Peeo
T d ffflfﬁff

b |« sam
substrate

i M2
substrate

formed

C e —>| |4- nanogap
1l M2 M2

substrate substrate

Figure 6.10. Illustration of the adhesion lithography technology. a) deposition and patterning of
Aluminium electrodes (M1). b) functionalization of M1 with a self-assembled monolayer (SAM). c)
deposition of the Au metal (M2). d) peel off M2 with an adhesive material. e) formation of nanogap
after removal of the SAM by oxygen plasma treatment. From Ref [205], Copyright © 2018, Springer
Nature.
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6.3.3 Schottky diode characterisation
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Figure 6.11. a) Dark field optical microscopy image of a device covered with one layer (30nm) of PbS

QDs after EDT ligand exchange. Scale bar 100 um. Device diameter 1 mm. b) Cross-sectional TEM
image of a nanogap device covered by a monolayer of PbS QDs. The Au electrode consist of two
stacked layers of 10 nm Al serving as adhesion layer and 30 nm-Au. PbS QDs can be seen filling the
22 nm gap. ¢) EDX mapping of Pb element shows that most of the QDs are located on top of the
nanogap and bridge over it, but a few partially fill the gap. d) EDX of the area highlighted in green in
(b) to confirm the presence of Pb inside the nanogap. TEM data was acquired by Dr A. Seitkhan at
King Abdullah University of Science and Technology.

A dark field optical image of a 1 mm diameter device covered by a layer of PbS exchanged with
EDT is shown in Figure 6.11a. The Al and Au areas are clearly separated by a well-defined bright line
that is related to the presence of the nanogap. Short circuits could sometime be measured after device
fabrication. It is however unclear if they arose from the device fabrication process itself or from surface

scratches occurring either during storage or at the device cleaving stage. Cross-sectional TEM image
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(Figure 6.11b) reveals a 22 nm long nanogap between an ~40nm high Au and Al electrodes. The Au

electrode consists of 30 nm of Au stacked on top of 10 nm of Al It is also shown that the PbS QD
layer bridges over the nanogap and partially fills it. Elemental mapping using Energy Dispersive X-Ray
spectroscopy (EDX) (Figure 6.11c) reveals the presence of Pb over the gap and as well as inside the
gap. Moreover, the EDX spectral analysis of the area highlighted in Figure 6.11b confirms the presence

of Pb inside the nanogap. It can then be inferred that most of the PbS QDs bridge over the nanogap,
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Figure 6.12. a) Semi-log I-V characteristic of a 1 mm diameter single layer PbS-EDT QDs diode
obtained in dark conditions. Inset shows the I-V plot on a linear scale. According to the p-type
Schottky contact and the electrical wiring shown in Figure 6.7b, a forward bias corresponds to negative
voltages applied on the Al contact and reverse bias to positive voltages. b) Log-log plot of the forward
current with associated fits of the form [ = V™. ¢) I-V characteristic of the photodiode at various
incident light intensities. d) Photocurrent dependence on the device diameter for both forward and
reverse bias.
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and the presence of Pb in the nanogap suggests than some PbS QDs could be located within the gap

as well.

Figure 6.12a shows the I-V characteristic of a 1 mm-long device over which 1 layer of EDT-
exchanged PbS QDs were deposited. According to the schematic of Figure 6.8b, the Au electrode was
grounded, and the voltage bias was applied to the Al electrode. The dark current exhibits an asymmetric
behaviour with a low current (=25 pA) when the diode is reverse biased (V>0) and a fast-increasing
current in the forward bias (V<0), giving a rectification ratio of 10* and confirming the presence of a
Schottky contact. The forward current was fitted on a log-log scale with a power law I = V™ to identify
the conduction mechanisms occurring in the diode (Figure 6.12b). Three different regimes could be
decomposed, evolving from trap dominated conduction at low voltages (m=3.5) to a more linear
dependence corresponding to thermionic emission (m=1.2) and space charge-limited conduction at
higher bias voltages[206]. When illuminated by an 850 nm laser at various powers (Figure 6.12c), the
diode showed a photo-response both in the forward and reverse bias configurations. This is an
interesting phenomenon as photodiodes only typically show high photoresponse in reverse bias
benefiting from the wide depletion region required to extract photo-charges. We offer here a tentative
explanation for the observations. The current flowing through the diode under illumination can be

expressed by the familiar photo-current formula,

qv
=1, (ekT _ 1) ~ Lot 6.2)
where I is the saturation current and V' is the applied bias. The photocurrent Ippe; is determined

by[207]

Lphot = qSG(Le + W + Ly) (6.3)
where L, and Ly are the diffusion lengths of the electron and holes, respectively, W' is the length of

the depletion region, G represents the photocharge generation rate and S is the device cross-section
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The size of the depletion region, W, changes with the diode bias, increasing in reverse bias and
decreasing for forward bias. In conventional diode designs, the size of the depletion region is strongly
reduced in forward bias and no measurable photocurrent can be detected. With a nanogap channel,
the diode is expected to become fully depleted easily even with a reduced depletion region. Thus, when
operating in forward bias, the size of the depletion region is reduced but is still large enough to extract
photogenerated charges, especially when considering that the diffusion length of the PbS QDs[118]

(80 nm) is much larger than the dimension of the nanogap.

