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Abstract

Additive manufacturing is an emerging and promising technology in biomedical,
automotive, avionic and electronic industries, allowing advantages in terms of cost,
weight reduction and efficiency upscaling respect to traditional manufacturing.
3D printing technologies offer high degree of freedom to customize products and
incorporate components such as passive circuitry elements and sensors.
The availability of inexpensive, reliable, electrically conductive material is a
necessary condition to fully develop the potential of 3D printing in industrial
applications customizing products which incorporate electrical elements. In the
electronic market to satisfy the increasing complexity of circuits layouts, while
reducing the need of printed circuit board assemblies, the more efficient solution
involves the incorporation of passive components in the layer-by-layer structure,
which is printed during the additive manufacturing process. The idea is to print,
directly through stereolithography, fundamental electronic components and sensors
and furthermore to exploit the bi-material system to manufacture in the same
printing process, conductive and isolating regions in up to overcome the idea of
flatness in printed circuit boards (PCBs) allowing the development of a complete
three-dimensional electronic. By in-process printing and the feasibility of a 3D bulk
structure, vias and nets may be designed targeting non-planar electronics, by which
a more compact layout geometry is obtained, enhancing the technology scaling by
leading to a device miniaturization. In this way 3D printing of electronic devices in
capable of enhancing the miniaturization of devices as outcome of its technology.
The main focus of this Ph.D. research activity held in Materials and Micro Systems
Laboratory of Politecnico di Torino (ChiLab) and in collaboration with Microla
Optoelectronics S.r.l., is to model the electrical conduction mechanism in 3D
printed composite material based on intrinsic conductive polymers. Several
PEGDA:PEDOT resin compositions were prepared and tested with different
concentration of the constituents, to evaluate through a design of experiment
conductivity optimization as function of the resin formulation. The physics related
to metal/polymer interface was tackled, to fabricate proper ohmic contact, while
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reducing the contact resistivity. Performing DC characterizations, AC impedance
and the broadband dielectric spectroscopies of multilayer 3D printed devices, a
rigorous analysis methodology was established to correlate the estimated quantities
to the process parameters, leading to a targeted optimization of the latter, regarding
a specific application of the 3D printed device. In conclusion, both a sophisticated
explanation of the electrical conduction mechanism in multilayer 3D printed
PEGDA:PEDOT devices discussed through comprehensive mathematical models
and a systematic methodology of impedancemetric analysis focused to the 3D
printed device optimization, regarding its functionality, were accomplished.
Finally, high-level experimental-numerical correlation between literature
conductivity models and measures, for several 3D printed tested devices, was
achieved leading to the proposition to exploit 3D printed PEGDA:PEDOT devices
in different applications, such as 3D printed high frequency embedded antenna
sensors or electronic traces in printed circuits for high speed signals ranging from
the digital to radio-frequency domain.

This work is composed of a first section in which an introduction to intrinsic
conductive polymers is described, with a direct focus on those used in a 3D printing
process, while in the second the main 3D printing technologies are presented, with
major focus on the Stereolithographic process. In the third section the principal
models explaining the arise of conductivity in intrinsic conductive polymers are
tackled, while the focus of the fourth section is on the charge transport mechanisms
involved when an external electrical field is applied to the polymeric device. In the
fifth chapter the measurements carried out to improve the electrical parameters of
the final 3D printed device, are reported with final prototypal applications.
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Chapter 1

Introduction to Polymers

A polymer is defined as a material composed of long molecular chains, constituted
by a repetition of covalent bonding of smaller molecules, which are referred as
monomers!!,

Polymers are classified into two macro families, based on the composition: organic
and inorganic polymers. The first are composed primarily of hydrogens and carbons
combined with different sulfur, oxygen or nitrogen atoms and they are widely used
as elastomers, plastics and films other than fibers, due to their high processability,
strength and low density, despite their brittleness at low temperature and
vitrification at high temperature properties'?!. The latter, instead, contain no organic
element and they are exploited mainly as precursor to ceramics, whereas their
structure is based on nitrogen, phosphorus, silicon and oxygen atoms.

According to their mechanical behavior, each polymeric material can be classified
in two separate families: plastics or rubbers (Figure 1), which are distinguished in
terms of Young’s Module. Since plastics exhibit higher values of stiffness, they are
more rigid compared to rubbers, whose flexibility is derived from a long-range
elasticity’®. Another classification is drawn up on the basis of the thermal
behaviorl¥, in fact plastics can be classified in thermoplastics or thermosets. These
terms describe the behavior of the material in terms of the variation of an applied
temperature, causing different type of processability. Overheated thermoplastics
pass to a viscoplastic state and flows as a result of crystallization or reaching the
glass transition temperature. Thermoplastics are characterized by the reversibility
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of this melting process and benefit of this enhancing their processability. On the
other hand, thermosets, on heating, are subjected to irreversible internal chemical
reactions, setting the material to a given shape.

POLYMERS
long chain molecules

|

PLASTICS
rigid materials

l
RUBBERS
flexible materials

TPEs i
********** thermoplastic A
elastomers
v l v
THERMQPLASTICS THERMOSETS VULCANIZED
uncrosslmk.ed, heat rigid, crosslinked RUBBERS

reversible flexible or rigid

FIBERS COMPOSITES

thermoplastic thermoplastics and
polymer thermosets

Figure 1: Classification of polymers by properties.

A polymer is primarily an insulator. It would be fairly impossible to consider that
polymers or plastics might carry electricity. Their widespread use as an insulating
material is the primary reason they are investigated and developed. Indeed, these
materials are frequently used to encase copper wires and to construct the exterior
shells of electrical gadgets, which protect humans from direct contact with
electricity.

Property Conducting Polymers Metals Insulators

Electrical conductivity [S/cm] 10711 — 103 10 —10¢ 1020 — 1012
Electrons of conjungated ~ Valence electrons =

Carriers double bonds

Carriers density [cm3] =

Impurities effect Orders of magnitude Weak Strong

Magnetic behaviour Paramagnetism Ferro/Diamagnetism  Diamagnetism

Table 1: Physical properties of conducting polymers, metals and insulators.

Conjugated polymers are organic macromolecules having an alternating backbone
chain of double and single bondsP!. Their overlapping p-orbitals form a system of
delocalized m-electrons, which exhibits a variety of intriguing and useful optical and
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electrical characteristics, because they are covalently linked and lack the valence
band found in pure metals. It is well accepted that doping is an efficient approach
for producing conducting polymers (Table 1). Due to the development of
conduction bands, doping enables electrons to flow and as doping occurs, the
loosely bound electrons in the conjugated system are able to hop along the polymer
chain (Figure 2). When electrons move through polymer chains, an electric current
is generated. Polyacetylene, Polypyrrole, Polyaniline, and Polythiopene are all
examples of conjugated conducting polymers.

/N

o) o)
L4 N [\ A\
N a S° Iy S n
- H- - -
n n

Figure 2: Basic structure of conjugated polymer

While polyacetylene is one of the most widely researched conducting polymers, it
has several practical drawbacks, including its high instability in the presence of air.
As a result, the creation of novel types of conducting polymers has garnered
considerable attention. A notable exception is the family of Polyheterocycles
composed of polymers such as the aforementioned Polypyrrole (PPy) or
Polythiophene (PT), as well as Polyaniline (PANI) and Poly(3,4-
ethylenedioxythiophene) (PEDOT). These materials exhibit excellent thermal
stability, high conductivities and are facile to produce.

To understand why semiconducting polymers!®), such as conjugated polymers,
exhibit intriguing conductivity characteristics, it is necessary to understand how
polymers bind. The majority of organic molecules, in particular CHs molecules, that
is the chemical formula of methane, are composed of covalent bonds (Figure 3a).
In this molecule the valence shell, which is the outermost one of a carbon four
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electrons are contained, while for hydrogen there is just one negative charge. To
create a bond between the carbon and the hydrogen, the latter shares with carbon
one electron, resulting in a covalent connection with two shared negative charges.
The created ligand is referred to as sigma bond (c-bond). Due to the fact that carbon
has four electrons, the CH4 molecule is constituted of four sigma bonds, differently
angled due to electronic repulsion. Following considerations on the chemical
structure of ethane, CoHg (Figure 3b) assert it has a similar bonding structure to
methane, each carbon is connected through three different o-bonds to hydrogens
and by another o-bond to the other carbon and the structure is
specular for the other carbon.

Figure 3: a) CH4 covalent bond and 6-bond hybridized orbital; b) C,Hs covalent bond; c)
C,H4 covalent bond, o-bond in hybridized orbital, n-bond as hybridized orbitals; d) C.H,
covalent bond, -bond hybridized orbital.

When ethene or ethylene, C2H4, is introduced, the condition begins to improve
(Figure 3c). The carbon, as the other one, will still make with hydrogen a ¢-bond.
In the end through the overlapping of two p; orbitals a n-bond is formed (Figure 3¢
right). The electron-carrying link geometry, also called orbital,/”) starts to alter.
Whereas inside the molecule's sheet is contained the ¢ orbital and it is sandwiched
between two atoms, the  orbital extends up and down the molecule's sheet. In the
molecule of acetylene, CoH», the number of t orbitals increases (Figure 3d), because
the connection between carbon and hydrogen is unique, resulting in three unpaired
electrons for each carbon atom, which creates with the other carbon one ¢ and two
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7 hybrid orbitals, created through the orbital overlapping of a couple of p, with
another couple of py.

Considering the bonding properties of [C:Ha], (polyethylene) and [C:Hz]n
(polyacetylene), to whom referred as polymers. In polyethylene, the binding can be
explained as a continuation of the process that occurs in ethane. Each carbon atom
is bound to two atoms of carbon and hydrogen, so that only single bonds contribute
to constitute the polymer distributing the electron density in the intermediate space
of the atoms. Due to the fact that these localized electrons are unable to travel large
distances, polyethylene is an electrically insulating substance. In comparison,
polyacetylene's bonding is an extension of ethylene's. When the bonding between
the carbon atoms is examined, it is noticeable that they all are ¢ orbitals, although
st-bonds of hydrogens contribute to delocalize electron around the polymeric chain.
When a sequence of 7t orbitals is uniformly spaced and near in proximity to one
another, these orbitals might begin to interfere causing the electron to delocalize
and this is the reason because the m-conjugation of the molecular structure increases
the electron mobility enabling the polymer to conduct.

Another remarkable property of m-conjugated polymers is their vibrant coloration,
meaning their capability to absorb and re-emit photons in the visible spectrum. To
comprehend this characteristic, the bonding must be examined again, considering
the orbital energy levels. In the molecule of H2, each atomic orbital generates a ¢
bond and additionally a hybridized orbital (i.e. anti-bonding orbital) is created,
denoted by the symbol *, as presented in Figure 4a. The 6* bond has more energy
respect to the 6 one and since electronic states are occupied starting from the lower
energy, the bonding state is occupied by the two electrons from each hydrogen. The
bonding state (o) is also referred to as the HOMO (“highest-occupied molecular
orbital”) in this situation, as it is the state at higher energy still containing electron
charges. In comparison, the anti-bonding state (c*) is referred to as the LUMO
(“lowest-unoccupied molecular orbital”), as it is the state at lower energy devoid of
electron charges!®!.
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Figure 4: Hybridized orbital energy level diagrams for a) H; b) C2Hs; ¢) CoHa; d) CoHa,
C4He, CsHio, and [C2Hz]x (i.e. polyacetylene).

Examining ethane once more, but focusing on the bond between the two carbon
atoms rather than the bond between the carbon and the hydrogen. Analogous to the
generation of ¢ bond and anti-bond for the H> molecule, the binding of the two
carbon atom is performed (Figure 4b). In the same way, CoHy4 forms a o state with
the anti-state. Additionally, n and * orbital are created (Figure 4c). In ethane, the
o state is the HOMO level, while the o* is the LUMO, and in ethylene, the © bond
generates the HOMO level and the n* the LUMO. In a n-conjugated molecule the
increasing number of double bonds leads to the formation of C4Hs, CsHio and
finally [C2Hz]a, causing the increase in the energy HOMO, while for the LUMO the
energy falls. Consequently, the conjugation length increases, so the HOMO-LUMO
energy gap shrinks (Figure 4d).

Investigating the optical absorption properties of organic polymers, the photon
1240 [eV'um]
A
‘A’ 1s the wavelength of light radiation. if ‘E’ is greater than the energy difference

between the HOMO and the LUMO, an electron can transitate to the LUMO across
the energy gap (Figure 5a), by absorbing the photon energy. After a characteristic
time constant 1, defined by the inter-level energy difference, the electron may decay
to the HOMO state, causing a photon to be emitted if the transition respect Fermi’s
golden rule. The wavelength of photon absorbed and emitted is proportional to the
difference in energies between the HOMO and the LUMO (i.e. energy gap).
Ethylene energy gap is such that the absorbed photon wavelength is included in the

interaction with a molecule is based on the photon energy, E = , where
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range of 0.1-0.4 um of UV light (Figure 5b), but this gap is narrow enough for
extended m-conjugated molecules that visible photons (wavelength 0.4-0.8 um) are
interacts with the energy level by absorption or emission®. For this reason, n-
conjugated orbitals enables not only the conduction of charges through the polymer,
but even absorption and re-emission of photons in the visible light spectrum, that
are critical characteristics for OLED and OSC based devices.

a) b) Higher . Lower
Visible Spectrum
T*LUMO 1 Tk Frequency Frequency
3 he/ ;
o > uv IR
0
| - +a - ' F—— —
400 500 600 700 800

Wavelength in nm

Figure 5: a) Photoexcitation transition energy levels diagrams of hybridized orbitals from
HOMO to LUMO due to photon absorption; (b) Visible spectrum of light.

1.1 Conductive Conjugated Polymers

Conductive polymers are a category of organic polymers capable of conducting
electricity!'%. These compounds might be metallic conductors or semiconductors.
The primary benefit of conductive polymers is their processability, which is mostly
achieved by dispersion. Conductive polymers are not typically thermoplastic, since
they cannot be thermoformed, however, they are organic compounds, similar to
insulating polymers. Although they exhibit excellent electrical conductivity, they
lack the mechanical characteristics of other commercially available polymers. The
electrical characteristics of the material may be fine-tuned implementing organic
synthesis processes and sophisticated dispersion techniques.

The major class of conductive polymers and copolymers are those with a linear such
as Polyindole, Polyaniline, Polyacetylene and Polypyrrole. Poly(p-phenylene
vinylene) (PPV)!'!! is a semiconducting polymer, which exhibits
electroluminescent properties together with its soluble.
Poly(3-alkylthiophenes) are archetypal material for transistors and solar cells
nowadays. A prior classification (Table 2) of organic conductive polymers is due
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to the constituent, specifically based on the content of the main chain, which
constitutes the backbone structure.

Heteroatoms present

Content of the main chain No heteroatom - -~ -
Nitrogen-containing Sulfur-containing
The N is in the aromatic cycle:
poly(pyrrole)s (PPY) The Sis in the aromatic cycle:
Poly(fluorene)s polycarbazoles poly(thiophene)s (PT)
Aromatic cycles polyphenylenes polyindol.es poly(3,4-ethylenedioxythiophene) (PEDOT)
Aromatic cycles polypyrenes polyazepines
polyazulenes The S is outside the aromatic cycle:
polynaphthalenes The N is outside the aromatic cycle:  |poly(p-phenylene sulfide) (PPS)
polyanilines (PANI)
Double bonds Poly(acetylene)s (PAC)

Aromatic cycles and double bonds | Poly(p-phenylene vinylene) (PPV)

Table 2: Classification of organic conductive polymers based on composition.

Multiple mechanisms contribute to the conductivity of these polymers. For
example, electrons in the valence band are bonded in covalent bonds which are sp*
hybridized in conventional polymers such as Polyethylenes. Electrons involved in
the 6 bond have a limited mobility, so they do not provide a significant contribution
to the material electrical conductivity. However, the situation is entirely different
with conjugated materials. Conducting polymers feature adiacent sp® hybridized
carbon centers, as their backbones in which each center has one valence electron in
a p, orbital, orthogonal to the other three o-bonds. All of the p, orbitals combine to
form a molecule-wide collection of delocalized orbitals. When the material is
"doped" by oxidation, which eliminates some of these delocalized electrons, the
electrons in these delocalized orbitals acquire a high mobility. Thus, the conjugated
p-orbitals create a one-dimensional electronic band, and when the band is partially
depleted, the electrons inside it become mobile, so that with a tight binding model,
the band structures of conductive polymers may be easily predicted. These same
materials can theoretically be doped by reduction, which adds electrons to an
otherwise empty band, although, the majority of organic conductors are oxidatively
doped to produce p-type materials. The redox doping of organic conductors is
comparable to the doping of silicon semiconductors, in which a tiny proportion of
silicon atoms are replaced by electron-rich, for example, phosphorus, or electron-
poor, for example, boron, atoms to form n-type and p-type semiconductors,
respectively.

While "doping" conductive polymers is generally accomplished by oxidizing or
reducing the substance, conductive organic polymers coupled with a protic solvent
may also be "self-doped"!!?].
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Conjugated polymers that are not doped are semiconductors or insulators. The
energy gap in such compounds may be more than 2 eV, which is too large for
thermally triggered conduction. As a result, undoped conjugated polymers such as
Polythiophenes and Polyacetylenes have a very poor electrical conductivity of
around 107'° to 10"® S/cm. Electrical conductivity rises many orders of magnitude
even at a relatively modest doping level (1%), reaching values of about 10! S/cm.
Subsequent doping saturates conductivity at values between 10? and 10* S/cm for
various polymers. The highest conductivity values recorded to far are for stretch
orientated polyacetylene, with verified values of around 8:10* S/cm. Although
polyacetylene n-electrons are delocalized along the chain, pure polyacetylene is not
a metal. Polyacetylene is composed of alternating single and double bonds with
lengths of 1.44 A and 1.36 A and its conductivity rises as a result of the bond
modification. Conductivity enhancements without doping are also accomplishable
using a field effect transistor (organic FET or OFET) and irradiation. Additionally,
certain materials show negative differential resistance and voltage-controlled
"switching," similar to inorganic amorphous semiconductors.

Despite extensive study, the connection between morphology, chain structure, and
conductivity is not completely defined, nowadays, while it is generally thought that
increased conductivity results may be achieved from a higher degree of
crystallinity!'¥ and better chain alignment, this has not been demonstrated for
polyaniline and was only recently proven for PEDOT, which is mainly amorphous.

Conductive polymers have been used in commercial displays and batteries to
demonstrate their potential as antistatic materials. They may also be useful in
printed electronic circuits, actuators, supercapacitors, organic light-emitting diodes,
chemical and bio-sensors, as well as in flexible capacitive touch sensors,
electromagnetic shielding, and possibly as a replacement for the popular transparent
conductor indium tin oxide in organic solar cells, as hole acceptor layer!!*!.

1.1.1 Extrinsically conductive polymers

Extrinsically conducting polymers are capable of acquiring conductivity due to the
presence of externally added components!!”. They are classified into three
categories:
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Conductive element-filled polymers: the polymer behaves as a binder,
binding the conducting components together to form a solid entity. The
percolation threshold is the lowest concentration of the conductive filler that

must be supplied to get the polymer to conduct (Figure 6).

Network formation

Tohd® «F‘;?

Electrical conductivity

]
J'\J
l'l \l ! :‘/\‘(_4‘:—;}
3‘;1’ Nl
1 AT -1‘ﬁj’§..;"':
CRCNT B

Filler concentration

Figure 6: Conductivity of composites increase with different networks and increase of
filler for carbon fibre (CF), carbon nanotube (CNT) and carbon black (CB); [1] before

percolation, [2] percolation, [3] above percolation.

Several important properties of these polymers include the following:

II.

I1I.

High bulk conductivity.

Less expensive.

Quite lightweight.

Mechanically robust and durable.

Processable into a variety of shapes, forms, and sizes.

R S

Blended conducting polymers: These polymers are created by physically or
chemically combining an isolating polymer with a conducting polymer.
These polymers are more processable and have improved physical, chemical,
and mechanical characteristics.

Coordination or inorganic conducting polymers : These polymers include
charge transfer complexes and are formed when metal atoms are combined
with polydentate ligands.

Extrinsically conducting polymers include those composed of a matrix of
poly(ethene) with a proportion of conducting carbon black (as powdered graphite).
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The material conducts when the carbon black particles are near enough to touch one
another, and it is an insulator if the particles are not in touch. This implies that the
degree of electrical conduction is temperature dependent. At elevated temperatures,
the poly(ethene) matrix swells and pushes the carbon black particles apart, reducing
conductivity. At lower temperatures, poly(ethene) shrinks, bringing the carbon
black particles closer together and improving the material conductivity. Due to the
conductivity temperature dependency, this material is frequently used in self-
regulating heater cables and re-settable circuit protection devices!'®l,

1.1.2 Intrinsically conductive polymers

The simplest intrinsically conducting polymer is poly(ethyne), also known as
poly(acetylene) (Figure 7). It is composed of a hydrocarbon chain with an
alternating pattern of single and double bonds; this is referred to as a conjugated
system!'7]. The p-orbitals that constitute the double bonds might overlap, resulting
in a delocalized m-system (similar to the one in benzene). The delocalised system
conducts electrons, allowing the polymer to conduct. Indeed, chemicals additives
(i.e. iodine) must be used to increase conductivity, guaranteeing that the polymer
exists as delocalised single and double bonds, rather than as localised. Suitably
doped poly(ethyne) can show conductivity equivalent to copper, when stretched to
align the chains in the same direction. While poly(ethyne) presents difficulties in
daily applications because to its susceptibility to attack by oxygen from the air,
other more durable polymers with conjugated systems also exhibit conductivity.

@

Double bond ()

/

Single bond

Figure 7: The backbone of polyacetylene is composed of conjugated double bonds.
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Intrinsically conductive polymers have a strong backbone composed of many
conjugated systems that contribute to their conductivity. They may be classified
into two types!'®l:

i.  Conducting polymers with a backbone containing conjugated m-electrons:
These polymers are primarily composed of a conjugated n-electron backbone
that carries the charge. The electrical field excites the conjugated m-electrons
in the polymer, which may subsequently be transferred through the solid
polymer. Additionally, the overlapping of conjugated m-electrons orbitals,
throughout the whole backbone, results in the development of valence and
conduction bands spanning through the entire polymer molecule. Conjugated
n-electrons improve the conductivity of polymers.

ii.  Doped conducting polymers: Conducting polymers are those that have been
doped by exposing them to a charged transfer agent in either gas or solution
phase. Doping is a technique that increases the conductivity of polymers by
oxidizing or reducing the polymer backbone to create a negative or positive
charge.

Doping may be classified into two types:
a) p-Doping : This is carried out through the oxidation process.
The conducting polymer is treated with a Lewis acid.
b) n-Doping : This is carried out by a reduction procedure. The
conducting polymer is treated with a Lewis base.

Intrinsically conductive polymers have a number of advantages.

1. Conductivity.

1. Capacity for charge storage.
1il. Proclivity for ion exchange.

1v. Absorption of visible light, resulting in a photoluminescence process.
v.  X-ray transparency.

The disadvantages of inherently conducting polymers include the following:

1. Lower conductivities than metals.
1. Not suited to be processed.
1il. Mechanical weakness.
1v. Decreased stability at elevated temperatures.

v. Degradation of conductivity during storage.
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1.2 Photo-activated conductivity in polymers

Different types of polymers can be sintered using a specific wavelength laser
radiation, which initiates a chemical reaction that results in polymerization, a
chemical reaction that polymerizes the chains. This process is known as
photopolymerization. Polymerization is a generic term that refers to any reaction
between monomers that results in the production of one or more polymeric chains
and, thus, the term photopolymerization refers to the synthesis of polymers by a
reaction between the chains, begun by the absorption of light radiation from the
polymerizing system. The radiation employed supplies just the initial energy
required to initiate the reaction and does not interfere with the process propagation
or termination stages.

Photoinitiators can be used to induce both radical and ionic polymerizations. They
are organic or inorganic substances that are thermally stable and capable of
absorbing substantial amounts of light with an absorption peak wavelength in the
ultraviolet or in the visible range. The photoinitiator function is to convert the
incident light energy into chemical energy in the form of reactants intermediates,
radical or excited state!!”]. The photoinitiator must have a high absorbance at the
wavelength of the incident radiation in order to undergo rapid photolysis and
generate the initiating species, resulting in a high quantum efficiency (a measure of
the efficiency by which light or other energy is converted or exploited)?"].

In the industrial sector, photoinitiators are commonly activated by UV radiation,
with wavelengths ranging from 300 to 400 nm. Controlling UV-sensitive reagents
is straightforward and does not require any particular precautions, beyond storing
them in areas protected from light sources and away from heat sources. The
polymerization process can be carried out at either room temperature or at lower
temperatures. Additionally, formulations can be employed without the need of
solvents.

UV radiation is required solely for the process's commencement (i.e.
photoinitiation); reactions such as propagation, chain transfer, and termination do
not require UV radiation. The latter are thermal reactions that are unaffected by
light radiation. The following diagram (Figure 8) illustrates the macromolecule
polymerization system:
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Radical reactions

RX —> R+ X° Activation
R+ M —> p; Initiazion
Pr + M ——> Pui Propagation
P? + Pn ——> Pum Termination by recombination
Pl + Ph ——> Pu + Pnm Termination by disproportion
Secondary radical reactions

pX <—> P+ X° Dissociation-Recombination
PX + A «———> P+ AX' Atomic transfer
P-X + P* «—> P+ XP Chain transfer

Figure 8: The photoinitiator reaction is depicted schematically following UV radiation
absorption on the R-X photoinitiator. The generation of reactive species such as R® and
X* radicals can initiate additional processes on M monomers, resulting in polymerization
and cross-linking of the polymer chains P via propagation and chain transfer. Finally, the
reaction can be terminated by the interaction of two P* radical chains. Additionally,
secondary radical reactions occur.

Photopolymerization is applied in different polymerization processes, such as
radical, cationic and anionic, sol-gel and controlled polycondensation. Considering
the synthesis of macromolecules through radical process, as it is typical of acrylate
polymers, the radical process?! occurs as a result of the generation of a free radical.
The latter is able to interact with the monomers or with the already formed chains
in the formulation, going to bind to the same monomer (or chain) forming a
macroradical, which, in turn, will proceed to bind with another monomer (or chain),
causing the molecular weight of the macromolecule to increase. The propagation of
the reaction is triggered by the interaction of the initiator with the light radiation,
which will react by transforming into a radical.

