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Abstract

In printed electronics the use of semiconducting silicon nanoparticles allows more
than the simple printing of conductive materials. It gives the possibility of fabricating
robust and inexpensive, active components. This work presents the design, fabrica-
tion, and characterization of Schottky barrier diodes using silicon nanoparticulate
composites. Within this work it could be shown, that silicon nanoparticles produced
by high energy milling can be used to replace the pigment in water-based graphic inks,
which on curing have unique semiconducting properties, arising from the transport
of charge through a percolation network of crystalline silicon nanoparticles. In this
thesis scanning electron microscopy (SEM), high-resolution transmission electron
microscopy (HRTEM), Raman spectroscopy, and mid-infrared scanning near-field
optical microscopy (IR s-SNOM) were employed to investigate the micro-scale as well
as the meso-scale structure of the printed particle networks and, more importantly
the structure of the interface between particles. A close contact between lattice
planes of different particles was observed, without the presence of a thick intervening
oxide layer.
Altogether, the results presented in this thesis suggest that highly doped silicon
nanoparticles produced by high energy milling are suitable to be used for Schottky
barrier diodes fabricated by screen printing. The saturation current of the diodes
was about 0.11µA for reverse bias voltages up to 5V with an ideality factor of 10.6,
and rectification ratios of approximately 104 were observed.
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1 Introduction

Over the last three decades printed electronics has arisen as a new sector in the
electronics landscape. The great interest in developing new electronics applications is
driving research and development in this area, from the investigation of new materials,
development of new devices to the incorporation of these devices into functional
applications. To achieve these demands, it is necessary to replace traditional electron-
ics in existing products [1–3]. Modern microelectronic devices with fast switching
times and high processor capabilities fulfill the required interconnect bandwidth [4]
to achieve energy efficiency, integration density, and information throughput in
high-performance computing systems [5]. However, this technology does not meet
the new requirements for electronics to be more lightweight, transparent and even
mechanical flexibility which is required for modern, everyday electronic devices [6].
The application of printing as a fully additive process, in which the material giving
functionality is deposited in the correct pattern on a substrate is not a new concept
in electronics fabrication. Already in 1903 Hanson introduced printing of conductive
metal patterns on insulating substrates [7] which was followed by the development of
the ubiquitous printed circuit board (PCB) [8]. Modern conductive inks are mainly
based on silver and other metal flake, but newer developments include also silver and
copper nanoparticles [9, 10] as well as graphene [11–13] and carbon nanotubes [14].
In addition to the high conductivity of these printed conductors, they allow the
production of transparent electronics as well [15, 16].
To realize fully printed electronics, besides resistors and capacitors, devices like
transistors and diodes also need to be printed, which in turn requires a printable
semiconductor. The integration of novel semiconducting materials into devices has
been challenging, but developments in transfer printing and solution-based printing
now allow these materials to be incorporated into large-area electronics [17–19].
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1 Introduction

Crucial for the development of active printed layers are new materials like printed
organic semiconductors [1, 20–22], metal oxide semiconductors such as ZnO [23,24],
ITO [25,26], graphene [27] and reduced graphene oxide thin films which are used as
flexible and transparent applications [19, 27]. Today screen printing is also used for
organic electronic devices based on π-conjugated polymers [28] and organic-based
solar cells [29].
In printed electronics the use of effectively the most significant semiconductor mate-
rial silicon is also desirable, since it is available in great amounts and available in
high purity [30]. Recent developments have shown the possibility of using a solution-
processed silicon precursors to produce thin film transistors by ink-jet printing of
cyclopentasilane [31]. However, unlike nanoparticle based inks this approach has
the disadvantage that it needs thermal post-processing up to 800◦C. In addition
the electrical properties of surface functionalized silicon nanoparticles are studied
intensively. So far, the application of these nanoparticles has achieved only a small
advance and such stabilizing molecules need to be further modified in a desired
way for specific purposes, which are defined by the respective applications, e.g., in
optoelectronics or in sensor elements [30].
The utilization of nanoparticles in functional inks is closely linked to the study of
binders and solvents in order to achieve printable properties. It has been shown
that the use of ethyl cellulose as an organic binder is crucial for the performance of
ZnO films [32] and TiO2 paste [33] used in dye-sensitized photovoltaic cells. The
material combination presented in this work, inks with nanoparticles using the two
most promising binder materials, soluble cellulose based polymers and an acrylic
screen printing base [35,36], opens new avenues for printing onto a large variety of
substrates. Designed for a fully screen printable process without any post-processing
steps, the materials are suitable for devices such as field effect transistors [37, 38]
and large area negative temperature coefficient thermistors [39]. Furthermore these
inks allow printing on paper substrates which are considered as potential substrates
for the development of low-cost flexible electronics [40].
Besides transistors, diodes are a crucial component in printed electronics. Modern
Schottky barrier and heterojunction theory can be applied to the assessment of
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1 Introduction

wide band gap oxide semi-conductor interfaces as contacts and rectifiers [41]. This
was recently reviewed from a charge transfer, energy band diagram perspective [41],
which could be realized using indium tin oxide [42]. Recent developments have also
shown the ability to produce silicon Schottky diodes on flexible substrates by the
transfer method [43].
To date, the successful production of high quality diodes by direct screen printing of
silicon nanoparticles has not been reported. This thesis mainly focuses on character-
ising and producing silicon nanoparticle based, fully printed diodes on flexible and
low-temperature substrates using screen printing. Furthermore, silicon nanoparticles
and layers of printed silicon nanoparticles are investigated with the binder influencing
the properties of the device, as well as the use of other material systems necessary
to form a diode heterostructure. Chapter 2 briefly introduces screen printing and
also touches on silicon nanoparticles. A review of p-n junctions and Schottky diodes
is given at the end of this chapter. Experimental methods used to fabricate the
diodes, starting from production of the silicon nanoparticles, preparing functional
inks and printing these inks with the desired structures will be discussed in detail
in chapter chapter 3. Furthermore the experimental methods used to investigate
the micro and nanostructure of the printed layers will be given here. The research
findings and discussion of the morphology and microstructure of silicon nanoparticles
will be presented in chapter 4, followed by the presentation of the results obtained
by investigating the printed silicon layers in chapter chapter 5. The analysis of the
research findings concerning the fully printed diodes is elucidated in chapter 6, and
the pertinent conclusions stated in chapter 7.
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2 Background

This chapter reviews the theoretical background for this thesis. Firstly, printed
electronics will be introduced as a new area in the electronics landscape. A brief
description of silicon and nanoparticles will follow. At the end of this chapter the
theory of both the p-n junction and metal-semiconductor junctions will be given in
detail.

2.1 Printed electronics

Over the last few decades a highly innovative fusion of three technological areas -
microelectronics, chemistry and printing - led to the development of printed electronics
as a newly established research area [9] in the electronics landscape. The high interest
in developing electronic circuitry that is more lightweight, mechanically more robust
and even flexible is driving research in this area. To achieve certain demands, in
for example displays of mobile appliances, it is necessary to replace traditional
electronics in existing products [1]. Although well established, high integration
microelectronics fabrication can support electronic devices with gate-lenth scaling
down to less then 20nm, in order to enhance their performance by reducing contact
and series resistance [45, 82] it is, for example, not able to address the demands
on flexibility or large areas. Novel materials on the nanoscale, which are solution
processable, open intriguing capabilities for developments in these areas [46].

A major milestone for circuitry was the production of conductive metal patterns
on dielectric substrates introduced by Hanson in 1903 [7], which was followed by a
large variety of methods for producing printed circuits such as chemical or physical
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2 Background

vapor-deposition [8]. This development preceded printed electronics in introducing
into the already existing high integration of microelectronics and display technology,
processes and materials which make electronic devices more lightweight, robust and
mechanically flexible [6]. Nowadays polymer thick film (PTF) screen printing is an
easy and low cost method of producing electrical circuitry [47].
The use of conducting and semiconducting nanoparticles in functional printing inks
for circuitry is motivated by the fact that nanoparticles already have all the required
electrical and optical properties, and can be used as simple building blocks to form
complex structures at a small scale [48,49]. An example of this development is the
production of printed antennas that can be used for radio-frequency identification
(RFID), wireless local area networks (WLAN) [50] and even wireless sensor net-
works [51]. Graphite inks are occasionally used as a low cost alternative to silver,
but their higher resistivity makes them more suitable for printing resistors. However
newer forms of carbon, such as nanotubes [14] and graphene [42] are being explored
for production of both conducting tracks and coatings, especially in applications
where a high transparency is required [52].
The realisation of fully printed electronic solutions also requires printable semiconduc-
tors to form basic electronic components: e.g. diodes and transistors. In this context
early successes were achieved with hole conducting polymer semiconductors [53]. In
2000 this development was honoured by the fact that the Nobel Prize was jointly
awarded to Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa for the
discovery and development of conductive polymers. Recently, electron conducting
polymer materials which can be printed have been developed [54], thus overcoming
both the challenge of making insoluble semiconducting polymers and oligomers print-
able by functionalising the molecules, and of achieving sufficiently high mobilities of
the charge carriers [55,56]. On the other hand, the use of nanoparticles in functional
printing inks is a new trend, for example, printing of semiconducting metal oxide
nanoparticles containing inks shows promising results [32, 33]. However, not only
the characteristics of the particles but the other components in the ink, like the
binder and solvent, as well as the deposition process and the substrate influence
the behaviour of the printed layer [57]. There are two contrary requirements for ink
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2 Background

applied in screen printing. One is that the ink should flow to remove mesh marks
and surface imperfections. On the other hand, ink should not flow excessively since
this leads to expansion of the width of lines [34].
Silicon’s dominance in conventional electronics stems not only from its semiconduct-
ing properties but also from its band gap of about 1.1 eV, which is more favourable
than the high band gaps of most oxide semiconductors, because it allows thermal
excitation of charge carriers without saturation, making the material a good semicon-
ductor at ambient temperatures. The band gap is also in the range of the separation
of most atomic energy levels, allowing a good coupling of either the conduction band
or valence band to most metals for contacts. In addition the energy quantum of
visible light is in the same range allowing its use in photovoltaic applications and
light sensing. It is therefore an intriguing challenge of printed electronics to print
semiconducting materials at ambient temperatures on flexible substrates using silicon
nanoparticles. Various printing techniques are available for use in printed electronics
which are mainly divided in roll-to-roll and sheet based approaches, which includes
screen printing, inkjet printing, stamping, transfer printing or nanoimprinting and
gravure printing [58]. Only screen printing with nanoparticle based inks will further
be described in detail because these form the basis for the diodes, which are discussed
in this work.

2.2 Silicon nanoparticles and silicon inks

2.2.1 Silicon

By mass silicon (from Latin: silex, hard stone or flint) is the eighth most common
element in the universe. It rarely occurs as a pure free element in nature but is
widely distributed as silicates or silicon dioxide (silica) in the earth´s crust [59,60].
Silicon is a group four element and hence tetravalent. The valence electrons form a
covalent bond with the neighbouring atoms, meaning that electron pairs are shared
between them as shown in Fig. 2.1(a). Silicon crystallizes in a face-centered cubic
bravais lattice with a basis of two atoms at {(0, 0, 0), (1/4, 1/4, 1/4)} as shown in Fig.
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2 Background

Figure 2.1: Two dimensional representation of the diamond cubic crystal structure. Silicon has four
valence electron who participate in the formation of a chemical bond [61]. b Silicon crystallizes in a
diamond cubic crystal structure [62], (c) the crystal structure of silicon with the high stability of the
<111>-surfaces allows the realisation of conducting silicon nanoparticles [63]

2.1(b). Due to silicon’s crystal structure, the <111> -surface is the lowest energy
surface [64] and therefore has the highest stability (i.e. it is the preferred cleavage
plane [64], see Fig. 2.1(c)), which is used within this work to produce stable and
electrical active, oxygen terminated silicon nanoparticle surfaces.
For large scale production, silicon dioxide (SiO2) is conventionally reduced to metal-
lurgical grade silicon by a carbothermal reduction (SiO2 +2C → Si+2CO), in which
the oxygen is removed by a heterogeneous–homogeneous reaction sequence [65,66].
The production of electronic grade silicon from metallurgical grade qualities needs a
reduction of impurities by at least 5 orders of magnitude, hence further refinement
is achieved by different chemical and physical processes such as the NEDO (New
Energy and Industrial Technology Development Organization) melt-purification pro-
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Figure 2.2: Scheme of Top-Down and Bottom-Up approaches to the synthesis of nanoparticles
(NP´s) [68].

cess [65,67]. According to the production process and purity, silicon is classified in
different purities. The least pure is Simg (metallurgical grade, 98–99%), followed by
Sisg (solar grade, <0.01% impurity) and Sieg (electronic grade, impurities less than
1 ppb).

2.2.2 Silicon nanoparticles

Two distinct strategies, often referred to as ‘bottom-up’ and ‘top-down’ fabrication
(schematically shown in Fig. 2.2), have been used to create structures with nanometre
(i.e., 1-100nm) sizes [68]. In the former, nanoscale materials are assembled from
smaller molecular and atomic components. Here, nano-structured materials can be
synthesized or designed layer by layer [69]. Different routes are now available for the
preparation of silicon nanoparticles using bottom up processes. Primary particles
with a size in the order of 10nm can be produced in liquid phase by the precipitation
of nanoparticles from a solution as a result of a reaction or decomposition from
a liquid silane based precursor [31, 70]. Passivation of the resulting nanoparticle,
using hydrogen and alkyl groups, is necessary to curb recrystallisation and agglom-
eration [71, 72]. Using this technique, clean, passivated crystalline nanoparticles
and nanowires were produced by Korgel et al. [70, 73, 74]. These particles had an
average diameter of 10nm and 39.3nm respectively with a thick capping layer [73,74].
Kauzlarich et al. [75] showed the production of nanometre-sized silicon particles
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by ultrasonic dispersion of thin sections of porous silicon (PS) in organic solvents.
The larger aggregates ranged in size from 20 to 50nm and were made up of smaller
crystallites with diameters of 2-10nm. Monodisperse crystallites ranged in size from
2-10nm. All the particles had a surface layer of amorphous SiO2 [75]. The main
problem of the liquid phase methods described here is that there is only little control
over the size distribution and surface modification of the nanoparticles.
Bottom-up processes that rely on the pyrolysis of silane by an energy source such
as a laser or plasma are alternatives which are more size selective. This approach
provides the possibility of producing amorphous, poly- or even single crystalline
silicon nanoparticles with variable doping levels [76, 77, 79]. Different energy sources
can be used for the decomposition of a gaseous precursor [77,78]. The energy will
induce chemical reactions in the gas phase resulting in gas phase nucleation of parti-
cles [77, 78]. To produce silicon nanoparticles with a diameter around 10 nm or less,
hot wire chemical vapour synthesis (HWCVS) can be used. Scriba et al. [79] recently
produced doped, electrical active silicon nanoparticles by HWCVS using a mixture of
monosilane and diborane or phosphine. The particles produced were monocrystalline
with an average diameter of 22nm, with shapes ranging from a perfect octahedron to
those with varying degrees of truncation of this basic shape [79].
In contrast, top-down methods involve simple methods of breaking down bulk mate-
rials into nanoparticles, for example by milling [80]. For the production of silicon
nanoparticles by (the top-down process) chemical etching can also be utilized as well.
Recently Swihart et al. [81] presented that Si-rich suboxide particles can be employed
as a starting material for Si nanoparticles. This method employs an etching process,
combining HF/HNO3 or HF/H2O2 with sonication to remove the oxide and to
reduce the size of the particles. Using this method silicon nanoparticles with the aver-
age diameters of 1.9-2.4 nm could be produced [81]. After prolonged ultrasonication
in water, the Si nanoparticles showed strong blue photoluminescence [81,82]. Metal
assisted chemical etching (MacEtch) is a recently developed anisotropic wet etching
method that is capable of producing high aspect ratio semiconductor nanostructures
from patterned metal film [83,84]. Hadjersi et al. [85] used MacEtch using K2Cr2O7

as an oxidizing agent to produce photoluminescent porous silicon layers on highly
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resistive p-type silicon. They showed that for an etching time of 30 seconds the
surface of the silicon is dominated by a high density of channels (macropores) of about
100nm diameter that penetrate into the bulk of the silicon [85]. Silicon nanoparticles
can also be produced by ablation of bulk material using a spark discharge [86].
Here a high voltage gas break-down is repeatedly induced between two electrodes
of the desired material. Usually, the energy stored in a capacitor is released into
the discharge very rapidly, resulting in very high temperatures (typically 20,000
K) [86–89]. Interaction of the high temperature plasma with the electrode surfaces
results in evaporation of the electrode material. As the discharge dies out, the vapour
cloud cools very rapidly, first through adiabatic expansion and radiation and then by
thermal conduction. The extremely high cooling rates result in a high concentration
of very small particles of rather narrow size distribution [87–89]. Vons et al. [87–89]
showed that pure and oxidised uniformly sized, crystalline silicon nanoparticles with
a primary particle diameter of 3–5 nm can be produced.
Laser ablation is another top-down method for the production of silicon nanoparticles.
With this technique irradiates a target which is immersed in a liquid such as water,
hexane, toluene or inert gas [90, 91]. The bulk material will evaporate or sublimate
into nanoparticles which will then be dispersed in the fluid. Umezu et al. [90] used
pulsed laser ablation in a silicon target placed in liquid environment to yield a colloid
of silicon nano-crystallites. The primary particles averaged 3nm, and the aggregate
particles had diameters of the order of 10nm. Yoshida et al. [91] reported nanometer
sized silicon crystallites prepared by excimer laserablation in a constant pressure inert
gas atmosphere. The size of the particles was about 3nm and the size distribution of
the Si particles depended on the pressure of the inert gas.
Mechanical milling is a process which is routinely used in powder metallurgy and in
the mineral processing industry [92]. Silicon as a brittle feedstock is fractured and attr-
ited progressively resulting in nanometre sized, polydispersed particles with a disperse
log normal size distribution and a size about 80nm can be achieved [35,37,80,92,94].
The microstructure, morphology, size distribution, and level of contamination of the
resulting nanoparticles are related to the choice of mill and its process variables. The
main concern in the case of silicon nanoparticles intended for electronic applications
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is the oxidation of the particles used. Härting et al. [35–39, 93, 95] managed to
produce silicon nanoparticles which are not necessarily free of oxygen, but contain a
disordered monolayer of silicon sub-oxide which permits charge transport.