An advantage of the adhesion lithography fabrication technique lies in the fact that it allows the
fabrication of devices with large aspect ratios, with nanometre wide channel length but widths ranging

up to the centimetre scale. For instance, Figure 6.12d shows the impact on the I-V plot of the scaling
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Figure 6.13. a) Photocurrent as a function of the laser output power. Different linearities are measured
depending on the bias regime, with the diode exhibiting superior response (higher linearity) in reverse
bias. Forward bias was -2V and reverse bias was 2V. b) Responsivity R is calculated from a). Spot size

was 1 pum.

of the electrode width ranging from 250 um to 1 cm. The current scales with the width due to a larger
device cross-section, defined as the product of the device perimeter and the thickness of the QD layer.
The associated photocurrent is plotted in Figure 6.12d for forward and reverse bias modes. The

photocurrent increases with the electrode width when the diode is reverse biased but remains constant
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for forward bias. A drop in the current is observed when the width reaches 1000 pm, which roughly
corresponds to the laser spot size. Beyond that point, the light current saturates but not the dark

current, hence the photocurrent decreases.

The I(P) response is plotted on a log-log scale in Figure 6.13a and fitted for both the forward and
reverse bias with a power law dependence, Iypoe = P%. In both cases, sublinear behaviour was
observed, with @ = 0.32 and a = 0.40 in the forward and reverse biases, respectively. Superior
photoresponse, as indicated by the higher a coefficient, was observed in the reverse bias configuration,
which is expected for a photodiode. The sublinear response, with the exponent @ deviating for the

ideal case of @ = 1 is reminiscent of our work on PbS QDs photodetectors presented in Section 6.2

and is attributed to bimolecular recombination and loss of photo-excited cartiers due to trapping[196].
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Figure 6.14. Transient response of a 1 mm width Schottky photodiode covered by a monolayer of
PbS QDs. Modulation frequency was 1 Hz and bias voltage 1 V (reverse bias).

The responsivity has been calculated at different light intensities according to Equation 2.11. The
device active area was calculated by taking the product of the nanogap width, estimated to be 20 nm,

by the device perimeter (1 mm). Figure 6.13b shows the responsivity of the device measured in Figure
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6.12c, with the best values of 38.7A/W and 46.9A/W obtained for the reverse and forward bias,

respectively, along with associated detectivities of 3.5 X 102 Jones and 1.53 X 102 Jones. These
high values indicates a top-of-the-range performance of the nanogap photodiode (Chapter 2, Table
2.2) which is the consequence of the low dimensional nature of the nanogap device[203] combined

with the low dark current of the Schottky diode.

Next, we considered the transient response of the photodiode to an incident laser impulse. Figure
6.14 shows the time evolution of a 1 mm PbS EDT diode reverse biased at 1V and illuminated with
an 850nm, 320mW.cm ™ laser diode switched at 1 Hz. A spike in the photo-response is observed before
returning to a steady-state, which we attribute to charge trapping and bimolecular recombination
occurring at high excitation intensities. The high density of photogenerated carriers and the presence
of trapping centres promote a high recombination rate which induces a decrease in photocurrent. This
effect is intensified by the fast transit time of the photodiode, which competes with the slow filling of
the traps, since more photocarriers can be extracted before recombining into traps. The rise and fall
times were extracted by measuring the time taken by the device to transit from 10% to 90% of its
steady state value and found to be 1.9 ms and 8.5 ms, respectively, which correspond to a bandwidth
of 180 Hz. These values are significantly faster than that of the photoconductors studied in Section
6.2.3, thanks to the fast transit time of the carrier trough the nanogap channel. It should, however,
be noted that these two experiments were not done simultaneously and used different batches of PbS
QDs, which can possibly alter this interpretation. Furthermore, the millisecond order of magnitude
suggest that the temporal response is not only limited by the transit time but also by the longer
photogenerated carrier recombination time. This is in line with the presence of trap sates in the QD
films as discussed in Section 6.2.3 which act as recombination or sensitizing centres. Since the film
deposition and passivation techniques used were the same for photoconductors and the photodiodes,

it is reasonable to assume that these traps are also present here and limit the device performances.
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6.3.4 Concluding remarks

In summary, IR photodiodes were fabricated using PbS QDs as the photoactive material deposited
on a nanogap that separated coplanar Au/Al electrodes. These were enabled by adhesion lithography,
which allowed fabrication of devices with an arbitrarily large aspect ratio. The devices were made by a
simple coating of solution-processed QDs as optimized in Section 6.2. The QD layer was electrically
activated with an EDT treatment which was thought to promote adhesion to the gold contacts and to
present favorable energy band alignment for the creation of a Schottky barrier at the aluminium
contact. TEM cross sectional spectroscopy and EDX elemental analysis showed that the PbS bridged
and partially filled the nanogap formed between the Au and Al electrode. In the dark, the device
showed a clear diode like behavior suggesting the presence of a built-in potential due to the Schottky
contact at the PbS/Al interface. Under IR light, the devices showed a responsivity of R = 38.7A/W in
reverse bias combined with a detectivity of 3.5 X 102 and a bandwidth of 180 Hz. The bandwidth
was shown to be faster than that of simple PbS photocondcutors (15Hz, Section 6.2.3), as expected
for a photodiode. Even though an improvement was observed, the response time was still of the order
of a few milliseconds, and the presence of long recombination centres due to traps is thought to limit
the response time. These results highlight the compatibility of colloidal PbS QDs with adhesion
lithography fabrication processes and enables the development of IR detectors for next generation of

flexible and transparent electronics.
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7 PATTERNED 1D PBS QDS PHOTODETECTORS VIA TRANSFER PRINTING

7.1 Concept

In the previous chapter, the integration of PbS QDs in photodetectors using conventional
fabrication methods and innovative device structure was discussed. The deposition of thin QD films
was obtained via spin-coating which, together with doctor blading and drop casting, has been the main
layer by layer deposition method for QDs [16], [73], [191], [208]. These methods integrate smoothly
with colloidal semiconductors, operate a room temperature and are easily tunable. As such they have
been considered for integration of QDs on plastic substrates has been considered for the next

generation of flexible and transparent electronics[17].