The creation of the first radicals is followed by the propagation stage, when the
linear elongation of polymer chains is due to the radical addition of monomers.
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This phase is continued until the chains are sufficiently long to form branches as a
result of interaction between the chains or chain transfers (macroradical polymer
chains react with a second monomer, where the RH monomer will donate its own
hydrogen to the chain turning into an R- radical and the polymer chain will end its
propagation). Polymerization can terminate due to three different causes:
recombination, disproportion and chain occlusion. Recombination occurs when two
radical polymer chains join to form a single polymer macro chain, increasing its
molecular weight. Disproportion occurs when the two radical chains do not join but
react, through a hydrogen transfer from one chain to the second, thus forming two
distinct polymer chains. Occlusion occurs when a free radical is used as a terminator
of the chain, going to extinguish the radical propagation. Radicals formation will
be one of the principal reasons of polarons and bipolarons formation in 3D printed
conductive polymers, as it will be discussed in Chapter 3.

Two types of compounds are used as photoinitiators for polymerization, differing
in their mode of generating reactive free radicals. After absorption of a photon from
incoming radiation, Type I initiators undergo fast bond cleavage. Type Il initiators
form excited states (i.e. triplet states) which are capable of exist for a certain period
of time, so that they can generate a second reaction, such as the hydrogen transfer,
leading to the creation of a radical'??].

Typically, photoinitiators of Type I contain aromatic carbonyl groups, which act as
chromophores. The formation of radicals occurs due to the absorption of light
radiation by the chromophores, which donates sufficient energy for the breaking of
the C-C bond adjacent to the aromatic group. The bond splitting appears to be more
advantageous than the singlet or triplet excited states, implying that the production
of a pair of radicals is preferable to the development of an excited state of the
molecule.

Similar to Type I initiators, Type II initiators include aromatic carbonyls aromatic
carbonyl chromophores, but require co-initiators to reach the radical excited state.
After photon absorption, the triplet excited state is more probable than the C-C bond
cleavage, because the triplet energy is less than the energy necessary to break the
bond. The triplet species, on the other hand, can react with a suitable co-initiator
(i.e. alcohol or an amine), extracting a hydrogen to a lower energy state and so
producing a radical on the co-initiator. Through correct mixing, both Type I and
Type Il initiators may be easily integrated into polymeric solutions.



16 Modelling and characterization of electronic conductivity in 3D printed
PEGDA:PEDOT polymer composites - High frequency applications

1.2.1 Photopolymerization

Photopolymerization is a subfield of photochemistry concerned with the absorption
of light by matter, namely molecules. In this discipline, light is seen as a reagent
capable of excite molecules and allow them to pass the activation energy thresholds
required for chemical processes to occur. Photoresists are often placed on surfaces
and are engineered to change their characteristics when exposed to light. These
modifications polymerize the liquid oligomers into insoluble cross-linked network
or breakdown the solid polymers into liquid products.

Negative resist polymers are those that create networks as a result of
photopolymerization. Positive resists, on the other hand, are those that degrade
during photopolymerization. Positive and negative resists have a variety of
applications, including the design and manufacture of microfabricated devices.
Photolithography developed as a result of the ability to design the resist using a
concentrated light source (Figure 9).

radiation

(UV,e”, X-ray, ions)
mask I

o om—

) r 1 resist
§i0p /— ]
{ :lj Si-substrate

e Sy

Develop _}

Positive Resist Negative Resist

Figure 9: Positive and negative photoresist comparison.

A photopolymer, known as a photo-resin, is a kind of polymer that reacts
chemically when exposed to ultraviolet or visible light. When oligomers or
monomers are exposed to light, they crosslink, creating a thermoset network
polymer and this process is also referred to as 'curing'. To be exact, light does not
immediately activate the majority of monomers or oligomers; a photoinitiator is
needed in this scenario. Light absorbed by a photoinitiator produces free radicals,
which initiate cross-linking events between a mixture of functionalized oligomers
and monomers, resulting in the formation of the cured film.
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Modelling the photopolymerization process of an acrylic SL (i.e.
Stereolithography) resin is extremely complicated, considering the presence of an
great number of chemical and physical variables, critical in this sort of process.
Several models are presented in the literature that allow the estimation of certain
parameters such as the reaction speed of the process, which is a function of the
concentrations of photoinitiators [I] and monomers [M].

The rate of polymerization!®*! of a generic polymer chain is determined by the rate
of monomer consumption, as shown in Eq. 1:

kp

t

Where R; is the reaction velocity of the initiators, whose concentration is denoted
by [1], kp and ki are the coefficients of the velocities of propagation and termination
stages, respectively and [M] is the concentration of monomers. In the case of a
photopolymerization reaction, the rate of the photopolymerization process is given
by Eq. 2:

k
Eq.2: R, = k1_z/)2[M]{§0 . 10(1 _ eG[I]b)}l/Z
t

Where ¢ is the quantum efficiency of the initial stage, Ip is the intensity of the
incident light, G is the extinction coefficient, b is the desired thickness of the
polymerized resin layer. These equations are true in case of a steady state condition.

The polymerization rate is related to both the monomer and the square root of the
initiator concentration (Eq. 3). The average molecular weight of the polymer may
be calculated as the ratio of the propagation and initiation rates.
According to Eq. 4, the polymer weight indicates the average kinetics of chain
length creation, vo:

0[M]

1
. —_ — ~ 2 . = ——p ~
Eq.3: R, = 5t [M{k[I]}2 — Eq.4: v, TARATILE

Eq. 3 and Eq. 4 are significant for the stereolithographic process and balancing the
concentrations of photoinitiators [I] respect that of monomers [M], the greater the
polymerization rate R, the more quickly the components are produced. Due to the
fact that SL resins are made up of monomers or oligomers, their concentration is
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considered to be constant. As a result, the only way to regulate both the rate of
polymerization and the chain formation kinetics is by controlling the photoinitiator
concentration.

1.3 PEDOT:PSS

PEDOT:PSS (Figure 10) is a polymer mixture composed of two different polymers.
PEDOT is a conjugated polymer composed of poly(3,4-ethylenedioxythiophene),
which is a hole carrier. The second component is polystyrene sulfonate, which

contains deprotonated sulfonyl groups that are negatively charged.

elelelelele]

SO;H SOsH S03  S03;H SO3H  SOsH

PEDOT

PEDOT:PSS

Figure 10: Chemical structures of poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS).

The conducting PEDOT:PSS grains are encased in an insulating PSSH-rich
layer?¥123126] with a thickness of about 37 A%, While percolation networks
improve the DC current conductivity, structural and morphological
inhomogeneities are obstacles for charge transfer and result in capacitive effects.
The electronic band gap of neutral PEDOT is about 1.5 — 1.7 eV, as determined by
the beginning of the m— n* absorption spectrum, with Amax at 610 nm matching to
its deep blue colour?”?8!. Even if PEDOT is not water-soluble, it may be coupled
with a water-soluble polyelectrolyte, poly(styrene sulfonic acid) (PSS), that
operates as a charge-balancing dopant during the polymerization process to produce
PEDOT:PSS. This compound is a dispersion with outstanding film-forming
characteristics, a high conductivity (about 10 S-cm™), a high transmittance of
visible light, and great stability.
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PEDOT:PSS thin films may be heated in air at 100 °C for over 1000 hours without
significantly changing their conductivity®® in the range of 1-10 S:cm™. In Figure
10, which depicts PEDOT and the most often used PEDOT:PSS mix, the PEDOT
chain is visible beneath the PSS chain, with one positive charge and one unpaired
electron creating a polaron. The PEDOT chain positive charge is balanced by the
PSS chain negative charge in the SO group. Only holes contribute to the electrical
conductivity of PEDOT:PSS. Electrons injected into the system will instantly
recombine at oxidized PEDOT sites. Electrochemical studies indicate that the
oxidation level per monomer is on the order of one charge per three EDOT units,
which suggests a hole density of around p = 3-10%° cm™ for PEDOT:PSS films.
Conductivity values on the order of 1000 S:cm™ are seen in highly conductive
sheets, meaning a hole mobility of p, =20 cm? V15!,

1.3.1 Electronic Structure

Starting the examination of the electrical structure of PEDOT:PSS by focusing on
the PEDOT component, which is composed of the conjugated polymer backbone
that confers the conducting characteristics. At the beginning, a very simple look at
a short chain of EDOT units is taken.

Considering a chain of 12 EDOT units, a quantum chemical calculation of the DFT-
B3LYP (i.e. Density functional theory — Beckel®®), 3-parameter®®!, Lee—Yang—
Parr®!l)  functional®®! to evaluate the level of the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) was
performed to get an initial understanding of their shape and localization, as well as
the energies of the associated levels and the energy gap. The HOMO results are
displayed in Figure 11, while the LUMO results are shown in Figure 12.

Figure 11: HOMO of a chain of 12 EDOT units quantum chemical calculation result. The
HOMO energy level is —3.67 eV.
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Figure 12: LUMO of a chain of 12 EDOT units. The energy value of LUMO energy level is
—1.62 eV. The HOMO-LUMO gap is 2.05 eV.

Both the HOMO and LUMO orbitals are confined along the conjugated thiophene
backbone and the estimated values for the HOMO and LUMO energy levels are
3.67 eV and 1.62 eV, respectively, resulting in a 2.05 eV HOMO-LUMO gap. A
B3LYP calculation of oligomers with lengths up to 8 units projected a band gap of
around 2.2 eV at infinite length!®*], recalling that the experimental electronic band
gap has been calculated to be in the region of 1.5—1.7 eV from the beginning of the
n— 1* absorption spectra.

The calculations above carefully investigated the electronic structure
transformation of a single isolated thiophene monomer, the basic unit of the
polymer system, progressing through the band structures of the isolated PEDOT
chain and the pristine crystal, and finally proposing a model for the band structure
of the PEDOT:PSS mixture. The final band structure computations employed
optimized crystal structures based on partial experimental data and included
BLYPP* exchange-correlation functionals within the GGA (i.e. Generalized
Gradient Approximation). These specifics of the computations®! lead to results
summarized in Figure 13 by the band structures.
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Figure 13: (a) Isolated chain and pristine PEDOT crystal band structures.
Crystallographic coordinates of the Brillouin zone symmetry points in the of the
orthorhombic lattice: X=(0.5,0,0), Y = (0, 0.5, 0), Z=(0, 0, 0.5) , U = (0.5, 0, 0.5). There is
a shift of the energy levels, so the valence band edge is set to 0. (b) Band structure and Density
of States (DOS) of PEDOT:Tos crystal, proposed as a model for PEDOT:PSS. Fermi level Er
is the 0 value.

Considering the band structure of the isolated chain and the pristine PEDOT crystal
as a starting point, the isolated chain was modelled as a one-dimensional crystal
with two monomer units per unit cell, the length of which was determined by
geometry optimization of different cell lengths. The band structure of the PEDOT
crystal is based on a predicted orthorhombic unit cell comprising two chains of two
EDOT monomers each, witha=7.935A,b=10.52 A, and c = 7.6 A, where ‘a’ was
optimized and ‘b’ and ‘c’ were determined experimentally. This orthorhombic
structure was compared to the band structure of PEDOT:Tos (tosylate-doped
PEDOT), which was exploited as a model for PEDOT:PSS (b). However, precise
molecular structure studies demonstrate that the PEDOT crystal is more accurately
described by a monoclinic unit cell. The monoclinic unit cell lattice parameters
were estimated to be a = 12.978 A, b=7.935A, c=7.6 A, and B = 125.85°. The
backbone of the chain in orthorhombic cell is oriented along the a-axis, whereas for
the monoclinic it is orientated along the b-axis. A notable characteristic of the
isolated chain is that the valence band, which has a global bandwidth of 3.30 eV, is
composed of four subbands, the most dispersive of which is shown in Figure 13(a).
E; = 0.87 eV is the computed energy gap. When scaled by 200 percent, as is
suggested for DFT values, this value is close to the value calculated from the optical
absorption start, which is around 1.8 eV. The entire valence bandwidth of the pure
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crystal, defined by the top eight subbands, is W = 3.65 eV, while the energy gap is
E;=0.37eV.

The effective masses, m*, of electrons and holes may be derived from the curvature
of the energy bands E(k) using the equation mi = % dzdi(zk),
in terms of the free electron mass (m*/mo), where mo = 9.1:10! kg is the mass of
an electron. For holes in the isolated chain m*/mo= 0.093, while for holes in the
pure crystal m*/mo = 0.13 along the a-axis and 4.8 along the c-axis. For electrons in
an isolated chain m"/mo = 0.099, while in the pure crystal m"/mo = 0.078 along the
a-axis and 1.6 along the c-axis. The density of states and complete topography of
the energy bands in crystalline PEDOT:Tos are depicted in Figure 13(b), as proved
by photoelectron spectroscopy (UPS) data, accurately reproduces the bulk phase of

PEDOT:PSS.

and are often represented

According to the estimated band structure®], PEDOT:Tos is a metal, but only in
the PEDOT layers. It is an insulator in the direction perpendicular to the PEDOT
layers, as evidenced by the fact that the bands are flat at the Fermi level in the
Brillouin zone (i.e. along the b-axis). The metallic composition and strong
anisotropy of the conductivity are consistent with optical reflectance and
spectroscopic ellipsometry measurements.

A complete model for the geometric and electrical structures of pure PEDOT and
doped PEDOT:PSS was developed utilizing DFT quantum chemistry techniques in
conjunction with crystallographic data and UPS. The most pertinent findings are as
follows:

R/

<> PEDOT has an aromatic-like shape and a backbone composed of
planar chains. The donor-type ethylenedioxy substitution decreases the
charge carriers' band gap and intrachain effective mass. The estimated
crystal structure of pristine PEDOT is a lamellar monoclinic with the lattice
parameters as follows: a=12.978 A,b=7.935A,c=7.6 A, and B = 125.85°.
For the valence and conduction bands, the interchain electron transfer
integrals are tvg = 99 meV and tcg = 170 meV, respectively.

> The relationship between PEDOT and PSS appears to be adequately
represented by a two-phase model in which PEDOT:Tos represents the bulk
of the PEDOT:PSS grains, whereas the surface is represented by a dimer of

p-styrene sulfonic acid (DSSH).
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> PEDOT:Tos contains four chains of two EDOT units and two
tosylate ions in an orthorhombic unit cell (a=7.9 A, b=28.0 A, and c = 6.8
A). PEDOT:Tos is a real metal within the PEDOT stacks, but an insulator
in the perpendicular direction due to the Tos ions introduced between the
PEDOT layers. However, by shrinking the unit cell along the c-axis, Tos
doping enhances the interchain bandwidth.

<> According to the Drude-Smith model, the effective mass m* of the
charge carriers in PEDOT:PSS is m” = 0.815 my.

The geometric and electronic structure of PEDOT:PSS were investigated, as well
as the effect of the degree of doping on structural and optical characteristics. Three
forms corresponding to increasing degrees of doping were explored, namely
PEDOT:PSSH, PEDOT"?>:PSS/PSS, and PEDOT":PSSP¢l.
The energy band structure of PEDOT:PSS was computed, and the crystal structure
with the most stable geometry optimization was discovered to be created by
alternating PEDOT and PSS layers. The characteristics of the pristine PEDOT unit
cell were determined to be as follows: a=7.7A,b=11.8 Aandc=6.9 A.

When these results are compared to prior estimates for pure PEDOT, it is noticeable
that the lattice parameters along the backbone axis, which is ‘a’, are comparable.
The stacking axis, which is ‘c’, is larger than the estimated value, but the interstack
distance, along the b-axis, is slightly smaller. These calculations demonstrated that
doping converts the neutral PEDOT chain to a quinoid structure, results in the loss
of electrons from the PEDOT-conjugated system, and has a significant effect on the
electronic structure. The predicted band gap for the undoped structure is 0.7 eV,
much less than  the observed  band gap of 1.5 eV.
A significant finding of this work is that some of the bands are partially filled in the
doped forms, with the occupied states of the partially filled bands mostly
concentrated in the PSS and the unoccupied states primarily in the PEDOT. This
explains why PEDOT:PSS exhibits metallic-like behaviour at polymer—metal
contacts and is employed as a hole transport layer in organic solar cells®7!,

1.3.2 Methods for enhancing electrical conductivity

Conductivity of pristine PEDOT:PSS films is dependent on a great number of
parameters, most notably the technique of production, and can range up to around
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10 S'em™'. It can be enhanced in a variety of ways, the most frequent being the
addition of organic solvents to the PEDOT:PSS water suspension or the treatment
of the PEDOT:PSS films with those solvents in conjunction with thermal treatment.

The most successful methods for increasing the conductivity of PEDOT:PSS are
described and discussed in further detail as follow:

> Treatments with heat and light: conductivity of PEDOT:PSS thin
films may be increased through heat treatment at temperatures ranging from
100 °C to 250 °C in both air and an inert environment (e.g. N2)P*¥! and UV
irradiation, which also enhances the work function and band bending**10],
> Treatments with organic solvents: numerous polar and high boiling
point organic solvents are employed to increase the conductivity of
PEDOT:PSS, either by adding the solvent to the aqueous solution of
PEDOT:PSS or by treating the PEDOT:PSS films. Solvent addition is
referred to as secondary doping!*!!. The most often utilized solvents include
ethylene glycol (EG)*?, dimethyl sulfoxide (DMSO)™, which was
exploited in this work, N-dimethyl formamide (DMF)*4 glycerol, and
sorbitol™]. The Conductivity values for solvent-treated PEDOT:PSS vary
between 0.61 and 677 S-cm™! 6],

> Treatments with acid: the post-processing of PEDOT:PSS films with
organic and inorganic acids, such as sulfuric acid, hydrochloric acid, oxalic
acid, acetic acid, propionic acid, butyric acid, and sulphurous acid, at
temperatures ranging from 120 °C to 160 °C, increases the conductivity by
a factor of 3 orders of magnitude or more!*”). It was found that treatment(*®!
with extremely concentrated H>SO4, which was exploited in this work,
increased the conductivity of PEDOT:PSS to up to 4380 S-cm’!, because
H>SO4 was capable of autoprotolysis (2H2SO4 <> H3SO4" + HSO4") and that
the two ions resulting, stabilize the segregated PEDOT" and PSS’ ions.

The mechanism by which PEDOT:PSS conducts better is when treated with organic
solvents*], due to the presence of two or more polar groups which interact with the
dipoles or charges of the PEDOT chains and convert the structure from benzoid to
quinoid, resulting in the twisted polymer chains becoming more linear. This
conformational shift would improve interchain contact, resulting in an increase in
charge mobility. Additionally, STM (i.e. Scanning Tunnelling Microscopy) and
AFM (i.e. Atomic Force Microscopy) investigations indicate that the addition of a
solvent (e.g. sorbitol) results in the rearrangement of PEDOT-rich grains into
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elongated forms!*’!, as well as phase segregation between PEDOT and PSS,
resulting in the partial removal of PSS from PEDOT:PSS“¢.

1.3.2 Applications

PEDOT:PSS is one of the most widely used conducting polymer today for a wide
range of applications. This is because a variety of formulations are commercially
available that address specific applications and properties such as conductivity with
a range of four or more orders of magnitude, transparency, electrochromism,
solution processability, flexible film forming ability, high work function, good
chemical stability, and biocompatibility.

The most popular applications range from antistatic coatings on glass or polymer
to organic electronic devices such as light emitting diode displays, biocompatible
electrodes for cell stimulation, organic electrochemical transistors, hole collector
layers for organic solar cells, electrolytic capacitors, electrochromic devices, and
textile fibers. Others®%! discuss the applications of PEDOT and PEDOT:PSS in
energy conversion and storage devices such as organic solar cells (OSCs), dye-
sensitized solar cells, fuel cells, supercapacitors, thermoelectric devices, and
flexible devices.

PEDOT:PSS is developing as a potential smart biomaterial for tissue engineering,
biosensors, bioimplants, and bioengineering applications, including neural
electrodes, nerve grafts, heart muscle patches, and organic bioelectronic devices
and systems°!,

PEDOT:PSS electrochemical transistors are particularly well suited for applications
in bioelectronics, such as biological and medical devices, as well as sensors of
various types both printed and large area electronics, due to their biocompatibility
and low-cost technological manufacturing.
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Chapter 2

Photopolymerization and 3D
Printing

Generally Additive Manufacturing (AM) refers also to 3D Printing, which is a term
that indicates methods that are used to build a three-dimensional item by
progressively forming layers of material under the control of a computer program.
3D printing techniques enable the creation of objects with almost any form or
geometry. They are usually created using data from a computer model extracted
from a three-dimensional or other CAD data sources, like Stereo Lithography
interface (STL) file. The 3D source file containing the CAD geometry is split into
several levels, called slices, with each one producing a set of machine commands.
Both 3D printing and additive manufacturing are based on the concept of successive
material addition or joining across a three-dimensional object. Slicing is the process
of splitting or cutting a 3D model into multiple horizontal levels. Following the
slicing operation, a new file format called G-code is produced. This is the most
commonly used numerical code programming language in computer-aided
manufacturing for automating the control of machine tools such as 3D printers and
CNCs machines!™!.

Originally, the 3D printing process was related to a technique in which an inkjet
printer nozzle deposited layer by layer a binding agent onto a bed of powder
material. It is essentially an additive technique instead of subtractive. Additive
manufacturing (AM) is a wider and more comprehensive term rather than 3D
Printing and it is often linked with industrial applications, such as prototype
manufacturing. Additionally, AM is used for end-use applications such as mass
manufacturing of components.

Considering that ASTM F42/ISO TC 261 specifies seven distinct additive
manufacturing methods, it is necessary to identify the most suitable usage of the
term 3D printing. One significant distinction is the comparison between the
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industrial respect to the consumer application. Additionally, while comparing 3D
printing to additive manufacturing, it is necessary to examine the utilitarian and
ornamental character of the produced item. In conclusion, the primary distinction
among additive manufacturing and 3D printing is that the latter entails the
production of things via the accumulation of material layers, whereas in contrast,
additive manufacturing can be defined as the process to create components via the
addition of material, which may or not be layered.

During the early stages of 3D printing, the market was more concerned with
consumer purpose than with industrial value. Rather than a single monolayer of ink,
3D print heads deposited several layers of construction material, which is usually
supplied in the form of a thermoplastic filament. After each layer was completed,
the print bed was gradually lowered to create space for the deposition of the
following layer. Advancements in 3D printing allowed the transition from the
fabrication of novelty objects to the production of fast prototypes. Today, additive
manufacturing techniques are being exploited to mass manufacture end-use items.

3D printing of metals was not possible until laser melting and sintering methods
were invented. Direct Metal Laser Sintering (DMLS) is a comprehensive term
which includes sintering by melting by Selective Laser Melting (SLM) and
Selective Laser Sintering (SLS).

ISO/ASTMS52900-15 classifies additive manufacturing methods into seven distinct
categories: direct energy deposition, , vat photopolymerization, binder jetting, sheet
lamination, powder bed fusion, material jetting and material extrusion.

Capabilities of 3D Printing span many sectors such as plastics, metals, plastics food
and biological materials. 3D Printing employs a wide variety of materials and each
of them is meticulously tailored and engineered to the end-technical product
specifications and it is typically compatible with a limited range of additive
manufacturing methods.

One of the additive manufacturing techniques is Metal Powder Bed Fusion (PBF,
Figure 14). This technology allows the precise fabrication of a wide variety of
components, with complex geometry, by fusing layer by layer metallic powder
grains, heated by a power source that can be a ytterbium fiber laser or electron
beams to produce useful 3D solid components. Manufacturers gain from significant
design flexibility, considering that PBF grants a wide range of technologies and
materials. Among the many Powder Bed Fusion techniques are the following!**):
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. SLS (Selective Laser Sintering): It is a technique that layer by layer
sinters powders through lasers to produce a structure that is solid. The
finished part is subsequently cleaned using brushes and compressed air to
remove the excess powder. Polyamides and also Alumide, which is a mix of
polyamide and powder of aluminium, but in the SLS process even rubbers
are exploited. Nylons are robust, flexible and durable which makes them
ideal for spring, brackets and clip features. The vulnerability of thin
components to shrinkage and warping should be addressed by designers
during the conceptual phase of the work.

o SLM (Selective Laser Melting): It is a process during which the
metal powder melts completely, so only metals, such as aluminium and no
alloys, can be exploited to produce lightweight, robust replacements and
prototypes. Direct Metal Laser Sintering (DMLS) joins the powder grains
of metal alloys by sintering them, especially those containing titanium,
instead. SLM and DMLS need an additional support structure to be
produced in the same process of the part in order to counterbalance residual
stresses and to prevent deformation from occurring. Replacement parts and
prototypes, as well as the jewellery and dentistry sectors benefit from this
technology.

. EBM (Electron Beam Melting): Through the employment of a
high-energy electron beam, the EBM 3D printing technique achieves fusion
and generates less residual stress, resulting in less deformation, consuming
less energy and producing layers more quickly than SLS. This technique is
particularly advantageous in industrial sectors where the cost per part is
high, such as in defence/aerospace, medicine and motorsports.

. MJF (Multi Jet Fusion): It is distinct from the others in the use of
an inkjet matrix to detail chemicals, subsequently fused into a solid layer
and heated by the same matrix. There is no laser involved and the detailing
chemicals are sprayed around contours to increase part resolution.

None of the previous indicated Metal Additive Manufacturing technique was
exploited in this work. Regarding polymeric 3D Printing as SLA and FDM or FFF
were extensively used to print test samples and test setup and they will be described
further ahead.
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Figure 14: Powder Bed Fusion additive Manufacturing

Direct Energy Deposition (DED) 3D printing produces components by melting
metal powders or wires directly and depositing them layer by layer on the
workpiece. The majority of DED machines are in the industrial sector and they are
closed to ensure inside a regulated environment. Thus, a typical DED system
consists of one or more multi-axis arms on which a nozzle is mounted. This allows
the deposition of the molten metal powder on the surface of the component, where
heat dissipation let it solidify. This technique shares some similarity with 3D
printing by material extrusion, however in DED, the nozzle may be mounted on a
five axes roto-translational system, whereas on typical FFF machines it is just
translational.

The concept "Direct Energy Deposition" (Figure 15) may refer to a variety of distinct
technologies. They are differentiated by the manner the material is fused, with each
being adapted to a unique and particular function. One of the most often used
technologies is LDW (Laser Deposition Welding). It is an additive manufacturing
technique which exploits metal deposition through a powder nozzle, that is up to
ten times quicker than PBF technology. Additionally, modern machines have been
incorporated into a 5-axis milling machine. This novel hybrid method combines the
versatility of laser metal deposition with the accuracy of cutting, enabling additive
production with the finishing typical of the milling process. These factors allow to
manufacture very precise metal components.

Metals such as stainless steel, titanium, copper, aluminium, copper nickel alloys,
and many other alloys may be 3D printed using the DED additive manufacturing



30 Modelling and characterization of electronic conductivity in 3D printed
PEGDA:PEDOT polymer composites - High frequency applications

method. Each particular technique of DED has its specific set of restrictions and
compatibility requirements.
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Figure 15: Direct Energy Deposition Additive Manufacturing

Plastics in the form of powder or filament, should melt to create the item layer by
layer printed. Each material will need various 3D printing settings throughout the
construction process and will provide components different characteristics.