2.2.3 Silicon inks

In order to produce high performance devices using silicon as semiconductor, it is
inevitable that the materials utilized form a continuous silicon layer, which allows
charge transport throughout the layer. Traditionally this is achieved by direct de-
position of a compact layer, for example by chemical vapour deposition. Mueller
et al. [98] first grew silicon films in 1964 by the pyrolytic decomposition of SiH4

(silane) and H2 mixtures on single crystal sapphire at temperatures of 1050◦C to
1200◦C. The silicon film produced showed a mobility of 135cm2/V s [98].
In a similar approach, cyclopentasilane is a known compound that is liquid at am-
bient temperatures and can be pyrolised to form silicon films with useful electrical
properties [104]. Other printable precursors can be produced by the controlled
polymerization of hydrosilanes compound as well as alkyl- and arylsilanes to produce
soluble silicon polymers [101,102]. After spin coating or printing the ink (optionally
with simultaneous or immediately subsequent UV irradiation) and forming an oligo-
and/or polysilane film, curing the ink formed an amorphous, hydrogenated silicon
film [101–103]. The curing step generally comprises heating the printed ink or layer to
a temperature of at least about 200◦C [101]. Amir Mashkoori (CEO and chairman of
Kovio) reported a mobility of 80 cm2/V s of the silicon films produced [102]. Shimoda
et al. [104] demonstrated the solution processing of a silicon thin-film using a liquid
silane-based precursor. Using liquid cyclopentasilane (Si5H10), polycrystalline silicon
(poly-Si) films were prepared by both spin-coating and ink-jet printing. The films had
mobilities of 108 cm2/V s [104]. Another method for printing silicon using a solution
processable silicon precursor was reported by Brotherton et al. [105]. However, high
mobilities were only reported after laser crystallization.
Silicon films can also be produced by the deposition of silicon nanomaterials, in-
cluding nanoparticles and nanowires. Most research has focused on the quality of
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the base material, with very few approaches leading to what can be described as a
printable ink. For example Garnett et al. [99] developed a chemical vapor deposition
(CVD) synthesis based process to grow high-quality single-crystalline, size-controlled,
epitaxial silicon nanowires (Si NW) with average diameters of about 11.3 nm from
silicon wafers, from various sized Pt catalysts. For the production of the Si NWs a
Pt nanoparticle solution was drop-cast on the silicon surface and after 20s it was
rinsed with isopropy alcohol. Si NWs were grown in an atmospheric pressure CVD
system for 2–30 min where the carrier gas (10% H2/Ar) bubbled through liquid
silicon tetrachloride (SiCl4). For boron doped Si NWs, Boron trichloride (BCl3) gas
was used. The nanowires were sonicated off the substrate, drop-cast onto a chip
containing prepatterned metal electrodes and connected via standard electron-beam
lithography. The mobility of the reported silicon film was 28 cm2/V s [99].
Rogers et al. [96] also presented a silicon film with good electrical properties (mobili-
ties of about 190 cm2/V s) using silicon ribbons in thin film type transistors formed
on plastic substrates [96]. This process uses etched trenches with controlled rippled
structures defined on the sidewalls, together with angled evaporation of masking
materials and anisotropic wet etching of the silicon, to produce multilayer stacks of
ribbons with uniform thicknesses and lithographically defined lengths and widths.
Ribbons with thicknesses between tens and hundreds of nanometers and lengths of
up to several centimeters, could be produced. A transfer printing process, using a
soft rubber stamp enabled the layer by layer transfer of organized arrays of such
ribbons to form devices [96, 97].
Scott Ferguson (NanoGram Vice President) has announced the successful fabrication
of a silicon thin film with a carrier mobility of 2.0 cm2/V s using a printable ink
containing silicon nanoparticles (produced by a laser pyrolysis based process) which
was deposited by laser reactive deposition [106].
Generally therefore, the production of these silicon films from nanostructured mate-
rials is technically very complex, but Härting and Britton et al. [37,109] developed a
screen printable ink using silicon nanoparticles with an average diameter of about
80nm, produced by high energy milling. Silicon films and devices produced by screen
printing using these materials do not need any post processing steps such as sintering
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and showed mobilities up to 100 cm2/V s [37,109]. This is the ink which was used in
this study.

2.3 Diodes

Diodes are part of the group of non-linear electronic devices. In this case non-linear
means, that the current through the diode is a non-linear function of the voltage
applied (i.e. c · I(V ) 6= I(c · V ) ). Furthermore diodes have low resistance (ideally
zero) for forward bias and very high (ideally infinite) resistance for reverse bias.
Because of their asymmetric conductance, diodes are mainly used for rectifying and
switching in electronic circuitry [111]. The main type of diodes are the following:

• p-n junction diodes

• Schottky diodes

• Zener diodes

• Esaki- or Tunnel diodes

• Light-emitting diodes

• Photodiodes

Since this project mainly focuses on the production and characterisation of Schottky
diodes, in this chapter only p-n junction and Schottky diodes will be discussed briefly,
whereas p-n junction diodes will be discussed in comparison with the Schottky diodes.
The functioning of other types of diodes is based on the same physical laws, but
they are made from other materials, doping levels etcetera, therefore they can be
considered as a special case which will not be discussed.
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2.3.1 p-n junction diodes

Only few electronic components, e.g. varistors and thermistors, can be constructed
from homogenous semiconductors. For most devices a difference in material properties
is needed. The simplest electrical component in terms of structure is a semiconductor
diode, made of a p-n junction. The main feature of a p-n junction is the interface
between an n-type and a p-type semiconductor forming the junction [112], as seen
in Fig. 2.3. At the left-hand side of Fig. 2.3 the p-type semiconductor is doped
with electron acceptors, and the right-hand side of the junction is n-type doped
with electron donors. Directly at the junction recombination of the carriers occurs,
where holes flow by diffusion from the p-type material into the n-type material,
while electrons flow in the opposite direction from the n-type material into the
p-type material. As a result a carrier concentration gradient across the junction is

Figure 2.3: Model of a semiconductor p-n junction. Squares: ion cores of electron donors and electron
acceptors respectively; circles: mobile carriers (electrons and holes) [112].

introduced, forming a depletion layer (indicated with the double arrow in Fig. 2.3).
Far away from the junction the n-type and the p-type semiconductors are neutral.
The simple model shown in Fig. 2.3 shows the four different zones, distinguishable by
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their free carrier concentration, formed around the p-n junction. The sharp change
of electron- and hole-concentration leads to a diffusion current into these regions.
However, this current is compensated by the drift current caused by the electric
field formed in the depletion region. This electric field can be described as a built in
potential difference over the junction [112].

p-n junction without applied external field

The relation between carrier density and strength of the electric field is given
by Gauss´s Law [112]:

ρ = ∇ · ~D. (2.1)

With ~D being the electric displacement field, this Maxwell´s equation shows that
charge is the source of displacement current in dielectrics. If applied to a semiconduc-
tor diode the charge density is only dependent on the distance x from the junction
(ρ(x) = dD

dx
). The electric displacement can be written in terms of the electric field

in the case of linear material as ~D = εε0 ~E . Using this, equation 2.1 can be written
as [112]

ρ(x) = εε0
dE (x)
dx

, (2.2)

where ε and ε0 are the relative permittivity of the material and the vacuum permit-
tivity respectively. Integration of Eq. 2.2 yields the strength of the electric field [112]

E (x) = 1
εε0

∫
ρ(x) dx. (2.3)

Using this, the potential distribution in the p-n junction without applied external
field, known as the diffusion potential, can be determined. The electric field strength
E (x) can be calculated, using equation 2.3 and integrating the carrier density in the
four areas, defined in Fig. 2.3. Following another integration the electric potential
V (x) = −

∫
E (x)dx can be obtained [112]. The overall potential between neutral

areas, left (À in Fig. 2.3) and the right (Ã in Fig. 2.3) is given by [112]

VD ≡
e

2εε0
(NDx

2
n +NAx

2
p), (2.4)
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where NA and ND are the acceptor and donor concentrations respectively, xn and xp
are the width of the depletion regions in the n-type and the p-type semiconductor
respectively, and VD is the so called diffusion potential. As mentioned previously
the areas to the left and to the right of the p-n junction must be neutral, hence the
carrier concentrations left and right of the junction have to scale according to the
doping concentration:

NAxp = NDxn. (2.5)

Therefore the width of the depletion region is dependent on the doping concentration
of the semiconductor material used. Bringing this into Eq. 2.4, a relationship between
xp and VD, and xn and VD respectively can be established. Hence the widths of the
left and right side of the depletion region can be calculated with [112]:

x2
n = 2εε0VD

e

NA

NDNA +N2
D

, and x2
p = 2εε0VD

e

ND

NDNA +N2
A

. (2.6)

where e is the elementary charge. Addition of xp and xn gives the width b of the
depletion layer in the equilibrium state with no applied external voltage (see Fig.
2.4(a)) [112]:

b =
√

2εε0

e

√
ND +NA

NDNA

√
VD (2.7)

However equation 2.7 cannot be used to calculate b because VD is not yet known.
Therefore, a way to calculate the diffusion potential is needed that can be calculated
from the basic properties (i.e. doping concentrations) of the materials forming the
p-n junction.
To solve equation 2.2 it was assumed so far that there are no free carriers within the
depletion region. However it is clear, that due to a concentration gradient, there is
a flow of charge into the depletion layer in which electrons and holes will balance
each other [113]. Taking this into account the total charge in equation 2.2 depends
not only on the donor and acceptor concentrations, but also on the number of free
electrons n(x) and holes p(x) leading to

ρ(x) = e(ND(x)−NA(x) + p(x)− n(x)). (2.8)
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In the left, neutral region of the p-doped semiconductor (À in Fig. 2.3), the hole
concentration is equal to the acceptor concentration p = NA. Using the electron
concentration n0 and the law of mass action we obtain [112] n0 = n2

i

NA
. Similarly,

using n = ND for the neutral region of the n-doped semiconductor (Ã in Fig. 2.3) we
obtain p0 = n2

i

ND
. The net current consists of two contributions, one induced by the

field (caused by E (x)) and the other from diffusion (due to a concentration gradient
of the carriers), and can therefore be described as [112]

je(x) = eµen(x)E (x) + eDe
dn(x)
dx

= 0, (2.9)

where µe is the mobility of the electrons and De the diffusion coefficient of electrons.
E (x) is known and can be used to calculate n(x) and p(x). By solving Eq. 2.9 for
E (x) and De = µekBT

e
we get

E (x) = −kBT
e

1
n(x)

dn(x)
dx

, (2.10)

where kB is the Boltzmann constant and T the absolute temperature. Integration
from −xp to x and using

∫ x
−xp E (x)dx = V (x)− V (−xp) the diffusion potential can

be calculated in dependence of macroscopic parameters given by the material used
and ambient conditions (for a detailed derivation see [112]):

VD = kBT

e
ln NDNA

n2
i

(2.11)

p-n junction with applied external field

The model used above can also be applied when an external voltage (V ) is applied
across the p-n- junction. To determine the diode parameters for this case the same
areas as shown in Fig. 2.3 are used [112].

À neutral region of the p-type silicon

Á negative depletion region due to acceptor ion cores
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Â positive depletion region due to donator ion cores

Ã neutral region of the n-type silicon

If an external voltage is applied, in a manner that the positive pole is connected to the
n-type semiconductor and the negative pole is connected to the p-type semiconductor
((b) in Fig. 2.4), electrons will drift towards the n-type silicon and holes towards the
p-type silicon. This increases the width of the depletion layer, and the conductivity
is reduced. This condition is known as reverse bias. If the polarity is changed, called
forward bias, the opposite happens, resulting in an increased conductivity ((c) in
Fig. 2.4) [114].

Figure 2.4: Schematic diagram of a p-n junction (a) without applied external voltage, (b) an external
voltage placed across the diode with the same polarity as the built-in potential, so called reverse bias,
and (c) with polarity of the external voltage opposing the built-in potential, so called forward bias [114].

As mentioned above, when the whole potential difference is changed by applying
a potential V the width of the depletion layer changes. In this case VD has to be
replaced by (VD − V ) resulting in a modification of equations 2.6 to:

x2
n = 2εε0

e

NA

NDNA +N2
D

(VD − V ), and x2
p = 2εε0

e

ND

NDNA +N2
A

(VD − V ) (2.12)

respectively. Hence the thickness of the depletion area of the p-n junction can be
expressed as [112]:

b =
√

2εε0

e

√
ND +NA

NDNA

√
VD − V (2.13)

An important description for the use of a diode in electronic circuitry is the I-V
characteristic of the device under applied external voltage. For the p-n junction
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diode the I-V characteristic can be calculated by summation of the electron je and
hole jh currents (see [112] for a detailed derivation):

j = je(−xp) + jh(xn) =
(
eDe

Le
n0 + eDh

Lh
p0

)(
e
eV
kBT − 1

)
, (2.14)

with Le =
√
Deτe and Lh =

√
Dhτh being the diffusion lengths and τe and τh the

recombination time for electrons and holes respectively. Equation 2.14 is known as
the Shockley diode equation [115], and reveals the characteristic curve of semicon-
ductor diodes. If a positive potential is applied to the diode the current increases
exponentially (under forward bias), and if negative potential is applied there is
a very small but almost constant current (reverse bias) that will be dominated
by tunnelling current for high doped semiconductors and thermally assisted field
emission for low doped semiconductor [112–114]. These characteristics enable the
utilization of p-n diodes as rectifiers [112,115] The pre-factor in Eq. 2.14 is called the
dark saturation or leakage current, and depends only on the geometry of the device
and the semiconductor materials used. Using js =

(
eDe
Le
n0 + eDh

Lh
p0
)
the Shockley

equation can be written in its well known form

j = js

(
e
eV
kBT − 1

)
, (2.15)

which applies to both p-n junction and Schottky diodes. As shown in figure 2.5 the
reverse saturation current for a Schottky diode is generally much larger than that for
a p-n junction diode and the breakdown, when the charge flows freely under reverse
bias, is at lower voltages.

2.3.2 The metal-semiconductor interface

Metal semiconductor interfaces are important elements in electronic circuitry. On
the one hand they are used for providing contact to electronic components (mainly
independent of polarity (as shown in Fig. 2.4(a)), whereas on the other hand they
can be used to form discrete non-linear components, for example Schottky diodes.
If this system is used for providing contact, the aim is to achieve a linear, polarity

20



2 Background

Figure 2.5: I-V curve for Schottky diode and p-n junction diodes [116].

independent I-V characteristic with as low as possible contact resistance (‘ohmic
contact’) [113]. This is, however, not possible for ‘real’ components. For the Schottky
contact, the metal-semiconductor junction is used in a way that the contact resistance
is mainly dependent on the polarity and hence the I-V characteristic of a diode is
achieved [113]. In both cases the I-V characteristics are determined by the potential
barrier introduced by the metal-semiconductor interface. In contrast to p-n junctions
the height of the barrier is determined by the work-function for both, the metal
and semiconductor respectively [117], the depression of the barrier due to a applied
potential (‘Schottky-effect’) and the density of surface states in the semiconductor
at the boundary layer [112].

2.3.2.1 The metal-vacuum system

The work function of a material is defined as the energy difference between the
Fermi-energy EF of a solid and the vacuum level. For metals the work function
(Φme) is of the order of a few eV . The highest work function metal is platinum
with Φm = 5.28 eV , compared to hydrogen with 13.6 eV . For metals the occupied
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energy states start at the Fermi level, where for semiconductors there are normally
no available energy states. Therefore it is sensible to change the concept of the work
function for semiconductors to the electron affinity (or vacuum ionization energy) eχ,
which is introduced as the difference between the vacuum level and the bottom of the
conduction band (Ec, see Fig. 2.6). For semiconductors the electron affinity depends
on the doping level, as the Fermi level moves relative to the conduction band. For n-
type silicon with a doping concentration of 1016cm−3 it is 4.20 eV [114]. If a potential
is applied it is possible to lower the energy barrier between the material used and
the vacuum level of another material. This behaviour describes the Schottky effect,
which is very important for the description and application of metal-semiconductor
systems.

2.3.2.2 The ideal metal-semiconductor system

Similarly to the p-n junction described in section 2.3.1, the metal-semiconductor
system is another junction that can be used to produce rectifying devices [112,118].
Discovered in 1938 this mode of action is named after Walter Schottky. An easy
way to explain the proportions in a Schottky contact is to use the energy band
scheme. Figure 2.6 shows the energy band diagram of a metal-n-type silicon Schottky
contact. Here the surface is assumed to be ideal (i.e. no surface states or image force
lowering [119,120]). As previously mentioned it is necessary to overcome an energy

Figure 2.6: Energy band diagram of a metal/semiconductor contact with Φme > Φsc. (a) Before
contact is made, (b) after contact is made. [112]
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barrier at the material surface in order to extract electrons. For metals this barrier
is the work function defined as the energy difference eΦ between vacuum level and
the Fermi level (eΦM for the metal [112], see Fig. 2.6). For semiconductors, it is the
electron affinity (eχ).
In Fig. 2.6(a) the case of metal and semiconductor not being in contact is shown, and
the metal and semiconductor are not in equilibrium. If both materials are brought
into contact, equilibrium will be reached and the situation will change as shown in
Fig. 2.6(b). As seen in Fig. 2.6(a), in this example the metal work function eΦM is
larger than the electron affinity eχ of the semiconductor. Hence the electrons in the
semiconductor are at a higher energy level than in the metal, hence they will drift to
the metal, when the two materials are brought into contact.
A positive space charge of the donor ion cores is therefore left close to the junction,
and the same situation as described at n-type silicon side of the p-n junction (Â
in Fig. 2.3) will occur. The energy band on that side will be raised, but nothing
will happen at the metal side of the junction, because the small amount of electrons
added is negligible compared to the large number of electrons in the metal [112].
When equilibrium is reached the Fermi levels of the metal and the semiconductor
respectively will be equal. This is schematically shown in Fig. 2.6(b) and reveals
that the the Fermi energy of the semiconductor will be suppressed for the width of
the depletion layer formed. Whereas the energy difference of the Fermi levels of the
materials was eΦM − eΦH before the materials were brought into contact, there is
no energy difference between the Fermi levels after they are in contact. However
a barrier is built up in the semiconductor [112,113]. The height of the conduction
band EC is therefore dependent on the distance form the junction x and hence
EC = EC(x). The barrier height VD can be calculated using the diffusion current
VD in a similar manner to that previously shown for the p-n junction. As shown in
Fig. 2.6: eVD = eΦM − eχ [112]. Hence the barrier height at the semiconductor side
is eVD whereas at the metal side it is eΦB = eΦm − eχ and therefore the electrons
moving from the metal into the semiconductor experience a higher barrier compared
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to the electrons moving in the other direction. Similarly to the p-n junction, the
width of the depletion layer of the semiconductor can now be calculated as [112]:

b =
√

2εε0

e

√
1
N D

√
VD − V (2.16)

This is possible because it is feasible to consider the metal-semiconductor junction
as an asymmetric p+ − n junction where the concentration of the acceptors of
the p-type semiconductor is much higher then the donor concentration of the n-
type semiconductor. To calculate the net current through the metal-semiconductor
junction the following derivation is followed.
The electron concentration (n) on the semiconductor side at the junction (j) can be
written as [112]:

nj = NC · e−
EC,j−EF
kBT = NC · e−

eΦB
kBT (2.17)

where NC is the effective density of states in the conduction band, EC,j is the energy
height of the conduction band at the junction. The concentration of the electrons
is significantly lower at the junction, compared to the bulk (further away) of the
semiconductor, due to the larger distance of the band border EC,j to the Fermi level
EF (EC(junction)− EF > EC(inside)− EF ). If a forward voltage is applied to the
metal-semiconductor junction the energy level of the conduction band inside the
semiconductor is raised by eV [112,113]:

nj(V ) = NC · e−
ΦB−V
kBT = nje

eV
kbT . (2.18)

Furthermore it can be assumed that the electron current, flowing from the semicon-
ductor to the metal, is proportional to the electron density at the barrier

jH→M = cnj(V ) (2.19)

where c is a constant which is unknown at this stage [112]. Because the barrier height
in the metals is independent of the applied voltage V , the current flowing from the
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metal into the semiconductor can be assumed to be constant. If no voltage is applied
across the junction the two currents have to be in equilibrium. Therefore

jM→H = −jH→M(V = 0) = −cnj(V = 0). (2.20)

If an external voltage V is applied, the difference of (2.19) and (2.20) reveals the net
current to be [112]:

j = jH→M − jM→H = c(nj(V )− nj) = cNCe
− eΦB
kBT

(
e
eV
kBT − 1

)
(2.21)

This equation has the same form as Eq. 2.14 obtained to describe the I-V character-
istics of p-n junctions:

j = js

(
e
eV
kBT − 1

)
. (2.22)

The pre-factor js also represents the saturation current of the metal-semiconductor
junction. It can be shown that this can be written as follows (for a detailed derivation
see [114]):

js = R? · T 2e
eΦB
kBT . (2.23)

were R? is the Richardson constant [112,121,122].
For a p-n junction the saturation current IS depends on the diffusion length and the
injected minority carriers (see section 2.3.1). In contrast, in a Schottky diode the
current is due to thermionic emission (as described for the metal-vacuum system
section 2.3.2.1) of the semiconductor´s majority carriers across the Schottky barrier
ΦB [118].