In order to be present a viable solution for device manufacturing, CQDs must be compatible with
large wafer scale integration, which involves the patterning of thin film layers on a substrate wafer. The
aforementioned techniques result in the deposition of continuously homogeneous, non-patterned
layers and require post deposition patterning usually involving a combination of lithography and
etching processes[209], [210]. These extra processing steps expose the materials to numerous solvents
and annealing temperatures which promotes cross contamination and material degradation due to

oxidation. As such the throughput is limited and the performance yield is unduly affected.

On the other hand, microcontact printing, or transfer printing, is based on a pick and print approach,
where the materials primarily deposited on a source substrate are picked with a polymer stamp and
printed with high precision onto the target area[211], [212]. The stamps, usually made from PDMS,
can be patterned prior to the picking up step, which allows for the solvent free deposition of patterned
materials on the target substrates. This fabrication technique has been explored for cadmium based
quantum dots (QDs) LEDs, where the red, blue and green QD layers were successively printed on the
target substrates to form pixels[129], [135], [213].
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Aside from cadmium QDs, lead based quantum dots such as lead sulphide (PbS) QDs have gained

a lot of attention thanks to their widely tunable bandgap and facile preparation technique, with
potential applications in energy harvesting and infrared photodetection[11], [13], [78], [191], [193].
Recently, Mahmoud e# 2/ have reported the demonstration of photodetectors via the transfer printing
of lead sulphide (PbS) QDs layers onto interdigitated electrodes[130]. It was the first reported
realisation of PbS QDs based devices via micro-contact printing. The dimensions of the
micropatterned QDs were, however, rather large with a QD mesa width of around 50um.  In this
Chapter, this approach is developed further by printing arrays of micro scale PbS QDs patterns on
both solid and flexible substrates. Arrayed lines of PbS QDs are successfully transferred onto the
substrates, with a minimal linewidth of 2.5um. An optimisation route is also explored by successfully
stacking nanometre thin QDs layers on top of each other via alighment techniques borrowed from
conventional UV lithography process. If the devices showed low light responsivity, which was
attributed to the ultra-thin photoactive layers, it was also showed that they could match the time
response performances of spin coated QD photoconductors having transient rise and fall times of

respectively 29ms and 44ms in line with what we obtained in Chapter 0.

7.2 Stamp fabrication and printing optimization

7.2.1 Stamp design

The subtractive transfer approach employed in this chapter is summarised in Figure 7.1. Micro
patterned stamps are brought in contact with the donor substrates onto which PbS QDs were initially
deposited via spin coating (Figure 7.1a-b). Fast removal of the stamp then delaminates the QDs for
the donors and inks the stamp patterned areas (Figure 7.1c). The inked stamps are subsequently

pressed onto the target substrates and slowly pulled up, which then releases the QDs from the stamp
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ot Contact Fast Pick Up
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Patterned QDs — |
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Figure 7.1 . Transfer printing of patterned QDs arrays. a) Stamp patterning and QD source substrate
preparation. b) pick-up and c) inking of the QD layer on the stamp. d-e) slow printing of the QD
patterns on the target area.

(Figure 7.1d) and prints them onto the target substrate (Figure 7.1e). By controlling the speed at which
the stamp is removed from the substrate, one can ensure that the QD layer can be effectively printed

onto materials with different surface energies and thus onto various types of substrates.

A key challenge in this process lies in the reliable fabrication of elastomeric stamps whose patterning
and aspect ratios must be controlled during the design process. Indeed, there is a risk that the stamp
can collapse under strain resulting in inaccurate printing of the QDs. The collapse of the stamp
corresponds to the moment where the stamp recess areas (called the roof), encounter the surface of
the substrate. A schematic of a patterned stamp with protruding and recessed lines is presented in
Figure 7.2a. The critical dimensions are labelled as H the height of the patterns, W the pattern

linewidth, and D the intetline spacing. The collapse of a stamp with H = 10 um, D = 15 um, W =5

um parameters was modelled in COMSOL and is shown in Figure 7.2b. As the applied pressure
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Figure 7.2. Patterned microstamp design. a) Schematic of the stamp with design parameters as
described in the text. b) COMSOL modelling of the roof collapse as a function of the applied pressure

P. ¢) Roof vertical displacement as a function of the applied pressure for different stamp heights (1pum,
2um, 5um, 10pum).

increases, the vertical displacement from the roof increases as well until collapse on the substrate (P =
360kPa). The critical pressure is defined as the pressure at which the vertical displacement from the
roof reaches the value of the stamp height H. The plot in Figure 7.2c shows the vertical displacement
as a function of the applied pressure for several stamp heights. For H = 2 um, the calculated critical
pressure was found to be 120kPa, which for a stamp area of 0.5cm” corresponds to an applied static
force of 0.0kg; slightly higher than the pick-up load value for which our transfer printing process was

optimized (0.5kg). Qin ef a/ have written an extensive paper detailing the protocol that should be
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followed regarding the fabrication of structured stamps. Therein, they recommend that the optimal

aspect ratios fall within the range of 0.5 < % < 5and % > 0.05 [214].