Extrusion of materials is a 3D printing technique which exploits materials in the
form of continuous filament of a thermoplastic substance. In a 3D printer the
filament is fed from a coil via a moving heated extruder head. The molten material
is forced out of the nozzle and deposited at first onto a heated 3D printing substrate
for increased adherence. Once the first layer is complete, the computer controlled
extruder and platform are separated, allowing for direct deposit of the second layer
onto the developing workpiece. Each layer is placed on top of the preceding one,
until the manufacturing of the item is complete.

Fused Filament Fabrication (FFF, Figure 16) is a term that refers to the technique of
material extrusion, however this method has limits in terms of dimension precision
and is very anisotropic. This process can be used employing a wide variety of
materials, the most common of which are thermoplastics such as Nylon
(PolyAmides), TPU (Thermoplastic PolyUrethane), HIPS (High-Impact
Polystyrene), PLA (PolyLactic Acid) and ABS (Acrylonitrile Butadiene Styrene.
This 3D printing method may be used to extrude paste-like materials such as
ceramics, concrete, and chocolate.
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Figure 16: Fused Filament Fabrication 3D Printing

Photopolymerization is a 3D printing technique which includes many distinct
processes that all follow the same fundamental strategy: a liquid photopolymer,
housed in a tank, is selectively cured by a heat or light source and consequently a
3D physical item is produced layer by layer.

Besides the traditional method, which is based on lasers, there are many kinds of
curing equipments. Due of the low cost and high resolution, digital light processing
projectors have become a popular method of photopolymerizing materials. One of
the benefits of these two methods over lasers is their capacity to cure a whole layer
of resin simultaneously, while the laser must gradually advance enlightening the
entire surface by depicting the slice geometry.

The following are the most widely used vat photopolymerization 3D printing
technologies:

> SLA (StereoLithogrAphy): SL is an optical manufacturing process
during while a concentrated beam of ultraviolet light or a laser is directed
onto the surface of a vat filled with a liquid photopolymer (i.e.
photosensitive resin). Through the cross-linking or degradation of a
polymer, the beam or laser creates each solid layer of the desired 3D part
(Figure 17).

> DLP (Digital Light Processing): A digital projector screen is used
to flash a single picture of each layer over the whole platform throughout
this 3D printing process. Due to the fact that the projector is a digital screen,



32 Modelling and characterization of electronic conductivity in 3D printed
PEGDA:PEDOT polymer composites - High frequency applications

each layer picture is comprised of square pixels, resulting in a layer made
up of tiny rectangular bricks called voxels. For certain components, DLP
may achieve quicker print speeds since each whole layer is exposed
simultaneously rather than pulled out with a laser.

Furthermore, two distinct methods are competing inside the photopolymerization
3D printing process, and both of them construct the component at the interface
between the last layer and the resin tank surface. The top-down method entails
situating the heat source underneath the tank, so that after gradually raising the 3D
printing platform into the air, the final component is produced upside down. The
bottom-up method, on the other hand, involves putting the heat source above the
vat and as a result, the 3D printing platform is gradually immersed in the vat.

Photopolymerization has been effectively used to medical modeling, enabling the
production of realistic three-dimensional representations of anatomical areas using
data from computer scans. Due to the great resolution of this method, it is also
suitable for prototyping and large manufacturing. Vat polymerization techniques
excel at creating finely detailed components with a smooth surface finish.

Photopolymer resins are available in a variety of hues and possess a variety of
physical characteristics, each suited to a particular use. Flexible polyurethane
resins, minimal residue resins, translucent resins and tough resins are also available.

Curing device:
laser,

ultraviolet light,
digital screen,
LCD screen, ...

Y platform

Vat —

Object
(cured)
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Figure 17: Stereolithography 3D Printing
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Comparing 3D Printing and traditional manufacturing techniques, as shown in
Figure 18, the processing of a component may be performed by using subtractive
manufacturing as CNC, additive manufacturing (3D printing) or formative
manufacturing (injection moulding) and each of these has its own set of benefits
and drawbacks.
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Figure 18: Cost per part vs quantity comparative diagram

Cost:
o Additive technology offers a cost advantage when it comes to
prototyping or creating customized components.
o Subtractive technique is usually more cost effective in component
production of more than 100 pieces.
. Formative manufacturing is advantageous in mass production.
Geometry:
> Additive technology enables the creation of complex geometries

such as cavities, flow channels, cavities, etc.), whereas subtractive
technology imposes geometric constraints and formative production process
offers more geometric freedom.

Material:

Rl

> Additive manufacturing has material needs and each component has
its own set of effects.
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X Subtractive manufacturing processes virtually any solid, including

metal, plastic.

X Formative manufacturing processes mostly plastic materials.
Quality:

v Subtractive technologies are often comparable to formative

technologies in terms of quality and they are superior than additive
technologies in terms of surface finishing, for instance.

Size:

o The smaller the component, the better for additive technology.
o The dimensions of subtractive and formative manufacturing may be
considerably larger respect to additive manufacturing.

As 3D printing became more accessible to disciplines such as science, technology,
and manufacturing, manufacturers began to see its promise fulfilled in a variety of
novel ways. By embedding conductors into 3D printed products, different 3D
printing methods have already been widely exploited for electronic devices such as
active electronic materials, and devices with mass customisation and electrodes®*..

The manufacturing process for 3D printed electrodes, through FDM technique, is a
low-cost and time-efficient method for mass producing electrode materials. In
contrast to conventional electrodes made of metal, the shape of 3D electrode and
surface may readily be modified to fit a specific application and the printing process
is completely automated and very precise!>]. Moreover, active electronic devices
or components are capable of amplifying and regulating electric current flow or
generating electricity.

Batteries, diodes, LEDs, transistors, rectifiers and operational amplifiers are all
examples of active electronic components. Due to the complexity of their functions,
these components often need more complicated manufacturing procedures than
passive components®®! and the 3D printing technology enables the processing of
products in addition to their electronics. Multi-material printing technology may
enable Industry Revolution 4.0 to embrace the efficiency of electronic systems,
allowing for the creation of more creative designs in a single procedure®’l. The
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creation of a green electronic device with cheap manufacturing costs, high safety,
high dependability and fast production is critical to address environmental pollution

in contemporary civilization?!,

2.1 3D Printing of conductive polymers

The origins of printed electronics®*!5°! can be traced back to organic electronics.

The latter is concerned with organic molecules (carbon-based) that have been
appropriately doped with elements that confer electrical conductivity. The appeal
of these polymeric materials is due to their ease of processing in the form of inks.
Thus, the goal of printed electronics is to eliminate the need for sophisticated and
costly silicon processing technologies when integrating circuits into an existing
device. This is not to say that printed electronics can completely replace
conventional silicon microelectronics, but rather that they offer a viable, cost-
effective, and rapid alternative when precision and high performance are not
needed.

Electrically, materials are categorized according to their capacity to let or deny the
passage of electronic charges. This propensity to charge flow is defined
conductivity (o) of the material and its reciprocal is the resistivity (p), as given in
Eq. 5 and allows to quantify the opposition of the material per units of length to a
charge. The greater the value, the easier it is to transfer the charge. This quantity
varies of several order of magnitude for materials and allow to classify them into
three macro categories: conductor, semiconductor or insulator.

1 L

Eq.SIO':p :m

The length of the sample is defined as [; A denotes the area of the cross section of
the material; the resistance measured in Ohms is the term R. Conductivity is
measured in S/cm units and ranges of this quantity used to categorize a material are
shown in Figure 19.
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Figure 19: Conductivity-based categorization of materials

There are two families of materials used in printed electronics: inorganic and
organic. Inorganic materials are a wide category that includes silicon, transparent
oxides, metal particles, graphene and carbon nanotubes. Numerous efforts have
been made to incorporate these elements effectively into inks based on solvents or
water, resulting in conductive, semiconductive, or insulating mixes. Considering
that solutions of ink must be stabilized to avoid the aggregation of particles, inks
that are inorganic generally need a to be annealed at high temperature after being
deposited to perform optimally. A treatment at a high temperature is incompatible
with polymeric devices™®].

In terms of organic materials, inks based on polymers are examined. These inks
may consist of intrinsically conductive polymers (polypyrrole, polyacetylene or
PEDOT-poly(3,4-ethylenedioxythiophene)) or by combining insulant polymers
with inorganic compounds (e.g. metal nanoparticles) or intrinsic conductive
polymers. Organic inks are often used to create semiconductive circuits®”,

When the ink is prepared for printing, the proper technique should be selected based
on the requested printing accuracy and on the ink material. The primary circuit
printing technologies may be defined as the following: indirect, direct and inkjet
printing®”’,
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Inkjet technology is almost identical to traditional printing, except it uses an ink
that exhibit conductive properties. Liquid inks may be ejected from printing heads
in two ways: through the generation of a pressure variation using a piezoelectric
actuator or producing a propelling bubble, heating the ink. Typically, piezoelectric
heads are employed for printing electronics with inks contain metal particles, P3HT
(semiconductor), PMMA (insulant) or PEDOT (conductor)®”. Inks present
difficulties in production due to adhesion and specific viscosity values and they are
prone to clogging printer heads. Inkjet printing resolution is about 0.02 mm and
may be increased as in aerosol jet printing technique by converting ink to an aerosol
and then conveying it to a nozzle!®l.

Unlike inkjet printing, that successively digitizes a design to replicate it via the
movement of the head of a printer, printing technique that are indirect and direct
begin with reproduction from the master piece. Between direct and indirect printing,
the primary distinction is the existence of an intermediary part. Direct methods
place the layer to be printed directly on the master, whereas indirect methods require
an extra layer onto which the design is placed from the master. Metallic meshes are
used in conjunction with high viscosity pastes that often include metal particles,
carbon, or polymers. Incorporating conductive elements into pastes may have a
negative effect on their electrical conductivity. On the other hand, the employment
of stamps enables the use of low viscosity inks, which may result in an increase of
the printing resolution, even inferior to 0.01 mm[¢!l,

The printing process consists of three different steps: pre-printing preparation,
printing itself, and post-curing.

2.1.1 Pre-printing stage

Because the inks employed are liquid, it is critical to examine the interaction
between liquid and substrate in order to get correct results. Indeed, it is well
knowledge that when on a surface that is hydrophilic a water-based solution is
deposited, it exhibits a proclivity for spreading and expanding in the effort to
recover enough surface to minimize its surface stress, whereas if an interface,
exhibiting hydrophobic or hydrophilic properties, exists among two materials, then
the spilled ink remains stationary and a large contact angle is generated between the
two surfaces. As a consequence, a smart approach for achieving satisfactory
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printing results is to adjust the surface energy according to the ink type. Oxygen
plasma, UV irradiation and corona treatments are examples of common techniques
for varying the surface energy. The latter is used to prepare the surface of the
polymer, increasing the surface tension and its porosity, by applying through top
and bottom surface electrodes, an electric field whose effects increases the surface
adhesion of the polymer.

2.1.2 Post curing stage

A post-curing process is often needed to ensure that a printed circuit performs
optimally. Allowing a deposited design to dry is not always sufficient to assume it
ready to use. UV curing, sintering or thermal annealing are the most often used
post-curing processes>’].

In the presence of metal particles, sintering is used. The latter are often protected
by a coating to avoid these from accumulating the nozzle of the printer. As a result,
thermal annealing is needed to remove the polymeric coating, in order to contact
the conductive particles. The process of sintering is usually carried out inside an
oven or using a laser emitting infrared light, which by heating just the sintered
design, greatly minimizes substrate damage.

Finally, although annealing is a thermal process similar to sintering, the goal is
different: while sintering is used to connect conductive particles, annealing is used
to alleviate internal tensions and substantially enhance circuit performance by
changing the material shape. Solvent vapor annealing at ambient temperature was
developed to prevent the usage of high damaging temperatures!®?],

Post processing is the removal of unpolymerized resin and cleaning of the
constructed item at the conclusion of an SL process. After rinsing the formed item
in a suitable solvent (e.g. ethanol), supports are carefully removed. This procedure
requires further UV irradiation to complete the polymerization process. It is critical
to remove supports, if present, prior to UV final irradiation when the resin is not yet
mechanically stable, even if adjacent paths of the UV laser can cause the
intermediate region to over-polymerize, causing the material to exhibit different
characteristic respect to the ideal cured material. As shown schematically in Figure
20, the overlapping of these over-cured region strands traps some liquid resin within
the item.
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Figure 20: UV exposure regions in a 3D Printing process

It is thus critical to complete the polymerization process with a last phase of UV
irradiation. Analyses of the material density, glass transition temperature and
mechanical resistance may be used to determine whether the polymerization
process is complete. Additionally, infrared spectroscopy or differential scanning
calorimetry may be performed.

2.2 Shrinkage

Shrinkage is a frequent issue in the manufacturing of items exploiting UV curing.
Shrinkage occurs because a portion of the free volume between the polymer chains
prior to cross-linking is reduced once the polymer is cross-linked; in fact, prior to
cross-linking, the chains are defined by a distance dictated by Van der Waals forces,
whereas after cross-linking, which results in the formation of covalent bonds, the
chains are defined by a distance dictated by covalent bonds. This method results in
a shrinkage of up to 10 % of the total free volume!®'l.

Residual stress inside the component is created as a result of shrinking, which may
manifest as deformation (e.g. bending or twisting) or fracture (e.g. cracks). The
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magnitude of the impact is dependent on the chemical composition of the
formulation, crosslinking and curing properties and the post-curing procedure!®*.

Initially, shrinkage may occur during the printing process: each layer is subjected
to internal stress during polymerization when exposed to the printer light source.
These stresses have an effect not just on the single layer, but even on the interaction
of succeeding layers, resulting in the portion curling. As shown in Figure 21, the
distortion may be quantified using the curl factor ‘cf” defined in Eq. 6.

vertical maximum displacement (h)

Eqg.6: =
9 cf horizontal projection length (L)

Layer

Curling effect

Figure 21: Explanation of the curling effect in 3D Printing

The removal of supports is acknowledged as another cause of shrinking. Indeed,
during this step, the object internal stresses are released, and a new equilibrium is
often established, resulting in the curling of the component. Finally, curl distortion
is possible during the post-curing process. Indeed, as previously stated, post-curing
is the process by which the unpolymerized resin trapped inside the polymerized
matrix of the item is fully cured. Thus, the remaining liquid resin solidifies, creating
tensions that are difficult for the surrounding solid structure to disperse, resulting
in shrinkage. In terms of chemical composition, different functional groups at the
ends of oligomers used to facilitate cross-linking, may result in a variety of
polymerization types (condensation, radical or step addition etc.). Depending on the
type, the shrinking effect will be more or less apparent/®4],

With regards to polymerization and crosslinking characteristics, there are a variety
of methods for limiting shrinkage, primarily based on polymerization times and
speeds, such that the lattice can be relaxed during formation, depending on the hatch
spacing (i.e. the distance between adjacent laser tracks), the polymerization depth
and the laser power and speed¢?!,
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The laser power is proportional to the component degree of polymerization, which
increases when the laser power rises. This is because when a high-power laser is
used, the resin is exposed to UV light at a higher intensity, which results in
increased cross-linking. Indeed, as the intensity of the radiation increases, the
initiation speed increases, thus extending the first cross-linking.

On the other hand, the depth of polymerization is inversely proportional to the
degree of polymerization, because using a shallow depth results in fewer overlaps
between consecutive layers, which results in a reduction in the quantity of resin
cured, thus reducing shrinkage. Similarly, hatch spacing produces the same effects,
in the way that increasing hatch spacing results in a larger quantity of uncured resin
owing to reduced contact between previously cured components and lowering the
degree of polymerization. In the photopolymerization process, scanning speed has
an effect on the degree of polymerization. When the scanning speed is increased,
the exposure energy per unit area is decreased, lowering the degree of
polymerization.

Finally, as previous stated, the post-curing process creates a significant condition
of internal stress development as a result of shrinking. The aim of post-curing
procedures is to completely polymerize the partially cross-linked resin remaining
inside the structure and to enhance its mechanical characteristics. However, the
presence of shrinkage leads in significant deformation inside the component, which
in certain instances may result in fracture or the development of internal cracks.

To minimize the effect of post-curing shrinkage, it is possible to optimize the
process by taking appropriate precautions; in particular, during the initial stages of
post-curing, it is necessary to alternate UV exposure and non-radiation condition to
allow for gradual relaxation of the generated internal tensions. Additionally,
sufficient thermal exchange inside the chamber is recommended to prevent the
component overheating and subsequent stress states caused by uncontrolled
cooling. Through this procedure, interior fractures may be avoided, resulting in a
reduction in the component mechanical characteristics.

2.3 3D Printing of PEGDA:PEDOT Composites

In SL 3D Printing the conductive resin formulation is determined on the base of its
final printability and conductive properties. Thus, it is mandatory to establish a
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compromise among the previous characteristics. The bulk material used in the
composition is PEGDA (Poly(ethylene glycol) diacrylate), while the agent capable
of crosslinking is Irgacure. This resin is filled with precipitated particles of a highly
conductive and biocompatibility polymer: PEDOT. Compression and resistivity
experiments were subsequently performed to evaluate the mechanical and electrical
characteristics of the novel formulation of the resin. Despite the fact that the mixture
of PEGDA with PEDOT:PSS has been used to produce conductive and
biocompatible samples in the literature, the majority of researches uses moulding
of replica or exposure via photomask and they are targeted at the fabrication of wet
moisturizers used in bioengineering!®%®l. On the contrary, this formulation is
unique in that it employs a composite resin in a conventional 3D printer (SL) to
produce a stiff and dry part. The purpose of this formulation is to develop a
photocurable SL resin composed of PEGDA as stiff matrix and conductive filler
PEDOT:PSS. Intermediate experiments were performed to determine the surfactant
mixing ratio, filler (PEDOT) and optimal photoinitiator (PI).

2.3.1 PEGDA

PEGDA (Poly(ethylene-glycol)-diacrylate) is a hydrogel widely used especially in
the biomedical and pharmaceutical industries. It consists of a polymer chain (Figure
22) of PEG (poly(ethylene-glycol)) with variable length and terminating acrylate
groups on both sides, which allow cross-linking during 3D printing.
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Figure 22: Left, chemical structure of poly(ethylene-glycol) (PEG); right, chemical
structure of PEGDA. The n is an integer indicating the repeat number of the monomeric
unit of the polymer.

This polymer has been widely exploited in recent years for the creation of matrices
and scaffolds, thanks to its peculiar characteristics: in fact, PEGDA is
biocompatible and presents low cytotoxicity without generation of an immune

responsel®],

Moreover, it is transparent to the visible light, therefore it allows an easy distinction
of the dispersion of PEDOT within the matrix with optical microscopy!®!.
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The chemical and structural properties can be easily modified, as well as the
mechanical properties, which depend on the amount of photoinitiator used, on
molecular weight and on the swelling, defined as the process through which the
volume of a solid increases in response to the absorption of a liquid or gas. The
absorption of liquids alters the mechanical characteristics of the swollen material
and may result in a variety of deformations. The molecular weight (Mn) of the
chains can vary in the range Mn 250+100000[: higher molecular weights imply
higher viscosity, due to the greater length of the chains, but also a lower cross-
linking, since, with the same weight, there are fewer acrylate terminal groups than
in PEGDA with a lower molecular weight. In addition, with higher molecular
weights, the elasticity of the polymer increases, since there are longer chains that
resist more to the applied stress than shorter chains, since they are characterized by
a lower strain, being more cross-linked and with a shorter length!7!,

Through the modification of these parameters, it is possible to obtain a resin that
may have different properties of tensile strength, stability over time, or solubility
with PEDOT.

PEGDA is widely used in the biomedical field as a matrix for making different
components, because it benefits of the properties of low cytotoxicity and the
possibility of obtaining hydrogels with different water contents.

As mentioned above, PEGDA chains consist of acrylate end groups, which allow
the creation of the crosslinks between the oligomers during polymerization process.
Crosslinking can occur in the traditional method through gel forming or through
UV activation of a photoinitiator. In the following considerations, the second
method is considered.

2.3.2 Photoinitiator and Photo-crosslinking

Oligomers are macro-monomers with intermediary molecular weight that have a
longer chain structure composed of a few monomer units. By mixing to raw resins
as reactive diluents they are primarily used to decrease the viscosity of the oligomer
and regulate the characteristics of the cured preparation.

Monomers or oligomers that polymerize to produce strongly cross-linked polymer
structures and photoinitiators (PIs) that generate reactive starting species following
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UV exposure are required for photopolymerization!”!!72], Thus, typical raw resins
for SL include PlIs (5 wt.%), monomers (25 wt.%), and oligomers (70 wt.%).

The majority of monomers and oligomers do not produce reactive species that are
capable of initiating photopolymerization. As a result, organic PIs with low
molecular weight are employed in resins to produce reactive species capable of
reacting with functional groups of monomers and oligomers. Once the functional
group is broken down, each reactive carbon double bond may be replaced by
another carbon atom from another monomer molecule. When strong covalent
connections between neighbouring molecules take the place of weak van der Waals
interactions, the liquid resin changes into a solid structure with distinct bulk
characteristics!”3].

After absorption of incoming UV radiation, free radical photoinitiators develop free
radical, which quickly attack the double bonds of particular monomers, such as
acrylates!”!. In contrast to free radical Pls, when exposed to light, cationic Pls
generate acids. The resulting acids easily react with a bond in certain monomers,
such as epoxides, thus initiating photopolymerization[’*!.

Photoinitiator PI Irgacure 819 is capable of producing radical species, when
exposed to UV light and it is mainly employed to prepare polymeric formulations
containing acrylate groups in the monomers, such as poly(methyl methacrylate)
(PMMA), polyacrylamide (PA), or PEGDA. These radicals will be transferred to
the monomers, dissolving the double bond in the vinyl group of the acrylate
terminal and enabling for the creation of links amongst the various PEGDA
monomers. After crosslinking, any leftover monomers and radicals from the
process may be removed. Once the photopolymerization process is complete,
PEGDA transforms into a thermosetting polymer that chemically degrades upon
heating[”!,

The PEGDA matrix was tested with various concentrations of Irgacure
photoinitiator to find out the optimal concentrations to enhance the final electrical
and mechanical characteristics of the final composite material. To the liquid
PEGDA resin, various concentrations of PI Irgacure were added to produce
matrixes different in term of composition ratios. Numerous PI mixing ratios have
been utilized in the literature to rapidly enhance the matrix mechanical
characteristics. It is possible to create hard!”® or soft!””) components at low or high

concentrations.
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2.3.3 Resin filler

PEDOT:PSS, commercially called Clevios PH 1000 and produced by Heraeus, is
the conductive polymer employed to perform as a filler agent in order to create a
new preparation of the resin for stereolithography 3D printing of conductive
polymers. When treated in an H>SOj4 solution, it has been shown that it is possible
to decrease the electrostatic potential between the PSS, which exhibit negative
charge and PEDOT, exhibiting positive charge, resulting in the removal of certain
PSS groups and the conformational modification of the PEDOT chains from
random to linear!’®), resulting in an increase in conductivity. PEDOT:PSS is mixed
in a solution of H>SO4 for several hours to produce a precipitate of PEDOT which
is in an ethanol suspension and through centrifugation precipitate of PEDOT is
obtained. After discarding the supernatant, through magnetic stirring, PEDOT
particles are introduced to the photocurable resin. Initially the optimal the mass ratio
of PEGDA to PEDOT was researched testing several ratios in order to find out
optimal composition of the resin that allowed to maximize the electrical
conductivity parameter.

2.3.4 Surfactant

PEDOT:PSS and PEGDA are not miscible and they compose a binary system of
separate components!’”), owing to the fact that they have been synthesized
employing distinct solvents: precipitated PEDOT:PSS forms a solid-like phase,
while PEGDA dissolves in water. Polar solvents were exploited for PEDOT:PSS,
as previously described in the literature. To further improve the resin performances,
different surfactants were evaluated in detail at the same concentration, such as
Dimethylsulfoxide (DMSO)®%, Dimethylformamide (DMF)®! and TritonX-100
(Tx)!2. The optimal surfactant was found by comparing the rheological properties
of different liquid resins having equal amount of PEDOT respect to PEGDA.
Surfactant has the role to act as a tensio-active agent lowering the surface tension
between the two phases of the system in order to improve their miscibility.
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2.3.5 3D Printing process of resin composites

In this thesis work a modified SL 3D printer was employed to adjust the print setting
parameters calibrating the printing process to photopolymerize a PEGDA:PEDOT
resin. The stereolithographic printing machine, produced by Microla
Optoelectronics S.r.1., can photopolymerize resins, using a laser at the wavelength
of 405 nm placed on a galvanometric scanner, on a maximum area of 17x20 cm?.
To determine the optimal resin mixture, both temporal stability and viscosity of the
blend were studied within the printer. The SL 3D printer was configured with the
following parameters: 100 um layer thickness, 50 um hatch spacing, 1000 mm/s
velocity of scan and 15 W mm? laser power density. Two components with a square
and planar geometry were produced for each parameter combination stretching a
homogeneous resin layer on a glass surface. After carefully removing using
isopropyl alcohol the resin that remained uncured, all the specimens were examined
using a digital microscope to determine the amount of the surface geometry that
actually polymerized.

Manufactured components will undergo morphological, mechanical and electrical
tests to fully characterize the material in order to quantify the main engineering
quantities such as tolerances of the printed geometry, stress-strain curve in
mechanics, current-voltage curve in electronics.

2.3.6 3D Printed PEGDA:PEDOT Morphology

As shown in the field emission scanning electron microscopy (i.e. FESEM)
characterization of Figure 23A, the treated PEDOT:PSS exhibits columnar
formations, which are fairly ascribed to the reorganization of PEDOT:PSS
converted to nanofibrils after being treated with H,SO4*¥! . Protons produced by
acid combines with PSS ions and convert them to PSSH, thus decreases the
coulombic interaction between PEDOT components®¥). In this way, hydrogen
sulphate ions act as counter ions to PSS™, resulting in phase separation between
PEDOT and PSS units and reorganization of the polyelectrolyte chains into linearly
oriented structures.
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Figure 23: A) FESEM pictures of a treated PEDOT:PSS structure; B) 3D printed
PEGDA:PEDOT double helical structure with a 45 wt.% filler inclusion[84].

Concentrated H>SO4 undergoes autoprotolysis[84], in which two H2SO4 molecules
produce two ions, 2H2SOs <> H3SO4" + HSO4 ™. As a result, when PEDOT:PSS is
treated with highly concentrated H2SOs4, the two ions stabilize the positively
charged PEDOT and negatively charged PSS in their segregated forms. Then,
through the development of a crystalline nanofibril structure, the strong n—n
stacking nature of PEDOT and the stiffness of its backbone generate dense PEDOT
networks with substantial modifications in both the -crystallographic and
morphological features[85]. In this procedure, water is used to wash away the
H>SO4 and the excess of uncoupled PSS, while some of the PSS gets restructured
with PEDOT and serves as a counterion.