The real Schottky contact

The Schottky barrier above is described ideal, assuming atomically flat surfaces and
perfect contact between the metal and the semiconductor. A real heterostructure
will however, not represent this ideal system. To account for the non-idealities it is
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common to include the diode ideality factor η into the diode equation (2.22) [113]:

I = Is

(
e

eV
ηkBT − 1

)
(2.24)

The diode ideality factor is an empirical ‘ideality’ coefficient which should be unity
for an ideal contact. However Schottky contacts with idealities η > 1 are common in
literature and can be ascribed to several effects [123]:

• interface states at a thin oxide between the metal and the semiconductor;

• tunneling currents between the metal and the semiconductor;

• tunneling currents in highly doped semiconductors;

• image force lowering of the Schottky barrier in the electric field at the interface;
and

• generation/recombination currents within the space-charge region.

These effects all assume spatially homogenous interfaces between the materials used.
For the screen printed layers, made of nanoparticulate silicon with a disperse size
distribution and printed on a rough substrate, however this assumption is not valid.
J. H Werner and H. H. Güttler [123] suggested, that the influence of two-dimensional
band inhomogeneities results in different Schottky barriers for currents (see Fig. 2.7)
due to spatial variations of band bending Vd and Schottky barrier height Φb. The
shape and position of the ridges in the potential ‘mountains’, caused by different
particle sizes and rough substrate, depend on the bias voltage and cause therefore
idealities η > 1 [123].
The effect of the diode series resistance RS is usually modeled with a series

combination of a diode and a resistor with resistance R through which the current I
flows [125,130]. The voltage VD across the diode can then be expressed in terms of
the total voltage drop V across the series combination of the diode and the resistor.
Thus, VD = V − IRS and for VD > 3kBT Eq. 2.24 becomes [130]

I = Is

(
e

−e(V−IRS)
ηkBT

)
. (2.25)
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Figure 2.7: Two-dimensional band diagram of an inhomogeneous Schottky contact [123].

The saturation current Is is usually described within the thermionic emission theory
as [125,131]

Is = AA?T 2e
−eΦB
kBT . (2.26)

A method to extract the series resistance RS of ideal Schottky diodes (i.e., η = 1)
was first proposed by Norde in 1979 [132]. For the cases where η > 1, Sato and
Yasumura modified Norde´s approach to extract the values of η,ΦB, and RS from
the forward I-V characteristics of a Schottky diode [130] using two experimental I-V
curves. Another approach to obtain the diode parameters from diodes with series
resistance is to approximate Eq. 2.25 for VD = V − IRS > ηkBT/e, and Eq. 2.25
becomes [133]

I = AA?T 2e
eVD
ηkBT e

e(V−IRS)
ηkBT . (2.27)

This equation predicts a linear variation of ln I with VD [133]

ln I = ln IS + eVD
ηkBT

= lnIS + e(V − IRS)
ηkBT

. (2.28)

A plot of ln I vs. V remains linear as long as V � ηkBT
e

and V � IRS [133], and
the ideality factor from Eq. 2.25 can be written as

η = β
dV

d ln I (2.29)
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where β = e
kBT

. This plot is used as the standard method [125, 133] and IS is
extrapolated from the intercept with the zero voltage axis. The zero voltage barrier
height ΦB is deduced from Eq. 2.26. However, this can only be used for diodes with
a moderate series resistance, as the linear region shrinks as RS is increased [133].

2.3.2.3 Ohmic contacts

As shown in Fig. 2.4 ohmic contacts are important for circuitry. The Ohmic contact
is a low resistance, non-rectifying junction that provides current conduction from
a metal to a semiconductor and vice versa [114]. The above described junctions
which exhibit rectifying behaviour are to be avoided for ohmic contacts as the above
described Schottky barrier contact is not desirable. Therefore the materials used
need to be chosen carefully.
One way of obtaining a low barrier contact is, if the work function of the metal
is smaller than the electron affinity of the semiconductor used, in contrast to the
case described in Fig. 2.6. In this case, the conduction band energy is reduced
at the barrier, which prevents the electrons experiencing a barrier when moving
from the semiconductor into the metal. There will only be a very small barrier in
the other direction [112, 113]. In contrast to the Schottky barrier this results in a
similar conductivity under both forward- and reverse-bias. Due to interfering surface
states, this is not easily realizable in practice. Usually for compound semiconductors
ohmic contact by band alignment is hard to realize due to the presence of surface
states [134, 135] and Fermi level pinning [136–138]. For p-type semiconductors, a
further problem is the unavailability of metals with high enough work functions.
However, according to equation 2.16 it is possible to reduce the width of the depletion
layer by increasing the doping concentration. If the doping concentration is high
enough the depletion layer is narrow enough that electrons are able to tunnel through
the barrier and hence the contact is non-rectifying, and an ohmic contact is formed
which is able to conduct current in both directions equally. Another important
requirement is, that the voltage drop across the contact is very small, and does not
affect the performance of the device [111]

28



3 Experimental

In printed electronics there are different approaches for device production, which in
contrast to the mainly crystalline silicon based traditional electronics, are based on a
variety of new materials like organic semiconductors [139,140] and inorganic nanopar-
ticles and semiconductors, such as ZnO [141,142]. In this work silicon nanoparticles
have been used to developed fully printed silicon nanoparticulate diodes.
In section 3.1 it is described how high quality silicon nanoparticles, with stable,
essentially oxide-free surfaces, were produced. Furthermore the process of producing
screen printable inks, and the printing of the inks, which on curing have unique
semiconducting properties [39,143], is described. Finally the design and production
of printed diodes is discussed.
Detailed information on the characterization of the powder, the printed layers and
fully printed devices is given in section 3.2. Different spectroscopy and microscopy
techniques have been utilized to understand the microstructure of the particles, the
printed layers, and the fully printed devices. Scanning electron microscopy (SEM),
focused ion beam (FIB), high resolution transmission electron microscopy (HRTEM)
and high-angle annular dark-field images obtained with a scanning transmission
electron microscopy (HAADF-STEM), STEM in combination with energy-dispersive
X-ray spectroscopy (STEM-EDX), as well as mid infrared scanning near-field optical
microscopy (IR s-SNOM), have been used to understand and reconstruct the mi-
crostructure of printed devices. Raman-spectroscopy was also used to support the
microscopy studies. Finally the methods used for electrical characterisation of the
printed layer and the properties of the printed diodes are described at the end of
this chapter.
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Figure 3.1: Schematic drawing showing the different forms of impact which occur during high-energy
milling. [80]

3.1 Nanoparticle production, printing and device

fabrication

3.1.1 Nanoparticle production by high energy milling

Mechanical milling is a process which is routinely used in powder metallurgy and in
the mineral processing industry. Excessive plastic deformation of the particles and
cold welding between particles are absent in the process [92]. For this thesis silicon
nanoparticles were produced by high energy mechanical milling using a vibratory
disc mill. A 5200 chrome steel milling pot and pestle are mounted on a base set to
deliver vibrations in two axes causing rotational and lateral motion of the pestle.
Due to this motion, as indicated in Fig. 3.1, brittle feedstock is fractured and attrited
progressively resulting in nanometre sized particles with a disperse log normal size
distribution [80,92,94].
In this study three types of silicon have been used as feedstock. For high and

intermediate doping levels, Czochralski grown prime grade boron and phosphorous
doped silicon ingots and wafers (Siegert Wafer GmbH, Aachen, Germany) were used.
The ingots had a nominal resistivity of ρ < 0.001 Ωcm for the p-type (boron doped)
and ρ = 0.001−0.00102 Ωcm for the n-type (phosphorous doped) silicon. Wafers with
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a nominal resistivity of ρ < 0.005 Ωcm for the boron doped and ρ = 0.008−0.02 Ωcm
for the phosphorous doped silicon were used to provide particles with a lower doping
level. Even lower doping levels were obtained using phosphorous doped wafers with
a resistivity of ρ = 1− 10 Ωcm (Siegert Wafer GmbH, Aachen, Germany) and 2503
grade metallurgical silicon (Silicon Smelters, Polokwane, South Africa). According
to the manufacturer’s analysis, the purity of the metallurgical silicon is 99.4%, with
the main impurities being Fe at 0.21% and Al at 0.144%. Other specified impurities
were Ca, Ti, Cr, P, and Ni with concentrations, of 230, 129, 62, 43 and 18 ppm
respectively [109]. It had previously been observed that during extended milling
periods the powder was compressed into a compact ‘cake’, making the size reduction
process less efficient. Consequently for the nanoparticles produced for this work the
milling procedure was interrupted to redistribute the powder. This was performed
every 15 minutes for a total milling period of 1.5h, and every 30 minutes for a total
milling time of 5h respectively. On completion of the milling, the pots were allowed
to cool down to room temperature, before the powder was harvested in its dry state
and stored under ambient conditions. Furthermore carbon nanoparticles have been
prepared from graphite feedstock (Sigma Aldrich, Fluka Analytical) with a nominal
size of ≤ 0.1mm. The carbon was continuously milled for 1 hour in a similar manner
to the silicon.

3.1.2 Ink formulation

To be suitable for screen printing an ink must have specific rheological features. The
most important one is that the ink is stable against phase separation of the liquid
and solid components under applied shear force. Furthermore the print quality and
properties of the cured layer depend strongly on the rheology of the ink. In general
screen printing ink needs to be dilatent (shear thinning) and thixotropic. Only the
right combination of viscosity, thixotropy, and viscoelastic properties will ensure that
the ink flows through the screen but does not flow on the substrate once printed and
therefore ensures that the print has both good edge definition and coverage [47, 144].
In other words, the ink produced has to be adjusted to obtain appropriate rheological
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properties that ensure a homogenous distribution of the printing paste on the screen
and its uniform flow through the screen openings [145].
In this work in order to prevent incompatibility issues between different materials
both water based acrylic and solvent based inks were investigated. Both ink systems
were used to produce conductive and semiconducting inks. Using the water based
acrylic ink, carbon nanoparticles and graphene platelets (IoLiTec Ionic Liquids
Technologies GmbH,size 6-8nm, 99,5%) have been used as conducting materials and
silicon nanoparticles have been used for the semiconducting layer. The solvent based
system was additionally used for conducting inks containing silver nanoparticles and
carbon nanotubes.
In previous works it could be shown that the performance of fully printed devices
can be optimized if a particle loading of 80% by weight is used [108–110]. A lower
particle loading results in a very high resistivity of the printed layer, whereas a
higher particle loading results in poor printability of the ink [109,110]. For inks with
this particle loading the typical thickness of a layer produced by screen printing is
approximately 25µm.
Inks were produced from all types of nanoparticles by successive addition of the
powder to the binder. The respective solvent or thinner was added to obtain the final
properties necessary for printing. Silicon inks, with 80% particle loading by relative
weight to the total weight of particle and binder, were produced with a commercially
available acrylic ink base supplied by Marchem, Cape Town South Africa. For these
inks reagent grade propan-1,2-diol (propylene glycol) from Sigma Aldrich was used as
a thinner. It was shown in a previous work, that for a silicon ink which contains 20%
by mass of binder, after curing the binder reduces to a residue of about 8.7% [109].
The same binder and thinner combination was used to produce conductive inks using
milled carbon nanoparticles (as described in 3.1.1) and graphene platelets (IoLiTec
Ionic Liquids Technologies GmbH,size 6-8nm, 99,5%).
ETHOCELTM ethyl cellulose and CELLOSOLVETM butyl (Dow Chemical) were used
as the binder and solvent respectively in the solvent-based inks. With one exception
these inks contained a particle loading of 70% by relative weight and the binder
fraction was not reduced on curing. Conducting inks containing different particles
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Figure 3.2: (a) The ATMA AT-60PD semi-automatic flatbed screen printer used to print all devices
described in this thesis. (b) Schematic drawing of the processes during screen printing [146].

have been produced. The feedstock used were graphene platelets (IoLiTec Ionic
Liquids Technologies GmbH, size 6-8 nm, 99,5%), multiwalled carbon nanotubes of
20 ∼ 30µm diametre, and 10 ∼ 20µm length (Nanocs Inc.) and silver nanoparticles
with a nominal size of 70nm (Sigma Aldrich) [143]. Additionally conducting inks
were mixed with 80% particle loading of graphene platelets (IoLiTec Ionic Liquids
Technologies GmbH, size 6− 8nm, 99, 5%) .

3.1.3 Printing of devices

To print the devices studied in this work an ATMA AT-60PD semi-automatic flatbed
screen printer, shown in Fig. 3.2(a), was used. Screen printing is arguably the one of
the most versatile printing methods. In principle it requires only four elements: the
screen which carries the image, the squeegee, an ink or paste, and the substrate on
which the design is printed. Ink is applied to the screen and is then forced through
fine mesh openings forming the positive areas of the image, by the squeegee dragged
across the screen. Shear forces cause the ink to flow through the open areas of the
screen, as shown schematically in Fig. 3.2(b).
The two different designs used to print diodes are shown in Fig. 3.3. In order
to produce a diode, three materials are printed: first a conductive layer (bottom
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Figure 3.3: The two designs used to produce diodes: (a) lateral design and (b) opposed design.

contact), followed by the semiconducting silicon layer (active material) and finally
a second conductive layer (top contact). In Fig. 3.3 the layers are as follows: the
bottom layer is a conductive ink (light grey), followed by the silicon nanoparticulate
ink (black) and another conductive ink (dark grey), different from layer 1, as a top
contact. Fig. 3.3(a) shows a lateral interdigitated design where the conductive tracks
do not overlap, but have a gap of about 200µm between each finger. In contrast
Fig. 3.3(b) shows a planar opposed design where the second conductor layer is
printed directly above the first one. The lateral design has the advantage that shunts
between the conductors through the active layer are not possible, which is the main
problem with the opposed design. It is also possible to vary the print sequence so
that the contacts are either on the same side of the active layer or on opposite sides.
In this work the latter was used. The disadvantages of the lateral design are: that
the gap between conductive layers is larger, and that registration of the prints is
more difficult, which is not a problem in the planar design. The gap in this design
is determined by the thickness of the printed silicon layer, and hence is about 1/10

that of the lateral design. In this thesis the layered design was used to consequently
ensure a lower resistance of the semiconducting layer and therefore reduce the overall
resistance of the printed device in order to improve the device performance. The
active area of the lateral design is 0.7× 0.8 cm2 consisting of six interlocking fingers
with 3 devices per print. For the opposed design, three different sizes of devices were
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printed: 0.5× 0.5 cm2; 1.0× 1.0 cm2; and 2.0× 2.0 cm2 with two devices of each size
on a screen.
The individual layers were printed using a SEFAR monofilament polyester mesh with
an average screen tension of 24±2N/cm. For the semiconducting and conducting inks
mesh of diametre 40 microns and mesh count 100 lines/cm and diameter 31 microns,
and mesh count 150 lines/cm were used respectively. The squeegee speed was set
to 250mm/sec for printing commercially available silver inks, used for the bottom
contacts, and 200mm/sec for all other inks. A double stroke print mode was used
to ensure near uniform printed layers with no pinholes. Special attention was paid
to screen registration when printing the lateral design to ensure uniform gap size
between the interlocking fingers. i.e. that the layers are aligned with each other. All
prints were allowed to dry for 24 hours, under ambient conditions, before printing
the subsequent layer. No post processing steps such as sintering or annealing were
performed. An overview of all devices printed for this thesis is given in the appendix.
Conductors were printed with commercially available silver nanoparticle ink PSI-211
(PChem Associates, Inc, Bensalem, PA, USA), DuPont 5000 silver ink (Du Pont
(U.K.) Limited, Bristol, U.K.), and inks made with silver nanoparticles (Sigma
Aldrich) as described in 3.1.2. The substrate material for the prints was polyethylene
terephthalate (PET) for the devices using carbon nanotubes from Canatu and
uncoated paper of area density 80 gsm and 160 gsm for all other devices. For
characterization purposes individual layers of each ink were also printed. Samples
suitable to be used with focused ion beam and high resolution transmission electron
microscopy (HRTEM) for cross sectional studies also had to be prepared. For these
studies silicon inks p-type (boron doped, ρ < 0.005 Ωcm and ρ < 0.001 Ωcm) and
n-type (phosphorus doped, ρ = 0.008− 0.02 Ωcm and ρ = 0.001− 0.00102 Ωcm) were
printed on prime grade boron doped wafers (Siegert Wafer) to ensure mechanical
stability during sample preparation. The printing process used was the same as for
the diodes except that conducting contacts were not printed. After printing, these
individual layers were dried under ambient conditions. To investigate a cross section
of a diode, a fully printed device on a paper substrate, was embedded in EPO-FIX
embedding resin (EMS Hatfield USA) in order to stabilize the printed layer. After
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drying for 24 hours, under ambient conditions, the specimen was cut using a diamond
saw and subsequently mechanically polished, for examination using FIB, HRTEM,
HAADF-STEM, and SEM.

3.2 Characterization of silicon nanoparticles and

printed layers

In order to gather a more detailed understanding of the microstructure of the silicon
nanoparticles as well as the printed layers, different microscopy and spectroscopy
techniques have been used for this study. A combination of scanning electron
microscopy (SEM), high resolution transmission electron microscopy (HRTEM),
focused ion beam (FIB) and high-angle annular dark-field images obtained with
a scanning transmission electron microscopy (HAADF-STEM) as well as STEM
combined with energy-dispersive X-ray (EDX) spectroscopy was used to investigate
the assumption of chemical passivation of the silicon nanoparticle surface with
oxygen, and the observed charge transport [109] between particles and throughout
printed silicon layers. STEM is an imaging technique which offers some advantages
over conventional TEM, chiefly due to the fact that STEM images are directly
interpretable and have a high atomic number sensitivity [147]. In each case, state-of-
the-art structure determination complimented the high-resolution imaging to provide
a framework for the analysis of nanoparticle surface structures through electron
microscopy.