7.2.2 Stamp fabrication

Masters for the moulding of the PDMS stamp were fabricated by photolithography of commercially
available epoxy (SU8 2002 and SU8 2010) of various thicknesses to provide different aspect ratios.
The photoresist was spun cast on 4” silicon wafers which were cleaved into 2 X 2 cm” squares after
the lithography step. The developed photoresist was then hard baked at 150°C for 15 mins to improve
the chemical stability of the master and remove the cracks that appeared during the UV exposure and
subsequent development process. A self-assembled monolayer (SAM) of octadecyltrichlorosilane
(ODTS) was grown on each SU8 master to modify the surface properties from hydrophilic to
hydrophobic to prevent the cured PDMS from sticking to the master during removal from the mould.
A 10:1 mixture of PDMS to curing agent was poured over each SU8 master placed in a petri dish.
After pouring, the total thickness of the PDMS was found to be 0.5 cm. The samples were then left to
degas for 1hr in a desiccator to remove the air bubbles that appeared during mixing and pouring of
the PDMS. PDMS was subsequently cured for 2hr at 60°C with the implementation of a temperature
ramp. The temperature ramp from ambient room temperature to 60°C was necessary to leave enough
time for the viscous PDMS to relax before curing in order to obtain substrates that were as flat as
possible. To ensure complete drying of the PDMS, the stamps were left for at least 12hr in ambient
conditions before peeling them off the SU8 masters. The SU8 masters could be reused several times
for stamp fabrication and were only limited by particle contamination that occurred during storage.
The characterisation of the stamps made from an SU8-2002 master is shown in Figure 7.3. AFM
imaging reveals that the stamps have a flat surface with a height H of about 2 um, which is consistent
with the use of a SU8 2002 photoresist (Figure 7.3a). Furthermore, after removal of the stamps, the

patterned features maintained a high quality and consistency over a large scale, as shown by in SEM
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images of an array of lines with a L/W ratio of 50:5 (Figure 7.3b). The critical feature length only

depends on the limits of conventional lithography, provided that an appropriate stamp height is chosen

to avoid stamp collapse.

Height 10.0 um

Figure 7.3. Stamp characterisation. a) AFM of a stamp representing a pattern alignment cross. Step
profile measures a height of H = 2um. b) SEM image of PDMS arrays of lines, H/W was 2:5 and
H /D was 2:15. Each line length was 50 um.

7.2.3 Printing of arrays of PbS QDs
Source Substrate Preparation

We now turn to the pickup and transfer of PbS quantum dots with the patterned stamps. The source
substrate was made by spin coating a layer of PbS QDs onto a 1 X 1 cm’ silicon (Si) wafer onto which
a SAM of ODTS was grown beforehand. The ODTS silane precursor bonds with the silanol groups
present at the Si surface results in the formation of highly ordered molecules perpendicular to the
substrate. This reduces the surface energy of the silicon and helps to encourage the delamination of
the QDs from the source substrate. The Si substrates were previously cleaned with an O2 plasma

exposure (5mins, 100w) to remove the organic groups and promote a better SAM coverage. The SAM
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Figure 7.4. Optimisation of the pick-up (delamination process). Optical microscope images of the
QD source substrates after stamp removal. Purple and blue areas correspond to areas where QDs are
present, while bright areas correspond to areas where they have been removed and inked on the stamp.
a-c) Line length 25um, linewidth 5um. d-f) Length 25um, linewidth 2.5um. For all images: scale bar
100pm.

deposition conditions were derived from the methods described in Ref. [135] and processed as follows.
In an argon filled glovebox, Si substrates were placed in glass petri dishes filled with anhydrous hexane.
100 pL of ODTS were poured into the petri dish and the samples were left to react for 20 mins. The
substrates were then thoroughly rinsed with hexane and sonicated to remove ODTS residues. The

samples were gently dried with compressed air and the deposition of PbS QDs was performed
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immediately afterwards. One layer (drop) of PbS QDs was spin cast on the source substrate at 3000

rpm for 30s.

Pick-up optimization

Several stamps consisting of arrays of lines of 2 um height with various W /L ratios were made to
identify the optimum peel off pressure. Figure 7.4 shows optical microscope images of the source
substrates after having been brought into contact with the stamps at different loads (0.1kg, 0.25kg and
0.5kg) for 30 s and quickly pulled up. The images can be seen as a ‘negative’ of the pattern where the
dark areas are the part of the QD film that have not been picked up and the bright areas correspond
to the QDs that have been inked on the stamp. The peel off was performed by quickly detaching the
stamps from the source substrates (0.5 cm's™). At low applied loads, there is no pickup, independent
of the ratio, which suggests that the applied pressure is below the critical pressure required to

delaminate the QDs from the source substrate (Figure 7.4 a, d).

Pick up begins to be observed at larger applied force (0.25kg, Figure 7.4 b, e), however the lines appear
as poorly defined especially for the higher aspect ratios (25:2.5) which suggests that there is a minimal
linewidth necessary to achieve pick-up. As a rule of thumb, the higher the applied pressure during the
delamination step, the better defined the features. However, applying excessive pressure will cause
‘over picking’ of the QDs. Over picking is due to the partial collapse of the stamp as some recessed
areas are brought into contact with the source and picked up together with the raised features (Figure
7.4d, f). If the desired pattern will indeed be picked up, other unwanted areas are inked on the stamp

as well and could potentially be transferred to the target during the printing step.
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Figure 7.5. Characterisation of printed QD arrays. Optical microscope image of 15:2.5 lines of printed
PbS QDs. a) Scale bar 50 um. b) Scale bar 10 pm. ¢) AFM of a cross of printed PbS QDs in accordance
with the stamp shown in Figure 7.3a. Step height of the QDs was 80 nm. d) Image of a stamp after
printing. Dark areas correspond to the raised parts (25:2.5 lines and alignment cross) where no QDs
can be seen. Bright areas in the recessed parts correspond to the leftover QDs that did not transfer.