The surface morphology of the printed item with increased filler loading (Figure
23B) supports the development of a composite resin with a homogeneous globular
shape and no appreciable phase separation between the PEGDA and treated
PEDOT:PSS components. This implies that even with large filler loadings,
effective mixing of the two components may be achieved at the microscale while
retaining a high conversion yield of the photocurable PEGDA polymer.

2.3.7 3D Printed PEGDA:PEDOT Metallization process

Multiple metallization techniques have been studied in order to determinate which
method provides the best contact in term of minimization of the electrical contact
resistance and enhancing of mechanical adhesion force. Cu electroplating, metal
sputtering and deposition of silver paste have been compared as metallization
processes to determine the most suited to exploit as contacting technique.

Copper electroplating was performed by immersing samples in an acid aqueous
electrolyte solution, composed of CuSO4 dissolved salt and H2SO4. The anode was
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a copper plate, and the cathode was the conductive printed sample attached to a
collector in the experimental setup. The collector is critical in the electrodeposition
process. To achieve a homogeneous deposition, it is essential to have good adhesion
and a solid electrical connection between the sample to be metal plated and the
collector surface. Copper tape was exploited as collector, which has been tuned to
be conductive from both the adhesive and the conductive side.

Prior to cathodic fixation, each sample was covered with an insulating sheet in order
to selectively electrodeposit copper at the parallelepiped extremities of the polymer
sample. The mask was evaluated for its ability to deposit a surface area of 80 mm?.
The anode and cathode were attached to a U-shaped PMMA support to verify that
the distance between the anode and the cathode was the same in each deposition
test and that the two were parallel (Figure 24). A power source applied a voltage
between the anode and cathode and simultaneously, an ionic current flowed through
the electrolyte solution, causing copper positive ions to migrate and deposit on the
negative cathode, which was the 3D printed PEGDA:PEDOT sample. Although,
when exposed to water, the PEGDA insulating matrix swells, it was essential to
determine if immersion in the aqueous electrolyte would result in irreversible
damage to the conductor samples.

In Gold sputtering a similar masking was used, so in this method, each sample was
wrapped in an insulating tape, leaving just the extremities exposed to Au deposition.
The chamber was then filled with samples and the pressure adjusted to 10 mbar
and 30 mA current for 180 seconds were used for the deposition procedure.

Finally, for silver metallization, conductive silver paste was manually applied at the
sample extremities, covering both the top and three sides of the samples and
resulting in a covered surface area comparable to that of the unmasked
electrodeposited and sputtered samples.
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Figure 24: Setup for Electrodeposition: a) CAD model; b) built setup.
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In the end, FESEM and EDX (i.e. energy dispersive X-ray spectroscopy) were
employed to characterize the electrodeposited copper atomic composition and
shape, which exhibited a dependency on the setup.

A FESEM analysis of the porous electrodeposited Cu layer showed the presence of
typical copper grains on samples deposited using optimal setting parameters, as
shown in Figure 25a, whereas copper traces were not detected in EDX measures at
8—9 keV in the masked areas (Figure 25b).
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Figure 25: a) FESEM characterization for Cu electrodeposited samples showing
copper grains; b) Atomic composition of the polymer (left) and metal-electroplated (right)
surface.

Unlike Cu electroplating, neither Au sputtering nor Ag spreading required
adjustment for this application. Thus, electrical characterisation was conducted
after deposition and an almost equal mean conductivity was determined for Au
sputtered and Ag plated components®®!,
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Chapter 3

Conduction Mechanisms

The movement of electrons and holes within polymers is critical for designing
polymer electronics and optoelectronics devices. The fundamentals of charge
transport inside polymer devices must be examined, as well as the major charge
transport processes. The effect of doping on charge transport and the behaviour of
traps will be discussed.

It is critical to remember that polymer crystallinity will never approach the grade
of a perfect crystal, except in a few relatively artificial and essentially irrelevant
environments. Charge transfer is significantly less affected by grain boundaries in
a typical metallic conductor than it is in polymers and is similarly unaffected in an
inorganic semiconductor, but also the morphology of polymeric materials is critical
for charge transfer. By definition, conjugated polymers are stiff; the double bond
imparts a degree of stiffness to the molecule that saturated polymers lack. Because
stiffness facilitates packing, many conjugated polymers are semi-crystalline, which
has implications for charge transfer.

To measure charge transport in polymeric materials, a very straightforward scenario
i1s examined in which a material is injected with either holes or electrons at the
anode, without loss at any desired density, which is regulated by the bias voltage.
In real-world circumstances, complicated factors exist; materials may be combined,
and the device may be pumped with both holes and electrons. Nonetheless, such
complexities must be removed in order to comprehend transport operations.

3.1 Order, disorder and crystallinity

Crystallography is a major subfield of condensed matter physics concerned with the
study of crystalline formations. Each crystalline structure may be simplified to a
single unit cell, which when repeated over space forms the crystal and the unit cell
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is arranged in a lattice called a Bravais lattice. The simplest kind of lattice is cubic,
in which all atoms or molecules are arranged along the cube edges. A body-centred
cubic lattice is a variant of the Bravais lattice on a cubic structure in which another
atom or molecule occupies the central position of the basic cubic structure. It is not
essential for all crystalline formations to be cubic; the lengths of the sides need not
be identical, nor do the angles between them have to be 90°. There are seven distinct
types of crystalline structures, each of which has fourteen Bravais lattices, and three
of these crystalline forms are shown in Figure 26.
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Figure 26: Examples of crystal systems include the following: (a) An orthorhombic
crystal (b) A monoclinic crystal (¢) A hexagonal. In (a), an orthorhombic. This is one of
the four Bravais lattices that exist for the orthorhombic system. The structures of the
other types of Bravais lattices are slightly different: It is referred to as a simple
orthorhombic lattice in the absence of the molecule or atom at the body centre. A base-
cantered atom or molecule is one that is centred on two opposing faces, whereas the
fourth lattice is made up of an atom or molecule that is cantered on all six faces.

Polymers are arranged in all these crystalline structures. The presence of dopants in
a conjugated polymer must affect its crystalline structure because dopant ions,
which are necessary for overall charge neutrality, are often larger than the crystal
lattice, frequently requiring the crystal shape to alter to accommodate the dopant
impurity, consequently doping a polymer frequently alters the crystalline structure.
When doping is used in small amounts, the overall effect is often the insertion of
defects into the lattice.

3.1.1 Block copolymers

Phase separation of polymer mixtures results in micron-scale structures with a
degree of order. Regrettably, the phase separation process makes it difficult to
produce structures with high degree of order. Complete ordering is required in the
case of spinodal decomposition (spontaneous thermodynamic phase separation)
since it demands that the whole material be at a constant temperature and
simultaneously ‘senses’ the start of phase separation. Block copolymers provide a
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solution to both of these issues. It is now feasible to create block copolymers with
manometer-sized features that are perfectly homogeneous across several microns.

QSS

B

Figure 27: (a) Block copolymer is made up of two or more polymers that are
covalently linked together to produce a longer linear chain. This picture shows a
schematic representation of an ABA triblock copolymer. If the three blocks are
constructed of different homo polymers, an ABC triblock copolymer is formed; if two
polymers are used, a diblock copolymer is formed. (b) A graft copolymer, often referred
to as a comb polymer. Linear chains stretch from a chain backbone in this case.

Copolymers are classified as block copolymers, alternating copolymers, random
copolymers, and graft copolymers. Figure 27 illustrates two of these instances.
Generally, block copolymers are miscible. While it is feasible to synthesize block
copolymers of miscible blocks, it is difficult to see why this would be done since a
random copolymer of the same components is often considerably quicker to
synthesize and normally results in identical material characteristics. Immiscible
block copolymers are prevented from generating bigger spinodal breakdown
structures by the covalent bonds connecting the blocks. Nonetheless, block
copolymers may be used to create a variety of shapes, as seen in Figure 28. Like
polymer blends, block copolymers have a phase diagram. The shift from a two-
phase to a one-phase state is referred to as the order—disorder transition, and the
two-phase state is referred to as microphase separation. Phase separation occurs at
the nanoscale, not at the microscale length. The three primary morphologies of
block copolymers are spherical, cylindrical, and lamellar. To summarize, the
physics requires minimizing the input of interfacial energy and stretching the
polymer chains®”!.
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There is some trade-off between these many elements and the use of self-consistent
mean-field theory enables a complete prediction of the potential structures. The
structure is governed by two critical parameters: the interaction parameter between
the two components and the chain length ratio. If the individual blocks are strongly
asymmetric, the morphology will be spherical; in block copolymers, a spherical
shape enables the smaller block to have a lower surface area while the larger block
forms a matrix (Figure 28).

Figure 28: Block copolymers can have a wide range of different structures based on
the block length ratio and, to a lesser degree, on factors such as temperature. When a
single block is exceedingly small, it will result in a spherical morphology, with spheres
arranged in a body-centred cubic structure (a). When the blocks are comparable in length,
a lamellar structure is formed (c). Between these two is the cylindrical morphology (b).

3.1.2 Charge transport and grade of order

In comparison to a semiconductor solid, such as silicon, a conjugated polymeric
structure is far less regular. Polymers are made up of individual molecules with
variable chain lengths, flaws, and chain ends; they can also be amorphous or partly
crystalline. Additional distinctions emerge as a result of aging. Finally, the polymer
chains can be oriented in any of the three spatial directions (X, y, or z), resulting in
arange of electrical characteristics. As a result, disorder has a significant influence
on the electrical characteristics of conjugated polymers. In general, disorder results
in the localisation of charges. Order, on the other hand, is not a necessary
requirement for charge transport, because even in a highly ordered system,
macroscopic charge transport is impossible unless the charges may hop or diffuse
between chains®. Certain polyacetylene samples exhibited high crystallinity
percentages of up to 80% to 90%. As a result of this enhanced crystallinity, the
sample conductivity is also significantly boosted, supporting the overall pattern that
disorder results in charge localisation. PEDOT has a finite crystallographic order.
In the instance of PEDOT:Tosylate films, evidence for a paracrystalline structure is
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discovered, in which the order decays over large distances. In the case of
PEDOT:PSS films, no crystalline structure was seen by x-ray examination, but the
presence of a lower degree of order that is not detectable by x-ray analysis but has
a significant influence on charge transport has been demonstrated.

The various forms of doping discussed above can be used to add new charge carriers
into conjugated polymers. These charge carriers must be mobile in order to
participate in charge transport. Anderson presented a model for charge transfer in
randomly disordered systems in 1958. These systems are also referred to be
homogeneously disordered if their disorder length scale is equal to or less than the
electronic correlation length. Anderson proposed that at low impurity
concentrations, charge transfer occurs not by free charge carriers distributed across
the medium, but rather via quantum mechanical jumps between specific local sites.
He then described the circumstances under which charge carriers' wave functions
become confined and no charge transfer is possible. A Fermi glass is another term
for a system having completely confined states at the Fermi level. Mott suggested
that when a system is sufficiently disordered, a metal-insulator transition, dubbed
the Anderson transition, must occur. Heterogeneously disordered systems are those
in which the disorder length scale is greater than the electronic correlation length!®,

Heterogeneous disorder has been proposed for several kinds of polyacetylene, and
it is also applicable for PEDOT:PSS. It has been demonstrated that homogeneous
or heterogeneous disorder alone is insufficient to characterize the unique carrier
behaviour of conjugated polymers. Nonetheless, these models can provide a starting
point for understanding charge transport in intrinsically conductive polymers, and
the computed data fits the actual results well®],

Conducting polymer materials have in common a disordered structure. Since the
length of polymeric chains is variable, due to a non-uniform defect distribution, also
the delocalization length of electrons along the chain (i.e. ‘conjugation length’) is
variable, leading to more or less well-stacked polymer chains where a weak
interaction between m-n electrons exists in the type of Van der Waals forces.

As indicated in Figure 29, the overall materials consist of amorphous domains and
crystalline domains with a size range of ~10 nm. Charge transfer is faster along
chains, moderate across chains and between lamellar planes is slower in such
disordered materials (Figure 30)°!. Additionally, the chains can be positioned
arbitrarily along the x, y, or z axes. It is self-evident that in the scenario shown in



Modelling and characterization of electronic conductivity in 3D printed 55
PEGDA:PEDOT polymer composites - High frequency applications

Figure 29a, rather than Figure 29c, transport characteristics would be optimal. It is
well accepted that an increase in charge mobility is related to the relative stacking
of the chains and to the amount of order. To improve the transport characteristics
of conducting polymers, the upgrade in intra- and inter-chain charge transport and
the increase in charge mobility must be accomplished®!l.

Figure 29: representation of polymer chain structure of with varying degrees of
order. (a) Highly organized aggregates; (b) disordered aggregates; (c) totally disordered
aggregates. Without reduction in the conjugation length ordered areas (dark orange) and

long chains (red) can link together®”.,
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Figure 30: Schematic representation of charge transport along the chain backbone,
the n-m stacking, and the lamellar stacking is fast, moderate, and slow, respectively.

3.2 Band structure in conjugated polymers

Polymers have a more complex band gap than inorganic semiconductors. Polymers
are rarely pure, complicating much of the physics description and resulting in a lack
of a complete understanding of the polymer semiconducting characteristics. To
characterize charge transport processes, it is necessary to understand the genesis of
the band gap in these conjugated systems, beginning with the behaviour of
molecular orbitals. The chemistry of polymer electronics is based on the concept of
linear combination of atomic orbitals.
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3.2.1 Primitive cell

In a one-dimensional crystal with a lattice parameter of ‘a’ and one atom per
primitive cell (Figure 31), the linear combination is constructed using just one ‘s’
type orbital of each atom. A real system would consist of a single electron and a
linear chain of hydrogen ions, H".
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Figure 31: (a) A linear chain of N atoms separated by distance ‘a’ (i.e. lattice
parameter). (b) The first Brillouin zone. The limits of the Brillouin zone are planes that
passing through points and are perpendicular to the chain.

The computation is conducted on the assumption that there is only one electron in
the crystal and that the wave functions represent all of the electron possible states.
It is acceptable to fill the states of the bands with two electrons in each state, until
the crystal total number of electrons. The mean field potential includes all
interactions. All overlap integrals are ignored and only the transfer integrals
between first neighbours are evaluated.

N

Eq.7: E(k) = zeik'<RJ-Ri>HU
i

where R; and R;j denote the orbital ‘j’ to orbital ‘1’ distance vectors. It is worth noting
that the band energy function in Eq. 7, E(k) is solely dependent on the distances (R;
— Rj) and the nature of the orbitals. In the limit of an infinite crystal, the set of all
discrete values of k becomes dense, permitting identification of the set of
eigenvalues Ex. The matrix elements Hj; are the Coulomb integrals (if 1 =j) and the
transfer integrals (if i # j), considering H;; = (¢i |H |¢> j). If V(r) matched the
precise atomic potential and ¢; the exact atomic orbital, this term equals the atomic
energy €.

Considering the following in the first neighbours approximation:
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H;; = €y (Coulomb integral)
H;;iy1 = V (Transfer integral)

The Coulomb integral represents the energy of the electron within the orbital,
whereas the transfer integral represents the energy necessary to move the electron
from one orbital to one of its initial neighbours, i+1 or i—1. Integrals between distant

neighbours are omitted: H; 75 ;41 = 0. Eq. 8 is produced by making the

appropriate substitutions:

Eq.8: E(k) = eV + ¢y + e *aV = ¢, + 2Vcos(ka)

with

This is seen in Figure 32a. The free electron band is depicted in Figure 32b for
comparison. This comparison may aid in determining the magnitudes of the transfer
integrals and their dependency on the distance between the atoms.
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Figure 32: (a) Energy bands for a one-dimensional crystal (linear chain of atoms),
calculated using the linear combination (LC) approximation; BW denotes the band width.
(b) The free electron (Fermi gas) model's associated energy band. It is worth noting that
V <0 is true if s type orbitals are used as the foundation for the LC. If each atom has just
one electron, Er = g.

As noted previously, this band structure is reminiscent of a linear chain of hydrogen
atoms, each with its own electron. There will then be N electrons in the energy band
to occupy the N states. Due to the fact that each state can be occupied by two
electrons (with antiparallel spins), the band will be half full at absolute zero (T =0
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K), and this chain will correspond to the electrical structure of a one-dimensional
metal.

In the case of a two-atom primitive cell and therefore two orbitals per cell, as seen
in Figure 33, two different transfer integrals, Vi and V2, must be considered. Due
to the fact that the primitive cell has doubled in size, b = 2a, the new Brillouin

zone has been half, with the new borders being + %, and two energy bands will

exist separated by an energy gap.
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Figure 33: Band structure resembling a two-atom primitive cell.

3.2.1 Energy band gap

The de Broglie relation states that the total energy of the electron, unaffected by
any periodic potential, is

h2k?

2m,

Eq.9: E =

Electrons can be regarded free in this case, with a parabolic potential as a function
of k, and they are treated similarly to free electrons in metals.

The periodic potential of a conjugated polymer system is denoted by the Su—
Schrieffer—Heeger model, as shown in Figure 34. Electron energies inside the band
gap (Eg) are banned, whereas electrons with energy above the gaps are permitted to
conduct. The idea is similar to that of the Kronig—Penney model, which was the
first to explain electron energy bands in crystals, although there are notable
differences. Brillouin zones, for example, can be linked to the reciprocal lattice in
the band theory of inorganic semiconductors. Conjugated polymers, on the other
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hand, whose conductivity may be considered one-dimensional, cannot be
characterized in this way. The Su—Schrieffer—Heeger model is straightforward in
comparison to other models, and predicts an electron energy as given by Eq. 10:

Eq.10: E = Er +\/E§cosz(ka) + (Eg/Z)zsinz(ka)

where 2E is the band width and Er is the Fermi level situated in the band gap centre.
Indeed, the existence of a band gap in a polymer such as polyacetylene seems
intuitive, considering m electrons to be delocalized and therefore free to travel about
the polyacetylene backbone.

However, polyacetylene (C2H>) has an alternating pattern of single and double
bonds. This, it turns out, requires less energy than delocalizing the electrons. Due
to the alternation of single and double bonds, there are distinct bond lengths for C—
C and C=C. The energy required to reverse the C—C and C=C bonding is
approximately 1.5 eV for polyacetylene. Unsaturated polymers, such as
polyacetylene, include carbon—carbon (C=C) double bonds; conjugated polymers
(i.e. those with alternating single and double bonds —C=C—C=...) are invariably
unsaturated, but not all unsaturated polymers are conjugated.
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Figure 34: Su—Schrieffer—Heeger theory (strict binding approximation) indicates that
polyacetylene has a periodic potential. The band gap, E; = E1— Eg, is defined as the
difference between the energy limitations of the HOMO and LUMO bands. The Fermi
level (Er) is located in the band gap centre.

When these double bonds are situated throughout the chain backbone, they often
impart a degree of stiffness to such polymers that is not present in polymers
composed entirely of C—C single bonds, such as polystyrene. By solving the
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Schrédinger equation for a periodic function, it was proven how bands may form
in semiconductors and how mobile electrons can exist and be accessible for
conduction using the free electron model. Conduction occurs in metals because of
electrons, which are incorporated into the bonds. Even when doped, the linkages of
a polymer remain unaltered. The polymer backbone is unaffected by the electronic
behaviour, which could not be the case if electronic transitions were caused by
bonds. Finally, the extended system along the chain backbones (i.e. conjugation) is
responsible for electronic transitions in polymers, providing the critical distinction
between organic and inorganic semiconductors electronic behaviour.

3.2.2 Su—Schrieffer—Heeger theory

The formation of the band gap in polyacetylene has been eloquently described using
a fairly simple hypothesis that incorporates the energy costs of transporting an
electron by hopping between monomers. Additionally, the total energy contains
components for the potential energy of stretching or compressing the bonds (i.e.,
adjacent monomers are considered as springs) and the associated kinetic energy.
When the chain is believed to be completely dimerized, the question of how a band
gap is generated becomes considerably more tractable. This means that we consider
two CH units in order to deal with two distinct bond lengths, assuming they are
constant throughout the chain. By comparison, the undimerized chain would have
a single equilibrium bond length and no bond alternation.

According to Su—Schrieffer—-Heeger theory, electrons interact with the lattice via
electron—phonon coupling. This implies that electrons are unable to travel
independently of the chain backbone. This model makes a critical assumption:
electrons do not interact with one another. The energy of the chain is defined as the
sum of the energies of each of the N CH groups:

Eq.11: H= — Z(to + (=D"2au) (e}, cn + ) cpy1) 2NKu?
n
where the formalism of the original paper has been reported[92]: ‘u’ is the
perturbation to the bond spacing in the unperturbed system, so that the difference
in bond length between the (longer) single and (shorter) double bond is 2u; ‘K’ is
an effective spring constant representing the behaviour of ¢ bonds (2NKu? is an
elastic energy due to bond distortion); ‘t’ is an energy associated with moving
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electrons from one monomer to its neighbour; ‘a’ is an electron—phonon coupling
parameter, and accounts for the perturbation due to different bond lengths; and cn
and cnr1 are fermion (i.e. here m or 2p, electrons) annihilation and creation
operators, which allow for electron movement from monomer to monomer. As such
to (c'nr1cn + cncn+1) represents the transfer of an electron between one 7 orbital to
another, which consequently means the transfer of an electron between different
sites, because different  orbitals are on different carbon atoms. Strictly ‘H’ is a
Hamiltonian, because it is an operator (or the sum of operators).

The creation and annihilation operators, which take into account the fact that when
an electron arrives to a CH unit, it is lost (annihilated) from its neighbours. These
operators simplify the Schrodinger equation and Eq. 11 is essentially the time-
independent Schrodinger equation for & electrons in dimerized polyacetylene.

While moving electrons across sites is an expression of their kinetic energy, a
Hamiltonian requires a component for potential energy. Along with the elastic
energy resulting from bond distortion, there is a term resulting from the alternating
double and single bonds with varying bond lengths. Because the m bonds are not
situated on an aromatic ring with equal bond lengths on each side of the carbon
atom, the system energy is altered and this disturbance caused by nearest-neighbour
hybridization has an associated energy provided by Eq. 12:

EQ.12: An=—0 (Un1 —un) =2 (-1)"u=(-1)"A

where A = —2u, and 2u = un+1 — Un; Un 1s the deviation from the bond length in the
linear (undimerized) chain and may take positive or negative values depending on
whether the bond to which refers is single (u, > 0) or double (u, < 0).

Because the chain is kept together by constant bonds, they are not related with the
creation and annihilation operators and they are affected by bond distortions
contributing a potential energy of K(un+1 - un)*/2, which is equal to 2NKu? for the
entire chain.
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3.2.3 Density of states in Polyacetylene

The density of states, denoted by g(E), in Eq. 13, is the number of electronic states
at a given energy level, denoted by dN/dE. However, using the periodic boundary
conditions and considering the polymer chain to be a circle with radius ‘r’, In this
calculation, the total number of states is N = 2nr/a, where ‘2a’ denotes the dimer's
size or length. Thus, the density of states becomes as seen in Figure 35.
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Figure 35: The one-electron density of states predicted by the Su—Schrieffer—Heeger
theory for a dimerized chain.

Notably, only states satisfying |Eq|> |Ex| > |E,/2| are those an electron can be
contained within. This density of states is a one-electron kind which contains all
free electrons and fill the energy levels from the lowest to the highest. The
assumption of examining one electron is due to the fact that there are no free or
virtually free electrons, since an electron is linked with a monomer. It can be
demonstrated that the numbers used to calculate the density of states (Eq. 13) are
equivalent to those in the Hamiltonian formulation (Eq. 11) when 8au = E; and

2t0 = Eo.
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3.3 Quasiparticles in conductive polymers

Field effect measurements, the thermo-magnetic dependence of the electrical
conductivity and of the Seebeck coefficient from 300 K to 4 K are the primary
methods for determining transport mechanisms®*!, although in this work only
measures @RT were performed and a bibliographic and theoretical dissertation is
treated in this section. The thermo-magnetic behaviour of conductivity has been
mostly employed in literature because it is more accessible to distinguish the
various contribution to the material conductivity®. Eq. 14 gives the electrical
conductivity of a substance.

Eq.14: o = n|e|u

With n denoting the charge carriers' density, e denoting the electronic charge, and
u denoting the charge carriers' mobility.

The origins of conjugated polymers high conductivity will be discussed in terms of
quasiparticles, which are critical for describing band formation and charge transport
processes. The mobile charges referred as polarons, bipolarons and solitons hop
between different sites, if no charge is present nearby the counter-ion, which is a
fixed charge and at the acceptor site, since high coupling potential between them.

3.3.1 Peierls transitions

In highly anisotropic solids, such as organic conductors and semiconductors, both
in molecular materials and conjugated polymers, electron—electron interactions
mediated by phonons (lattice vibrations) cause structural instabilities and metal—
insulator and spin transitions. The Peierls transition'! is one of the most significant
of these processes that affect organic semiconductors®®l,

In quasi-one-dimensional materials, the ion—ion, electron—electron, and electron—
phonon interactions can be different depending on the crystallographic orientation.
This group includes the majority of organic conductors and semiconductors, as well
as tiny molecule solids and polymers. The anisotropy of these materials can reach
extreme levels. There are numerous instabilities in a purely one-dimensional solid
that make these systems extremely rich in terms of their physics:
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e [f electron—phonon interactions are significant, the ground state is unstable
in the presence of charge density waves (CDW) with wave vector q = kg,
resulting in what is known as the Peierls instability.

e [f magnetic interactions exist, spin density waves (SDW) can form without
causing lattice distortion or with lattice distortion causing a spin-Peierls
instability.

e Thermal fluctuations at T > 0 K disrupt long range order in the presence of
short-range interactions.

e Alow grade of disorder may result in electron localization and the formation
of a metal-insulator transition.

At low temperatures, the elastic energy required to modify the lattice is less than
the gain in electronic energy in quasi-1D metals. As a result, the CDW state is the
ground state. Under these conditions, it is typical to observe the opening of a gap in
the energy band at k = kr, as illustrated in Figure 36, as well as the Peierls transition.
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Figure 36: Transition of Peierls When the electronic energy of a 1D metal is reduced
more than the elastic (phonon) energy, the band creates a gap at k = k. When k¢ = n/2a,
the gap is opened, the lattice dimerizes.