3.2.1 Morphology and internal structure of silicon
nanoparticles

For sample preparation a small amount of Si nanoparticles dispersed in about 20ml
of methanol (Sigma Aldrich anhydrous min. 99.5%). To break up large clusters the
solution was then sonicated for about 30 seconds in a ultrasonic bath. An aliquot
was drawn from the center of the suspension with a micropipette and drop-cast
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onto a polished silicon wafer and a holey carbon coated TEM grid respectively.
After drop-casting the samples were dried under ambient conditions. The particles
drop-cast on the wafer were further prepared and investigated on a Zeiss Auriga
Cobra FIB FESEM. The focused ion beam was used with an acceleration potential
of 30 kV at a current of 50 pA to slice the drop-cast particles. To obtain information
on the internal structure of the particles, imaging after cutting was performed using
SEM with a 2 kV electron beam in secondary electron imaging mode.
Imaging of the lattice planes near the surface has been performed in previous
works [108, 109]. These studies concluded that there is no, or only a very thin,
capping layer on the surface of the silicon nanoparticles. However, in these works it
can be seen that the surface and interface atoms of the silicon nanoparticle are not
clearly imaged due to aberrations in the optical system. To verify the interpretation
of the previous results, changes in lattice positions of the order of 0.5 Å need to
be resolved with confidence. This can be achieved if the image has a much higher
quality. Therefore a microscope with a much higher point-to-point resolution was
used.

Transmission Electron Aberration-corrected Microscope: TEAM 0.5.
The TEAM 0.5 microscope is ideally suited to this need. Based on an FEI Titan
80-300 microscope the TEAM 0.5 at The National Center for Electron Microscopy,
Lawrence Berkeley Laboratories, CA USA is a double-aberration-corrected trans-
mission electron microscope. For improving the resolution and sensitivity spherical
aberration Cs correction permits the generation of smaller electron probes with higher
currents, thus significantly improving both. Chromatic aberration Cc correction as
well as energy filtering also offers the opportunity to obtain images with a much
higher resolution and contrast [149]. The TEAM 0.5 is equipped with a special
high-brightness Schottky-field emission electron source, a gun monochromator, a
high resolution GIF Tridiem energy-filter and two CEOS hexapole type spherical
aberration correctors. Axial aberrations up to 4th order as well as 5th order spherical
aberration and six fold astigmatism are corrected by the illumination aberration cor-
rector. The imaging aberration corrector fully corrects for coherent axial aberrations

37



3 Experimental

Figure 3.4: The Transmission Aberration Corrected Microscope TEAM0.5 [148].

up to 3rd order and partially compensates for 4th and 5th order aberrations [148,150].
For this study, silicon nanoparticles milled for 5 hours and drop-cast on a carbon
coated holey grid were used. For imaging the instrument was operated at 80 kV .

3.2.1.1 Elemental mapping of silicon nanoparticles

In order to obtain more detailed information about the surface of the silicon nanopar-
tilces produced with high energy milling, elemental mapping was performed. This
was achieved using high-angle annular dark-field images (HAADF) obtained with
a scanning transmission electron microscopy (STEM). This technique is ideally
suited for elemental mapping. Images are formed by collecting high-angle scattered
electrons with an annular dark-field detector in dedicated STEM instruments. The
contrast of HAADF images is strongly dependent on the average atomic number of
the scatterer encountered by the incident probe (Z contrast) [147]. The imaging was
carried out with a Titan 60-300 electron microscope equipped with a Cs-corrector
at 300 keV beam energy at the electron microscopy laboratory at CIC nanoGUNE
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in San Sebastian, Spain. The instrument was operated in STEM spectral imaging
mode.
For the fully printed diode elemental mapping has been performed on a cross section
using STEM images with the same instrument. In order to obtain the elemental map,
the beam is scanned on the sample in STEM mode. Scanning transmission electron
microscopy with energy dispersive x-ray spectroscopy (STEM-EDX) in particular
has been shown to be a powerful, direct technique to study local compositional vari-
ations [151]. A full EDX spectrum is recorded in every beam position. A posteriori
thus obtained 3-D data cubes (having the dimensions x, y and energy) are processed
and (x, y) maps of intensity of characteristic peaks of the elements are plotted, giving
the distribution of these elements on the sample.

3.2.2 Surface and structural analysis of printed layers

To study the surface morphology of printed layers SEM, FIB and HRTEM were used
in this work. A FEI Nova NanoSEM 230 scanning electron microscope (SEM) was
used to gather information about the surface topography of layers printed on paper
substrate, and cross sections thereof produced by simply cutting printed layers with
a sharp blade, without embedding them into resin.
With the use of FIB more detailed cross sectional information of the printed layers
was obtained. Furthermore, the interfacial and network characteristics of silicon
nanoparticle layers has been investigated [39]. Therefore HRTEM studies of a lamella
of p-type silicon (90 minute milled p-type wafer, ρ < 0.005 Ωcm) printed onto a
wafer as substrate have been carried out. For this purpose a lamella of the printed
layer was produced by focused ion beam with in-situ lift out, using a FEI Helious
NanoLabTMDualBeamTM FIB/SEM at CIC nanoGUNE in San Sebastian, Spain.
Due to the high porosity of the printed layer, as indicated in Fig. 3.5(a), precautions
had to be taken to prevent damage to the lamella during preparation, as well as to
avoid curtaining due to high surface roughness and strong variations in density [152].
Sample preparation took place in several steps: The position of the future lamella
was covered by a 0.5 µm thick flat diamond membrane to ensure uniform milling
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Figure 3.5: (a) Surface view of the printed silicon layer, showing it´s porosity and a diamond membrane
placed on top of the silicon layer as preparatory step for FIB cutting, (b) Pt covered cleaned cut surface
to stabilize lamella, (c) lamella before it was undercut, extracted and mounted onto a standard FIB half
grid, and (d) lamella mounted on a TEM half grid before polishing.

(Fig. 3.5(a)). After digging a deep trench front and back, the sides of the future
lamella were cleaned by FIB and its pores were filled with Pt by electron beam
induced deposition (EBID) (Fig. 3.5(b)). The lamella was then polished to remove
the amorphous surface layers. Thus prepared the lamella with a thickness of about
3µm (Fig. 3.5(c)) was undercut, extracted and mounted onto a standard FIB half
grid. The lamella was fixed by Pt deposits on three sides to prevent it from bending
in the final polishing step as seen in Fig. 3.5(d). The lamella was finally polished
from both sides to electron transparency with a 5 keV ion beam energy to remove
surface amorphous layers. HRTEM imaging was performed, using a FEI Titan 60-300
electron microscope equipped with imaging Cs-corrector at 300 keV beam energy at
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the electron microscopy laboratory at CIC nanoGUNE in San Sebastian, Spain.
Additional cross sections of printed layers were also produced for structural analysis
using focused ion beam and mechanical polishing. For the first study, a diode fully
printed on paper (as described in section 3.1.3) was used. The cross sectioning and
imaging was performed with focused ion beam using a Zeiss Auriga FIB/SEM at the
National Centre for Nano-structured Materials, Pretoria. Secondly another diode
was embedded in resin and cross sectioned using a diamond saw, and subsequently
mechanically polished. Imaging was done using a QuantaTM250 FEG environmental
scanning electron microscope (ESEM) at CIC nanoGUNE in San Sebastian, Spain.

3.2.3 Infrared scanning-type near-field optical microscopy
(IR s-SNOM)

In 1928 E. H. Synge proposed a scanning method [154], to extend the resolution of a
microscope, beyond the diffraction limit discovered by Abbé and Rayleigh. In optical
microscopy the limiting factor is the Rayleigh criterion, for which the minimum
distance ∆xmin which can be resolved, by an optical system with opening angle Θ in
a medium of refractive index n between two distinct point sources is [117]

∆xmin = 0.61λ
n sin Θ , (3.1)

where λ is the wavelength. The denominator in Eq. 3.1 is the numerical aperture
NA.
In the method suggested by Synge a strong light source is placed behind a thin,
light-tight metal film with a small aperture of diameter d less than 100nm (d� λ).
Fig. 3.6 shows the principle where a small light spot illuminates a thin specimen at
height z below the aperture (z � λ). If the specimen is scanned in nanometre steps
and the transmitted light is collected with a microscope lens and projected onto a
phototube a optical signal of the specimen is collected. Thereby the resolution is
limited by the size of the aperture not by the used wavelength λ [154].
In 1984 Pohl et al. [155] and Lewis et al. [156] presented the first optical near-field
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Figure 3.6: Near-field microscopy proposed by Synge where a small aperture serves as a light source.
Behind that is the screened specimen and the detector for the transmitted light. [153]

microscopes which reached resolutions of λ/20 and λ/16 respectively. The main
problem for this technique is the production of apertures smaller then the wavelength
of light. To get around this problem Wessel introduced an aperture-less approach
in 1985 [157]. In this approach, the near-field of a small, optically resonant particle
serves as a local light source for the nanoscale specimen. The optical resonance
is due to excitation of localized surface plasmons. The scattered light is detected
in far-field and contains the information about the optical near-field interactions
between the probe and the specimen. Due to Raman-scattering the wavelength of
emission is different from the excitation in Wessel´s experiment.

Optical near-fields The propagation of light in a homogeneous, isotropic,
linear and source-free medium is described by the Helmholtz wave equation,
(∇2 + k2)E(~r) = 0 [158,159]. Solutions to the Helmholtz equation are plane waves,
which have the form

E(r, t) = E0ei(
~k·~r−ωt). (3.2)
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Here, E0 is the amplitude of the electric field, ~k is the wavevector (|~k| = nω/c), ~r the
position vector, ω the angular frequency and t the time. n is the index of refraction
which is given by n = √εmµm, where εm and µm are the relative permittivity and
permeability of the medium in which the wave propagates, respectively. At optical
frequencies and for non-magnetic materials µm = 1 [158,160]. With the help of Fourier
transformation, any space- and time-dependent wave can be described by a series
of monochromatic plane waves (Eq.3.2), which is known as the angular spectrum
representation [158,160]. The wavevector can be expanded into its components along
the three space coordinates (x, y, z) according to k2 = k2

x + k2
y + k2

z . Neglecting the
time dependence of Eq.(3.2), two well-defined situations can be distinguished for the
propagation of light along a given direction z [158]:

• k2
x + k2

y ≤ k2 =⇒ kz is real. =⇒ e±i|k|·z is an oscillatory term and Eq.(3.2)
describes a propagating plane wave in the z-direction.

• k2
x + k2

y > k2 =⇒ kz is purely imaginary. =⇒ e−|k|·z describes an evanescent
electromagnetic-wave decaying exponentially in the z-direction, which is also
named the evanescent near-field.

Evanescent waves are characterized by the fact that at least one component of the
wavevector ~k describing the direction of propagation is imaginary. In the spatial
direction defined by the imaginary component of ~k the wave does not propagate but
rather decays exponentially [160]. For distances far from the source (z � λ) and
k2
x + k2

y ≤ k2 only propagating waves exist, whereas in the proximity (z � λ) of a
small radiating object (a� λ) and k2

x + k2
y > k2 there is an evanescent field as well.

Evanescent fields cannot occur in an infinite homogeneous medium but are inevitably
connected to the interaction of light with inhomogeneities. One such example of an
inhomogeneity is an interface between two media characterized by different optical
constants ε1, µ1 and ε2, µ2. Due to total internal reflection an evanescent wave is
generated [160]. These near-field interactions can be detected with an optical near-
field microscope where a small probe, brought close to the specimen, converts the
evanescent fields into propagating fields, which can be detected in far-field [161].
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Figure 3.7: Schematic comparison of: (a) aperture SNOM and (b) apertureless SNOM. [162]

Principle of scattering-type Scanning Near-field Optical Microcopy (s-
SNOM) Most methods used for scanning near field optical microscopy (SNOM)
are based on scanning probe microscopy where a near-field probe is scanned over
the sample surface. The most common SNOM technique exploits tiny apertures for
imaging as shown in Fig. 3.7(a). These probes are mostly based on metal coated
optical fibers with a tapered end and an aperture at the apex of the fiber [158,162].
The size of the aperture is typically greater than 50nm and is the limiting factor
in resolution. Furthermore the propagation of light in the coated fiber is similar to
the transport of electromagnetic waves in hollow metal waveguides and therefore
decays exponentially when the diameter of the probe becomes smaller than λ/2
(cut-off), because the wavevector of the propagating mode becomes imaginary. Knoll
and Keilmann showed that the transmission for infrared light (λ ≈ 10µm) and an
aperture diameter of 100nm the transmission is reduced by 10−25 [158,163].

Aperture based near-field microscopy at infrared wavelengths, used to analyze chemi-
cal properties of nanophase materials, cannot be used to gather information with a
spatial resolution not better than approximately > λ/10 ≈ 1− 2µm [158]. In order
to circumvent the restrictions in wavelength with aperture probes, thus gaining the
ability to use longer wavelength infrared light, apertureless probes can be used [164].
The principle is shown in Fig. 3.7(b). Based on an atomic force microscope (AFM)
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Figure 3.8: Distinction of different sources of near-field signals. The signal can contain background
Eb from different sources as well as the signal of the specimen ES [161].

a s-SNOM gives, first of all, a topographical image of the sample. A mid-infrared
laser beam is focused onto the tip by an objective lens which creates a diffraction
limited focus on the sharp metal tip. The small probe, with an apex-radius of a,
functions as an optical antenna, concentrating the incoming light at its apex to
a small spot of only few nanometres, which is used as a nanoscopic light source
to illuminate the sample [158]. This rests on the fact that an illuminated small
metal particle or sharp tip-like metal structure can exhibit enhanced optical fields
in its neighbourhood when illuminated by light [158, 160]. If the tip is brought
close to the sample surface, the highly convergent electric field at the apex interacts
optically with the sample. Because of the optical near-field interactions between the
metallic [157, 165] or dielectric [166] tip and the sample, the light scattered from the
tip contains information about the local optical properties (e. g. refractive index)
with a resolution of about 10nm [158,167,168]. The light backscattered from the tip
can be recorded by a distant detector. With this method it is, in principle, possible
to use any wavelength without losing resolution because neither an aperture nor an
waveguide is used [164]. Hence the resolution is only limited by the geometrical size
of the tip [161, 164, 165]. However, one challenge of s-SNOM is that there is also
a strong background signal. In addition to the scattered light from the tip (Es in
Fig. 3.8), scattered light from the cantilever, the tip shaft, or from other features on
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the sample is also detected (Eb in Fig. 3.8). To enhance the signal to noise ratio
the near-field signal is modulated by varying the distance between the tip and the
sample [153]. Therefore the tip is oscillated with a frequency Ω and an amplitude
A (A� λ) resulting in the near field being modulated with the same frequency Ω.
Using the higher harmonic frequencies of the signal n · Ω (n > 1) allows supression
of the background signal [153, 158, 161]. The demodulation process relies on the
fact that the near-field interaction depends in a non-linear manner on the distance
between the tip and the sample [153].

Theory of s-SNOM The crucial factors in SNOM measurements are the relative
signal change, which results when probing different materials, and the absolute
scattering efficiency, which determines the observable signal power [169]. To determine
the latter, the scattering cross section Wsca has to be calculated. For a small sphere
this is the integral of the Poynting vector over the field of the solid angle of the
detector. By computing the integral over all solid angles the total scattering cross
section Csca = Wsca/Iinc can be derived, normalized to the intensity of the incident
field [161]. For a spherical particle with diameter a at Rayleigh-limit [161]:

Csca = 8π
3 k4a6

∣∣∣∣ ε− εmε+ 2εm

∣∣∣∣2 = k4

6π |α|
2 , (3.3)

where k is the wavevector, ε is the absolute permittivity, εm is the relative permittivity
of the material, and α is the polarizability.
As a first approximation in analytical models the point-dipole model is used. As
shown in Fig. 3.9 the tip of the SNOM is reduced in this model to a small metal
sphere of radius R, placed at a height z = R + h above the specimen. In order to
calculate the scattering cross section the effective polarizability αeff,z in z-direction
(schematically shown in Fig. 3.9(a)) is needed. It can be given as [170]

αeff,z = α(1 + β)
1− αβ

16π(R+h)3

, (3.4)
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Figure 3.9: Comparison of typical s-SNOM models. (a) Point-dipole model used for analytical
models where the tip is reduced to a dipole. (b) Finite-dipole model where a sphereoid is used for
approximation. [158]

where β = εs−1
εs+1 is the surface response function of the sample with εs being the

relative permittivity of the sample [158]. In order to achieve quantitative agreement
between experiment and theory this model had to be refined. Cvitovic et al. and
Ocelic et al. showed that refining the tips geometry to a prolate spheroid with semi-
major axis length L (shown in Fig. 3.9(b)) is in agreement with the measurements, as
the calculated field in the vicinity of a spheroid is similar to the field of an extended
or finite, and not a point-like, dipole [170,171]. For the finite dipole the polarizability
can be given as [170,171]

αeff = R2L
2L
R

+ ln R
4eL

ln4L
e2

2 +
β
(
g − R+h

L

)
ln 4L

4h+3R

ln(4L/R)− β
(
g − 3R+4h

4L

)
ln 2L

2h+R

 . (3.5)

Five independent parameters are needed to solve Eq. 3.5. Operating the AFM in
tapping mode, the tip vibrates vertically, giving the tip / sample separation h, with
an amplitude of about 55 nm at a frequency of Ω ≈ 250 kHz. The tip radius R
(∼ 40nm) is specified by the manufacturer. The parameters of the effective spheroid
L and complex factor g are empirical parameters, which have been derived from
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phenomenological comparison between experiment and theory in previous work.
Detailed information can be found in [158,161,170,171].
The s-SNOM experiments in this work were carried out at NEASPEC GmbH and
the NanoPhotonics group CIC02 at nanoGUNE in San Sebastian, Spain. The first
experiment was imaging of a printed layer from top with a commercial available
instrument at NEASPEC. For this experiment no special steps had been made. The
specimen, prints of silicon nanoparticles produced by high energy milling (p-type
wafer (ρ < 0.005 Ωcm, 90min milled)), were printed as described in section 3.1.3 on a
silicon wafer as substrate. For the second experiment, powder was milled from p-type
wafer (ρ < 0.005 Ωcm, 90min HE-milled) and cross sections of layers printed on
silicon wafer substrates were studied. Due to the high porosity of the printed layers,
the samples were embedded in resin (EPO-FIX embedding resin, EMS Hatfield USA)
in order to stabilize the nanoparticle layer during the polishing process. Before
embedding, two layers were cut with a diamond saw and put together facing each
other. To ensure a low viscosity and penetration into all cavities of the printed layer,
the resin was heated to ∼ 50 ◦C and exposed to vacuum 5 times repeatedly. After that,
the layer was allowed to dry for 24 hours before being polished mechanically, instead
of using the focused ion beam. The cross sections were mechanically polished in order
to prevent contamination of the silicon nanoparticles with the gallium beam used with
FIB. An optical micrograph of the specimen used is shown in Fig. 3.10. The samples
used for both s-SNOM experiments were layers, printed on wafers (ρ = 1− 10 Ωcm)
as a substrate. As described above the AFM operates in intermittent contact mode
where the tip oscillates perpendicularly to the sample surface (z-direction) at its
resonance frequency of Ω ≈ 250 kHz with an amplitude A ≈ 55nm. Piezo actuators
control the position of the tip, using a feedback loop in order to keep the tapping
amplitude constant. The measurements were carried out with a tunable mid-infrared
CO2 laser between k = 936 cm−1 and k = 1069 cm−1 (λ = 10.68−9.35µm) measured
by grating spectrometer. For interferometric detection of the light backscattered
from the tip, a Michelson interferometer, based on a ZnS beamsplitter (Fig. 3.11),
is employed. Light transmitted by the beam splitter is focused onto the AFM tip
by a parabolic mirror with a numerical aperture of approximately 0.5. The same
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Figure 3.10: Optical micrograph of the set-up of the sample used for s-SNOM. Two layers of printed
silicon on a Si wafer substrate were put together with the prints facing each other.

mirror is used to collect the backscattered light as shown schematically in Fig. 3.11.
The collected light interferes with the reference beam obtained from the reflected
light of the beam splitter. The detector used to detect the interference field between
the backscattered light and the reference beam is a Mercury Cadmium Telluride
(MCT) detector. The near-field images are obtained by scanning the sample below the
probing tip and recording the backscattered light simultaneously with the topography.
A visible laser can be overlapped with the CO2 laser for alignment purposes [158].