Height 10.0 ym

Array printing
Once the stamps have been inked, they are brought into contact with the target substrate to print
the patterned QDs. The targets can be exposed to O2 plasma treatment before printing to lower their
surface energy and promote adhesion of the QDs, although this is not a critical step. So far, we have
printed QDs on various substrates such as silicon and silicon dioxide, glass and polyethylene
terephthalate (PET). Optical images of printed array lines of PbS QDs (15:2.5 L./W ratio) show that
the lines are reproduced with high fidelity at a relatively large scale (Figure 7.5) and are well defined

(Figure 7.5b). AFM of a printed alignment feature (cross) indicates a thickness of 80 nm before ligand
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exchange (Figure 7.5¢). The printing pressures were found to be much lower than that required for
pick-up as the necessary condition to release the QDs from the elastomeric stamps lies in the slow

removal of the stamp from the substrates rather than the applied pressure[211].

The speed at which the stamps were released from the target substrates was kept constant and equal
to 0.2 mm-s”'. We observed successful printing for applied loads as low as 0.01kg. A great advantage
of this low-pressure transfer is that the risk of the stamp collapsing during printing is largely reduced
(Figure 7.2b). As such, QDs that may have inked the recessed areas of the stamps due to over picking
are then not transferred. The optical microscope image of a stamp after printing at 0.1kg is shown in
Figure 7.5d. The observed raised areas present on the stamp are 25:5 um lines and an alignment cross.
All the features are dark coloured meaning that the QDs that previously inked those parts of the stamp
have been successfully printed onto the target. On the other hand, the recessed areas exhibit a bright
contrast indicating the presence of a leftover QD film. This indicates that the recessed parts that have
been inked during the pick-up step due to over picking will not be transferred to the target due to the

low applied pressure, which prevents the stamp collapsing.

7.3 Printed 1D arrays of PbS QDs photodetectors

7.3.1 Fabrication

Arrays of PbS QDs were printed on top of contact Au electrodes as illustrated in Figure 7.6a. The
electrodes were thermally evaporated with a shadow mask and were separated by a gap of 20 + 10 um.
The L/W /D stamp parameters were 100/5/15. The length of the patterned lines was kept long enough
to allow manual alignment with the prepatterned contact with the help of the transfer printer camera.
The total device channel consisted of 50 lines of 5 um width, bridging the 1 mm electrodes. The optical
image of a printed device in Figure 7.6b reveals that the QD lines successfully printed over the

electrodes with a large enough area covering the gold contacts to ensure good electrical contact.
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As detailed in Chapter 6, PbS QDs must undergo a ligand exchange process to improve the

conductivity of the film. Interestingly, no pickup could be achieved when the PbS QDs were treated
with either TBAT or EDT after deposition on the source substrate, because of the higher surface energy
of the film which is a consequence of the closer interparticle distance occurring after the ligand

exchange.
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Figure 7.6. Characterisation of micro-patterned PbS QDs printed on gold electrodes. a) Schematic
and b) optical microscope image of a transfer printed device. Line length was 100 pm and width 5 um.
Scale bar 20 um. c) Absorption spectra of transfer printed PbS QDs before (red line) and after ligand
exchange. Ligands were TBAI (blue) and EDT (yellow). d) AFM image of a printed line after TBAI

exchange and the e) the corresponding step profile.

To bypass this issue, the ligand exchange step was performed after the printing of the layer on the
source substrate. The ligand exchange can also be done on the stamp after having been inked by the
QDs, but prior to printing on the target substrate. This is in order to keep the processes on the target
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substrate completely solvent free. To ensure that the properties of the QDs were maintained after the
transfer printing process, we printed non patterned layers of QDs onto a glass substrate for UV-Vis
characterization. Figure 7.6c shows that after printing the exciton peak is still visible with either no
ligand exchange, TBAI exchange, or EDT exchange. A red shift of about 50nm exists for the ligand
exchanged film but the exciton peak is still visible which indicates that quantum confinement is
maintained and that the QDs did not merge into an amorphous film during the printing process.
Following the optimization work discussed in the previous paragraph, all of the lines were then printed
with consistent widths and were of a high quality, which demonstrates the robustness of the transfer

printing approach and its potential for scalability.

An AFM image in Figure 7.6d presents the structural profile of the printed lines after TBAI ligand
exchange. One side of the line is clearly defined with a straight edge, while the other side (bottom)
shows some irregularities. These irregularities could be due either to the imperfect flatness of the stamp
or to an imperfect parallelism between the stamp and the substrate holders, which in either case induces
an uneven removal of the stamp during the delamination phase and tears the QD film instead of cleanly
picking it up. We tend to favour the latter reasoning since the AFM of the patterned stamps showed
that they were reasonably flat (Figure 7.3a). The step height measurement across the line revealed a
thickness of 18 nm after TBAI ligand exchange (Figure 7.6¢) in accordance with the QD film thickness

reduction occurring with the exchange step (Chapter 6, Section 6.2.2).
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7.3.2 Photoconductor Characterization

Typical current-voltage characteristics of a single layered printed device consisting of 50 lines of
width 5 pm is shown in Figure 7.7. A control device made from a plain non-patterned printed single
layer is also shown. In both cases, the devices underwent 30s of TBAI ligand exchange before electrical
measurements were carried out to improve the conductivity. The linear trend at low biases indicates
good ohmic contacts even for thin QD films (17.9 nm, Figure 7.6e) which confirms that transfer
printing can be used for the deposition of high quality conducting QDs. The two-probe conductivity
in the dark was derived to be 10.6 pS in the patterned device compared to 244.5 pS for the control
case. When normalised to device cross-section, this translates to a cross-sectional conductivity density

of 13.7 S‘m™ for the control device compared to 2.39 S'm™ for the patterned device.
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Figure 7.7. Dark current under bias of a 50X5 um lines PbS QDs device (red) and a plain, non-
patterned device (black) on a) linear scale and b) log scale. The QD layers were exchanged with TBAIL

EDT ligand exchange was also tested, but the measured dark current levels of the patterned devices
were too low to ensure consistent results. However, the EDT control printed devices with no
patterning showed electrical response that were similar to that of spin coated EDT devices (Figure
7.8a). Figure 7.8b displays the AFM image of treated printed lines with the EDT ligand and no

significant difference in roughness can be observed from the TBAI treated case (Figure 7.6d). From
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this information, we infer that no major morphological differences exist between the transfer printed
EDT and TBALI lines and that TBAI and EDT treated QD films are, therefore, subject to different

transport mechanisms.