The Peierls instability and subsequent transition are observed in a wide variety of
organic conductors, most notably those with charge transfer. At elevated
temperatures, these materials may be metals with crystal structures that favor n-n
interactions along stacks of evenly spaced molecules or ions. When the conduction
band is half filled, a charge density wave of wavelength ‘2a’ develops and the stacks
may dimerize and as a result, a gap at the Fermi wave vector, kr, will open, but in
general, if the degree of band filling is 1/n, kr = n/na, the charge density wave will
have the wavelength equal to ‘na’.
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3.3.2 Solitons

Topological defects are characteristic of semiconducting polymers and play a
critical role in charge transport characteristics'®?. Solitons (also referred as kink
solitons or bond-alternation defects) are topological defects that correspond to non-
bonding 2p. orbitals populated by a single electron. These neutral solitons are
important for charge transfer and hence conductivity, because they divide two
segments of (CH)x with the same energy and travel along the chain (Figure 37).

® L ]
Domain A ‘" Domain B \
Misfit AN
(domain wall) ‘
SOLITON Bond alternation parameter changing sign

at misfit as a tidal wave (SOLITON)

Figure 37: A neutral soliton that separates two (CH). segments with opposite double
bond alternation directions.

Solitons arise in polyacetylene because the two domains A and B with opposing
orientations of double bond alternation are degenerate and the energy cost of
forming the soliton is less than the energy cost of band excitation.

The soliton is a term that refers to non-bonding levels in the gap between the n*
(conduction) and & (valence) bands. The neutral soliton has a spin of 1/2, while
solitons with charges +e have a spin equal to 0. As seen in Figure 38, doping allows
for the creation of solitons with positive or negative charge, zero spin, as well as
neutral solitons with spin 1/2 and even fractional charges. Solitons are delocalized
over a large number of CH units and can freely travel along a chain without altering
its form. The effective mass has been calculated to be approximately six times that
of the unbound electron””!.
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Figure 38: A schematic illustration of the formation of a soliton, illustrating different
charge and spin combinations.

The polymer is not flawless and may have kinks or other defects that allow charge
carriers to pass across the band gap. In terms of the chain chemistry, this is the point
at which two single bonds are linked, thereby breaking the conjugation. When this
occurs, a bi-radical is formed. A double bond is broken, resulting in the formation
of two unpaired electrons, implying that a CH group is connected to both of its
neighbors through single bonds.

Solitons are radicals that can move by swapping single and double bonds. The
interchange of single and double bonds does not necessitate the provision of band
gap energy for each monomer along the chain. The two radicals formed are a pair
of soliton—antisoliton radicals that can travel apart along the chain, as seen in Figure
39. This process has no energy barrier, as electrons are believed to be delocalized.
It is useful to understand soliton and antisoliton since they are capable of
annihilation. To conserve total spin, a neutral soliton has spin 1/2 and an anti-soliton
-1/2. Solitons are also formed in chains because of defects. Due to the fact that
solitons are self-moving, they do not need to be connected with an antisoliton. The
soliton has a spin due to its connection with an electron. Solitons can travel along
the chain backbone, indicating that they are delocalized to some extent.

B oA

Figure 39: A soliton and antisoliton produced concurrently (e.g. thermally) may
travel in opposite directions down the chain as in (a) (b).

This is what it means when solitons are described as delocalized, since the soliton
effect may span between three and five monomers. Solitons have an associated
energy and they are located above the HOMO level but below the LUMO level.
The soliton is positioned approximately halfway up the band gap, which reflects the
fact that the bond lengths on each side of the soliton's center are equal. The energy
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level associated with the soliton can only be partly filled, as the soliton is limited
by Fermi—Dirac statistics owing to its spin.

Polymers with ring structures along their backbones or those that are not degenerate
conjugated polymers (PEDOT), in which the exchange of single and double bonds
throughout the polymer chain results in the same structure, are not sensitive to this
degeneracy and hence do not form solitons.

3.3.3 Polarons and Bipolarons

When an electron is added or extracted from a conjugated polymer chain, the
electron—lattice coupling causes a deformation of the lattice associated with the
charge. This topological flaw will result in the formation of a quasiparticle known
as a polaron. When two electrons or two holes interact via the Coulomb or electron—
phonon—electron interaction, they can create two separate polarons or they can
associate to form a bound state termed a bipolaron. Figure 40 illustrates polarons
and bipolarons in Poly(ThienyleneVinylene) (PTV).
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Figure 40: (a) The generation of a polaron P* in a section of PTV by removing one
electron and creating a positive charge and an unpaired electron that will dissociate due to
lattice relaxation. (b) The removal of a second electron results in the formation of a
bipolaron BP** with two positive charges. Only the holes in the gap are displayed since
the bonding level is occupied in the normal state without topological flaws®],

The localized electronic states in a polaron or bipolaron are symmetrically located
at energies £E, relative to the gap center, as seen in Figure 40 energy level diagram.
E, value is dependent on the defect shape.
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Polarons, in contrast to solitons, are charged, although they, like solitons, exhibit
lattice distortions. A polaron is a neutral soliton coupled to another neutral soliton,
and they often occur on chains with non-degenerate ground states. Others
significant distinctions between polarons and solitons is that polarons are not linked
with unpaired electrons, despite their band gap location and that polarons, then,
have a spin of 1/2. When the spins of two distinct polarons combine to form a
bipolaron, a more complex event happens. Because the charges are identical, they
cannot cancel, resulting in the formation of a longer quinoid structure with the
charges at either extremity. As a result, a bipolaron has twice the electrical charge
and can be positive or negative. Although bipolarons have been discovered
spectroscopically, they remain a novelty due to their high energy state. They are
more prone to develop in the presence of faults or at high charge densities.

Between the HOMO and LUMO levels there are the polaron and bipolaron levels.
There are two tiers of this kind (Figure 41). In the case of the negative polaron, the
upper of these two levels has one charge, whereas the lower level is half-filled in
the case of the positive polaron. Each of these has a 1/2 spin. When it comes to
bipolarons, the negative bipolaron has all of its levels filled, while the positive
bipolaron has none, resulting in zero spin.

LUMO
+ — +_Y
t = v
HOMO — - _ _—
Positive Negative Positive MNegative
polaron polaron bipolaron bipolaron

Figure 41: Polarons and bipolarons are generated at energy levels close to the band
gap. Both the hole and electron polarons have a spin of 1/2, while bipolarons have no
spin. Bipolarons have double the electrical charge of polarons.

3.3.3.1 Large and small polarons

A charge is screened in a polarizable media. The process is described by dielectric
theory as the induction of polarization around the charge carrier. When a charge
carrier moves across a medium, the induced polarization might follow it. The carrier
and the induced polarization are regarded to be a single entity, a polaron (Figure
42). A polaron's physical characteristics are distinct from those of a band-carrier. A
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polaron's binding (or self-) energy Eo, effective mass m*, and distinctive response
to external electric and magnetic fields (e.g. optical absorption coefficient and dc
mobility) are all characteristics.

0))

Figure 42: Artistic representation of a polaron. In a ionic crystal or polar
semiconductor, a conduction electron repels negative ions and attracts positive ions. A
self-induced potential is generated, which works in reverse on the electron, altering its

physical characteristics.

When the spatial extension of a polaron exceeds the lattice parameter of a solid, the
latter might be considered a polarizable continuum. This is a large (Frohlich)®”!
polaron. When an electron or hole self-induced polarization approaches the order
of the lattice parameter, a small (Holstein)!'° polaron can form!'°"). Small polarons,
in contrast to large polarons, are regulated by short-range interactions.

3.3.3.2 Polarons classification

When a molecule acquires or loses an electron, its charge causes a disturbance in
the lattice's potential energy, deforming the orbitals in order to minimize the system
energy.

Polaron refers to the excited and electrically charged state formed by the electric
charge and deformation produced in the molecular lattice. The size and energy of
the polaron are dependent on the kind and degree of the lattice deformation
produced. The molecular lattice deforms in three stages, as depicted in Figure 43,
considering a molecule A that loses an electron as an example:
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Electron Polaron!'?: The electron clouds are first polarized due to the
electric field created by the positive charge of molecule A. Two
contributions affect the electronic polaron: the free carrier and the
deformation of electronic clouds. The polarization of the electron clouds
occurs in 0.1 - 1 fs.

Molecular Polaron!'®!: To stabilize the molecule A, the covalent bonds
charges are redistributed. The bond distance and angle vary in response to
the charged molecule. 1 - 10 fs is the relaxation time.

Lattice Polaron!'®: When the charge of molecule A interacts with the
charges of nearby molecules, a lattice deformation occurs. This
phenomenon occurs in 100 - 1000 fs.

Figure 43: a) Electron Polaron b) Molecular Polaron c) Lattice Polaron

3.3.3.3 Polaron radius, coupling constant and mobility

A) The radius of a polaron

When a longitudinal optical (LO) phonon field with frequency w;, interacts with
an electron and the quadratic mean square deviation of the electron velocity is
denoted by Av, the electron can move a distance if the electron-phonon interaction
is weak, which is Eq. 15:

Av
Eq.15: Ax = —
Wro

over the time interval w;;, which is typical of the lattice period, because it is the
distance within which the electron may be localized using the phonon field as
measurement instrument. Eq. 16a and Eq. 16b follow from the uncertainty relations:

m
ApAx = —(AV)? = h
Wro
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hw
Eq.16a: Av ~ Lo
m
h
Eq.16b: Ax ~
mawypo

At weak coupling, Ax denotes the polaron radius r,. To be consistent with the
definition of a large polaron, the radius of the polaron r, must be much greater than
the lattice parameter ‘a’. 1, & 10 nm for semiconductors II-VI and II-V.

B) The coupling constant

When a strong electron-phonon interaction occurs in a polar crystal, the electron of
mass ‘m’ becomes localized and may be approximated by a static charge
distribution inside a sphere of radius ‘1;’l!%], If the medium has an average dielectric
constant of e, the potential energy of an evenly charged sphere of radius 1; in a
vacuum is expressed in Eq. 17191,

3e?
Eq 17: Uvac = EE
The potential energy of an evenly charged sphere in a material with a high
frequency dielectric constant &, 1s

3 e?

U ==-——+
L 5 enly
This is the potential energy of the charge e distributed evenly across the radius I
sphere in a material with the dielectric constant &,. The potential energy of a
uniformly charged sphere in a medium with an inertial polarization field caused by
LO phonons is

3 e?

* = Sah
where & is the static dielectric constant. The polaron effect is thus associated with
the change in the potential energy of the charged sphere interaction with the inertial
polarization field. This difference is equal to the potential energy U» of the
uniformly charged sphere in the presence of the inertial polarization field minus the
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potential energy U, of the charge e evenly distributed across the sphere in a medium
devoid of inertial polarization:

with

The distribution of electrons in a sphere may be non-uniform, which may have an
effect on the numerical coefficient. The potential energy, in Eq. 18, may be
calculated as follows using this correction:

eZ

Eq.18: U,o ~ —

q pol Em ll
Due to the electron confinement in space, its De Broglie wavelength must be of
order 1;, and its kinetic energy must be of order 4m?A?%/2ml?. Minimizing total
energy in relation to 1; results in

l, 4n?h?g,

0 < e? 4112h2> 1 e?

oL\ Ley 2mi?

where the binding energy is calculated in Eq. 19:
Eq.19: U; = — e‘*—m
8m2h2e3,
For weak coupling, the electron kinetic energy may be ignored. Given the radius of
the polaron, 1, = \m , the binding energy is expressed in Eq. 20.
e? e? mwL

Eq.20: U, = — = ——
q 2 TyéEm emn N 2h

It is noticeable that

2

U, _ 1 ( U, >
h(DLO N 4'1'[2 h(DLO

According to field theory standards, the self-energy at weak coupling is denoted by
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Uz = —ah(l)Lo

As a result, the Frohlich polaron coupling constant is determined in Eq. 21:

e? mc 1

Eq.21: a= —
4 * hc |2hwip Em

For the average dielectric constant, it is shown that

1 1 1

Em o o

where €., and g are the polar crystal electronic and static dielectric constants,
respectively. The difference 1/e. — 1/9 occurs because ionic vibrations occur in the
infrared spectrum and electrons in the shells may adiabatically follow the
conduction electron.

C) The mobility of a polaron

The essential concept in evaluating a basic derivation of the mobility behaviour,
particularly its temperature dependencys, is that the mobility changes as the number
of phonons in the lattice with which the polaron interacts, changes with
temperature. The phonon density is given by

1

h(.l)LO
e kT —1

n =

For large polarons, the mobility is proportional to the inverse of the number of
phonons:

T
n
and for low temperatures kT < hw;g
h(.l)LO
u=e kT

The mobility of continuum polarons diminishes exponentially with increasing
temperature. The LO phonon frequency determines the slope of the straight line in
log(n) versus 1/T. Systematic research, particularly by Frohlich and Kadanoff,
reveals
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e hwio
e kT

k= 2mwyp
Under the influence of optical phonons, the small polaron will hop from ion to ion.
The more phonons there are, the greater the mobility. Small polaron behaves in the
opposite manner to the large polaron. It is expected:

1
H=N= 00
e kT —1
For low temperatures kT < hwg:
hwro
U= e kT

thermal energy is used to trigger the mobility of tiny polarons. A thorough
examination of the small polaron hypothesis demonstrates that the mobility, for low
temperatures, can be expressed as in Eq. 22:

fl(.n)Lo

S&T

Eq.22: u=e

3.4 Solitons and polarons bands

Conjugated polymers are semiconductors or insulators in their pure state due to the
gap between the m and n* bands. Doping produces solitons or polarons/bipolarons.
When dopants are added in sufficient concentrations, soliton bands, as in
polyacetylene and polaron/bipolaron bands, as in non-degenerate conjugated
polymers, can develop, resulting in high conductivities, as for PEDOT:PSS. Only
polyaniline exhibits a true metallic state, with conductivity values of 300 S/cm and

d
d—g > 0) down to 5 K!7],

The doping level is defined as the ratio of counter-ions to monomers in a chain.
Doping a semiconducting polymer enables electrons to occupy bands near to the
LUMO and holes to occupy bands slightly above the HOMO. If the charge carrier
1s positive, the resultant charge is referred to as a radical cation; if the charge carrier
is negative, the resulting charge is referred to as a radical anion; in both
circumstances, they are referred to as polarons. Doping does affect the chemistry of
the polymer chain, since the dopant charges the polymer. As a result, the electrical
energy levels are twisted and rearranged to minimize the cost of adding an electron
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or hole to the chain. This can be accomplished by altering the type of the polymeric
bonds. This is accomplished in polyacetylene simply by doping. In some polymers,
bond distortion can result in the creation of a novel geometry, such as the quinoid
shape. This has the effect that the vacuum level of semiconducting polymers does
not accurately represent the total energy required to remove an electron. Without
the electron, the polymer can relax into a new structure with a different bond
arrangement, recouping part of the energy cost of removing the electron!'%!,

A double bond is eliminated as a result of p-type doping in polyacetylene, but the
insertion of a soliton stabilizes this. If the doping level is high enough, two of these
solitons can combine in the same chain.

Despite their importance for conduction in polyacetylene, solitons have a
considerably smaller role in charge transfer in other conjugated polymers, where
polarons and bipolarons predominate.

I [ 1
HOMO -
Positive Negative
polaron band polaron band

Figure 44: When several polarons are present in adjacent molecules (a and b), they
interact and the energy levels become less well defined, allowing for the formation of
bands inside the band gap (¢ and d)!'*!.

Certain semiconducting polymers, particularly those highly doped with metals to
exhibit n-type behavior, lack such distinct energy levels, with bands spreading out
where single polaron levels develop. These are seen in Figure 44.

3.5 Introduction to charge transport mechanism

The conductivity, o, of a typical semiconductor is attributable to the contributions
of the electron density, n, and the hole density, p, being expressed in Eq. 23 as
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Eq.23: 0 = neu, + peu,
where e is the elementary charge, ., is the electron mobility, p, = % , and pi,, the

hole mobility, u, = ;Lf, m, and my, being the effective masses of electrons in the
4

conduction band and holes in the valence band, respectively, and 1 is the mean
scattering time. Due to the band gap, the conductivity is proportional to

exp(— ﬁ). While mobility diminishes with increasing temperature, the

exponential factor remains dominating, and the conductivity may be expressed as
in Eq. 24:

24 (-5
Eq.24: o0 = opexp _Zka

In general, two types of restricting regimes may be considered: the band and the
hopping regimes. In the band regime, charge carriers' wave functions are
delocalized and the charge transport is coherent. The hopping regime is
characterized by localized wave functions of the charge carriers and the transport
consists of incoherent jumps.

An alternative description of charge transport in conjugated polymers that is easier
to understand is intrachain transfer, which is the starting point for comprehend the
characteristics of polyacetylene, for instance. Certain polymers, may exhibit a
strong interchain charge transfer mechanism which is referred to as hopping.
Interchain hopping is promoted in semi-crystalline materials due to the availability
of closely packed neighbouring chains. Grain limits and contaminants, on the other
hand, exist and oppose to the movement of charges, which may traverse grain
boundaries. These phenomena illustrate the difficulties inherent in comprehending
the intricacy of such morphology-dependent charge transfer.

While increasingly excellent electron transporting polymers are being found in
polymeric semiconductors, materials that transport holes, such as PEDOT, have a
higher mobility and stability. The reasons for the superior quality of hole carrying
materials over electron transporting materials are phenomenological in nature and
not well understood. Electron traps, such as the presence of oxygen, are one way to
reduce electron mobility.

One theory for why electron transport is less common than hole transport is that
holes and electrons have asymmetric characteristics; mobile electrons are
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associated with the LUMO, whereas holes are linked with the HOMO. There is no
obvious reason why these characteristics could not result in symmetry and
comparable charge transfer. The LUMO, with which the electron polaron is linked,
has been hypothesized to be more localized than the HOMO. As a result, electron
transport is inefficient in comparison to hole transport. Localization distinguishes
inorganic materials from biological materials, which include delocalized charge
carriers and hence exhibit greater wave-like motion. The more localized the
charges, the greater the contribution of hopping to the transport characteristics and
the less is the mobility.

3.5.1 Introduction to coherent and incoherent charge transport

The Variable Range Hopping (VRH) hypothesis introduced by Mott, provided a
first theory on the transport processes in severely disordered semiconductors!!!%],
According to this concept, charge transfer is determined by the difference in
energies and the localization distance between two different sites!!!!l. Thus,
hopping between two localized states happens in conducting polymers when the
chain thermal vibration alters the energy of these states. The hopping model
successfully described the behaviour of early developed conducting polymers with
a high degree of disorder, but it is not completely satisfactory because it does not
account for the relatively high conductivity (> 10 S:cm™) or some metallic
properties of conducting polymers such as highly doped polyacetylene, polyaniline,
or PEDOT!' 2],

Considering charge transport in PEDOT:TOS, when it is treated with an acid, a
ionic liquid or an organic solvent exhibits conductivities more than 1500 S-cm™!,
allowing them to be easily characterized as having a metallic behaviour!!!31114]
between 77 K and 370 K, with an increase in the electrical conductivity as
temperature decrease!!'>!. PEDOT:PSS treated with DEG demonstrated a shift from
semiconducting to metallic behaviour with just a small temperature dependency,
whereas untreated PEDOT:PSS demonstrated normal semiconducting behaviour
with a weak temperature dependence.

The substantial differences in transport characteristics across PEDOT samples have
been attributed to the grade of order and to the predominant charge carriers!!!!.
Scattered charges form a discontinuous band in extremely disordered materials and
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because of this the Fermi energy is located between the valence band and the
bipolaron band if charges are not polarons or in the centre of the polaron band if the
charges are polarons. As a result, a Fermi glass is produced (Figure 46). Fermi glass
is a substance in which charge carriers are confined at the Fermi energy exhibiting
no long range interaction in the wave functions. In such systems the predominant
mechanism of charge transport is hopping, in accordance with the Mott’s VRH
model (Figure 45).
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Figure 45: Comparison between (a) VRH model (b) Quantum tunnelling model. The
charge carriers' wavefunctions localization due to the disorder is defined as Anderson
localization. In (a) a severe delocalized occurs, while in (b) a less disorder system
promotes a local delocalization in charges leading to the formation of
polaronic/bipolaronic clusters with high charge density.

Polymer chains get increasingly layered and charges become more delocalized as
order increases. When wavefunctions of multiple chains overlap in polaron
predominant polymers, a band of polarons is formed with the Fermi level located
in the middle of it (Figure 46). As a result, the polymer exhibits metallic properties
as in polyaniline!!'¢],

PEDOT contains bipolaron rather than polaron charge carriers, as demonstrated by
Electron Paramagnetic Resonance (EPR)!!'!%), Interchain transport is also favoured
in highly ordered PEDOT films groups, although the bipolaronic and valence bands
somewhat overlap, resulting in the Fermi level being contained inside the interface.
A material where the predominant charge transport is determined by the amount of
order and the ratio of polarons respect to bipolarons and where hopping and band

1 (117

transport coexist and is referred as a semi-meta ] A transition from three-
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dimensional VRH to anisotropic unidimensional VRH or quasi-metallic transport
may occur with intermediate amount of order. In this situation the chain alignment
is sufficiently good to allow a local delocalization of charges, but the Fermi energy
level is not contained in a full band as occur in PEDOT:PSS treated with solvents,
which has been observed to undergo similar transitions!!'®]. This transition from an
insulator to a semi-metal has been observed in PEDOT, considering its shape and
electronic structure, by simulating its density of states.
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Figure 46: Electronic structure in PEDOT mater. a—c, polarons are the predominant
charges: (a) one polaron in the chain and the Fermi level is surrounded by localized
states, (b) a disordered material (c¢) ordered metallic material in which the Fermi level is
contained inside the delocalized polaron band, whereas in the former. d—f, bipolarons are
the predominant charges: (d) one polaron in the chain, (¢) a disordered bipolaronic
polymeric material (f) ordered semi-metallic polymer in which between the valence band
and the empty bipolaronic band the Fermi energy level is located.

3.5.2 Generation and recombination of charges

The connection between the electron and hole in the exciton, which is an excited
state of a strong coupled electron-hole pair, is strong in organic semiconductors.
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The excited molecule can interact with nearby molecules, transferring energy to
them. Thus, the exciton can travel from one molecule to another without charge
transfer, simply by energy transmission. Exciton energy may be transferred in two
ways: via dipole-dipole resonance or via resonance exchange.

Dipole-Dipole Resonance: Resonance energy transmission occurs through the
interaction of two molecules and does not need the emission of light!!'°]. The donor
molecule decays completely, transferring all the exceeding energy to the acceptor
molecule. This transfer happens as a result of the long-range dipole-dipole
interaction and requires that the acceptor molecule absorption spectrum overlaps
with the donor molecule emission spectrum. For distances less than 10 nm, this
process is quite efficient.

Resonance Exchange: When the donor and acceptor molecules are in close
proximity, their excited and ground state orbitals partially overlap!!?%). An electron
may travel from the excited state of the donor molecule to the excited state of the
acceptor molecule; at the same time, an electron from the acceptor molecule ground
state may move to the donor molecule ground state. This technique is quite efficient
for distances of less than 1-2 nm.

3.6 Intramolecular and Intermolecular charge transport

The transfer of charges in conjugated polymers at the nano and micro scale is based
on two phenomena:

» Intramolecular: Transport of the charges into the molecule.
» Intermolecular: Transport of the charges between distinct molecules.

Considering at first the intramolecular charge transport, the electron structure of a
molecule can be thought structured as a small lattice in which the electron is free to
move within the molecular orbital'>!l; in a ‘molecular lattice’, the electron can only
move in one direction and without colliding with anything else due to the anisotropy
and small size of the molecule!'?%). Thus, the molecule may be thought of as a one-
dimensional potential well with distinct energy levels; in the absence of external
stress, the electron can remain within the potential walls, while retaining its energy
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and momentum and avoiding collision. The Landauer Model describes the charge
transfer in a one-dimensional system such as a molecule!'?*): quantum resistance in
a one-dimensional lattice linked between two metallic electrodes to which a voltage
is supplied is theoretically constant and independent of conductor length.

Intermolecular transport is a mechanism that enables charges to travel across
molecules due to the overlapping orbitals!'?*l. In an organic semiconductor, the
situation is entirely different from in a conventional semiconductor, in fact typical
characteristics of the former are the following:

o Large lattice: Typically, the organic molecules, polymers, and groups of
molecules that comprise the lattice are large.

e Weak bond: Van Der Waals bonds between molecules interact in a short-
range manner.

e Polaron: Charge transport is often based on polarons, and the charge is
confined within a single molecule; the polaron deforms the ‘molecular
lattice’ and therefore the energy required to move the polaron is linked to
both the elastic lattice deformation and the carrier electrostatic energy.

e Small mobility: Organic semiconductors have extremely low mobility.

Carriers are confined in distinct energy levels as in the VHR model, although they
can travel across them. These levels are separated by a potential barrier, and the
carrier can jump between them by three mechanisms, as shown in Figure 47:

e  Tunnel effect: The likelihood of tunnelling decreases exponentially with the
breadth of the barrier, so the acceptor energy state cannot be located at a
large distance from the donor energy state.

e Temperature: Phonons provide the energy required to compensate for the
variation in energy levels.

e External electric field: The electric field bends the lattice energy band,
allowing carriers to readily transition to the next energy level.
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-~ tunneling —— v

Figure 47: Phono-assisted Tunnelling mechanism: through quantum mechanical
tunnelling and with sufficient thermal energy, an electron can travel to another energy
state.

3.7 Effective conductivity models in polymer composites

Figure 48 is a flowchart illustrating the many classifications of analytical-
mathematical models!'?*!, which may be classified into three categories:

(1) (ROM) Empirical mixing rule models like general mixing rule and the
Lichtenecker models.

(2) Percolation theory models such as McLachlan's power-law model,
Kirkpatrick's and Zallen's, Mamunya's shell structure, Malliaris' and Turner's
models.

(3) Mathematical models such as the Maxwell model.
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Analytical-mathematical models

Empirical rule of Percolation
mixture models theory models

Mathematical
models
Viogt ROM Statistical models

Reuss ROM Thermodynamic models Infinite dilute spherical filler
General ROM Geometrical models model

Lichtenecker Structure-oriented models
logarithmic rule

Maxwell model

Bruggman model
Pal model
Lewis—Nielsen model

Mammunya model
Clingerman (updated Mamunya
maodel)

McCullough (general transport model)
Clingerman (additive model)
Kirkpatrick and Zallen
McLachlan (general effective media)
Taherian (sigmoidal model)

Figure 48: Analytical-mathematical models classification in polymer-based
composite materials based on the electrical conductivity.

3.7.1 Empirical mixing rule model

As implied by the name, in composite materials the electrical conductivity may be
expressed using Eq. 25 as mixing rule:

Eq- 25: Pcomposite = ¢ : Pfiller + (1 - ¢) ' Pmatrix

P is an intrinsic property of the polymer (e.g. conductivity) which follows the

mixing rule and ¢ is the volume percentage of the filler in the composite!!,

3.7.2 General mixing rule model
The general rule of mixing is described below in Eq. 26!!);
Eq.26: 0" = ¢ -af + (1 — ) o}

where the electrical conductivities of the matrix, the dispersed phase and the
composite are respectively a,,, 05 and o.
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3.7.3 Lichtenecker model

This model, expressed in Eq. 27 is a logarithmic representation of the mixing

rule 125

Eq.27: log (o) = ¢ -log (04) + (1 — ¢) - log (om)

where the electrical conductivity of the matrix is o,,, o4 1s the conductivity of the
dispersed phase and o that related to the composite. This semi-empirical model is
valid  for  homogenised  mixtures of  different  conductivities.