3.2.4 Raman spectroscopy

As with other optical spectroscopy techniques, Raman spectroscopy can be applied
non-invasively under ambient conditions in almost every environment [172]. In the
Raman effect, incident light is inelastically scattered from a sample and shifted in
frequency by the energy of its characteristic phonon frequencies vibrations. Since its
discovery in 1927, the effect has attracted attention from a basic research point of view
as well as a powerful spectroscopic technique with many practical applications [172].
For this study, a WITEC alpha 300 AR raman spectroscopy system was used under
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Figure 3.11: Schematic configuration of the s-SNOM used for this work. Mid-infrared CO2 laser, BS
– beam splitter; AN – attenuator; BC – beam combiner (e.g. ITO glas slide); VIS – visible laser for
adjustment; (f-)MI – (flipable-)mirror; L – lens. [158]

ambient conditions, to investigate layers printed from acrylic ink (90 minute milled
p-type wafer, ρ < 0.005 Ωcm) on paper substrate. The alpha 300 AR is equipped
with an UHTS spectrometer, and an IDUS-CCD camera (width 1024 pixels, height
127 pixels and full vertical binning read mode). For excitation a frequency doubled
NdYAG laser with 532nm was used.
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3.3 3-D reconstruction of printed layers

For the tomographic reconstruction of a printed layer, a series of SEM images prepared
using a FIB-SEM was used. The series was obtained by slicing a a fully printed diode.
For stability during the cutting, the diode was embedded in EPO-FIX embedding
resin (Electron Microscopy Sciences, Hatfield, PA, USA), as described previously.
The resin was allowed to cure for 24 hours before the experiment was carried out.
The instrument used (FEI Helious NanoLabTMDualBeamTM FIB/SEM) was aligned
to cut slices of the printed diode with a thickness of abround 11nm using 24 pA beam
current at an accelerating potential of 30 kV . Overall 618 slices were cut to collect
data for a volume of about 6×6×6µm3. The 3-D tomogram was reconstructed from
−75 to +75 degrees image series by SIRT algorithm using the Insepct3D software
(FEI Co, Netherlands) at CIC nanoGUNE, Spain. Subsequently the tomogram
was visualised in UCSF Chimera version 1.8, a freely available computer software
package [173,174].

3.4 Electrical characterization of fully printed

diodes

The electrical characterization of the printed diodes was carried out using a Keithley
4200 semiconductor characterization system (SCS). The instrument was used to
determine the current versus voltage characteristic of the printed diodes at room
temperature. Used with a double Faraday cage, to prevent electronic noise or
interferences from nearby electrical systems, this system enables high accuracy
measurements with a current and voltage resolution of 1 pA and 2µV respectively,
using two source measurement units (SMU). The enclosed double Faraday cage
also serves as a shield for any source of light that may result in photo induced
conduction [108]. For DC I-V measurements, the 4200 SCS Source Measure Unit
(SMU) was connected to the bottom electrical contact of the diodes while the ground
unit (GNDU) of the system is connected to the top electrical contact. The connections
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3 Experimental

Figure 3.12: Equivalent circuitof the SCS set-up used for I-V characterisation.

were then tested with a digital multimeter to check the continuity between the printed
devices and the electrodes. Figure 3.12(a) shows the equivalent electrical circuit used
to carry out the I-V measurements. The SCS was set to sweep the source through
a voltage range of either -20V to +20V, -15V to 15V, -10V to +10V or -5V to
+5V with steps of 0.2V, 0.15V, 0.1V or 0.5V respectively. A hold time of 5 seconds
and sweep delay of 100 milli seconds was set to allow for current settling after each
sweep. The measurements were carried out under ambient laboratory conditions.
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4 Morphology and internal structure of
silicon nanoparticles

In previous work it has been shown that the charge transport in a printed silicon
nanoparticulate system is limited by the properties of the interface between the
particles and is best described as a hopping percolation transport [109]. Hence, in
order to understand the observed charge transport through the percolative network
of printed silicon nanoparticles, the particles themselves were investigated before
printing. In this chapter the focus was on the investigation of the surface of the
particles produced by high energy milling (as described in chapter 3.1.1). This helped
to provide a baseline for similar studies for particles in printed layers to investigate
whether there was a change in oxidation state and clustering of the particles during
the ink making and printing processes described later in chapter 5.

4.1 Scanning electron microscopy (SEM) and

focused ion beam (FIB) on Si-NP

The particles investigated were produced with high energy milling as described in
chapter 3.1.1. Using this technique and the same milling regime, nanoparticles with
a log-normal size distribution with a median of around 100nm were produced [38].
Newer measurements using ultra-small-angle X-ray scattering(USAXS), also suggest a
similar particle size of about 80nm [93,110]. Hence the milled nanoparticles are large
enough to prevent size-related (e.g. quantum) electron confinement [175,176], wich
enables charge transport between particles. Figure 4.1(a) shows a low magnification
image of n-type silicon particles drop-cast onto a silicon wafer (see section 3.2.1).
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Figure 4.1: (a) drop-cast n-type Si-NP on a polished wafer. (b) higher magnification of a large
particle, showing that the surface of the particle is covered with small nanoparticles, and (c) focused
ion beam section showing that large particles show an internal structure.

Particles with sizes from the nanometre scale up to a few micrometers can be seen.
A higher magnification of a particle is shown in Fig. 4.1(b), revealing that some of
the milled particles are covered with clusters of very small nanoparticles on their
surfaces. This feature has not only been seen on particles drop-cast but was also
observed in micrographs of particles in the dry powder which has not been in solution
before. Even after dispersion in methanol the particles form loosely aggregated small
clusters, which in turn are grouped together at different positions on the wafer.
In order to investigate whether the large particles have an internal structure, a
focused ion beam study was performed. Fig. 4.1(c) shows a section of the particle
shown in Fig. 4.1(b). The particle clearly shows an internal structure near the
surface of the particle (blue square). The observed structure inside the particle can
be explained if the particles form large clusters of nanoparticles after or during the
milling process as the used feedstock for the milling process was monocrystalline.
This internal structure could be observed with most particles that were cut with FIB.
Therefore it can be concluded that the powder feedstock used for ink preparation
contains nanoparticles as well as clusters of nanoparticles with sizes up to a few
micrometres.
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4.2 High resolution transmission electron

microscopy (HRTEM) on Si-NP

A series of HRTEM micrographs of 5hr milled n-type silicon is shown in Fig. 4.2.
The micrographs were taken from powder, drop-cast onto a carbon coated holey
grid, using the TEAM 0.5 [177, 178] instrument with a 80 kV electron beam (see
chapter 3.2.1). The measurements were performed approximately six months after
the particles were milled. Figure 4.2(a) shows a large area TEM image of silicon
nanoparticles produced by high energy milling. It can be clearly seen that the
particles form clusters (Fig. 4.2(a)), and in the image overlap by a large extent (Fig.
4.2(b)). However, in these micrographs it is possible to determine the exact boundary
of the individual particles making up the cluster (Fig. 4.2(c)), unlike in previous
lower resolution studies [108, 109]. The morphology of the particles is similar to

Figure 4.2: Series of HRTEM micrograph with increasing magnification, taken approximately six
month after the particle production. (a) low magnification TEM image of a group of small clusters of
silicon nanoparticles. (b) TEM micrograph showing the boundary of individual particles making up a
cluster, and (c) HRTEM image of an overlay of a large crystal (lower) and a particle (left).

that previously reported for metallurgical silicon nanoparticles, with most particles
being irregularly faceted and slightly prolate [36, 110]. The particles form loosely
aggregated small clusters, which in turn are grouped together at different positions
on the TEM grid, often forming an extended network.
Previous work on silicon nanoparticles showed that the particles have no capping
layer [36–38], with the majority of the surfaces being <111> or <100> faces. How-
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Figure 4.3: HRTEM micrographs of grains showing the near surface area of (a) <100> lattice plane
extending almost to the surface of the paticle, (b) surface region of a silicon nanoparticle with <111>
lattice orientation, and (c) silicon nanoparticle with a size of around 10nm.

ever, islands of a disordered surface regions were seen near edges. These aspects
have been further investigated in this work using an instrument with a much better
point-to-point resolution as well as reduced delocalization (see 3.2.1).
A high resolution image of the near surface region of a single particle, shown in figure
4.3(a), clearly shows the <100> silicon lattice planes extending almost to the surface
of the particle, without indication of a thick disordered surface layer. However, the
image shows that the particle has a thin disordered surface layer with a thickness of
about two atomic layers (< 5 Å) on its surface. Figure 4.3(b) shows the near surface
region of a silicon nanoparticle with <111> lattice orientation. This micrograph also
shows a thin amorphous layer outside the disordered layer on its surface. The same
features are seen with much smaller particles as shown in Fig. 4.3(c).
Although this thin surface layer might be a natural silicon oxide, it is also possible
that it is a carbon phase originating from the sample preparation. A similar lack of
oxidation has also recently been seen in smaller <111> faceted silicon nanoparticles
produced by hot wire chemical vapour synthesis [79]. To compliment the data
obtained from the HRTEM micrographs X-ray photoelectron spectroscopy has been
carried out.
In previous studies, investigation of the Si 2p X-ray photoelectron emission shows
predominantly Si2+ oxidation states and low intensity emission from the Si4+ ox-
idation state [143]. If all the Si is in its 4+ oxidation state, due to the presence
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of a uniform stoichiometric oxide layer, for excitation with Al Kα X-rays and an
exponential escape probability for the photoelectrons [179], the thickness of this
layer can be estimated to be 0.35± 0.1nm [143]. This thickness corresponds to less
than one monolayer of stoichiometric oxide and is in good agreement with earlier
estimates based on a determination of the total oxygen concentration [35]. This
applies to all investigated nanoparticles, irrespective of the used feedstock.
In the above it has been shown that for high energy milled particles of different
feedstock, but using the same milling regime, the surface is likely to be not completely
devoid of oxygen but contains the equivalent of nearly a monolayer of SiO [143].
Energy transfer in the milling process not only breaks the particles into smaller
units, but during milling firstly strain as well as dislocations and subsequently grain
boundaries are introduced into the crystal structure. There is, however, no indication
of amorphisation, and hence within the particles charge transport is expected to be
equivalent to that in crystalline silicon [39].

4.3 Elemental mapping of silicon nanoparticles

For this study HAADF STEM images were obtained using a FEI Titan 60-300
electron microscope operated in STEM spectral imaging mode at the electron
microscopy laboratory at CIC nanoGUNE in San Sebastian, Spain. Fig. 4.4 shows a
drift corrected STEM image of particles drop-cast onto a holey grid (n-type Si-NP,
ρ < 0.001 Ωcm, milled for 5hr). Elemental mapping was performed using Energy-
dispersive X-ray spectroscopy (EDX).
A large area STEM image of the drop-cast particles is shown in Fig. 4.4(a). The
shadowing visible in this image shows, that particles are clusters or that they are
overlapping. However, in this 2-D representation a conclusive interpretation is not
possible. Elemental maps of the zoomed area, marked with the rectangle in Fig.
4.4(a), are shown in Fig. 4.4(b) and Fig. 4.4(c) respectively. The orange colour in
Fig. 4.4(b) represents the oxygen content, whereas green in Fig.4.4(c) shows the
silicon distribution.
The elemental maps shown in the figures reveal that there is only an incomplete
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layer of oxygen (orange) on top of the silicon nanoparticles (green). Furthermore
the elemental analysis shows, that the oxygen layer is fairly thin. However it can be
seen that an small area shows a thick oxygen layer (arrow in Fig. 4.4(b)). This is in
good agreement with the HRTEM micrographs shown above which revealed that
there is no thick, continous oxide layer but only a thin disordered surface layer, and
some small islands of disordered surface regions (see chapter 4.2) on the particles
investigated.

Figure 4.4: (a) large area STEM image of silicon nanoparticles, and elemental maps of the zoomed
area marked with the rectangle of (b) oxygen, and (c) silicon.
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Figure 4.5: 3-D tomograms of 5hr milled silicon nanoparticles

4.4 3-D tomogram of silicon nanoparticles

In order to reveal the shape and connectivity of the silicon nanoparticles, 3-D to-
mograms were reconstructed from TEM images as decribed in chapter 3.3. Fig. 4.5
shows different views of a tomogram produced from TEM images of the same area,
used for elemental mapping discussed in chapter 4.3 above. One particle is marked
with an an arrow for reference between the images. This particle is not visible in
Fig. 4.5(c).
It can be seen that the particles have a disperse size distribution and form agglom-
erates of particles with different sizes, which is in good agreement with the size
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distribution expected from particles produced by high energy milling and micro-
graphs shown above. Furthermore the tomogram reveals that the particles have
surfaces with relatively smooth facets and good connectivity. These characteristics
are important features the particles need to form a percolative path when used as
the active material in a screen printable ink discussed later in this thesis.
In comparison to the features seen in the STEM images shown above in chapter 4.3,
it can be seen that the particles form chain-like networks of particles, what is not
possible to distinguish in a two dimensional projection. Furthermore it can be seen
that small particles are attached to the surfaces of larger particles which is in good
agreement with the TEM study presented later in this thesis.

60



5 Morphology and internal structure of
printed silicon nanoparticulate
networks

In the previous chapter the microstructure of silicon nanoparticles, produced with
high energy milling was discussed. In this chapter the microstructure of printed
silicon nanoparticulate networks will be presented. Firstly, an overview of the
printed layers using scanning electron microscopy (SEM) is shown, followed by an
investigation of printed networks using electron microscopy combined with mechanical
cross sectioning. In order to obtain a more detailed picture of the interfacial and
network characteristics of the printed layer a rigorous high resolution transmission
electron microscopy (HRTEM) study was performed on a cross-sectioned lamella.
This lamella was prepared using focused ion beam (FIB) milling as described in
chapter 3.2.2. This HRTEM study helped to provide a more detailed information
about the interfacial and network characteristics of the printed layers. Information
obtained by electron microscopy is supported by Raman spectroscopy, and preliminary
mid-infrared scattering type near field optical microscopy (IR s-SNOM) studies are
discussed at the end of this chapter.

5.1 Scanning electron microscopy

As previously demonstrated, high energy milled particles were used to formulate an
aqueous ink [37,38,109]. In addition to the water-based ink printed, solvent-based
inks printed on paper are also investigated in this thesis [143]. Screen printing
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Figure 5.1: Low magnification surface view SEM micrograph of a printed silicon layer (a) printed
with water-based ink with acrylic binder, and (b) solvent-based ink using ethyl cellulose as a binder. (c)
shows a higher magnification micrograph of the layer shown in (a), and (d) shows a higher magnification
micrograph of the layer shown in (b).

these semiconducting silicon layers avoids complex semiconductor processing and
post-processing steps such as thermal annealing. In Fig. 5.1 top-view micrographs
show the typical features of water based and solvent based inks, using n-type silicon
(ρ = 0.008− 0.02 Ωcm, milled for 5hr). Fig. 5.1(a) and (b) show low magnification
images of layers printed with the two different binders used. It can be seen that
both printed layers have rough surfaces, and that both printed layers are highly
porous. The surface of the layer printed with water-based ink (Fig. 5.1(a)) has a
small number of large pinholes. In contrast, the layer printed with solvent based ink
((Fig. 5.1(b))) generally has smaller pinholes but they are much higher in number.
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Figure 5.2: (a) high magnification micrograph of a layer printed with a water based ink, and (b)
ethyl cellulose based ink.

The higher magnification micrographs of layers printed with water-based ink (Fig.
5.1(c)) and with solvent based ink (Fig. 5.1(d)) respectively reveal that the printed
layers also exhibit roughness on a smaller scale. In these micrographs it is difficult to
distinguish individual particles. However, it can be seen that both inks form layers
of interlocking clusters with sizes up to a few micrometres. In the micrographs the
layer deposited from water-based ink appears to show a higher packing density than
that printed with the solvent based ink.
Fig. 5.2 shows higher magnification SEM micrographs of the silicon layers. Similar
features can be observed for both the layer printed with water-based ink (Fig. 5.2(a))
and solvent-based ink (Fig. 5.2(b)). Here small particles with sizes down to less than
50nm can be observed. Furthermore it can be seen that the small particles form
interlocking clusters and a self similar web of clusters. The micrograph also shows
the high porosity and generally low packing density of the printed layer at a very
small scale.
It is obvious from the above observations, that microscopy of the surface alone does
not provide full information of the printed layers. To investigate the microscopic
features and the internal structure of the printed semiconductor layer a cross-sectional
view of the layers is necessary. As a first approach this was carried out with silicon
layers printed on paper using 80% particle loading by relative weight for both types
of inks.
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Figure 5.3: SEM micrographs of printed silicon cross sectional cuts on paper substrate. (a) in water
based, and (b) in solvent based binder.

By simply cutting printed layers with a sharp blade, without embedding them in resin,
possible dissolving of the printed layer due to the solvent of the resin is prevented.
Fig 5.3 shows micrographs of the cross-section of the layers printed with water-based
ink (Fig. 5.3(a)) and solvent-based ink (Fig. 5.3(b)). These micrographs also reveal
that there is no significant difference noticeable in the microstructure of the layers
produced with these two binder systems at this magnification. The thickness of
the layers was seen to be of the order of 25 ± 10µm which is in good agreement
with previously reported thickness of printed silicon layers using metallurgical grade
silicon [109].
The micrographs again show the formation of the interlocking clusters, which is one
requirement for charge transport, as these are the structures which form a percolation
network. On the other hand the micrographs in Fig. 5.3 also show the porosity of the
layer. Due to the tearing forces involved during sample preparation, some features
of the sample might have been damaged which makes it necessary to investigate the
cross-sectional views with another technique at a higher magnification.