Zhang et al reported the existence of percolation pathways in EDT treated QD films, where charges
randomly hop from one QD to another and transport occurs where a path from one contact to another
has been formed[198]. With such a hypothesis, transport would be highly localized and dependent on
the area of the QD film in contact with the electrodes. In our device configuration, such an area is
reduced and therefore transport is less likely to occur. TBAI treated devices, however, showed
conduction independently of the topology of the QD film (plain or patterned), which suggests that
percolation pathways are more likely to occur making the device less dependent on contact area

between the electrodes and the QD film.
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Figure 7.8. Electrical performances of EDT treated devices. a) I-V cutves of (red) printed lines and
(black) plain QD film (log scale). b) AFM image of an EDT treated printed line

7.3.3 Photoresponse

The devices were illuminated by an IR laser source and the measured photocurrent is plotted on
Figure 7.9a. The light source was a 2.5mW 850 nm IR laser, with a spot size of approximately 1 mm.
The active area consisted of 50 lines of length 20 um and width 5 um for the tested devices and 1 mm

X 30um for the control samples. According to Figure 7.9a, both the control and the patterned device
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show an increase in conductivity under illumination, whereby the control device exhibit larger

photocurrent because of its larger effective area.
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Figure 7.9 Photocurrent response of the printed device. a) I-V photo response of the control device
consisting of a plain printed layer (dashed lines) and the patterned device (solid lines). b) Voltage
dependent responsivity for a single plain layer (black), a single patterned (red) and a double patterned
layer (yellow).

To enhance the patterned device photo-response, we increased the device thickness by stacking two
QDs layers on top of each other. By increasing the device thickness, more photons are absorbed by
the QDs and the photocurrent increases. An advantage of the transfer printing technology is that it
can use alignment methods similar to that of conventional lithography to stack layers on top of each
other, while requiring much fewer processing steps and offering the possibility to be completely solvent
free. Two superposed layers of PbS QDs printed on top of each other can be seen in Figure 7.10a.
Despite the 5 pm width of the patterned lines, the QDs could still be aligned and printed on top of
each other. AFM imaging allows us to measure the step height of the printed layer stack (Figure 7.10b-
¢) and revealed a step height of 25.1 nm after ligand treatment for the first layer and 26.3 nm for the
second layer. As for electrical characterisation, the I-V curves of Figure 7.10d clearly show a sharp

increase of the photocurrent in the bilayer case, whereas the dark currents remain low, resulting in an
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enhancement of the photoresponsivity. Unlike the single layer device, the dark characteristic of the
bilayer device is centred on (0, 0) denoting an improved contact quality with the addition of the second

layer.
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Figure 7.10. Bilayer stacking of 5 um lines of PbS QDs. a) Optical microscope image of two arrays
of 5 um lines printed on top of each other. The darker area corresponds to the area where the two
layers overlap. b) AFM and c) step profile of the stacked lines. d) Electrical comparison between the
single layer patterned device (dark current: black dotted line, photocurrent: red line) and the bilayer
pattern device (dark current: gray dash dotted, photocurrent: yellow solid line)

The voltage dependent responsivity was calculated according to the relation:

Ilight - Idark

R =
Pin

(7.1)
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where [j;gp¢ is the current under light illumination, lg4. the dark current, and Py, the optical power

defined as P;;, = P X A, with P the laser power density (320mW-cm?) and A the device effective area.
For the control device the active area was taken to be 2X10*cm” and 5 X 10°cm’ for the patterned
devices. Figure 7.9b shows the responsivity as a function of the bias voltage for the control device
(black line), a device after printing of a single layer (red), and after deposition of a second layer (yellow).
At 2V bias voltage, the responsivity of the patterned device was found to be 4.86 uA /W, lower than
that of the control device, which had a value of 23.60 nA/W. However, when the second patterned
layer was added, the responsivity increased 6-fold to 29.87 uA/W confirming the critical influence of
the device thickness on the photo response. The 6-fold increase suggests that the improvement comes
not only from the thicker absorption layer but likely from other parameters affecting the electrical
conductivity. As discussed above, this can come from the improved contact quality and by the same
logic from the film quality itself. As QD layers are stacked on top of each other the cracks which
appeared during solvent evaporation are filled improving the QD packing density and the electrical

conductivity.

The normalized detectivity was derived from the responsivity using the relation D* = R\ A/(2ql4)
with I the dark current and q is the electron charge. D* was found to be 1.63 X 107 Jones for the
single layer patterned device, 3.21 X 107Jones for the control plain device and increased up to

7.45 x 107 Jones for the two layer patterned device. Overall, these values are lower than the state-of-
the-art PbS QDs photodetectors, which range from 10° Jones to 10" Jones[108], [111]-[113] with best
performing devices reaching 10" Jones[215]. Because both the control and the patterned device
showed similar performances, micro patterning techniques can be ruled out to explain the difference
with the orders of magnitude observed in the literature. We speculate that the substantially lower
detectivity is the result of an ultra-thin film thickness of the photoactive layer compared to that
employed in more conventional devices. Nevertheless, this work shows that the usual approach
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involving increasing the thickness of photo-conducting layer to improve the performance can also be
applied to the case of patterned devices and can be done as a layer-by-layer approach with transfer
printing. While in our experiment the alignment and layer printing was limited by the transfer printer
optics and had to be done manually, Mahmoud e @/ have reported alignment accuracies of +1.5 um
when printing QD layers on patterned electrodes, which would be suitable for the large scale printing
of several layers and would allow one to match the performances of conventional photodetectors

[136].