3.7.4 Mathematical models — Maxwell model

1 [126]

Maxwell?6] used the effective medium technique to create an equation (Eq. 28) to

model the final conductivity in particle composites: g, is the conductivity of filler
spheres and o,,, of the matrix.

o—o0 04 — Om
Eq.28: (—’"): (—)
d o+ 20, ¢ Oq + 20,

Using this equation, it is possible to evaluate the total conductivity of particle
composites materials, o, as in Eq. 29:

o (2w

Eq. 29: ar=0m 1_¢(§ %) .

I
~
Il
|

3.7.5 Percolative model — Percolation threshold

The correlation between the filler volume fraction with the composite conductivity
follows the mixing rules, implying that by adding the filler, the composite
conductivity rises linearly. However, this relationship is approximately linear in a
specific region although it exhibits a sigmoidal shape globally!'?7],

Considering an electrically insulating matrix, if the conductive filler volume
fraction steadily increases, consequentially the mean separation distance between
conductive particles would be high for extremely low filler loadings, whereas when
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a sufficient amount of filler is added, the filler particles form a conductive channel
through the entire material because they get closer. The filler volume fraction
reaches the ‘percolation threshold’, the first conductive path through the polymer
bulk is formed. Beyond this critical filler concentration value, the composite
conductivity varies by many orders of magnitude with a minor variation in the filler
content, since a new route is generated with a small increase in the amount of the
filler value!'?®!. A further increment with high filler loading leads to the formation
of a 3D network of conductive paths, till saturation when the high conductivity will
be less sensitive to small volume fraction variations; thus, increasing the filler value
does not result in an increase in new paths, but also in paths connecting together via
branches, which has little effect on the electrical conductivity of the composite
(Figure 49). It should be highlighted that the conductivity exponential rise occurs
when the increment in the filler volume fraction results in the development of a new
channel that does not link the existing paths. Conductivity changes less with filler
volume fraction below and above the percolation threshold, but rapidly rises near
the threshold!2%113%],

Part 1
Mixture rule region

Electrical conductivity (Sfem)

’ .

13
0,107} S
Percolation threshol

Filler volume fraction

Figure 49: Electrical conductivity of polymer/carbon composites as a function of

filler volume percent for the development of conductive networks through the carbon
131]

filled composite!!3!,
3.7.6 Percolative model — Tunnelling effect

Two conductive inclusions may produce an electrical contact through either
mechanical contact or electronic tunnelling processes. The arise of the composite
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conductivity in the percolation mechanism is based on two types of concurrent
processes: quantum tunnelling and the formation of conductive networks. The
former is responsible for the arise of the nanoscale conductivity and the latter for
the microscale!'*?l. According to quantum mechanics, electrons in an insulated
matrix can jump short distances (i.e. less than 10 nm) between neighbouring fillers
and the tunnelling conductivity has been demonstrated in several investigations
below the percolation threshold, where there is no contact between the fillers, to be
the major factor determining the exponential rise of the conductivity in insulating
polymers loaded with conductive inclusions. The second mechanism is dominant at
filler loadings over the percolation threshold, where there is contact between the
fillers!!¥3,

3.7.7 Classification of Percolative models

There are several elements that affect the percolation concentration, the most
significant of which are the filler interactions with the matrix, shape and
distribution. According to these parameters and percolation, several types of
analytical models have been proposed!!*¥:

(1) Statistical models such as the McLachlan model and the power-law model.
(2) Thermodynamic models such as the Kirkpatrick’s and Zallen’s model and

the Mamunya’s shell structure model.
(3) Geometric models such as the Malliaris’ and Turner’s model.

3.7.7.1 McLachlan model

A generalized mixing rule was presented by McCullough!'*! to evaluate the
electrical transport characteristics of composite materials. This rule incorporates a
structural variable taking into account the concentration of inclusions. McLachlan's
general effective media (GEM) model'3*! is expressed in Eq. 30:

1 1 1
f(af—a?> (1—f)<a,f—0
(af F R - f)}a%> (a,f R0 - fc)}a%)

&+

Eq.30: — + =0



Modelling and characterization of electronic conductivity in 3D printed 87
PEGDA:PEDOT polymer composites - High frequency applications

where f denotes the conductive filler volume fraction, f. denotes the percolation
threshold, o; denotes the insulating matrix conductivity, o3 denotes the conductive
filler conductivity, o the composite conductivity and t denotes a phenomenological
exponent.

3.7.7.2 Power law model

The power law model is used to calculate the conductivity of nanoscale percolative
composites. It is based on classical percolation theory. While some experimental
validations of this law revealed the goodness of this formula, others demonstrated
that the approximation is not valid, since not all the phenomenological parameters
that are considered to affect the composite are taken into account. Additionally, in
the power law equation the electrical conductivity prior to the percolation threshold
is neglected and consequentially the distinction between the two conductivity
processes!!36],

On the upper percolation threshold, for filler volume content in the ¢ > ¢, area,

where t is a crucial exponent equal to 1.6-1.91'37] it may be expressed!'?>"] as in Eq.
31:

Eq.31: 0= (¢ — )"

For conductive composites including dispersed fillers, the power law equation does
not match the experimental data. This is because this equation does not account for
the system structural characteristics, such as particle shape or polymer-filler

interaction!!8],

3.7.7.3 Kirkpatrick’s and Zallen’s model
This model (Eq. 32) is a comparable to the power law mode:
Eq.32: 0 =0,(V —-V,)*

where o is the conductivity of the mixture, o, is the conductivity of the filler

site

particles, I is the volume fraction of the filler, V. = p2'*®v is the volume percolation
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concentration, s is a quantity indicating the strength of the conductivity increase
above V,., and V is the filling factor of the unit cell of a particular point arrangement.
According to the literature!'3?], the values of V. and s should be invariant in terms
of the lattice's dimensions. This approach is applicable to a broad variety of
metal/polymer combinations!!*?), inorganic mixes!'*®! and intrinsically conductive

polymer (ICP) mixtures'#!,

3.7.7.4 Mamunya’s shell structure model

Thermodynamic models are based on the interfacial interaction between the matrix
and the filler, in which the formation of the percolative network is a phase

separation process!!*?! led by surface energies.

Mamunya!'*’] presented a thermodynamic model aimed to characterize electric

conductivity of the shell structure in a polymer matrix with distributed fillers. The
composite consists of polymer particles with a diameter D and conductive filler
particles with a diameter d, so that D > d. The percolation threshold value ¢, was
shown to be dependent on the spatial distribution (segregated or random), the aspect
ratio and the shape of the particles. A linear correlation between the packing factor
and the percolation threshold is observed because of the lack of filler-polymer
interactions: @, = X F.

X.F nd\>
Eq.33: @ = X.F, = — = 1—(——)
K

©¥10c represents the true filler content at the localization site, and n represents the
filler layer number. Packing factor F; and the related ¢.; percolation threshold
values are used to describe systems in which the filler is metallic and it has the
shape of shell structure and the spatial distribution is segregated, as reported in Eq.
33. Considering a random spatial distribution of the filler, previous values are

144 takes into account both the polymer surface energy
145].

lower. The presented model!
and the aspect ratio of the filler, as in Eq. 34!



Modelling and characterization of electronic conductivity in 3D printed 89
PEGDA:PEDOT polymer composites - High frequency applications

Log(o) = Log(ay) +g(Log(a¢c) — Log(ah)) for ¢ < ¢,

¢_¢c
F_d)c

Eq.34:

k
Log(o) = Log(0¢c) + (Log(aMax) — Log(ad)c)) [ ] for ¢ = ¢,
where the interfacial tension is y,, ¢, the percolation threshold is ¢, the filler volume

fraction is ¢, F is the maximum packing fraction and a,,,, denotes the conductivity
atgp =F.

R4,
=
R=D+Gypf

R and n are additional parameters, whereas D and G are constants. The Mamunya
model exhibits a high degree of agreement between predicted and experimental
values for carbon black in a variety of polymers. This does not apply to other forms
of fillers. n is around 0.75. According to further sources!!*), the surface energy
between the filler and the polymer may be calculated, in Eq. 35, as follows:

1
Eq.35: Vpr =¥p +¥r —2(¥r - ¥7)?

The thermodynamic Nielsen’s model employed for metallic particles in the case of
¢ = ¢, was partially derived by Mamunya, which has been reported in Eq. 361147

| B ¢ = ¢c|"
Eq.36: Log(o) = Log(a.) + (Log(or) — Log(a,.)) F—o ]
o Kb
(d) - (pc)Z

K = 0.28 — 0.036y,,

3.7.7.5 Geometrical percolation model

These percolative models are concerned with the phenomena of percolation in
premixed dry sintered mixture of insulating and conductive powder particles. All
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these models are based on the deformation of insulating particles during the
sintering process towards a more cubic-like shape. The insulating powder particles
are deformed into more or less regular cubic particles, resulting in a surface
packaging of these conductive powder particles.
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Chapter 4

Charge Transport Mechanism

Prigodin and Efetov predicted the existence of four distinct conductivity modes for
a random network of linked one-dimensional metallic wires. At first, the material
exhibits a range-hopping conductivity. The following form of transit is hopping
between nearby states, followed by correlation areas. Finally, it is possible to
achieve band transport!'*8]. The variable range hopping behaviour is represented by
Mott's temperature model. Localized and extended states coexist in heavily doped
conjugated polymers. There is a critical energy E. that divides localized and
extended states. The electrical behaviour that results, is dependent on the Fermi
level Er location, relative to the mobility edge E.. PEDOT:PSS may be thought of
as a disordered conjugated polymer that is heterogeneously disordered"*’!. The high
degree of disorder present in PEDOT:PSS distinguishes it from other conductive
polymers such as polyacetylene or polypyrrole.

4.1 Band and Hopping charge transport

Conjugated polymers with high conductivities have been compared to disordered
metals on the verge of a metal—insulator transition. Typically, DC conductivity is
thermally activated, lowering as the temperature decreases, or at least to a point
below room temperature.

If the Fermi level is contained inside the extended states, the conductivity is positive
as T approaches zero, as charge transfer does not need thermal activation. Although
the number of mobile charge carriers is relatively small, they nonetheless dominate
the material electrical behaviour. Additionally, as defined in Eq. 37, the slope of the
decreased activation energy, W (T), over the temperature may be used to identify
whether a conjugated polymer is semiconducting or metallic:
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AE(T)  dIn(o)
kT ~ dIn(T)

Eq.37: W(T) =

If the Fermi level is in the area of extended states, the slope of the plot of W against
T is positive, g, is finite as T approaches zero, and the material is in the metallic
regimel*¥. If the disorder is sufficiently high to place the Fermi level in the area of
localized states, the carriers exhibit hopping behaviour, ¢ approaches zero at low
temperatures, and the material is in an insulating or semiconducting state. In this
situation, the slope of the plot of W versus T is negative. At T = 0 K, the motion of
electrons or holes in a perfect crystal may be characterized in terms of band
theory!'*"), and mobility is proportional to the bandwidth, which is linked to the
transfer integrals t. The transfer integra is small in organic materials, with
bandwidths ranging from 50-500 meV. Mobility is temperature dependent as
follows in Eq. 38:

Eq.38: pxT™; 0<n<3

The reason for this is mostly due to electron—phonon and electron—electron
interactions, as well as impurities. When the mobility follows empirical Eq. 38, the
band model is widely recognized as adoptable. Generally, band transport can be
considered when the mobility reaches ~ 5 cm?V ~1s~1. The band model was used
to describe carrier mobilities in a naphthalene crystal throughout the temperature
range 4-300 K[>, At normal temperature, the mobilities of small molecule organic
semiconductors are on the order of 1 cm?V ~1s~1, indicating that the band model
is insufficient!!*?]. Indeed, one of the primary limiting characteristics of organic
semiconductors is their low carrier mobilities, which typically vary between p =
1071 — 10 cm?V ~1s71. These values are hundreds of orders of magnitude less
than those observed in inorganic semiconductors, which range between p = 102 —
10* cm2V~1s71. This discrepancy is explained by the fact that charge carrier
transport is a hopping mechanism in disordered organic semiconductors. The
transport characteristics of a large number of small molecule organic
semiconductors are attributable to the mobility of electron or hole polarons.

Numerous phenomena have been proposed that contribute to the complexity of
charge transport mechanisms in polymers!!>3. However, these issues may be
resolved by treating band transport as a mechanism for intrachain motion alone and

hopping as a mechanism for both intrachain and interchain motion.
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4.1.1 Coherent charge transport

When the concept of conjugation is addressed, band transport is the mechanism that
should be expected. Due to the effect of the applied field on the charge wave
functions, polarons move along the chain in the direction defined by the field. Band
transport can only generate a limited contribution to conduction in polymeric
materials. Even if a pure polymeric crystal could be synthesized, band transfer
would be limited. As a first approximation, there is no need to assume that the chain
is parallel to the applied field; a polaron on a chain that is parallel to the applied
field cannot contribute to band transport without jumping onto another chain,
consequentially for this reason polaron transport will be interrupted in a flawless
crystal by phonons. As these lattice vibrations increase with temperature, the
resistivity of the material also increases. Given that polarons may be dispersed by
phonons, the mobility of carriers is temperature dependent, and empirically, the
carrier mobility scales as in Eq. 38. Indeed, the Einstein relation may be used to
demonstrate that a polaron mobility is anticipated to be inversely proportional to its
temperature, as expressed in Eq. 39:

De
B

given that, the charge carriers diffusion coefficient D does not exhibit a complex
temperature dependency. The diffusion coefficient is defined as D = vA4,,, where
Am denotes the mean free path and v denotes the drift velocity. The issue is with
Am, Which is temperature dependent; at higher temperatures, more phonon modes
with shorter wavelength lattice vibrations are generated, reducing the polaron mean
free path prior to scattering. At temperatures above the Debye temperature, the
quantity of phonons in a non-metallic crystal rises linearly with temperature,
resulting in an inversely proportional diffusion coefficient and a mobility scaled by
pu o« T2, It must be noted that the mobility!'>*! is predicted to be slightly more
temperature dependent than T™1,i.e. v > 1.

Rather than real polymeric materials, this temperature behaviour of band transport
is more effectively studied on small organic compounds that can form flawless
crystals. The existence of traps significantly complicates the temperature
dependence of carrier mobility in polymeric systems. Even in small-molecule
organic crystals, the dispute over the real contribution of band transport to
conduction is still open, owing to reports of very small carrier mean free pathways
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in these crystals that are lower than predicted even when phonon scattering is taken
into account.

The presence of traps in a material does not exclude the possibility of a band
transport mechanism, since the mobility may be altered to accommodate this. In
this case, the charges are considered to move in response to an applied electric field.
When they become trapped, they require a specific amount of thermal energy to
escape, which should follow an Arrhenius-type rate behaviour'*. Thus, the
modified mobility is given by Eq. 40:

—Ag;
Eq.40: u=pg exp(kBT>

Where —Ag; denotes the depth of the trap, which typically indicates that the trap
energy is somewhere within the band gap, and p, denotes a constant that depends
on the degeneracy of the trap states (i.e., how many states exist with a trap energy
Ag; less than the LUMO for an electron or greater than the HOMO for a hole).
Clearly, only polarons trapped at energies close to or less than kg T from the LUMO
(or HOMO, depending on the charge carrier type) have a reasonable chance of being
released rapidly enough to contribute to charge transport. Multiple trapping and
release band transport is the name given to this modified band transport process.
There is no assurance that the polaron will not end up on a different chain after
being freed from a trap and this multiple trapping and release model makes no
distinction between the two. Indeed, because the temperature dependency of the
behaviour is analogous to hopping, this model neglects the difference between the
two processes.

4.1.2 Incoherent charge transport

Transport in doped semiconductors happens not as a consequence of free carriers,
but as a result of charge transfer between impurity states at sufficiently low
temperatures. When the concentration of impurities is large, the impurity states
significantly overlap. In this situation, the electron wave functions of all the
impurities are shared; this is referred to as delocalization. Then, it is frequently
stated that an impurity band forms and conduction occurs inside this "band." At low
concentrations, the impurity states overlap very slightly, the electron wave
functions are intensely localized, and conduction occurs through electron hopping
between occupied and empty localized donor states.
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Figure 50 illustrates four temperature ranges, each of which is defined by a distinct
conduction type. The ranges A and D are critical when comparing electron transport
across the conduction band at elevated temperatures to hopping transit at low
temperatures. B and C will be explored in later in this thesis. As seen in Figure 51,
the conduction of range A is characterized by the thermal activation of electrons
into the conduction band. The semiconductor approaches region D, where hopping
conduction begins, as the temperature decreases. There is insufficient thermal
energy in the hopping temperature range to raise the electrons to the conduction
band. However, as seen in Figure 52, thermal energy can enable electron transport
via small energy jumps on the empty impurity levels inside the band gap.

lgp

A B C D T

Figure 50: The logarithm of resistivity as a function of inverse temperature may be
split into four areas A - Range of intrinsic conduction. B - The impurity conduction
saturation range. C - Freeze out range; contaminants capture the free carriers. D - Range
of hopping!">®!

Figure 51: High temperature conduction mechanism: thermal energy lifts electrons
into the conduction band.
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Figure 52: Low temperature conduction mechanism: electrons hop between impurity
energy levels using a significantly less amount of thermal energy.

The D region can be further subdivided into two sections: the electron transport in
the leftmost section of the hopping range D in Figure 50 is mostly due to closest
neighbour hops on impurity energy levels in the semiconductor band gap!''!l,
Thermal energy, frequently represented as &, is used to trigger the leaps since it is
constant down to a certain temperature limit. It is feasible to demonstrate that when
the temperature is reduced farther to the rightmost half of area D, the activation
energy £(T) becomes temperature dependent and the average electron jumping
length R increases!'>®. Generally, this effect is referred to as Variable Range

Hopping.

4.1.3 Charge and Polaron hopping transport

When the transfer integral ¢ is small in comparison to the other energies, as is the
case when disordered processes are involved, the band model cannot accurately
represent the transport characteristics. Transport becomes disorganized, and charge
carriers jump from site to site, as previously stated.

Conductivity in a large number of disordered semiconductors below the metal—
insulator transition with localized states inside the band gap is due to a hopping
process in which charge carriers tunnel between the localized states at various
locations aided by electron—phonon interactions. Mott's generalized law for variable
range hopping!'*”! describes this process as follows in Eq. 41:

Eq.41: o(T) = gy exp <_ (Tlo)y>
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0, depends on the temperature but that dependence is usually constant compared to
the temperature dependence of the exponential term. T, is given by Ty ~ [/
[kgN(Er)L3,.] where B is a numerical factor in the range 16-22, and N (Ey) is the
density of localized states at the Fermi level and L, . is the localization length. The
exponent y depends on the dimensionality, D, of the transport process and is given
byy =1/(1+ D). Itis y = 1/4 for hopping in three dimensions and y = 1/2 for
1D hopping and in disordered conducting polymers when the conductivity is
governed by charge-limited tunnelling between metallic grains, as well as for 3D
hopping when electron—electron interactions are taken into account [6]. At high
temperatures, the hopping is to the nearest neighbours and the conductivity will
follow the simple activated form with y = 1 as in crystalline semiconductors.

To understand the reason of the temperature dependence in Mott’s law, it must be
considered that the addition or removal of an electron causes a local deformation of
the lattice or molecule associated with the electron or hole in conjugated polymers
with a non-degenerate ground state and in small molecule materials. The energy
difference between a molecule pre- and post-distortion states is referred to as the
polaron binding energy, E,,;. The activation energy required for charge transfer is
1581 "If the phonon energy is negligible in

comparison to the thermal energy kgT, the hopping rate is given by Eq. 42:

half that required for polaron binding!

Ea.42: k _tz VA 2 ( Epol)
e e = 5\ 2B kyT) P\ 2kaT

where ¢ is the transfer integral and E),; is half of the lattice reorganization energy.
The mobility can now be derived taking into account that it is related to the diffusion
constant D, through the Einstein equation u = eD/kgT, and D depends on the

hopping rate, kg, as D = o kgra? in which n is the dimensionality of the system
and a is the distance between sites. For a three-dimensional system, n = 3, the

mobility is expressed in Eq. 43:

1

eat? T \2 E, o Epol
Eq.43: u= < ) exp (— 2 > = Up eXp (— )
6h(kBT); 2E 501 2kgT 0 2kpT

This approximation is reasonable only at intermediate temperatures, when the
. . . . .. E .

exponential factor is dominant, that is, if Z:—OIT > 1. At high temperatures, the pre-

B
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3
exponential factor containing 2 may be dominant. For a typical value of E,,; =

100 meV, the T_% is dominant above 600 K. At low temperatures, and when the
electron—phonon interaction is small, the mobility may be better described by the
energy band model, where u o« T~™ It is therefore possible to have a temperature
dependent mobility, which goes as T™" at low temperatures, passes through an

intermediate temperature range where it is controlled by thermally activated
3
hopping, o« T~E/¥BT and goes as T2 at high temperatures.

4.1.4 Miller-Abrahams hopping model

Hopping is a thermally activated quantum-mechanical tunnelling phenomenon in
which charge carriers hop between monomers rather than traveling coherently
(Figure 53). While it is unavoidable that band transport plays a role in charge
transfer in both polymeric semiconductors and their small molecule organic
equivalents, it is apparent that hopping processes contribute far more to carrier
mobility. For conjugated polymers, a combination of the two is more plausible, as
a pure hopping mechanism is likewise improbable. It should be emphasized that
intrachain transport can also involve hopping, even for conjugated polymers. A kink
or flaw in a conjugated polymer allows charge to flow from one end of the chain to
the other without traveling the entire length of the chain (Figure 53a)!'>. Similarly,
many non-conjugated materials have excellent semiconducting properties, with
charge transfer occurring only via hopping. PVK, or Poly(Vinyl Carbazole), is
arguably the simplest example of a polymer in which only hopping transport occurs
(Figure 53¢)!'%%. Transport in such a polymer can occur between neighbouring
chains or along the same chain, either by hopping from one portion to the next as
seen in Figure 53a, or it can occur along the chain, simulating coherent band
transport.

Naturally, in PVK the carrier cannot travel coherently since the chain is not
conjugated, but the hole may travel between the aromatic rings without engaging
the chain backbone.
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Figure 53: One distinction between hopping and coherent (band) transmission is that
the charge carrier does not have to go between monomers. This does not prohibit
intrachain transfer through a hopping mechanism, which may occur in the presence of
chain defects (a). A combination of coherent transport and hopping is conceivable in
conjugated polymers, with the charge carrier hopping from one chain to the next (b).
Certain polymers, such as PVK (c), can only move through hopping due to their lack of a
conjugated backbone.

Hopping transport does not provide as high mobilities, respect to pure band
transport. One reason for the reduced mobility is the requirement for activation
energy during the hopping process. In the case of PVK, delocalization happens both
on and between the two aromatic rings, for this reason a hole must have sufficient
energy to leave one and travel to another carbazole unit. As a result, hopping
transport becomes more efficient as temperature increases, whereas band transport
loses mobility due to phonon dispersion. The easiest approach to associate an
electronic motion with phonons is to realize that phonons add energy to the system
altering the charge carrier energy levels. If a hole on a carbazole unit localized in
its HOMO level, is considered, when a phonon enters, it raises the energy of the
hole, allowing it to lower its energy by relocating to a neighbouring carbazole.

The probability of hopping occurring is dependent on the energy difference between
the two locations, as well as their distance from one another. Miller and Abrahams
provided a simple theoretical model for this hopping process for transport in doped
inorganic semiconductors, but there is no fundamental reason why this model
cannot be extended to organic materials as well!'®!]. To apply the Miller-Abrahams
model to polymeric systems, each monomer must be considered basically isolated
from its neighbour, even if they share a chain. This must be true for polycarbazoles,
as the monomers are linked via an unconjugated backbone. The Miller—Abrahams
phonon-assisted hopping rate is provided by Eq. 44:
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E] — Ei Zrij
Eq.44: y;; = yOP(Ei)(l — P(Ej)) exp (— T )exp (— )
B a

where 1;; is the inter-site separation distance between a donor pair, E; and E; are
the donor and acceptor respective energy levels, a is the spatial extension of the
states involved in the hopping transport, referred to as the localization radius, y, is
a constant, and P represents the Fermi—Dirac probability distribution. The hopping
rate is predicted to decrease exponentially as the energy of the acceptor state and
the distance between them increase.

Figure 54 depicts a schematic representation of the hopping transport in PEDOT.
Holes in the polaron/bipolaron band are promoted to the valence band by phonon
energy and move across the polymer film via phonon-assisted state hopping, which
might be associated with the same chain or with distinct chains.

conduction
band

S

valence
band

Figure 54: Hopping transport in PEDOT is illustrated using a schematic design. The
left panel depicts a charge carrier bouncing between valence band locations with varying
energies. The right panel illustrates the band structure of a PEDOT film that has been
doped. Ey is the transport energy at which charge carriers are most effectively
transported.

The exponent including E; — E; is a straightforward Boltzmann factor, but the
exponential containing 7;; is a measure of the degree of overlap between the

electronic wave functions!'%?l. If the donor has a higher energy level than the
acceptor, i.e. if E; < Ej, this exponential is replaced by unity, resulting in Eq. 45:
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Zrij
Eq.45: y;; = VOP(Ei)(l - P(Ej)) exp <_ T)

The Fermi—Dirac probability distributions denote the chance that a charge carrier
exists in the donor site and is accessible to hop to the acceptor, as well as the
probability that an acceptor state exists to receive that charge carrier. The Miller-
Abrahams model is significant because it establishes a connection between
distance, energy and hopping rate. However, this model is difficult to apply to
actual systems due to the disorder characteristic of non-crystalline materials, which
makes it difficult to link 7;; to a crystalline lattice location. Similarly, defining the
energy states E; and Ej is challenging since they are affected by phonons. To
account for the dispersion of energies and distances, Bissler added a gaussian
density of states in the energy levels (as well as a degree of position disorder) that
is likewise gaussian!!®}l. The gaussian density of states may therefore be calculated
as follows in Eq. 46:

Eq.46: g(E) N ( B )
q.46: g =——exp|—=—
Znag)z 204

where N is the total number of states and g, denotes the width of the Gaussian
density of states. In the free electron model of metals, all electrons are accessible
for conduction, and their energies are assigned based on the availability of states at
a particular electronic wave vector, starting with the lowest available wave vector.
The distinctions between this hopping mechanism and the coherent transport
mechanism must be carefully considered in this situation.