The micrographs shown above clearly reveal that the printed layers are highly porous.
The non-uniformity of the surface seen in the low magnification micrographs is
probably a result of the mesh pattern of the screen used for printing, and the
thixotropic behaviour of the ink. This is in good agreement with previously reported
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work for layers also printed with silicon inks using water-based binder [109]. The
low scale roughness as well as the porosity and low packing density of the print
observed in the higher magnification micrographs can be explained by the disperse
particle size distribution which is a result of the production process of the silicon
nanoparticles (see chapter 3.1.1). It was shown with cross section micrographs, that
layers printed from silicon ink with a particle concentration of 80% showed excellent
layer integrity and mechanical stability.
All results presented here are also in close agreement with results obtained in
previous works for layers printed with metallurgical grade silicon inks showing that
the formation and macro scale features of printed silicon layers are independent of
silicon feedstock and the binder system used [108,109].

5.2 High resolution transmission electron

microscopy of interfacial and network

characteristics of printed silicon

To investigate the microscopic as well as the mesoscale features of printed silicon
layers a cross sectional study was performed on thin slices of printed layers, produced
with a FIB/SEM as described in chapter 3.2.2. Fig. 5.4 shows a lamella cut from a
printed layer with an ink, containing 80% silicon particle (p-type, ρ < 0.005 Ωcm)
loading by relative weight. The TEM images shown below were obtained using a
FEI Titan 60-300 electron microscope equipped with imaging Cs-corrector at 300
keV beam energy at the electron microscopy laboratory at CIC nanoGUNE in San
Sebastian, Spain. The TEM image taken at a relatively low resolution shown in
Fig. 5.4 reveals the overall structure of the printed layer. Three distinctive regions
can be clearly seen: (I) in Fig. 5.4 shows the silicon wafer used as substrate. Here
the contrast with dark contours (marked with red arrows) is due to bending of the
lamella. (II) shows the printed layer and (III) shows the diamond membrane used
to cover the printed layer and prevent damage to the lamella during preparation, as
well as a region of the Pt filling used to stabilize the lamella. The inhomogeneity of
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Figure 5.4: Overview TEM-micrograph of the lamella produced of a printed layer, showing the distinct
features of the sample. Region (I) shows the silicon wafer used as substrate, (II) shows the printed
layer, and (III) shows the diamond membrane used to cover the printed layer

the Pt filling is due to thickness variations of the Pt deposited. However damage
to the sample could not be prevented in full, hence different artefacts arising from
the FIB milling process are also visible. The light parallel lines visible in Fig. 5.4,
marked with (1), are milling artefacts of the ion beam. The darkest regions marked
with (2) are residual platinum deposited to cover and fill the lamella (see chapter
3.2.2). Furthermore the white structures (3) in Fig. 5.4 are unfilled holes.
Within the printed layer several distinctive feature can be seen. The areas marked
with (4) are large mono crystalline particles. Due to the short milling time of only
90 minutes and the general particle production process during milling a disperse
size distribution is expected. Although very few in number compared to the smaller
particles, the larger structures dominate the image. These also have a light contrast
with dark contours due to bending, similarly to the wafer substrate (region (I)). A
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Figure 5.5: (a) TEM micrograph showing the interface of large monocrystalline particles and nano-
phase crystals. (b) Higher magnification image of a interface showing defect generation.

grey layer, with internal structure, covering some of the mono crystalline particles is
marked with (5). A few particles have a spotty and streaky diffraction contrast (6)
corresponding to a high concentration of defects, due to the preparation process of
the particles.
A higher magnification micrograph, Fig. 5.5(a), of the same lamella shows the
region surrounding a part of the larger particle (4) seen in Fig. 5.4. The edge of
the particle on the left hand side seems to be straight with only one small particle
attached to it. However, the top surface of the large crystalline particle is decorated
by smaller particles (5). The interface is not clearly visible, indicating a close contact
of the crystals. The origin of the small crystalline nanoparticles at the surface is
not conclusive, but might be an indication of the milling process where attrition is
happening (see chapter 3.1.1) or may result from smaller particles being pushed into
the surface of the large particle during milling. This situation is also visible around
a few smaller particles. In Fig. 5.5(b) another low magnification TEM micrograph
of the interface (dotted line) between a smaller particle (4) and the nano-phase
crystals (5) is shown. It can be again seen that the particles do not show a significant
separation between them. An extended defect can be seen in the large particle,
marked with an arrow. Defects like these are produced during the milling process
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Figure 5.6: Interaction of Si nano-crystalline phase with silicon crystals. There is a direct contact
between the lattices of the particles without a clear separating interface.

when the particles are cleaved into small pieces. The contours visible in the larger
particle which indicate stress fields can be seen to cross this defect, suggesting that
these originate from flexing of the lamella after the sample preparation.
A higher magnification micrograph of this interface is shown in Fig. 5.6. It clearly
shows that the smaller nanoparticles are attached to the surface of larger particles.
It can be seen in the micrograph that there is a direct contact between the lattices
of the two crystals (green circles). This close contact, without the particles having
a significant capping layer (see chapter 4.2) enables the observed charge transport
throughout the percolation network described later in chapter 6.
That the silicon nano crystals are randomly oriented can be seen in Fig. 5.7 which
shows a higher magnification of the area marked with (5) in Fig. 5.5(a). A qualitative
image analysis of the micrograph shown in Fig. 5.7(a) of the orientation of the nano
crystals is shown in Fig. 5.7(b), where the orientation of the lattice is colour coded.
For this purpose the <111> lattice fringes were analysed and the different colours
reflect the azimuthal orientation of the fringes. Green indicates horizontal (on the
page) fringes, blue 45◦, pink 90◦ and red 135◦ tilt.
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Figure 5.7: (a) HRTEM micrograph of nano crystalline particles. (b) Qualitative image analysis of
the crystal orientation. Intensity corresponds to appearance of the <111> lattice, orientation is colour
coded, green indicates horizontal (on the page) fringes, blue 45◦, pink 90◦ and red 135◦ tilt

As there is no visible contrast in lower magnification micrographs of this region it
might have been concluded that this is a mono crystalline particle and therefore the
constitution of the printed layer is falsely interpreted. In reality the close contact
between particles formed and connected with these nano-phase crystals are poly-
crystalline even though they appear to be homogenous in most scanning electron
micrographs. These small nano-phase silicon crystals can be found at the surface of
almost every larger silicon crystal, and might be a key to form connections between
large clusters of particles with each other.
A more important feature, that might originate from the milling of the particles
used to print the layer is shown in the TEM micrographs in Fig. 5.8. The structures
(i) on the left in Fig. 5.8(a) are clusters of particles, whereas on the right a single
large particle (ii) can be seen. The dark regions (iii) are Pt deposited to fill in the
lamella. The high magnification micrograph in Fig. 5.8(c) shows that the smaller
particles are polycrystalline, in contrast to the large particle which is a defective
single crystal. Energy transfer in the milling process not only breaks the particles into
smaller units, but during milling firstly dislocations and then grain boundaries are
introduced into the crystal structure as seen in Fig. 5.5. Again there is no indication
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Figure 5.8: TEM micrographs of a printed silicon layer in a cross-sectional view at four different
magnifications.

of amorphisation, and hence within the particles charge transport is expected to be
equivalent to that in polycrystalline silicon. In Fig 5.8(c) it can also be clearly seen
that the silicon lattice planes in both particles are in contact with each other. There
is no silicon oxide layer hindering charge transport between the particles. The dark
line visible in Fig. 5.8(b),(c) & (d) is an optical artifact which can be reproduced in
simulations, occuring because the grain is very thick and slightly tilted.
In addition it can be seen in Fig. 5.9 that some of the nano-phase silicon crystals
are encased by a thin amorphous layer, marked as (7). This is a light amorphous
polymer layer on the surface of the particles, remaining from the binder used to
prepare the ink, as described in chapter 3.1.2. The thickness of this layer is up to
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Figure 5.9: HRTEM micrograph showing that the size of nano-crystalline silicon (marked with (5) is
about 5nm. Some crystals have a light amorphous capping layer (7).

5nm but could only be found on few particles and some particles are not covered
completely. As this thin layer is not present between all particles, it does not hinder
the charge transport much, and its presence is in good agreement to the expected
amount of about 9% binder left after the layer is cured (see chapter 3.1.2).
In summary combined SEM and HRTEM studies reveal that the silicon particles,
according to their milling state, are either polycrystalline or single crystalline de-
pending on their size. No amorphisation occurs due to energy transfer in the milling
process. Furthermore, the particles are in close contact, which is the requirement
for percolation driven charge transport [39]. Because the micrographs shown are
of a printed layer which is produced using a water-based ink, it can be concluded
that wet processing of the particles does not change the surface state of the particles.
The nanoparticle surfaces are not only stable under ambient atmospheric conditions,
but no surface oxidation is formed in aqueous environments. The mesoscale features
described above are supported also by topological models derived from ultra-small
angle X-ray scattering (USAXS) experiments [93,95]. Additionally it has been shown
by SAXS that these small primary clusters are stable throughout the ink preparation
and printing processes, and are generally independent of the ink chemistry [93] and

71



5 Morphology and internal structure of printed silicon nanoparticulate networks

Figure 5.10: (a) optical micrograph of the area scanned with the Raman microscope, (b) shows an
average spectrum of all the acquired spectra during Raman imaging.

flow processes during deposition, whereas larger structures are sensitive to these
parameters [95].

5.3 Raman spectroscopy of printed silicon

For this study Raman spectroscopy was performed on printed silicon layers. The
data were obtained from a top view spectrometer under ambient conditions with no
special precautionary steps, as described in chapter 3.2.4. The parameter used for
imaging are summarized in table 5.1.
Fig. 5.10(a) shows the optical micrograph of the imaged area, seen through a 100x air
objective (NA = 0.9). Due to the rough composition of the silicon print it can be seen
that large areas marked with arrows are not in focus. The red frame in Fig. 5.10(a)
marks the area scanned in Raman imaging mode. Fig. 5.10(b) shows the average
spectrum of all aquired spectra during Raman imaging. It shows characteristic
Raman bands of silicon at 520± 3 rel. 1/cm (1st order Si) and 956± 3 rel. 1/cm (2nd
order Si). In addition there is no C −H stretching peak visible in the spectral range
2800− 3000 rel. 1/cm, which may give hints for organic components in the printed
ink. However, there is a non characteristic shoulder at the low wavenumber side
of the Si peak marked with an arrow in the spectrum which cannot be explained
conclusively. This feature could be attributed to either the ω1 band of the Si-O-
Si configurations [180], to a contribution from the shifted Si peak due to phonon
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Table 5.1: Image scan parameters used.

Image scan:

Points per Line: 150

Lines per image: 150

Scan width: 15

Scan hight: 15

Integration time [s]: 0.08

confinement in small particles [181], or to a contribution from a well known amorphous
silicon band at 480 rel. 1/cm [182,183].
Figure 5.11(a) shows the intensity distribution of the 1st order Si band over the
surface area analyzed. The intensity variations shown in Fig. 5.11(a) of this band
reflects again the high roughness of the sample. The red and blue lines in the
image mark the positions where the cross sections (shown in Fig. 5.11(b)) were
measured. Due to the frequency doubled NdYAG laser with 532nm wavelength,
used for excitation, only particles with a size larger than the diffraction limit of
368nm could be detected (see double peaks in Fig. 5.11(b)). This gives a strong
indication, that some particles have a diameter below this value.
By applying a Gauss fit to the recorded Raman spectra, the precise position of

Figure 5.11: (a) shows the intensity distribution of the 1st order Si band and the lines used for cross
sections (red and blue line) of the imaged area. (b) Cross sections of the intensity distribution of the
1st order Si band.
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the 1st order Si Raman band and its width can be determined. The shift of this
Raman band may be connected with deformation of the silicon lattice and possible
particle size, whereas variations of the width of the Raman bands can be related
to the crystallinity of the sample and the dispersion of the size distribution. The
image shown in Fig. 5.12(a) shows the variation of the centroid and the image in Fig.
5.12(b) shows the width of the 1st order silicon band respectively. Due to the high
surface roughness of the printed layers (see also chapter 5.1) the results presented
above may not be representative for the whole sample. For the printed silicon layers,
Raman spectroscopy reveals that the printed silicon nanoparticles are defective and
have a different crystallinity, which is in good agreement to the HRTEM study
discussed in chapter 4. The non characteristic shoulder of the 1st order Si band at
520 rel. 1/cm might be due to the islands of disordered surface regions described in
chapter 4.2, particularly if these are oxygen related. However Raman microscopy is
not suitable for a precise spatial analysis of the printed nanoparticulate network used,
because most of the particles are smaller then the diffraction limit of the microscope
used.

Figure 5.12: (a) shows the center of mass of the 1st order Si band, and (b) shows the width of the
1st order Si band.
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5 Morphology and internal structure of printed silicon nanoparticulate networks

Figure 5.13: Calculated near-field amplitude s2 and phase ϕ2 signal for varying free carrier concentra-
tion in n-doped Si at λ = 10.73µm (ω = 932 cm−1) and varying free carrier concentration [158,184].

5.4 Scattering type near-field optical microscopy

of printed silicon layers

In order to circumvent the resolution related restriction of Raman spectroscopy, mid-
infrared scattering type scanning-type near-field optical microscopy (IR s-SNOM) has
been performed on printed silicon layers. This technique can overcome the diffraction
limit, experienced with Raman spectroscopy discussed in 5.3 above. In particular,
IR s-SNOM provides a high spatial resolution typically in the 10nm range [168].
For this study, layers printed from highly doped n-type silicon nanoparticles produced
by high energy milling were investigated. Fig. 5.13 shows the calculated near-field
amplitude and phase signal for varying free carrier concentration in doped silicon [184].
For this calculation the monopole model described in chapter 3.2.3 has been used.
It can be seen that for a carrier concentration of > 1019 cm−3 the near-field signals
show characteristic changes, with local amplitude s minimum and maximum and
as a local phase ϕ maximum occuring for free carrier concentrations in the range
1019− 1020 cm−3. Therefore simultaneous amplitude and phase contrasts in near-field
images are suitable for samples printed with highly doped silicon nanoparticles.
As a first experiment surface imaging of a printed layer using highly doped silicon
nanoparticles was performed, but due to the high surface roughness > 1µm (as
previously shown in chapter 5.1) imaging using s-SNOM was not successful. As the
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5 Morphology and internal structure of printed silicon nanoparticulate networks

Figure 5.14: Overview of the area imaged using IR s-snom, (a) is showing the topography, and (b)
the amplitude signal micrograph.

s-SNOM is based on an atomic force microscope (AFM) rough surfaces introduce
atrefacts in the both amplitude and, especially, in the phase signal of the scattered
radiation. In order to overcome these problems, the printed layers were stabilized
by embedding them in EPO-FIX resin (see chapter 3.2.3). After curing for 24
hours the layers were mechanically polished to a suitable smoothness before being
used for s-SNOM (see Fig. 3.10 in chapter 3.2.3). The wavelength used for these
measurements was 9.26µm (1080 cm−1).
An overview of the area imaged is shown in Fig. 5.14. Fig. 5.14(a) shows the
AFM image of the topography, revealing that the surface roughness is about 700nm,
including a clear depression in between the two printed layers. This depression is
the resin used for embedding, which is softer than the silicon and hence the surface
is lower after mechanical polishing. On the silicon however, the sample shows no
significant surface roughness and is therefore suitable to be used with IR s-SNOM.
Fig. 5.14(b) shows the third harmonic infrared amplitude images (s3). The green
arrow indicates the low doped silicon substrate used as reference, whereas the bright
silicon grains with a much higher amplitude are indicated by the blue arrows. These
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5 Morphology and internal structure of printed silicon nanoparticulate networks

Figure 5.15: (a) is showing the topography, and (b) the infrared amplitude (s3) signal, and (c) the
phase (ϕ3) signal.

bright grains also show a strong phase contrast. Next to the bright grains there
are also grains with lower amplitude visible (red square). Topography and infrared
amplitude (s3) and phase (ϕ3) images, of the third harmonic, of the area marked
with the red square are shown in Fig. 5.15. The topography of the selected area is
shown in Fig. 5.15(a), the infrared amplitude and the phase images are shown in Fig.
5.15(b) and Fig. 5.15(c) respectively. It can be seen that the topography only shows
a slight gradient from top to bottom which results from a slight tilt of the polished
surface. Additionally it can be seen that the particle does have an internal structure.
This internal structure, areas of brighter and darker contrast with different sizes, can
be clearly seen at the infrared amplitude (s3) and phase (ϕ3) images shown in Fig.
5.15(b) and Fig. 5.15(c). This can be explained by the fact that this object consists
of small crystals showing a variation in amplitude and phase of the printed silicon,
due to variations of the free carrier concentration of 10% to about 50%.
An additional feature can be seen with higher magnification imaging shown in Fig.
5.16. Fig. 5.16(b) shows an enlarged AFM topography micrograph, Fig. 5.16(c)
and Fig. 5.16(d) a similar amplitude s3 phase ϕ3 image of the particle marked with
the arrow in Fig. 5.16(a). Fig. 5.16(d) shows the near-field phase signal ϕ3 with a
scale from 0..180◦ together with a restricted scale from 0..18◦ shown in Fig. 5.16(e).
The bright ring in the near-field phase signal ϕ3 seen in Fig. 5.16(e) is an indication
that the free carrier concentration at the outside of the particle is about 10% lower
than inside. Furthermore it can be seen in all images that the small particles in the
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5 Morphology and internal structure of printed silicon nanoparticulate networks

s-SNOM images show almost no phase contrast, which may reflect a much smaller
free carrier concentration.
The reduced mobility observed above is in good agreement with previous work
for layers printed from metallurgical grade silicon [109]. This observation can be
explained by shifts of the optical phonon frequencies caused by different doping
levels or more likely local strain due to the production process, which reduces the
carrier mobility. However this experiment only suggests a reduced carrier mobility at
high-frequency (infrared) around 30 THz, whereas the DC mobility might be affected
differently.

Figure 5.16: (a) is showing the topography of the area shown above, and (b) the (AFM) topography
together with the amplitude image, and (c) the phase shift image of the particle marked with the red
arrow in (a).
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6 Device performance of printed silicon
nanoparticulate diodes

In previous works silicon nanoparticles have been used to print symmetric devices
in terms of the conductor used which, however, had non-linear I-V characteristics
[108, 109]. For this work the device production has been extended in a way that
different contact materials are used in order to get asymmetric current - voltage
behaviour. To achieve this goal, heterostructure devices were produced and examined.
In this chapter the I-V characteristics of the printed diodes and their analysis will
be discussed. To print these diode structures, the silicon nanoparticles produced
and characterized in previous sections were used. The electrical characteristics were
measured using a Keithley 4200 SCS as described in chapter 3.4, and the data were
exported to Origin 9.0 for further analysis. The devices can be seen as diodes with
two metal-semiconductor junctions, with the nanoparticulate layer serving as the
common semiconductor layer and the I-V characteristics of both junctions in the
device are determined by the alignment of the Fermi levels in the two materials.
Therefore they can be either ohmic or rectifying (see chapter 2.3). Hence diodes with

Figure 6.1: Equivalent circuit used to model heterostructure of the devices printed for this thesis.
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6 Device performance of printed silicon nanoparticulate diodes

different electrode materials are expected to show different behaviour depending on
the position of the Fermi level (work function) in each.