7.3.4 Temporal Response
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Figure 7.11. Normalised time response of a control, plain single layer device (black), a single layer
patterned photodetector (red) and a bilayer patterned device (yellow).

When modulating the laser source at a fixed bias voltage, the photodetector showed transient
response whose characteristics are reported in Figure 7.11. The time response was analyzed for
patterned devices consisting of one or two layers, together with a control device, consisting of one
non-patterned printed monolayer. The rise and fall times of the monolayer patterned device were
found to be 7, = 190 ms and 7; = 318 ms, respectively . These times were noticeably shorter for

the two printed layer device, having 7,, = 29 ms and 7y = 44 ms, which in turn were comparable
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Figure 7.12. a) Flexible micropatterned PbS photoconductors. b) bright (left) and dark field optical

microscope images of single layer 5 um lines printed across gold electrodes on a PET substrate. Scale
bar 20um c) I-V photo response and d) response time of the printed device under IR light.

with the response times of the control device, found to be 7, = 28 ms and 7y = 49 ms. The time
response of the control and the bilayer device was also comparable with that of spin-coated QDs
devices developed in Chapter 6 via layer-by-layer deposition. The semiconductor patterning can be
ruled out as the reason for the slower dynamics of the monolayer patterned device, since it was not
observed in the bilayer case. Furthermore, the single layer parameter can also be factored out as both
the control and tested device had identical thicknesses yet different time responses. The device
thickness could also have had an impact in passivating the surface states, as the top layers and ligands
protect the layers underneath. However, the impact of trap states passivation can also be minimized

as the bilayer patterned device and the monolayered control device showed identical transient
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response. As a result, we attribute the slower time response of the monolayered patterned device to its
larger resistivity, caused by the lower cross section and higher sensitivity to cracks in the films, which

in turn lower the carrier transit times and thus the response time.

7.3.5 Transparent and flexible devices

Finally, to assess the suitability of the printing of patterned QDs for transparent and flexible
electronics a single layer of patterned PbS QDs was printed on a plastic PET substrate. A photograph
of the printed devices is shown in Figure 7.12a. Because of the thinness of the devices, the transparency
was high and the QDs layers were difficult to observe by the naked eye. Gold electrodes were deposited
via shadow mask evaporation prior to printing of an array of 5 X 100 pm lines of PbS QDs. After
deposition, the QDs were then treated with TBAI ligands, as discussed previously. Bright and dark
field optical microscope images in Figure 7.12b reveals successful printing of well-defined lines
bridging a 20 um channel separating the gold contacts. As for the electrical performance, the devices
wete found to exhibit a responsivity of 3.20pnA /W, a rise time of T, = 160 ms and a fall time of 7, =
300 ms (Figure 7.12¢-d). These values are consistent with single layered devices on silicon substrates,

which suggests that the PET substrate does not affect the performances of the photodetector further.

7.4 Conclusion

In this chapter, I have described the fabrication of photoconductors using the transfer printing of
micro patterned arrays of PbS QDs on gold electrodes. After optimization of the delamination and
printing processes, lines of QDs could be printed with a minimal linewidth of 2.5 um. If high definition
could be achieved, the processes proved to be sensible to external parameters such as the flatness of
the stamp as well as the freshness of the source QD substrate. These parameters are to be further
investigated to achieve high printing yield. The photoconductor showed low photoresponsivity, which
was attributed to the nanometer thinness of the photoactive layers, limiting photon absorption.

However, it was shown that when printing additional layers thanks to the alignment method borrowed
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from conventional UV lithography, the responsivity was found to increase 6-fold, providing a route
for performance engineering. The transient rise and fall times proved to be as fast as 29ms and 44ms,
respectively, which compares favorably with other PbS QDs photodetectors treated with similar
ligands. Results were presented that demonstrate that the combination of transfer printing and micro
patterning could be used to fabricate optoelectronic devices on various substrates, in a simple and
scalable manner, requiring a limited amount of processing steps. This unique approach could be of
interest for the integration of colloidal semiconductors with the next generation of flexible and

transparent electronics.
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8 CONCLUSION AND OUTLOOK

8.1 Summary

The overall aim of this thesis was to investigate the properties of optoelectronic devices based on
PbS colloidal nanostructures, in view of future integration in near-infrared photodetection devices.
The objectives were: i) develop knowledge at the material level of the interaction of the nanocrystals
with their environment, ii) fabricate high performing devices capable of competing with the current
state-of-the-art, iii) develop fabrication methods for large-scale manufacturing. In order to achieve this,
I used two different forms of PbS nanostructures, nanowires and quantum dots, which were integrated

in field effect transistors and photodetectors.