The wavelengths of charge carriers are largely governed by structural flaws and the
availability of sites for them to hop. Due to disorder in the surrounding medium,
the charge carrier’s wave function is effectively confined inside a restricted lattice.
The number of accessible states rises in a manner similar to that of crystals, starting
with a finite number of low-energy states, which increases as shorter wavelengths
are reached, owing to rising degeneracy. However, at the shortest wavelengths,
which are equivalent to the distance between monomers, disorder persists,
preventing a fast cut-off in the density of states distribution. Similarly, because
perfect crystals are not considered, a distribution of nearest neighbour distances will
exist, implying that some carriers would experience different maximum wave
vectors than others.
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These two effects, HOMO spread and positional disorder, are referred to as
diagonal and off-diagonal disorder, respectively, and are defined by gaussian
deviations from the mean HOMO by g, or position by Z. As a result, the final

density of states is different from the preceding g (E).

Bissler suggested the carrier mobility provided by Eq. 47, to represent the effect of
these many parameters!!®l, where E is the electric field and p, is a constant:

Eq.47: u(E,T) = uyexp l—g(l;—g,r)zl exp {[(%)2 - zzl \/E}

Additionally, the LUMO is affected by this disorder in energy levels in the same
way as the HOMO, as seen in Eq. 47. For low fields, the second exponential can be
omitted and the temperature dependency is governed by the first component,
resulting in linear logarithmic graphs of mobility as a function of the square of the
inverse temperature.

One implication of Eq. 47 is that the mobility can decrease as the field increases if
22 is sufficiently big, i.e. £ > o,/kzT. Since for the most systems with disorder,
the effect of growing disorder diminishes, X2 is often limited to 2.25, as any further
abnormality is not viewed as producing further reductions in mobility. Nonetheless,
the model is not complete and does not account for the effect of polarons on their
surroundings or for actual evidence that mobility increases with increasing carrier
density.

4.1.5 Hopping conduction in the random resistor network model

Miller and Abrahams defined the hopping rate as a function of phonon-assisted
tunnelling and proposed the random resistor network model to characterize
macroscopic hopping transport. Percolation theory can be used to address the
random resistor network problem. Mott extended the Miller and Abrahams hopping
rate and shown that a universal rule for the hopping conductivity may be derived
by making a few assumptions. Efros and Shklovskii included Coulomb interactions
into Mott's theory, altering his initial conclusions.
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Figure 55: With the assistance of quantum mechanical tunnelling and thermal energy,
an electron can travel to another impurity. The VHR model describes an electron's travel
as a percolative path: the electron jumps between close energy levels to reduce the tunnel

distance, but if the nearest state's energy is too high, the electron chooses to make the
"longest leap" to a lower energy state.

Miller—Abrahams' concept is based on the following hypothesis: a lightly n-doped
semiconductor with a low dopant concentration in the temperature range D shown
in Figure 50, is considered. Due to the differences in the local electric field
generated by ionized donors and acceptors, the compensation generates charged
particles with distributed site energies. Due to the low dopant concentrations, there
is small overlap between the wave functions of adjacent impurity sites. Anderson
localization of the electron wave functions is facilitated by the impurity energy
disorder and low dopant concentration.

When a donor electron is near to another ionized donor, it can tunnel into this
location. The transmission of energy is accompanied by the emission or absorption
of a phonon. The purpose of absorption or emission is to save energy. This is
referred to as phonon aided tunnelling. This type of transfer is seen in Figure 55.
The hopping conduction is the product of several such transitions in succession.
Prior to that, the Miller-Abrahams hopping rate is specified'®!]. In the absence of
an electric field, charge transport is detailed and so there is no net current. When a
weak electric field exists, more transitions will occur against the field to locations
with lower field energy than would occur in the other direction, resulting in a net
current proportional to the electric field. A rough estimate of the current yields a
value for the resistance R;; of a particular donor pair. When a large number of
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occupied and unoccupied donors are combined, the system resembles a network of
random resistances.

In the random resistor network model resistances are generated by approximating
them using a self-consistent field. This approximation is not trivial, yet it is
consistent with a large number of experimental results: donor occupation number
n; varies over time. This results in changes in the donor potentials, which varies
E; — E; as well. As aresult, y;; fluctuates in time and can be estimated using time
averages of the occupancy numbers (P(E;)) = f;° and the single particle energies
(E;) = EJ, ;. Averages are perturbed by this weak electric field.

fi = 2+ 6f; Epmi= Ep;+ 0E;

These variations can be interpreted as a contribution to a local electrochemical
potential drop U; — U; between the two donors. Considering I;; = (y; jP(El-)(l —
P(E)))), the electronic current can be expressed as in Eq. 48'%6);

1

Eq.48: I;; = —e(T;; —T};) = F(Ui - U))
ij

with
Rij = RSI ' exp(fij)

kBT _ Zrij EU

0 _ _—

Y ezyi‘}' H a kgT

1
Ej; = E[lEm,i — Emj| + |Emi — ul + |Epmj — 1]

In a large sample, there will be several pairings with a broad range of resistances
that produce a network of random resistances similar to the one seen in Figure 56.
The phonon aided hopping rate and resistor network model concepts and findings
resulted in a technique for calculating the effective conductivity of such materials.
The two most investigated approaches were averaging the local conductance and
the ‘voids and chains’ method, although both were wrong. The former method falls
short by covering just the very low resistances that occur rarely. This enables the
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conductivity of small conducting islands within a large insulating sea to be
calculated.

Q

o

Figure 56: As a model for hopping conductivity, the Miller-Abrahams random

resistor network is used(!%¢].

The latter strategy was proposed due to the existence of a succession of separate
chains of resistance. These chains might break as a result of huge voids, resulting
in very high distances between impurity sites, with such high resistance, that no
current can flow. The current favours voids of a particular radius in this model, as
they will dominate the resistances. Additionally, the occurrence of such voids is
rather unusual. This technique enables the conductivity of dielectric islands in a
conducting sea to be calculated. The final conclusion about these two approaches
is that they are used to determine the effective conductivity limits. The wrong
assumption of both the approaches is that they overemphasize the importance of
uncommon resistances!!*%l. Following that, a novel method of percolation was
suggested, which proved to be critical in resolving the conductivity problem in a
random resistor network.

4.1.6 Mott’s hopping conduction in a percolative system

As seen in Figure 57, Mott's theory is based on the assumption of a constant density
of states at the Fermi level, g(€) = g(u). This means that Coulomb interactions
between particles are ignored.
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Figure 57: Constant density of states in a narrow energy interval of 2y cantered on
the Fermi level. The system is in its initial condition and no Coulomb interactions are
considered.
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The generic derivation of conductivity a(T) and average jumping length 7;,,(T) in
d dimensions will be described and it will be demonstrated that when the
temperature lowers, the available thermal activation energy &,(T) reduces as well.
This indicates that only electrons in close proximity to the Fermi level y are
permitted to hop. The energy cost of an electron jump from an occupied to an empty
impurity state is equal to £y(T). Empty energy states which are £,(T) or closer to
W are quite rare and they are separated by a bigger spatial distance. The lower the
temperature, the fewer energy-affordable sites exist and their spatial dispersion is

165

greater!!®], As a result, as the temperature decreases, the jump lengths rise.

Derivation of o(T)

Considering a narrow energy interval with a width of 2¢;, centred around the Fermi
level, as seen in Figure 57, when the factor of two is omitted, the electronic density
of localized states per unit energy interval at the Fermi level, g(u), remains
constant, as expressed in Eq. 49:

Eq.49: N(gp) =~ g(meo

Conductivity due to hopping on impurity levels, within the energy interval may be
determined by assuming that all pairs, within this interval, have an average energy
difference of &;; = & and an average jumping length of r;; = 1;,. The hopping

resistivity is then calculated in Eq. 50 as follows!!®®:

2%, &
Eq.50: p = pyexp (—+—)
P = Po 2 kT
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The two variables in the brackets of Eq. 50 compete to determine whether the
overlap of the wave functions or the thermal activation energy dominates the
resistivity. The minimal resistivity exponent may be determined by expressing both
components in brackets in terms of &, differentiating them with regard to &, and
equating the total to zero. This relates to a scenario in which thermal activation and
tunnelling between the sites both contribute equally to the resistivity. Additionally,
we determine the £, (T) of this minimum and reintroduce it into Eq. 50. Given &, (T)
expressed as in Eq. 51:

(kmd)ﬁ

Eq.51: &(T) = <adg(y)

A general expression for the temperature-dependent hopping conductivity is
derived from this in Eq. 52, demonstrating that the activation energy is temperature-
dependent and decreases with decreasing temperature:

1
To

1+d 3e2y
Eq.52: o(T) =agyexp| — (?) 0 Ty B . . phg(ll)

" kpg(wad % = Tgrak,T

P is a numerical coefficient that contains all of the exponent missing prefactors in
addition to the unknown prefactor of the density of states g(p), Ty is the Mott’s
characteristic temperature, which indicates the degree of disorder, and v,, denotes
the phonon frequency (~30 THz). In three dimensions, p = 1/4. As a result,

1
Mott's law for hopping conductivity is sometimes abbreviated as the T4 law. It is
now self-evident that the average hopping distance increases as the temperature
decreases, as stated in Eq. 53:

1
To\T+d
Eq.53: 1,(T) = a(F)

Finally, in comparison to conventional semiconductor theory, mobility may be
described in a three-dimensional system as expressed in Eq. 54:

_ evpnd’g(p)

Eq.54: y=———exp —(

1
TO)4
kgT

T
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Assumptions in Mott’s Law

Mott's law is based on the Miller and Abrahams hopping rate derivation, in addition
to few approximations!!®”l. The first and most critical assumption is that the density
of states around the Fermi level is constant, implying that there are no interactions
between the particles. Experiments and theoretical studies demonstrate that at
sufficiently low temperatures, a depletion in the density of states around the Fermi
level occurs. This phenomenon is referred to as the Coulomb gap. The spacing
between charged particles is generated by Coulomb interactions and has a
significant effect on conductivity. The assumption that all pairings have an equal
energy difference €;; = &, and that all hops have an average distance 7;,, which is

not entirely accurate in terms of particles interactions.

In many materials, such as amorphous semiconductors, structural flaws are the
primary source of disorder, smearing out the Coulomb gap. The experimental
results in these materials are best characterized by Mott's law. Smearing of the gap
can also occur as a result of elevated temperature. This proves that systems with a
low degree of structural disorder are better characterized by Mott's law. Other
enhanced models are applicable to high-quality materials with a minimal degree of
structural disorder.

4.1.7 Coulomb gap and Efros-Shklovskii Law

By incorporating Coulomb interactions between charged particles inside the
system, Mott's Variable Range hopping theory was extended and modified. When
powerful interactions are considered, a scenario other than that anticipated by
Mott's law emerges. The Coulomb gap occurs when the ground state electronic
density of states disappears at the Fermi level. At the Fermi level and zero
temperature, the density of states will be zero. As the temperature rises, the gap
widens owing to temperature fluctuations. The Coulomb gap has a significant effect
on the conductivity behaviour. The hopping transport looks to be more complicated
than it would be in a comparable system without interactions. Each hop modifies
the charge configuration and the energy of single particle in the system!!?],

The Coulomb Gap!'®®! (CG) develops in the density of states as a result of the
significant Coulomb Interaction (CI) between electron energy levels around the
Fermi level (Figure 58). Assuming the system is in its ground state, all electron
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energy levels below the Fermi level u are occupied, whereas all states above the
Fermi level u are vacant, as seen in Figure 59 . Since the ground state has the lowest
energy, every electron transfer from & < u to & > p must result in a positive
energy change. Eq. 55a illustrates the energy shift caused by a single electron jump.
This is the amount of energy necessary to move one electron from site i to j. Eq.
55b is the equation for the energy of a single particle. The energy of a single particle

g; 1s dependent on the site potential U; and the Coulomb interactions between all of
the system surrounding sites.

2
e
Eq.55a: AE,. =¢& —& ——— >0
ez
Eq.55b: -=U-+Z
q gl L kBTl]
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Figure 58: The Coulomb Gap is a discontinuity in the density of states. The linear
graph depicts the gap creation in two dimensions. The parabolic graph depicts the 3D

gap.
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Figure 59: In two dimensions, the Coulomb gap exists in the density of states. The
states below the Fermi level p are populated in the ground state, whereas the states above
are vacant.

The energy of —¢; is required to remove the electron from location i. To transfer
2 2
must be provided. The equation
kprij kprj
is included to account for the interaction between the now-empty donor on site i

2
and the electron on site j. In other words, by removing ke—r, the electron is
BTij

the electron to the site j, the work &; —

prevented from interacting with itself on its former location i.

Considering again a small energy interval g, cantered around y, any two non-empty

and empty sites with energies within this interval must be separated by a distance
2

T > ke—g The closer ¢; and ¢; energies are to u, the greater the spatial gap between
B<o

these states must be. According to Eq. 55a, the total number of donors within a
volume of radius 7;; cannot exceed one. The concentration of donors in d

dimensions with energies |e — p| < & is therefore given by Eq. 56:

1 kgeg a
q n(EO) T(EO)?]- ez

From this it follows that the density of states may be expressed as in Eq. 57:

k d
o)

g(&p) cannot be constant in 2 and 3 dimensions as the energy approaches u. In three
dimensions the gap is parabolic g(g) ~ |e — u|?, so a general density of states
affected by Coulomb interactions can be denoted as:

on(gy)
degy

Eq.57: g(&) =
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g(&) ~ e —p|"

It is now feasible to employ the result of the diminishing density of states to derive
conductivity in the same manner. A generic expression is given for the relationship
between p and the shape of the density of states g (&) and the spatial dimension d.
When Coulomb interactions are considered, the final result is sometimes referred

1
to as the Efros-Shklovskii T 2 law, which calculates the hopping conductivity. At
first the resistivity expression (Eq. 58) is considered to focus on the exponent.

Eq.58 (zr’"+ g") (TO)p 0<p<l1
q.58: p=poexp|—+-—) ~exp|=) , p
0 a kgT T

Because the behaviour of the exponent p, which is of primary significance,
constants and prefactors are omitted throughout the derivation. Finally, a generic
equation for resistivity is obtained in Eq. 59, stating that:

To\? n+1
o,

Eq.59: p(T) = Poexp(T S nrdTl

In 2 dimensions withd = 2andn = 1 or for 3 dimensions withd = 3andn =
2,s0p = 1/2. Hence the resistivity is given by Eq. 60!8I:

N =

To
Eq.60: p¢(T) = poexp (7)

4.1.8 Conductivity and morphology

The material electrical mobility has a dependence upon temperature (i.e. higher
temperature implies more mobility) and energy (i.e. energy increase implies more
available states), but it is independent of the electric field; these considerations are
true for small values of the electric field, but for high values, the VHR model
approximations are incorrect!!’%l. Without making any assumptions, the relationship
between mobility and electric field is as stated in Eq. 61:

Eq.61: u~exp(BVE)

Additionally, mobility is dependent upon:
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e  Morphology: The morphology of an organic polymer has an effect on the
overlapping of molecular orbitals and hence on the charge transport through
the material.

e  Molecular Orientation: In an inorganic semiconductor, the unit is the atom.

The molecules are the fundamental components of organic semiconductors; they
typically have an at structure with one side being longer than the others.

Three axes are possible to be defined:

e Conjugation axis: it contains the double bonds.

e Substituents axis: it is orthogonal to the axis of conjugation.

e Bonds axis: it is orthogonal to the molecular plane and it corresponds to the
direction of the unhybridized P, orbitals.

Conductivity and molecular morphology follow the following qualitative
relationships:

e The conductivity of a single polymer is greatest along the conjugation axis
because carriers travel inside molecular orbitals with an higher mobility.
However, conductivity between molecules oriented along the conjugation
axis is limited due to insufficient orbital overlap.

e The conductivity between molecules oriented along the m — m axis is superior
to the former case due to greater overlap of the molecular orbitals; hopping
transport restricts the mobility of molecules.

e The conductivity along the substituent axis is dependent on the presence of
substituent groups.

4.2 AC incoherent charge transport

In the frequency domain two different models are discussed:

The Drude-Smith model is a phenomenological extension of the Drude formula that
includes an extra component that suppresses conductivity at low frequencies,
simulating the behaviour found in weakly confined systems where long-range
carrier transport is inhibited.



Modelling and characterization of electronic conductivity in 3D printed 113
PEGDA:PEDOT polymer composites - High frequency applications

Using his path-integral formalism, Feynman constructed a better all-coupling tiny
polaron hopping transport theory!'’!l. He began by examining polarons self-energy
E, and effective mass m*. Feynman had the notion to express the polaron issue in
quantum mechanics Lagrangian formalism and subsequently to remove the field
oscillatorst!’?!. Applying the variational principle to path integrals therefore yields
an upper bound on the polaron self-energy, which is correct for both weak and
strong coupling, discovering even a smooth interpolation for the ground state

between weak and strong coupling!!’?],

4.2.1 Feynman’s all-coupling theory

Feynman demonstrated that the ground-state energy and effective mass of the
polaron can be calculated with high precision using a variational principle obeying
by path integrals, thereby determining the polaron impedance and more broadly, its
response to weak, spatially uniform, time-varying electric fields. This is a more
complex problem that involves the rate at which a drifting electron loses momentum
due to phonon interactions, either through phonon emission or collisions with pre-
existing phonons. In practice, at temperatures below the crystal melting point, the
density of optical phonons is relatively low due to the considerable energy required
to activate them. Losses can occur solely in the idealized model due to collisions
with optical phonons, which can be analysed using the collision cross section and
subsequently the Boltzmann equation or equivalently the formulas for transport

cross section to obtain the mobility!!"2),

Feynman obtained X (v) as the final expression for the polaron impedance!!’?

Eq.62: X(v) = J "1 = exp(ivw)] Im[S Q)] du
0
&K
S(u) = IWWKFTQXP >

+ 2P(Bwg)cos (iwgu)]

S (_K—D(”)> lexp (i)

w? [v? — w? . vu u?
_ ivu i 02 o
D(u) = | [1 + e + 4P(Bv) sin (—2 )] iu+ _ﬁ l
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In this expression, K, wg and Ck are respectively the momentum the frequency and
the coupling coefficient with the electron of the phonon, v is the frequency, f =
1/kgT and P is the momentum of the electron.

4.2.2 Drude-Smith model

Within the Drude model approximation, the plasma frequency was specified as

2
wp = = Conducting polymers typically exhibit electron densities between 2 +

Eom
4 - 1021 electrons/cm?, resulting in plasma frequencies that are considerably below
the visible light spectrum.

The Drude—Smith model incorporates a ‘localization parameter’ as parameter c,
which represents the degree of backscattering and describes the complex
conductivity in a single-scattering approximationl!74],

In Eq. 63, the Drude-Smith formula is given in the form that is most frequently used
in the literature!!” to express the AC behaviour of the conductivity of the medium.

Ne? 1 c
Eq.63: o(w) = D3 [1

m* 1 —iwtpg 1—iwtpg

where e denotes the elementary charge, N denotes the charge carrier density, m”
denotes the carrier effective mass, Tpg denotes the Drude-Smith scattering time
(which may differ from the Drude scattering time for a particular material), and ¢
denotes a constant occasionally referred to as the ‘localization parameter’. This
definition of ¢ occurs because the bracketed term separates Eq. 63 from the original
Drude model formula (whose effect on conductivity is regulated by the ¢
parameter). ¢ can be any value between 0 and —1, with ¢ = 0 recovering the Drude
model and ¢ = —1 completely suppressing the DC conductivity. The suppression
of low-frequency conductivity at ¢ = —1 is generally attributed to ‘carrier
backscattering’, which has been described as both backwards-biased carrier
scattering and a memory effect, in which carriers retain some information about
their previous state before scattering, for example, because phase coherence is
destroyed only after a certain number of scattering events greater than onel!’®],
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Despite its benefits, the Drude-Smith model has two major criticisms: (i) no formal
explanation for the assumption that backscattering endures for just one scattering
event has been offered; (ii) the fit parameters meanings are unclear beyond
phenomenological representations dependent on many physical factors.

By considering isotropic scattering, the Drude model can be easily obtained via the
impulse response approach: for every carrier that interacts with a phonon, a lattice
impurity, or another electron, resulting in a new forward velocity, another carrier
collides with a phonon, resulting in a new backward velocity. As a result, the
contribution of dispersed particles to the impulse response will be approximately
null. Scattering reduces the number of charge particles since only unscattered
particles contribute to the impulse response. Carrier scattering is not isotropic in the
Drude-Smith model, and hence scattering cannot be considered as a simple
population decay in the impulse-response formalism. Rather than that, the
probability p that a carrier has experienced n scattering events between 0 and time
t is represented using Poisson statistics; if ¢, = —1, the n'" collision of a particle
will result in it scattering back in the direction it came from. As a result, the sign of
the particle contribution to the average current changes. Taking the Fourier
transform of Eq. 63 results in the following:

Eq.64: o )_n*ez T - = Cn
Ao% W)= 1 iWwTpg Zl (1 —iwt)"
n=

This is the Drude-Smith conductivity formula in its most generic version
However, Eq. 64 does not represent the conductivity associated with the Drude-

[175]

Smith model. Smith established a critical assumption in order to get the shortened
Drude-Smith conductivity formula, namely that the backscattering bias occurs only
during the initial scattering event, leading to ¢4 = 0 and c¢; renamed as c in this
approximation. The shortened Drude-Smith conductivity formula is obtained by
performing on Eq. 64 a Fourier transform on this impulse response to produce Eq.
6311751

Carrier backscattering in the Drude-Smith model

Evaluating the effect of carrier backscattering on the conductivity of the model
system described in the Drude-Smith model and approximations, recalling that
Ve = +/kgT /m is defined in this formalism as the root mean square speed in a
single direction, and assuming a single charged particle is located in the centre of a



116 Modelling and characterization of electronic conductivity in 3D printed
PEGDA:PEDOT polymer composites - High frequency applications

1D box of width L with a boundary reflection probability R = 1. The impulse
response resembles a triangle wave with a period of roughly 2L /v,;. By using t, =
L /v, and assuming that R = 1 carrier reflecting barriers exist, a generic equation
for the conductivity of the Drude-Smith model incorporating backscattering in the
first degree of approximation is found as Eq. 6517

) 2T to . .
n'e T to ete'®o —1
Eg. 65: =
4 90 (w) m 1—iwt 1—-iwt

L .
etel®o + 1

4.2.3 Drude-Smith in THz spectroscopy in PEDOT:PSS

Because the PEDOT-rich particles in spin coated films are flat, anisotropy exists
between the perpendicular and lateral directions relative to the substrate surface,
both in terms of conductivity values and conduction processes. Atomic force
microscopy studies indicate that transport orthogonal to the substrate is dominated
by space charge effects, in contrast to parallel transport, which may be explained
by a variable range hopping mechanism!77],

Nardes reported on the morphology of spin cast films using atomic force
microscopy and scanning tunnelling microscopy, as well as the temperature
dependence of the dc conductivity, in a thorough research on the anisotropic dc
conductivity of thin films of PEDOT:PSSI**L. They discovered that ¢},(T) follows

the VRH model in the direction parallel to the substrate. In the direction orthogonal
the substrate, the conductivity exhibited a thermally activated Arrhenius type
behaviour with y = 1, where Ty, is the activation energy, E, ~ 1/N(Ep)L3 . kg in

which L; . is the average nearest-neighbour distance, according to Ty = E, /kg.

AC conductance in the Terahertz (THz) frequency region is critical for conducting
polymers, most notably PEDOT:PSS!!”8]. The carrier density n, and mobility, u of
DMSO-doped PEDOT:PSS films!'”! were measured using terahertz time-domain
spectroscopy and fitting the dielectric permittivity to the Drude—Smith model. The
charge carrier density n, the mobility, ¢, and the DC conductivity, oy, may all be
calculated from this data using the following equations Eq. 66, Eq. 67 and Eq. 68:
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2 *
 gwpm
Eq.66: n = ——b—
1+c)e
Eq.67: u= g
w,m
Eowy

Eq 68: Opc = (1 + Cl)

T
where &, is the permittivity of the vacuum, w, is the frequency of the plasma, m”
is the effective mass of the charge carriers, and w, = 1/7 is the damping rate. where
c; 1s the degree of backscattering used to explain carrier localization in disordered
metals; it can range between 0 and —1, being 0 for isotropic scattering and —1 for

complete backscattering. In the Drude model, the plasma frequency is given by Eq.
69:

ne?

Eq.69: w, = e

4.3 Space charge limited transport, traps and charge
electrode injection

The charge transport of carriers in a semiconducting polymer has been explained in
terms of coherent transport or hopping of electrons or holes down the chain or from
one chain to another, all of which pertain to in-plane transport at different scale
lengths. In order to evaluate orthogonal charge transfer, it is necessary to first
analyse traps that will affect the movement of charges. The type and purity of a
substance are not the sole variables affecting charge transfer. When electrodes are
connected across a conducting material, a current flows between them. However, if
the charge density inside the medium is low, the current has a straightforward
dependency on the applied electric field. In this scenario, the charges existing in the
medium do not interact with one another, and so may be regarded as isolated
charges subjected to the influence of an electric field, E. Thus, the voltage between
the electrodes may be thought of as a parallel plate capacitor, with a capacitance
equal to C = Q,./V, where Q, is the charge on the electrodes and the electric field
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is E = V/d, where d is the plate spacing. Because the capacitance of a parallel
plate capacitor with plate area A equals C = &,.64A/d, the simplest way to
minimize the presence of charge carriers in the medium is to simply treat it as a
constant &, dielectric medium.

If there are significant numbers of charge carriers in the medium, the charge carriers
are not ignorable if their total charge Q is equivalent to Q.. Under these conditions,
the applied electric field is screened by neighbouring charges, reducing its effect.
Due to the fact that these adjacent charges are closer to a particular charge than the
charges on the plates, the electrostatic force and therefore the field exerted on the
test charge by the neighbours is larger than the field exerted by the plates.

Thus, the current drawn between the electrodes is restricted by these space charges.
This phenomenon is called Space Charge Limited Current (SCLC)!'%, and it is a
critical idea in practical devices such as light-emitting diodes. The SCLC density,
which is a charge flux, may be calculated in Eq. 70 as follows:

_ 9g.g0uV?

where u is the free charge mobility. This equation holds true when electrostatic
effects (i.e., the applied electric field) dominate the movement of the charges rather
than simple thermal diffusion. The significance of this finding, which is frequently
referred to as Child's law or Mott—Gurney law, is that it is independent of the
injection barriers at the active layer interface, but rather of the bulk characteristics
of the medium (i.e. &, u), the applied voltage I/, and the layer thickness, d. Indeed,
this SCLC regime enables the determination of u for specific materials, as mobility
is defined as the gradient of a plot of j as a function of V2.