6.1 Asymmetric junction diodes

For these kind of devices a back to back diode model (schematic shown in Fig. 6.1)
can be used as the equivalent circuit. The mathematical description of this circuit is
two diode functions (see chapter 3.8) subtracted from each other giving:

I = I0 exp
(

eV

n0kbT

)
− I1 exp

( −eV
n1kbT

)
− (I0 − I1) (6.1)

where I0 and I1 are the saturation currents in reverse bias and forwards bias respec-
tively, n0 and n1 are the diode ideality factors.
As a first approach to produce rectifying devices, carbon nanotubes (CN), produced
by Canatu Ltd. Finland, deposited at Canatu on a PET substrate, were used as
a bottom contact. This was followed by a printed silicon layer, using 80% particle
loading by relative weight to an acrylic binder of nanoparticles produced from p-type
wafer (ρ < 0.005 Ωcm). To test the electrical characteristics of the Si-C junction
different electrode combinations were constructed. In the first approach aluminium
tape was used as the second contact. The GNDU of the SCS was connected to the
carbon, making this contact the anode of the device. Hence the diode parameters I1

and η1 in Eq. 6.1 should refer to this junction. Figure 6.2(a) shows the DC I-V curve
of a CN/p-si/Al-tape heterostructure, with an image of the device shown in the
inset. The diode was measured using a voltage sweep in steps of 0.16V starting from
−16V up to +16V . It can be seen from the graph, that the I-V characteristics are
non-ohmic and essentially non-rectifying. The device conducts in both directions at
around −8V and +6V respectively. Two non-ohmic current versus voltage relations
are observed on the graph resulting from the carbon nanotube / silicon and the
silicon / aluminium junctions. 5 diodes of this type were produced and measured
and they all show a similar behaviour. A fit based on Eq. 6.1, given by the solid line
in Fig.6.2(a), determines the saturation currents to be I0 = 1.8 · 10−4 ± 4.5 · 10−5 A
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6 Device performance of printed silicon nanoparticulate diodes

Figure 6.2: Room-temperature I-V characteristics of (a)CN/p-si/al-tape and (b) CN/p-si/ dupont
5000 silver ink

and I1 = 2.1 · 10−3± 4.2 · 10−4 A. Although the general behaviour of the I-V curve is
reproduced, the high diode ideality factors of η0 = 71±2 and η1 = 110±4 respectively
suggests that most of the applied voltage does not drop across the junctions, but
rather in the nanoparticulate silicon layer. Furthermore the electrical contact of
aluminium tape as a conductor is poor and possibly unstable due to the presence of
glue at the interface.
To improve the contact to the cathode a commercially available silver conductor
ink (Dupont 5000) was used to print the top contact material in a second approach.
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6 Device performance of printed silicon nanoparticulate diodes

Otherwise the set-up and measurement conditions were the same. Of the 10 diodes
printed, eight of these devices show similar results, but two of them have symmetric
I-V curves with a low resistance. This was caused by direct contact of the printed
silver ink with the carbon nanotubes due to bad registration of those prints.
The DC I-V characteristics, under ambient laboratory conditions, of a representa-
tive CN/p-si/Ag heterostructure are shown in Fig. 6.2(b) with a photograph of a
typical device in the inset. The saturation currents for this device were found to be
I0 = 8.9−8 ± 6.1−9 A and I1 = 1.48−7 ± 1.2−8 A respectively. Due to design related
differences (e.g the distance between the two conductor layers is different because the
devices were registered by hand during printing) the absolute values of the saturation
currents cannot be compared directly. However, the ideality factors were about the
same and found to be 100 ± 1 and 118 ± 2 for η0 and η1 respectively, compared
to η0 = 71± 2 and η1 = 110± 4 for the previous device with the aluminium tape
contact.

Figure 6.3: (a) Opposed diode produced with commercial available Dupont 5000 silver ink, P-si-NP
and carbon-NP ink, and (b) lateral design using the same materials.

In Fig. 6.3 similar diodes printed with commercial silver ink (Dupont 5000 or Pchem
PSI-211) as bottom contact but with a counter electrode printed using an ink mixed
with carbon nanoparticles are shown. The silicon ink, used for the active layers,
was produced with both p-type and n-type nanoparticles produced from wafers with
ρ < 0.005 Ωcm, and ρ = 0.008−0.02 Ωcm respectively. The carbon ink was produced
with milled nanoparticles as described in chapter 3.1. Both silicon inks as well as
the carbon ink were produced with 80% particle loading by relative weight. Using
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these inks two different designs (see chapter 3.1.3) were printed on paper. It was not
possible to produce a screen printable ink using graphene platelets.
The diodes were measured with the Keithley 4200 SCS using a voltage sweep in
steps of 0.1V starting from −10V up to +10V for the opposed and in steps of 0.2V
starting from −20V to +20V for the lateral design. As with the previous devices,
the carbon contact was connected to the GNDU, making this the anode. In order to
obtain the diode parameters, Eq. 6.1 was used as before.
For the opposed design 60 diodes were printed using p-type and n-type silicon respec-
tively. The yield for this design was with about 40% relatively low, whereas for the
lateral design 90 diodes were printed for each doping level with a yield of about 75%.
The higher yield of the lateral design is to be accounted for by the fact that the two
conductive tracks are not overlapping and therefore internal short circuits have not
been measured as often. However, the higher ideality factor and saturation currents
of the lateral design are due to the larger distance between the two conductors as
the charge has a longer percolation path to follow.
For the p-type diodes printed with the opposed design (Fig. 6.3(a)) the ideality
factors, η0 and η1, were found to be 60± 0.4 and 88± 2 respectively, whereas for the
lateral design (Fig. 6.3(b)) these were almost double at 137±0.7 and 193±2.2 respec-
tively. The respective saturation currents were found to be I0 = 8.7·10−6±3.0·10−7 A

and I1 = 1.3 · 10−5 ± 1.2 · 10−6 A for the opposed and I0 = 1.2 · 10−4 ± 3.3 · 10−6 A

and I1 = 2.6 · 10−4 ± 1.0 · 10−5 A for the lateral design.
In order to investigate the high diode ideality factor, compared to the previous
diodes, a cross section of the diode has been prepared using a Zeiss Auriga FIB.
Fig. 6.4(a) shows a photograph of the device used for cross sectioning, Fig. 6.4(b)
shows scanning electron micrographs of a p-type diode with lateral design. The silver
contact, beneath the silicon layer, is not visible in this figure. Fig. 6.4(c) shows the
cross-sectional image that clearly reveals that the carbon does not have good contact
with the silicon layer, which accounts for the device having a high overall resistance.
Additionally the poor contact between the silicon and carbon might also contribute
to the higher diode ideality factor. For the material combination presented above,
the DC I − V curve is non-ohmic and asymmetric under forward- and reverse bias.
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Figure 6.4: Scanning electron micrograph of a fully printed diode on paper.

The difference of the vacuum work function of the silver (0.47 eV ) relative to the
vacuum electron affinity of the p-type semiconductor (0.87 eV ) is similar, hence the
two are comparable and it can be assumed that the charge conduction is limited by
the carrier injection into Ag and C for the forward- and reverse bias respectively.
As both semiconductors, p-type and n-type silicon form Schottky barriers with
the contact, diodes using n-type silicon nanoparticles have also been produced the
same way. These show the same overall behaviour, but the p-type diodes show a
lower forward voltage. As the reverse leakage current is expected to increase with
lowering the forward voltage, diodes made of n-type silicon have been used in further
investigations.
For comparison diodes, using different doping levels of n-type silicon and a different
material for the counter electrode have been printed. The opposed design, as de-
scribed in chapter 3.1.3 was used because they exhibit a lower diode ideality factor.
For the bottom electrode two different commercial silver inks were used: Dupont
5000 containing silver flakes, and PChem PSI-211 containing silver nanoparticles.
For the active layer a water based, acrylic ink was used. The material used for the
counter electrode was a commercially available Dupont LuxPrint 7164 translucent
conductor (TCO). Diodes using the same doping level as for the diodes described
above were also printed with much lower doping level of the silicon. Fig. 6.5 shows a
representative I-V characteristics, measured from −10V to +10V of diodes printed
with nanoparticles produced from the lower doped n-type silicon with a nominal
resistivity of ρ = 1− 10 Ωcm (Fig. 6.5(a)) and from higher doped n-type silicon (Fig.
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6.5(b)). It can be seen that both diodes show a more symmetric behaviour than the
previously measured devices. Based on the fit of the data in Fig. 6.5(a), using Eq.
6.1, the diode parameters for the device with low doped silicon were found to be

Figure 6.5: Room temperature I-V curve using TCO as counter electrode and (a) low doped n-type
silicon NP (ρ = 1− 10 Ωcm), and (b) higher doped n-type silicon NP (ρ = 0.008− 0.02 Ωcm)

I0 = 2.9 · 10−8 ± 1.2 · 10−9 A and I1 = 3.2 · 10−8 ± 1.6 · 10−9 A, and the diode ideality
factors η0 = 92.4± 1.0 and η1 = 104.8± 1.6. These values confirm that the diode
has an approximately symmetric character compared to the previously described
devices. Fig. 6.5(b) shows the measured I-V characteristic of a diode printed with a
higher doping level of the nanoparticles used (n-type, ρ = 0.008− 0.02 Ωcm). It can
be seen that this diode shows a slightly more asymmetric I-V curve in the measured
range from −10V to +10V . By fitting the data using Origin, the diode parameters
were found to be I0 = 1.0 · 10−7 ± 6.0 · 10−9 A and I1 = 8.9 · 10−8 ± 1.5 · 10−8 A and
η0 = 81.0± 1.1 and η1 = 96.4± 3.4 for the diode ideality factors.
The same overall behaviour was reproduced for diodes printed using silicon with the
lower doping level, but with commercially available carbon ink (Dupont 7102) as a
top contact. No difference was observed in the diode behaviour between the diodes
printed with Dupont 5000 silver flake ink and PChem PSI-211 silver nanoparticle
ink as a bottom contact.
For the total of 420 diodes printed using Dupont 7165 translucent conductor and
Dupont 7102 carbon as top conductor for the opposed design the yield could be
increased to about 70% for diodes with an active area of 0.5 × 0.5 cm2. Printing
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diodes with an active area of 2.0× 2.0 cm2 only resulted in a yield of about 10% due
to the inhomogeneity and the high number of pinholes of the printed layer as shown
in chapter 5.1. Most of the large area devices had low resistance indicating direct
contact between the bottom and the top contact.
To obtain the behaviour of the diodes shown above, it is beneficial that a semiconduct-
ing material (in this case nanoparticulate silicon ink) with a high resistance prevents
charge equalization. The asymmetric charge conduction arises between the work
functions of the two (different) conductors with different barrier heights to the silicon.
For the function of these devices the detailed structure of the metal/semiconductor
junction is therefore not important, but it is, however, crucial that the metals are
kept apart to avoid charge equilibration. If the conductors were connected by a third
conductor the contacts would be ohmic. On the other hand, an insulator, as spacing
between the two conductors would not allow charge transport at all. Therefore the
two conductors need to be separated by something between a metal and an insulator
which does not allow charge flow without an applied electric field. This is achieved
by producing novel silicon nanoparticles, which maintain their semiconducting char-
acteristics due to their unique surface characteristics. These particles are required,
because they form a depletion layer to both conductors, allowing charge injection
into the semiconductor with different barrier heights. If only one of the two contacts
forms a depletion layer a Schottky diode will be formed. The high ideality factor
observed for the diodes printed with carbon NP ink as top contact is to be accounted
for because the current is limited by the carrier transport thought the nanoparticulate
silicon film. For an ideality factor as high as 200, it can be suggested that most of
the applied voltage drops across the nanoparticulate silicon layer rather than at the
barriers. It can be seen that the ideality factor of the diodes can be reduced by half
using different inks and higher doping level. For higher doping levels the ideality
factor, and hence the rectifying properties of the diodes, can be increased. However,
with using silicon nanoparticles with a nominal resistivity of ρ = 0.008− 0.02 Ωcm,
which equals a doping level of around 6 · 1018 cm−3, rectifying contacts cannot be
achieved.
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6.1.1 Diodes printed using a solvent based system

Planar diodes were also fabricated using solvent based ink systems for comparison
with the previously reported water based, acrylic devices. For the conductive layers
(using silver nanoparticles with 70% particle loading and graphene platelets with 80%
particle loading, see chapter 3.1.2) as well as the semiconducting layer (highly doped
silicon NP (ρ < 0.001 Ωcm)) inks were mixed using ethyl cellulose as the binder
and butyl cellosolve as the solvent respectively as described in chapter 3.1.2. It was
not possible to produce screen printable inks using multiwalled carbon nanotubes.
Figure 6.6 shows the I-V characteristics of a representative of the devices produced.
It can be seen that the device shows a non-linear but not fully rectifying behaviour.
Therefore it is reasonable to assume that an ohmic contact to the graphene could
not be achieved, even though a doping level of around 7 · 1019 cm−3 was used for the
silicon layer. Using ethyl cellulose as binder it was not possible to produce diodes
using other materials for the conducting layers. The obtained diodes showed a linear
I-V characteristic with a very low resistance indicating that the silicon was short
circuited. This result is due to the high number of pinholes in the ethyl cellulose
inks as described in chapter 5.1.

Figure 6.6: Roomtemperature I-V curve of a solvent based device using silver nanoparticle ink as
bottom contact, and graphene platelet ink as top contact.
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6.2 Fully printed Schottky diodes

In order to produce rectifying devices it is crucial to obtain one ohmic contact
with the other contact being non-ohmic. As described in chapter 2.3 there are two
possibilities in order to achieve an ohmic contact. One is to use a metal with the
work function being lower than the vacuum electron affinity of the semiconductor
used. However, because of the presence of interfering surface states this is not always
possible [112,114]. Another possibility to achieve an ohmic contact is to use a highly
doped semiconductor (see chapter 2.3.2.3). Since the thickness of the depletion
region b is inverse proportional to the carrier density b ∝ 1/n a higher doping level
reduces the width of the depletion layer (see chapter 2.3). Eventually the depletion
layer is thin enough so that electrons are able to tunnel through the barrier and
hence do not have an obstacle against injection into the semiconductor. With this
background, highly doped silicon nanoparticles (n-type, ρ = 0.001− 0.00102 Ωcm)
have been used to produce diodes with a single Schottky barrier. 240 Schottky diodes
were fabricated using the same n-type Si nanoparticles but with either commercially
available carbon and TCO as top contacts. Fig. 6.7(a) shows representative DC I-V
curves of fully printed diodes using both inks as the top contact (opposed design
with an active area A = 0.25 cm2, as described in chapter 3.1.3). The devices were
printed, using Dupont 5000 silver or PChem PSI-211 silver nanoparticle inks for the
bottom contact, and either Dupont 7102 carbon or Dupont 7165 TCO inks for the
top contact.
The I-V characteristics of these devices can be represented as a series combination
of a diode and a resistor (see chapter 2.3.2.2):

I = I0 exp
(
e(V − IRs)
η0kbT

− 1
)

(6.2)

where I0, and η0 are the same as above and Rs is a series resistance of the device
which is usually assumed to be independent of the voltage applied. A fit to the
measured data of both diodes, based on Eq. 6.2, is given by the red lines in Fig.
6.7(a). As seen in Fig. 6.7(a) the overall diode behaviour is reproduced for both
diode systems, and the ideality factors are drastically reduced in comparison with
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Figure 6.7: (a) Comparison of I-V Characteristics of fully printed Schottky diodes using Ag/Si/C
(black) and Ag/Si/TCO (cyan) structures. (b) lnI vs. V plot of both diodes and linear fit to the low
voltage forward bias of the diode with carbon as top contact (dashed red line).

the devices discussed in chapter 6.1. The diode ideality factors were found to
be 10.7 ± 4.2 for the carbon based diode and 15.6 ± 4.7 for the TCO based one.
However, the diode ideality factors are still high enough to suggest that most of the
applied potential does not drop at the barrier, but rather across the nanoparticulate
silicon layer. From equation 6.2 the saturation current density is found to be
1.1 · 10−7 ± 2.4 · 10−8 A

cm2 and the series resistance is found to be 5.8 ± 2.2 kΩ for
the carbon based diode. For the diode with the TCO anode the saturation current
was found to be 1.3 · 10−9 ± 4.8 · 10−10 A

cm2 and the series resistance is found to be
77.6 ± 7.5 kΩ. Using the measured I-V characteristics, the rectifying ratio, using
−5V and +5V of the devices were calculated. For the Ag/Si/TCO device the
rectifying ratio (IF/IR) is only approximately 86, but for the Ag/Si/C device it was
found to be about 7850. This behaviour can also be seen in Fig. 6.7(b) where a ln I
vs. V plot is shown. Using Eq. 2.26 and Eq. 2.29 (see chapter 2.3.2) the ideality
factor ηcarbon of the printed Schottky diode and the barrier height Φb of the can be
calculated from the forward I-V characteristics. The dashed red line in Fig. 6.7(b)
represents a fit of the logarithmic forward I-V characteristic of the Ag/Si/C diode at
low voltages. The barrier height of the diode with Ag/n-Si/C structure was calculated
to be 0.82± 0.1 eV and the ideality factor 7.5± 1.8. This ideality factor is within
the uncertainty in agreement with the diode ideality factor found directly using Eq.
6.2. Furthermore the calculated barrier height is in good agreement with previously
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Φb

This work Ag/n-Si 0.82± 0.10 eV
Schmitsdorf et.al. Ag/Si [185] 0.73± 0.11 eV

Guinea et.al. Ag/Si [186] 0.66± 0.04 eV
Aydin et.al. MIS system [125] 0.79± 0.02 eV

Table 6.1: Calculated barrier heights in comparison with the barrier height calculated for the system
produced for this thesis.

reported values for the silicon-silver junction of 0.73 eV [185] and 0.66 eV [186], and
0.79 eV for a MIS system [125] (see Tab. 6.1).
Except for this work, in the literature no data has been presented on the performance
of diodes based on printed silicon. However, a general comparison with diodes
produced from vacuum deposited silicon and other nanomaterials and printable
materials is useful to place the current results in context. An overall comparison of
the diode parameters for relevant examples, extracted from the literature is given in
Tab. 6.2. It can be seen, that the properties of the rectifying contacts produced in
this thesis are comparable with the other systems considered.
As a comparison with the materials system of the diodes presented in this thesis,
Altındal et.al. produced Au/n-Si Schottky diodes with a thin insulator layer (18Å)
where the metal–semiconductor (Au/n-Si) Schottky diodes were fabricated on n-type
(P-doped) single crystals silicon wafers. The experimental diode characteristics were
found to be 3.61 · 10−7 A

cm2 with an ideality factor of 2.878 and a rectification ratio of
342 [124].
Similarly Cd/p-Si Schottky barrier diodes (SBDs) with and without a native oxide
layer have been studied by Aydin et.al. The devices were produced using a polished
p-type silicon wafer with Schottky contacts formed by evaporation of Cd dots with a
diameter of about 1.0 mm and an aluminium ohmic contact [125]. Here the authors
reported a saturation current density of 2.06 · 10−7 A

cm2 with an ideality factor of 1.32
and a series resistance of 310Ω.
As an example of using nanostructured materials, K. Mohanata and A. J. Pal
[126] showed the ac response of rectifying junctions in ZnO nanowires grown from
ZnO crystalline seeds, formed by thermal decomposition of zinc acetate. Single
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Author system I0 [ A
cm2 ] η Rs [kΩ] IF/IR Ref.