Colloidal synthesis was found to produce PbS nanowires with a high degree of crystallinity, which
was confirmed using transverse electron microscopy and x-ray diffraction spectroscopy. As
synthesized colloidal PbS nanowires were approximately 10 pm long for diameters ranging between
30 to 60 nm and could be easily integrated into back-gated transistors. The transistor showed p-type
conductivity with record mobilities as high as 160 cm®V's”, which is nearing that of PbS nanowires
grown via chemical vapour deposition, thus confirming colloidal synthesis as a viable route for the
fabrication of PbS nanowire-based devices. Whilst investigating the performance of the nanowires, I
stumbled across an interesting phenomenon in which the transistor modulation performance increased
with aging under ambient conditions. Extensive analysis of this aging effect has led to the hypothesis
that a change in stoichiometry and the reduction in sulphur concentration with time results in the

reduction in the majority carrier concentration and thus improved modulation.

The nanowire FETSs also showed substantial gate voltage hysteresis, which was further analysed in
Chapter 5. With the aid of a time-dependent analysis it was shown that the hysteresis is caused by the

presence of localized states that trap the majority carriers within the band gap when the transistor is
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turned on. I also developed an innovative process for the fabrication of PbS nanowires/QDs hybrid
structures using a combination of electron beam lithography and transfer printing, which helps to
minimise the use of damaging solvent exposure. The hybrid structures were shown to have reduced
hysteresis compared to the bare NWs FETs, which I attribute to the action of the added QD layer,
and more specifically to the transfer of electrons from the QD layer to the underlying nanowire. This
electron transfer temporarily passivates the aforementioned trap states leading to a reduction in the

hysteresis.

After having studied nanowires and hybrid nanowire/QD devices I then focused on the fabrication
of PbS QDs photoconductors, initially via layer-by-layer deposition of QD films. The impact of two
common ligands, TBAI and EDT, on the performance of PbS QD photoconductors was first
explored. EDT-treated devices showed higher photosensitivity when only a single layer of QD was
deposited whereas TBAI had better sensitivity when 5 layers were deposited. This effect was caused
by a different variation in the dark current with the number of layers, with a sharp increase in the EDT
films and almost no change in TBAI films. This is attributed to the improved passivation of the QDs
using TBAI, which meant that the conductivity (dark current) was less sensitive to the number of

deposited layers.

The time response of the devices was also analysed and was found to be dependent on the
light intensity, but largely independent of the ligand type. This preliminary study helped in the design
and fabrication of PbS Schottky nanogap diodes in collaboration with Dr Dimitra Georgiadou at
Imperial College London. The electrodes were made using adhesion lithography, an innovative
fabrication technique which enabled the creation of 20 nm nanogaps between the gold and aluminium
electrodes. The devices showed a responsivity of R = 38.7A/W in reverse bias combined with a

detectivity of 3.5 X 1012 and a bandwidth of 180 Hz. These results demonstrate the compatibility of
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colloidal PbS QDs with adhesion lithography fabrication processes, which is of interest in the

development of IR detectors for next generation of flexible and transparent electronics.

In Chapter 7 results on flexible and transparent photodetectors were presented. These
photodetectors were made from patterned PbS QDs films. The micro-patterning was enabled by
transfer printing technology and the used of lithographically patterned stamps. The method proved to
be efficient and reliable with the successful printing of arrayed lines with a minimal linewidth of 2.5
um. The devices were initially found to exhibit poor device performances, but it was shown that the
printing method was accurate enough to print several layers on top of each other which allowed the
performances to be improved so that they were comparable with that observed for the spin-coated

devices presented in Chapter 6.

8.2 Future Work

This thesis has studied PbS colloidal nanostructures for use in infrared detection devices. However,
to secure their integration in next generation devices and to outperform the competition including
organic and perovskites semiconductors, some of the challenges addressed in this work require further

investigation.

A drawback of nanocrystal, perovskite, and organic-based devices is their stability in an ambient
environment, which leads to performance degradation when operating in air. In that sense, the aging
effect uncovered in Chapter 4 is interesting in that it showed that the device performances essentially
improved with prolonged exposure to the atmosphere. From data analysis it was inferred that this was
likely to be the result of a change of stoichiometry, but this requires a more extensive statistical analysis
of the PbS composition over time to be certain. In the same vein, the passivation technique of PbS
nanowires with PbS QDs was interesting since it enabled the reduction of the the device hysteresis,

another common issue for nanostructures-based transistors measured in air. The fabrication yield of
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these hybrid nanowire/QD devices was low due to the use of electron beam lithography, which

increased the number of process steps and processing time.

I believe that the patterning method developed in Chapter 7 will help in improving the yield
of the hybrid structures, with the added benefit of keeping the process completely solvent-free. The
critical feature will be the ability to efficiently align the QD patterns to the nanowire (or any underlying
substrate), but this should be attainable with the new generation of printers with alignment accuracies
nearing 1 um. This would also help in improving the performances of the device fabricated in Chapter

7, which were in part limited by the ability to repeatably align and print patterns on top of each other.

The next logical step would be the fabrication of PbS QDs field effect transistors using colloids,
something that has been routinely done by other groups using rigorous air-free fabrication and
measurement conditions (Chapter 2)m but which I have not been able to reproduce in ambient
conditions. Improved passivation strategies, with for instance liquid phase ligand exchange (before
deposition of the QD film) or dielectric encapsulation using atomic layer deposition, will help and

should be investigated.

Nanogap-based devices are also interesting since they highlight different transport information
compared to conventional FET designs. Indeed, the ultra-short channel length combined with the
large electrode aspect ratio would be able to probe charge transport in QDs films over a short distance
whilst measuring high current levels. This would improve the device mobility by minimising the
distance over which the charges hop from one QD to another (nanosized channel), increasing the
number of percolation pathways (large aspect ratio), and removing the long-range disorder effects
existing in QD films. In order to achieve this, nanogap electrodes made of identical metals are needed
(instead of Al-Au as in this work). While technically possible, this has proved to be challenging and an

improved understanding of the adhesion lithography process is needed.
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