This work Ag/n-Si with carbon 1.1 · 10−7 10.7 5.6 7850
This work Ag/n-Si with TCO 1.3 · 10−9 15.6 77.6 86

Altındal et.al. Au/n-Si 3.6 · 10−7 2.9 assumed to be 0 342 [124]
Aydin et.al. Cd/p-Si 2.1 · 10−8 1.32 0.3 100000 [125]

Mohanata & Pal ZnO nanowires - 5.8 15900 8.2 [126]
D. M. Taylor & H. L. Gomes Al/poly(3-methylthiophene) 13.3 · 10−12 4.48 - 2200 [127]
Z. Ahmad & M. H. Sayyad Al/methyl red 3.2 · 10−4 8.9 41.8 1.4 [128]

F. Wahab et.al. CoPC/p-Si 2.9 · 10−9 6.14 20.0 316 [129]

Table 6.2: Comparison of diodes produced in this thesis with diode systems in literature.

n+ − n junctions within the individual wires were produced by successive growth
of intrinsically doped n-type ZnO and extrinsically doped n+-type material for the
same period of time. The best rectification ratio was reported to be 8.2 for a growth
time of 90 minutes for the n-type and n+-type nanowires respectively with an ideality
factor of 5.8 and a series resistance of 15.9 MΩ.

At present Organic/inorganic heterojunctions are of widespread interest due to their
use in various electronic and photonic devices. A Schottky barrier formed between
aluminium and a conducting polymer precursor poly(3-methylthiophene) was shown
by D. M. Taylor and H. L. Gomes in 1995 [127]. More recently, for example Z. Ahmad,
and M. H. Sayyad presented the non-polymeric organic compound methyl-red in the
fabrication of the surface-type Schottky diodes with Al and Ag contacts [128]. The
Al/methyl red/Ag devices showed a saturation current density of 3.2 · 10−4 A

cm2 , a
diode ideality factor of about 9, and a series of about 42kΩ. However, the devices
had a very low on/off ratio of about 1.4 [128]. F. Wahab recently presented the
fabrication of an organic/inorganic heterojunction of cobalt phthalocyanine (CoPc)
with p-type silicon (p-Si) using vacuum thermal evaporation [129], which had a
saturation current of 2.96nA/cm2. The diode ideality factor was found to be 6.14
with a series resistance of 20kΩ and a rectification ratio of 316.

As performed in section 6.1, a cross section of a diode printed using a planar opposed
design is shown in Fig. 6.8. Fig. 6.8(a) shows the device used for cross sectioning.
The cross section was prepared in order to investigate the lower diode ideality factor
found. It was produced by embedding the layer in resin and mechanically polishing
as described in chapter 3.1.3. Fig. 6.8(b) shows the cross sectional SEM image of the
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6 Device performance of printed silicon nanoparticulate diodes

Figure 6.8: (a) Image of a device using opposed design (b) Cross sectional scanning electron
micrograph showing the internal structure of the device.

device printed on paper. It can be clearly seen, that the three layers of silver, silicon
and carbon form a compact, closely connected structure. Compared to the device
produced with milled carbon nanoparticles (see Fig. 6.4), the different contacts show
a very good contact to the silicon and hence allow charge transport with a lower
contact barrier. Although the general diode behaviour is reproduced for the I-V
curve, the high ideality factor 11 can be due to several different origins. Similarly
to the asymmetric junction diodes, which have even higher ideality factors of up
to 200, for the Schottky diodes the applied voltage under forward bias is higher
than it could be expected for any reasonable single barrier. As discussed previously,
due to the long percolation path for the charge in the silicon layer, a significant
fraction of the applied voltage does not drop at the barrier, but rather across the
nanoparticulate silicon layer. Other factors that could increase the ideality factor
are that interface states at a thin oxide between the metal and semiconductor are
formed and hence the current vs. voltage characteristics become nonlinear [187].
Furthermore tunneling currents become more important for highly doped silicon
and influence the diode ideality factor [188]. However, these effects all assume
spatially homogenous interfaces between the materials used. For the screen printed
ink, made of nanoparticulate silicon with a disperse size distribution on a rough
substrate, however, this assumption is not valid. As discussed in chapter 2 a further
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6 Device performance of printed silicon nanoparticulate diodes

contribution to the high ideality factor is possibly the influence of two-dimensional
band inhomogeneities resulting in different Schottky barriers for currents [123].

6.2.1 Internal structure of fully printed Schottky diodes

For the observed I-V characteristic, the most important feature is, that the silicon
nanoparticulate system forms a percolation path throughout the layer which allows
charge to be transported. Although Fig. 6.8 shows that the particles form clusters of
various sizes, it is not clear from this picture whether the silicon forms a continuous
percolation path throughout the printed layer. In order to investigate this a method
with elemental sensitivity is required. Fig. 6.9(a) shows a HAADF STEM image,
superimposed with an EDX image of the oxygen Kα1 emission (orange). In Fig.

Figure 6.9: (a) HAADF STEM image superimposed with an EDX image of the oxygen Kα1 emission
and (b) EDX elemental map revealing the internal structure of the silicon/silver interface of a printed
Schottky diode. The colours represent the different materials detected as follows: silicon - green, silver -
brown, carbon - red, platinum - turquoise, and iron - pink.

6.9(b) EDX images of different materials can be seen overlayed. Due to the fact,
that the specimen has been embedded for sample preparation, cavities in the porous
printed layer are filled with resin used for embedding. This is seen as detected
carbon which is coloured red in Fig. 6.9(b). Also from the sample preparation,
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6 Device performance of printed silicon nanoparticulate diodes

remains of platinum (turquoise) and and iron (pink) can be seen. Platinum was
used to stabilize the layer during the FIB-milling process, and iron might be due to
contamination introduced during mixing or milling the powder. The yellow layer
at the right of Fig. 6.9(b) indicates the silver nanoparticles, used for the bottom
contact. Silicon is represented as green. From the EDX image, it can be clearly seen
again, that the silicon forms clusters of various sizes. Oxygen is mainly found with
the iron contamination, but also with the carbon and platinum. There is however,
only a small amount of oxygen found inside or at the surface of the silicon clusters.
Occasionally oxygen is found attached to small islands on the silicon surface and
sometimes as a very thin layer on small particles. This is in very good agreement
with the results of the particle characterization, shown in chapter 4. However, this
elemental map does show that, in this two dimensional representation of the printed
layer there is no obvious percolation path.
In order to investigate the internal structure of a printed layer in full, it is therefore
necessary to reconstruct the three dimensional internal structure of a printed layer.
For this purpose, the first 3-D tomographic reconstruction of a printed silicon
nanoparticulate layer has been carried out for this work. A diode, printed on
paper was subsequently cross-sectioned with a FEI Helious NanoLabTMDualBeamTM

Figure 6.10: 3-D reconstruction of a printed silicon layer from 3 different view points.

FIB/SEM as discussed in Chapter 3.2.2. The reconstruction was created, using 618
individual slices with a thickness of 11nm. After imaging the data were processed
as discussed in chapter 3.2.2. Fig. 6.10 shows the results of the reconstruction, using
UCSF Chimera version 1.8. Platinum used to protect the printed layer during FIB
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6 Device performance of printed silicon nanoparticulate diodes

is visible on top of the printed layer. The dark red feature on the right of the centre
image (marked with the arrows) is the silver contact of the diode as seen in Fig.
6.8(b) and Fig. 6.9. The 3D-data reveal that the particles indeed form a dense
network of large clusters and clusters of clusters, which form an interlocking layer.
Furthermore it can be seen that although the printed silicon layer is porous, it forms
well defined percolation paths in 3 dimensions throughout the print which allows the
observed charge transport throughout the printed devices.
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7 Conclusion

The results presented in this thesis show that the devices printed on paper substrate
are Schottky barrier diodes, and hence a crucial component in printed electronics,
which has not been reported in literature so far, has been successfully developed.
The best diode characteristics were observed for devices produced using highly doped
silicon nanoparticles in a water based acrylic binder. These diodes, printed with
carbon as the anode, and silver as the cathode, have a lower saturation current
density and ideality factor compared to the other types of diodes produced, because
it is the silver that forms a ohmic contact with highly doped silicon. The other types
of diodes, which have low doped silicon, show a more symmetric I-V curve and have
higher values for the saturation current density and ideality factor. The saturation
current density in the diodes fabricated with highly doped silicon results in a lower
current under reverse bias. For forward bias, a low ideality factor enables a more
rapid exponential increase in conduction with voltage applied. Therefore as the value
of these parameters decrease it shows that quality of the diode improves. However,
using solvent based inks, it was only possible to produce asymmetric, non-rectifying
diodes even when using highly doped silicon nanoparticles.

In this thesis previous microscopy studies have been extended to investigate the
surface of the silicon nanoparticles in both the original powder and, more importantly,
for the first time the printed layers. In particular, detailed information of the internal
structure and the investigation of the surface of silicon nanoparticles allowed the
analysis of the ability of the particles to form a percolation path in the printed
layers. Using the TEAM 0.5 instrument, it could be shown with high resolution
transmission electron microscopy (HRTEM) that the particles are not capped with a
thick oxide layer but that there is a thin disordered layer with a maximum thickness
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of approximately 5Å at the surface of the silicon nanoparticles.
Furthermore, a rigorous HRTEM study on a lamella of a printed layer revealed
that the particles are in close contact, which is the requirement for percolation
driven charge transport. But the most important feature of the silicon nanoparticles
revealed in this work is that no surface oxide is formed in aqueous environments,
which makes the particles solution processable, and therefore printable, without
losing their semiconducting properties. Additionally to the HRTEM micrographs,
elemental mapping using high-angle annular dark-field images obtained with a
scanning transmission electron microscope (HAADF STEM) showed that there is only
an incomplete layer of oxygen on top of the silicon nanoparticles, and furthermore it
revealed that generally there is only a low oxygen content at the silicon nanoparticles.
To compliment the microscopic techniques used, 3-D tomographic reconstructions
of a single nanoparticle cluster and a printed silicon layer have been performed.
Using this technique it could be shown that the particles have in general smooth
faceted surfaces. The same result was found for the printed layer which forms a
3 dimensional network of interconnected clusters, thus allowing charge transport
through a percolation path.
To investigate the change in carrier density and/or mobility IR s-SNOM has been
performed. It could be shown that the carrier concentration in the nanoparticles,
compared to the feedstock used, is not significantly changed by the production
process. However, from the reduced amplitude and phase signals observed, there
is an indication of a reduced carrier mobility of the high-frequency (i. e. infrared)
mobility at 30 THz on the surface of large particles. Further investigation will be
needed because DC mobility might be affected differently.

The relationship between the microscale as well as nanoscale features and the
electrical properties is still an open ended question. This thesis has shown that silicon
nanoparticles produced by high energy milling can be utilized for the production of
Schottky barriers and that the surface properties of the particles are related to the
electrical properties of the layers produced by using these silicon nanoparticulate
system. Similar approaches should be used to study other nanoparticles used in
electronic ink systems.

97



7 Conclusion

For future work it would be helpful to investigate if the irregularity of the silicon
nanoparticle shape and size distribution has an influence on the performance of the
devices produced. Therefore it could be investigated if more regular crystallites
produce better performance or if a tighter size distribution results in a better
percolation. Additionally it could be investigated what techniques beyond high-energy
milling could be used to produce silicon nanoparticles for electronic applications.
This might give an insight to the question if roughly spherical particles would
perform better. To some extend this has been done in early structural [35,76,79] and
electrical [189,190] studies with nanoparticles produced by chemical vapour synthesis.
Furthermore it should be investigated if liquid phase chemical synthesis results in
usable nanoparticles or if nanoparticle surface functionalisation results in electrically
inactive films, or if there are other means to produce silicon nanoparticles that might
result in a better electronic material. Other important future studies would be the
investigation of how to produce better electrical contacts with the printed silicon
layer to enhance the diode performance.
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A. Devices printed for this thesis

For this thesis two different types of inks were produced, namely solvent and water
based acrylic inks. In Tab. A.1 devices printed using the solvent based ink are listed.
For these devices ETHOCELTM ethyl cellulose and CELLOSOLVETM butyl (Dow
Chemical) were used as the binder and solvent respectively.

material combination binder layout substrate #
bottom contact silicon nanoparticles top contact

custom Ag NP P-type B < 0.001 Ωcm custom graphene solvent opposed paper 60

custom Ag NP P-type B < 0.001 Ωcm custom carbon nanotubes solvent opposed paper 60

custom Ag NP N-type Ph 0.001 − 0.00102 Ωcm custom graphene solvent opposed paper 60

custom Ag NP N-type Ph 0.001 − 0.00102 Ωcm custom carbon nanotubes solvent opposed paper 60

Table A.1: Overview of all devices printed using solvent based ink for this work.

For the water based acrylic ink, two different designs were printed. Firstly the lateral
design and secondly a opposed design. The devices printed using these designs are
listed in Tab. A.2 and Tab. A.3 respectively.

99



Appendix

material combination binder layout substrate #
bottom contact silicon nanoparticles top contact

Canatu carbon nanotubes P-type B < 0.005 Ωcm aluminium tape acrylic lateral PET 5

Canatucarbon nanotubes P-type B < 0.005 Ωcm Dupont 5000 silver acrylic lateral PET 10

Dupont 5000 silver P-type B < 0.005 Ωcm Dupont 7164 TCO acrylic lateral paper 120

PChem PSI-211 P-type B < 0.005 Ωcm Dupont 7164 TCO acrylic lateral paper 30

Dupont 5000 silver P-type B < 0.005 Ωcm custom carbon NP acrylic lateral paper 90

PChem PSI-211 P-type B < 0.005 Ωcm custom carbon NP acrylic lateral paper 30

Dupont 5000 silver P-type B < 0.005 Ωcm Dupont 7102 carbon acrylic lateral paper 90

PChem PSI-211 P-type B < 0.005 Ωcm Dupont 7102 carbon acrylic lateral paper 30

Dupont 5000 silver N-type Ph 0.008 − 0.02 Ωcm Dupont 7164 TCO acrylic lateral paper 120

PChem PSI-211 N-type Ph 0.008 − 0.02 Ωcm Dupont 7164 TCO acrylic lateral paper 40

Dupont 5000 silver N-type Ph 0.008 − 0.02 Ωcm custom carbon NP acrylic lateral paper 90

PChem PSI-211 N-type Ph 0.008 − 0.02 Ωcm custom carbon NP acrylic lateral paper 40

Dupont 5000 silver N-type Ph 0.008 − 0.02 Ωcm Dupont 7102 carbon acrylic lateral paper 90

PChem PSI-211 N-type Ph 0.008 − 0.02 Ωcm Dupont 7102 carbon acrylic lateral paper 90

Table A.2: Overview of all devices using acrylic binder an lateral design printed for this work.

100



Appendix

material combination binder layout substrate #
bottom contact silicon nanoparticles top contact

Dupont 5000 silver 2503 metallurgical grade silicon Dupont 7102 carbon acrylic opposed paper 150

Dupont 5000 silver 2503 metallurgical grade silicon Dupont 7164 TCO acrylic opposed paper 150

Dupont 5000 silver P-type B 1 − 10 Ωcm Dupont 7102 carbon acrylic opposed paper 150

Dupont 5000 silver P-type B 1 − 10 Ωcm Dupont 7164 TCO acrylic opposed paper 150

PChem PSI-211 P-type B 1 − 10 Ωcm Dupont 7102 carbon acrylic opposed paper 150

PChem PSI-211 P-type B 1 − 10 Ωcm Dupont 7164 TCO acrylic opposed paper 150

Dupont 5000 silver P-type B < 0.005 Ωcm Dupont 7164 TCO acrylic opposed paper 60

Dupont 5000 silver P-type B < 0.005 Ωcm custom carbon NP acrylic opposed paper 60

Dupont 5000 silver P-type B < 0.005 Ωcm Dupont 7102 carbon acrylic opposed paper 60

PChem PSI-211 P-type B < 0.005 Ωcm Dupont 7102 carbon acrylic opposed paper 60

PChem PSI-211 P-type B < 0.005 Ωcm Dupont 7164 TCO acrylic opposed paper 60

Dupont 5000 silver P-type B < 0.001 Ωcm Dupont 7102 carbon acrylic opposed paper 120

Dupont 5000 silver P-type B < 0.001 Ωcm Dupont 7164 TCO acrylic opposed paper 120

PChem PSI-211 P-type B < 0.001 Ωcm Dupont 7102 carbon acrylic opposed paper 120

PChem PSI-211 P-type B < 0.001 Ωcm Dupont 7164 TCO acrylic opposed paper 120

Dupont 5000 silver N-type Ph 1 − 10 Ωcm Dupont 7102 carbon acrylic opposed paper 150

Dupont 5000 silver N-type Ph 1 − 10 Ωcm Dupont 7164 TCO acrylic opposed paper 150

PChem PSI-211 N-type Ph 1 − 10 Ωcm Dupont 7102 carbon acrylic opposed paper 150

PChem PSI-211 N-type Ph 1 − 10 Ωcm Dupont 7164 TCO acrylic opposed paper 150

Dupont 5000 silver N-type Ph 0.008 − 0.02 Ωcm Dupont 7164 TCO acrylic opposed paper 60

Dupont 5000 silver N-type Ph 0.008 − 0.02 Ωcm custom carbon NP acrylic opposed paper 60

Dupont 5000 silver N-type Ph 0.008 − 0.02 Ωcm Dupont 7102 carbon acrylic opposed paper 60

PChem PSI-211 N-type Ph 0.008 − 0.02 Ωcm Dupont 7102 carbon acrylic opposed paper 60

PChem PSI-211 N-type Ph 0.008 − 0.02 Ωcm Dupont 7164 TCO acrylic opposed paper 60

Dupont 5000 silver N-type Ph 0.001 − 0.00102 Ωcm Dupont 7102 carbon acrylic opposed paper 120

Dupont 5000 silver N-type Ph 0.001 − 0.00102 Ωcm Dupont 7164 TCO acrylic opposed paper 120

PChem PSI-211 N-type Ph 0.001 − 0.00102 Ωcm Dupont 7102 carbon acrylic opposed paper 120

PChem PSI-211 N-type Ph 0.001 − 0.00102 Ωcm Dupont 7164 TCO acrylic opposed paper 120

Table A.3: Overview of all devices using acrylic binder printed in opposed design.
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