Assuming that a given charge takes time 7 to move between two electrodes. The
electric charge would be Q., which indicates that j = Q,/At. Supposing that
charges move a distance d in time 7, the current density may be approximated as
follows in Eq. 71:

. QepE  &rgouV?
Eq.71: j = jld = rd3
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4.3.1 Mott-Gurney space charge limited transport model

Since between electrodes there will not be any scattering event, because of the
vacuum absence, the Child-Langmuir space charge equation appears to have no
applicability to insulator or semiconducting materials. As a result, Mott-Gurney
presented for polymer diodes a new space charge—limited current equation that is
analogous to the Child-Langmuir equation assuming that!3!): in the active layer
there are no injection traps, carrier diffusion is minimal and at the injecting
electrode, there is no electric field. In general, the latter two assumptions hold true
for the majority of polymeric semiconducting materials. However, under the
former, the space charge—limited current model is extended to include a trapped
space charge—limited current model.

Considering the diode active layer, sandwiched between two electrodes, supplied
with an external voltage, an electric field (E) is created within. The mobility of a
free carrier (1) may be defined as v = uE, due to the fact that such an electric field
causes charge carriers to travel with drift velocity (v) parallel to it. By solving all
of the preceding equations for a one-dimensional direction with V(0) = V and
V(L) = 0 as boundary conditions, the pure space charge—limited current is found
as reported in Eq. 72:

9 vz
Eq.72: j= gfrfoﬂﬁ
The dual logarithmic graph of j(V) of the preceding Eq. 72, produces a straight line
with slope 2, when between electrodes the current density is due to the polymer
trap-free space charge—limited mechanism, as seen in Figure 60.
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Figure 60: It is shown in a polymer diode the ideal I(V) which can be distinguished
into two regions, by the slope value: ohmic (J o V) and space charge (J o V?) separated by
the threshold voltage Vr.

4.3.2 Trap space charge limited transport model

The SCLC density is calculated ignoring the presence of traps, which function as
charge storage areas. Traps help to lower j, the SCLC density, by assisting in the
screening of any electric field passing through the material. While charge carriers
trapped in flaws or at the interface between two different species do not travel from
electrode to electrode, they do affect their surroundings, adding to the space
charge!'®?]. Thus y, in Child's law (Eq. 72), may be substituted by an effective
mobility, p.rr provided by Eq. 73:

N — Nirap

Eq73 ,ueff = n
m

where Ny, 1s the density of trapped charge and n,, is the charge density in the

material.

Not only traps reduce the mobility of space charge—limited current, but they also
begin the thermo—electric deterioration of polymer electronic devices. Traps are
typically classed as shallow or deep traps. Shallow traps have a depth of ~ kgT,
which indicates that the charge will escape by thermal motion. If traps for electrons
are located closely to the LUMO (conduction band) inside the energy bandgap, they
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are classed as shallow traps and the same is for holes, as in Figure 61. On the other
hand, as seen in Figure 61, deep traps exist far away, from the conduction and
valence bands, in the middle of the bandgap.

Energy
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Eaiis
' Wltow traps ‘ holes
E,

[+) MW Valence Band
h .
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Figure 61: deep and shallow traps in polymer semiconductors are represented
symbolically.

Trap space charge—limited current model does not take into account the energy
depth of traps. The dynamic behaviour of the traps may be determined only if the
model is evaluated using single traps in frequency domain analysis. By changing
the energy of the single trap, it is feasible to distinguish between deep or shallow
traps for both electrons and holes in the polymers, provided this is sandwiched
between appropriately chosen electrodes!!®3].

When transport is largely based on hopping, it is difficult to distinguish between
hopping and trap motion, as both have a thermal activation energy barrier. Charges
can evade deep traps if the applied field is sufficiently large. After all, the electric
field has an effect on the energy landscape, and by exerting an electrostatic force
on the trapped charge E, it can increase its energy over the trap depth, allowing it

to escape. Clearly, the larger E, the more mobile charges there are, which increases

Uerg-

While traps are inherently unexpected, known quantities of contaminants may be
loaded into a material to influence how it behaves. If charge carriers are confined
in isolated impurities, then the controlled addition of sufficient impurity should
allow charges to flow across impurities. PVK (Figure 53c) is an example of a
polymer with a high ionization potential that relies heavily on hopping transport.
Due to the high ionization potential, it requires a great deal of energy to remove an
electron, which is essentially the situation for a polymer that exhibits hole transport.
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Of course, huge energies are not necessary for hole travel, because as a hole bounces
from one site to the next, the energy cost of arriving at a new location is offset by
the energy earned by leaving a previous site. This is not energy that must be
purchased at one point and repaid later; while activation energy exists in hopping
transport, the overlap of the wave functions enables the charges to travel from one
site to another. If this hole falls into a trap with a lower ionization energy, it will
decrease its total energy for the same reason (Figure 62).

Energy

i

Position

Figure 62: A schematic illustration of holes jumping between locations. These holes
can be trapped if an impurity is present. However, if there are several such traps, a great
degree of mobility is restored, as the holes bounce from trap to trap. Traps are denoted by
bolded energy levels. Because energy in this diagram refers to electron energy, holes
jumping in energy to a trap does not result in an increase in the system energy, because
when the hole leaves for a trap with a lower ionization potential, the site it left behind
recovers its electron, resulting in a net energy reduction for the system due to the
difference in ionization potentials. The locations do not have identical energies, but rather
a distribution of energies.

Generally, an intermediate zone between ohmic and space charge—limited
behaviour is also seen, which in literature is referred to as the trapped space charge
region, as illustrated in Figure 63. Charge carriers trapping and detrapping
mechanism govern transport, spatial and energetic distributions of charges in the
polymer. Traps are impurities or structural flaws that create localized states between
the polymer HOMO and LUMO energy bandgaps. These localized states capture
free carriers and prevent them from participating in the charge transport process,
therefore degrading the polymer electrical characteristics and hence the device
performance!'®. The polymer exhibits trap free space charge limited current
behaviour when the applied voltage exceeds the mean trap energy, as seen in Figure
63.
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Figure 63: Space charge—limited current characteristics in polymer semiconductor.
Regions: (1) ohmic (J a pV), (2) trap-SCLC (J a uVn), (3) VIFL (J a uNd?) and (4)
SCLC region (J a uV?) 1831,

The trapped space charge—limited current is dependent on the trap state distribution
and generally, conducting polymers exhibit the following electronic trap density
distributions:

1. The density of a single energy level trap.
2. The density of traps is distributed exponentially.
3. The density of traps follows a Gaussian distribution.

4.3.3 Phonon-assisted tunnelling model

Phonon-assisted tunnelling is a quantum mechanical phenomenon in which
electrons tunnel through an energetic barrier using the energy of lattice phonons.
The presence of phonons results in a clear temperature dependency of the tunnelling
process. Keldysh was the first to assess the theory of electron tunnelling from the
valence band to the conduction band in the effective mass approximation!'3¢!. A
similar hypothesis was established for charge carriers tunnelling from their local
trap states to the conduction band with the assistance of phonons!'®"),

Thermally activated electrical current in a semiconductor or dielectric occurs as a
result of the production of free charge carriers via the phonon-assisted tunnelling
process from the electronic trap levels at the electrode-semiconductor interface. In
the DC situation, due to the mechanism of resonant tunnelling, the traps at the Fermi
level of metal are continuously filled from the electrode. Assuming that all released
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electrons are transported via the Schottky barrier depletion zone, the current is
proportional to the tunnelling rate W, as in Eq. 74:

Eq.74: I = eNsWS

where W denotes the tunneling rate, Ng denotes the surface density of localized
electrons at the interface, and S denotes the barrier electrode area. Without a barrier,
bulk limited current was seen to be caused by tunneling electrons hopping from trap
to trap via the conduction band, but in the VRH model, the current is caused by
carriers moving from trap to trap in the absence of a conduction band. If trapped
electrons dominate, the current flowing through the device can be represented as
follows!'®®) in Eq. 75:

1
Eq.75: 1= AeNyW

where A is the effective generation volume and Ny, is the trap density.

4.4 Charge injection through electrodes and energy barrier

ISOLATED CONTACT

Metal undoped-Semiconductor  Metal undoped-Semiconductor

(B)

Metal p-Semiconductor Metal  p-Semiconductor
(€)
i3 R m— EF .:‘ Ep
Metal n-Semiconductor Metal  n-Semiconductor

Figure 64: The metal-semiconductor junction is schematized for three types of
semiconductors: (A) metal and undoped semiconductor (pristine polymer), (B) metal and
p-doped semiconductor polymer, and (C) metal and n-type semiconductor.
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The left-side of Figure 64 depict the energy levels of the separated materials,
whereas the right-hand images depict the materials following contact. It is assumed
in each scenario that there are sufficient charge carriers to equalize the Fermi levels.
X denotes the semiconductor electron affinity, I, denotes the semiconductor
ionization potential, ¢,, denotes the metal work function, and €r denotes the
semiconductor or metal Fermi level. The pure polymer exhibits no band bending
because it contains no mobile charge carriers. When p- and n-type materials are
used, holes and electrons can flow from the semiconductor to the metal and vice
versa. In the case depicted in (C), the metal Fermi level is higher than one of the
semiconductor, implying that the net electron flow will be from the metal to the
semiconductor, but charge flow can occur in either direction for the p-type
semiconductor. In both (B) and (C), mobile charges within the semiconductor react
to the potential difference created by Fermi level equalization by generating a
depletion zone at the interface. Band bending happens at this point.

When two metals come into contact, their Fermi levels become equal. By flowing
into the other metal, free electrons in the metal with the higher Fermi level can
reduce the system total energy. This procedure continues until the two Fermi levels
are equal, or, equivalently, until the chemical potential across the border is
continuous and equal. Metal connections are still used in polymer devices, with the
exception of a few instances when synthetic metals such as PEDOT are used.
Electrons from the metal cannot escape into the LUMO in the absence of an applied
field, as they are usually higher energy states!!3),

Charge flow across the metal-semiconductor interface occurs as a result of
sufficiently mobile charge carriers crossing the contact to equalize the two Fermi
levels, given an acceptable amount of doping. Although the Fermi levels can be
equalized, the band gap, which is a property of the polymeric electronic structure,
must remain constant in magnitude. While the Fermi level is a property of any
material, it is a reflection of the number of mobile carriers present in that material
and thus can be altered by adding or subtracting charge carriers. To account for the
shift in Fermi level in an n-type semiconductor, the HOMO and LUMO levels are
both dropped by the same amount, but in a p-type semiconductor, they are both
increased. Even at equilibrium, the equalization of the Fermi levels is linked with a
potential difference across the border. This potential difference is accompanied by
an electric field, which acts as a repellent for further charges attempting to cross the
interface.
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The magnitude of the electric field is €,/l;, where [; is the distance this field
covers, which is usually a few nm and €, is the energy height of the barrier, as
defined by Eq. 76:

Eq.76: €, =1, — ¢,

for a p-type device, where ¢,,, denotes the metal work function. If the work function
is sufficiently large (qu < Ip), no barrier exists and carriers are not required to
tunnel through the boundary. This situation allows for more efficient carrier

injection in a device. The injection barrier of a n-type semiconductor is given by
Eq. 77:

Eq.77: €p = Py — X

This barrier that prevents additional charge injection is referred to as a ‘depletion
layer’. This band bending phenomena happens not only at metal-semiconductor
contacts, but also at the interface of two different semiconductors (i.e.
heterojunctions). While these effects are particularly significant for inorganic
semiconductors, they will be significant only for highly doped organic

semiconductors!!?%,

4.4.1 Charge transport across the barrier

When an electric field is applied across a polymeric semiconductor, the bands are
affected; the HOMO and LUMO do not remain constant in energy but fluctuate as
a function of distance from the electrodes. A reverse bias creates a potential barrier
across the device by compelling electrons to increase their energy in order to move
over to the anode and holes to the cathode. Under these conditions, carrier injection
will be impossible. However, a forward bias enables charge transfer over the active
layer. If the bias is sufficiently enough, holes or electrons or both can tunnel through
the barrier and be injected into the semiconducting polymer. The greater the field
strength across the device, the shorter the tunnelling distance for charge injection
becomes.

Charges injected at one end must be permitted to exit at the other in order for the
device to function as part of a circuit. If current cannot easily flow through the
device, the voltage required to operate must be rather high, which is not desired.
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Electrodes are consequently critical in a well-designed device, as their selection is
critical for effective charge injection. To minimize rectifying current-voltage
behaviour, ideal Ohmic contacts with no charge injection barrier at the electrode-
active layer interface should be designed!'*".

Under a positive bias, the size of a device barrier regulates the injection of holes
and electrons into the device. The injection over this barrier may be classified into
regimes of low and high electric fields. The Schottky equation (Eq. 78) is adequate
to describe the emission at low fields:

Eq.78: js = AT?exp <_(AW — WS(ED)
kgT

Where A = 1.20 - 10° Am™2K~2, and T? term is a function of the density of states
scaling with the square root of the carrier energy, which holds true exclusively in
the free electron model. The exponential component dominates this temperature
dependency, making it difficult to verify the T? term experimentally. W denotes
the injection or Schottky energy barrier, which is decreased by an amount denoted
by Ws(E), defined in Eq. 79:

eE

Eq.79: Ws(E) =
q s(E) =e 4, €

Eq. 78 is different from the Richardson—Dushman equation for thermionic emission
by the term W (E), which is recovered when Ws(E) = 0. For larger fields, there is
a tunneling current density given by Eq. 80!°2!;

3
, BV? dAV?2
Eq. 80: JFN = mexp —K v

where B and k are constants, and V is the bias voltage across the device of thickness
d. Eq. 80 is referred to be the Fowler—Nordheim equation because it represents a
tunnelling current differently than the Schottky equation (Eq. 78) does. By enabling
charges to tunnel through the barrier, the electric field distorts the HOMO and
LUMO. This is the more frequent injection mode in devices, and while it is useful
for describing behaviour, experimental verification is not always effective owing to
the injection current being compensated by a reverse current!!%3,
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4.5 SCLC model with Pool-Frenkel Effect

The electronic current density in a polymer sample may be described as due to the
trap-free space charge—limited mechanism when it flows through a length (L)
exhibiting a square voltage dependence (J/ a V?) and inversely to the cubic length
(J a L™3). To account for the trap distribution width, the space charge-limited
current model is upgraded to become the trapped space charge—limited current
model. Traps are dispersed energetically and spatially throughout the energy
bandgap, capturing free carriers and posing an energy barrier to their release. Both
the space charge—limited current and trap space charge—limited current models
require a constant trapping energy barrier in the device. Indeed, a stronger field
reduces the trapping energy barrier height, increasing the emission rate and
therefore the current density, as predicted by the trap space charge—limited current
model depicted in Figure 65a.

The Poole-Frenkel effect is defined as the decrease in detrapping emission rate or
in trapping energy barrier at high electric fields!'**], as seen in the schematic energy
band diagram (Figure 65b). The total current density (J) flowing through the
polymer as a result of Poole-Frenkel emission is denoted by the formula in Eq. 81,

where q¢1 is the trapping energy barrier:
_ _ /ﬂ
1 <¢T 7T€T€0>

kT

Eq.81: J = quN,exp

Murgatroyd solved the issue of the reduction in the barrier height of traps by
integrating the Poole-Frenkel effect into the space charge—limited current model
and driving an approximation equation''*], which is Eq. 82.
9 v?
Eq.82: ] = eréolty exp(0.98yVE) =
The Poole—Frenkel effect is theoretically related to the Schottky effect, which is the
decrease in the energy barrier between metals and insulators caused by electrostatic
interaction with an electric field at a metal-insulator contact. However,
conductivity due to the Poole—Frenkel effect is observed in the presence of bulk-
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limited conduction, which happens when the limiting conduction mechanism
occurs in the bulk of a material, whereas the Schottky current is observed in the
presence of contact-limited conduction, which occurs when the limiting conduction
mechanism arises at the metal-insulator interface.

electron
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Figure 65: a) Reduction in the trapping energy barrier due to the increment of electric
fields b) Pool-Frenkel effect.

Because the Murgatroyd equation is straightforward and convenient, but it is an
approximation, Barbe calculated the impact of trap barrier height decrease on the

space charge—limited current model analytically and obtained the equation reported
as Eq. 83196,

Jx  2(kgT)*
ued  p*

Eq.83: Xp (ﬁﬁ> {(B\/E> -3 <B\/E> + 6[3\/?

ksT | |\ kpT kyT kpT

—6}+6

Barbe’s law is used to calculate the current density (/) as a function of the defined
electric field at point x. Both Murgatroyd and Barbe modifications are claimed to
be relevant to the electrical response of a variety of polymer devices!'””!. Due to
the fact that the same charge transport mechanism is shared by both semiconducting
and insulating polymers, Eq. 83 is reasonably applicable for both types of polymers.

Frenkel, Murgatroyd, and Barbe's basic effort was to alter the space charge—limited
current to allow for a reduction in trap barrier height for only one-dimensional trap
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distribution. These models do not perform well for the three-dimensional trap
distribution. In this domain, it is reasonable to accept the Hartke adjustment for
accommodating three-dimensional reduction of the trapping energy barrier in the
space charge—limited current model!'%%,
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Chapter 5

Experimental Validation

The electrical, optical and morphological properties of PEGDA:PEDOT polymer
composites have been studied and tested through a wide range of methods in order
to characterize the behaviour of 3D printed devices, while optimizing both their
printability and conductivity. Furthermore, these measurements allowed a deep
insight in the investigation on the electrical conduction mechanism in 3D printed
intrinsic conductive polymer composites, in comparison with other materials and
3D printing technologies. Starting from the study of the interface between the
printed and external devices, through rigorous impedance spectroscopies, a proper
experimental characterization methodology has been designed to properly optimize
the printing process parameters with the medium conductivity, leading to the
production of numerous applications.

5.1 Materials and Methods

Several technologies and different materials have been extensively compared by
literature to comprehend the state of art in 3D printing electronics, as reported in
Table 3. Evidence of the bibliographic research found Stereolithography as the
primary method to 3D print PEGDA/PEDOT composites, where PEGDA matrix,
the long-chain, hydrophilic, crosslinking and electrically insulating monomer
confers printability to the medium while PEDOT, the conjugated polymer filler, its
conductivity. DC characterizations were performed in a 2-probe setup with the
Keithley 6430 Source Measure Unit.
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Direct Laser Printing Ag NPs PEGDA [199]
Stereolithography Ag NPs 31 0‘“ Acrylic monomers [200]
Direct Laser Writing SWCNT 11 0'6 PU [201]
Direct Laser Printing MWCNT 271 0’5 Acrylic monomers [202]
Direct Laser Printing MWCNT 81 0'6 PEDGA/PEGMEMA [203]
Two Photon Polymerization PEDOT 41 0'2 PEGDA [204]
Stereolithography PEDOT 5.1 0'2 PEGDA [205]

Table 3: Comparison of the state of art of different materials and 3D printing
technologies.

Referring to PEDOT:PSS (Clevios™ PH1000, Heraeus) as the primary stable
polymeric resin, before printing, it is separated in its constituents by dilution in a
solution of H2SOq, to obtain the PEDOT precipitate. Comparing PEDOT:PSS, as
an amorphous p-type polymeric semiconductor, to electronic grade intrinsic
Silicon, as described in Table 4, it is noticeable that even if carrier mobility is lower
than the latter, the first exhibits very high density of states, leading the high
conductivity of the polymer.

Electron affinity [eV] 3.6 4.05
Band gap [eV] 1.57 1.12
Effective conduction band density [cm3] 2:102 2.8:101®
Effective valence band density [cm3] 2:101 1.04-10%°
Electron mobility [cm2V-1s1] 1 1350
Hole mobility [ecm2V1s?] 40 450
Midgap density of states [cm2eV-1] 2.7:101 1:1012

Table 4: Comparison of the material properties of PEDOT:PSS and intrinsic
Silicon?%],

It must be evidenced that the parameters reported in Table 4 are not standard for
PEDOT:PSS, since they strongly depend on a very large set of variables to produce
the polymer mixture and on the polymerization process, in fact as reported in Figure
66 the band gap energy value (i.e. Eg) and the Fermi level (i.e. Er) may slightly vary
and in the same way the HOMO and LUMO energy positions.
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Figure 66: Energy level representation in PEDOT material.

This variability is due to the absence of a long range order in the polymeric chains
arrangement respect to electronic grade intrinsic Silicon, which exhibits high order
of the crystal lattice. Nevertheless, in Figure 67 the results of a FESEM
morphological characterization are reported for 500X and 4000X magnifications at
5kV and 30 um of aperture with no tilting. It can be observed that as the percentage
of PEDOT decreases, the structural order increases, due to the presence of a greater
amount of PEGDA matrix, which forms a crystalline lattice. The white streaks are
cracks within the PEGDA, due both to the cutting of the sample and to the relaxation
effect, or shrinkage, which is obtained after photo cross-linking. It is also evident,
especially in images 4, 5 and 6, the presence of the laser path.
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Figure 67: FESEM Supra 40 images: (1-2) PEGDA-PEDOT [1:1]; (3-4) PEGDA-
PEDOT [5:1]; (5-6) PEGDA-PEDOT [10:1] ; 2) Orange circle: PEDOT segregated in
the PEGDA matrix; 4-6) Blue circle: cracks ascribed to the shrinkage; 6) Green circle:

laser scanning direction.

In order to optimize the conductivity along with the printability of the polymer
composite different quantities of the Photoinitiator PI Irgacure 819 were added to
liquid PEGDA 575, while PEDOT precipitate was obtained by dilution in a solution
of H>SOs solution for 12 h. The final addition of different DMSO (i.e.
Dimethylsulfoxide) concentration allowed to determine the optimal mass fraction
between the resin constituents, as reported in Figure 68.
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Figure 68: Conductivity plot of different constituent wt.%?%); Final 3D printed
devices.

A Design of Experiment (DOE) was mandatory to effectively discover the optimal
relative mass fraction, in addition with the variation of the PEDOT content, which
affects nonlinearly the conductivity of the final 3D printed device (Figure 69).
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Figure 69: Conductivity of the PEGDA:PEDOT samples at different treated
PEDOT:PSS contents!>"7).
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It was demonstrated that a filler content of treated PEDOT, [M]pgpoT = 25 Wt%
was sufficient to guarantee a conductivity ¢ = 0.05 S/cm, above the percolation
threshold(2%8],

5.1.1 Bipolaronic transitions in Raman Spectroscopy

The Fourier Transform Raman spectroscopy (i.e. FT-Raman), reported in Figure
70A, may be used to investigate changes occurring at the molecular level in order
to get insight into the material vibrational modes, in fact the Raman band associated
with C, = Cp symmetrical stretching at 1400—1500 cm™ is exploited to differentiate
between benzenoid and quinonoid forms and to deduce secondary doping
information?®!. The convolution of peaks Cq — Cp (1440 cm™) and Co = Cp (1460
cm’!) symmetric stretching modes are related to benzoid (i.e. aromatic) and to the
quinoid chain structure found in Polythiophenes with a m-conjugated backbone
structure (i.e. PEDOT).

It is well established that Polythiophenes such as PEDOT show defects originating
a semi-metallic bipolaron network?!”), PEDOT that has been highly oxidized has
up to one charge carrier per three monomer units (Figure 70B-C)?2!!), although
according to quantum chemistry calculations, a bipolaron in PEDOT extends over
six or more monomer units!!'), as reported in Figure 70D.
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Figure 70: (A) FT-Raman convolutional spectrum of 3D printed
PEGDA:PEDOT™""); (B) DFT calculations of the bond length alternation between
aromatic (i.e. quinoid) and benzoid arrangements; (C) DFT calculations of the electron
density distribution in a PEDOT chain of 18 units for a bipolaron of total charge Q = +2e
and total spin number S = 1; (D) DFT calculations of the bond length alternation and
electron density distribution for the bipolaronic states of total charge Q = +6e and total
spin number S = 1212,

There are two extreme geometric structures possible: one that is entirely benzenoid
and another that is fully quinonoid, with the latter structure usually having greater
energy and hence being less favourable than the benzenoid structure. The benzenoid
structure may be preferable for coil conformations in the low conductivity regime,
while the quinonoid structure may be preferable for linear or extended coil
structures in the high conductivity regime[?!3],

Clear evidence of the bond alternation structure between benzoid and quinoid
arrangements is found in the FT-Raman (Figure 70A), which demonstrates the
existence of a semi-metallic bipolaronic network in 3D printed PEGDA:PEDOT
polymer composites.
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5.2 Metal-PEDOT Interface: Contact behaviour

In order to address, in this section, the issue of interfacing 3D printed
PEGDA:PEDOT devices with metal contacts, PEDOT can be regarded as a p-type
semiconductor at a first approximation.

The band structure of electrically isolated metal and p-type semiconductor, the
ohmic contact between metal and semiconductor and the rectifying or Schottky
contact are pictured in Figure 71. Regarding to the metal work function as ¢,, and
to the p-type semiconductor as ¢, in case of ohmic contact ¢, > ¢s and at thermal
equilibrium in the semiconductor, due to the adjustment of the Fermi level, an
upward band bending phenomenon is generated, leaving at the interface a hole
accumulation region?'. This mechanism is modelled as a linearly behaving
contact resistance, which allows charge carriers to flow. In case of rectifying or
Schottky contact, ¢y < ¢s, the adjustment of the Fermi level gives rise to
downward band bending in the p-type semiconductor, leading to the generation of
a bult-in potential, called Schottky barrier ¢,. In the semiconductor, at the metal
interface, negative acceptors are left, generating a diffusion potential barrier V),
inhibiting charge carriers injection towards the metal.

(A) Electrically isolated semiconductor (B) Ohmic Contact (C) Schottky Contact
Metal Semiconductor Metal
Vacuum level 2 Semiconductor Metal Semiconductor
. ] S
[ I
b b, by b, b,
= Acceptor ¢M = Acceptor
® Free hole o Free hole
E(
v § 2 rO-O-o--&-8-= [ E,

Metal
valence
band

Semiconductor
valence band

Figure 71: Band structure metal and p-type semiconductor at thermal equilibrium:
(A) Isolated metal and p-type semiconductor; (B) Ohmic junction; (C) Schottky junction.
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Figure 72: DC Conductivity of 3D printed PEGDA:PEDOT polymer samples
differently contacted: Untreated: Direct metal 2-probe conductivity measurement; Ag
Paste: Silver paste manually deposited on the sample; Cu Plated: Copper electroplating
on the sample; Au Sputtered: Gold sputtering on the sample.

0

Any of the 3D printed PEGDA:PEDOT (Figure 72), whose constituents were:
PEGDA (1%wt. PI) + 45% PEDOT (15 min) + 5% DMSO, were tested in groups
of three per contact method. Untreated sample has been contacted directly by the 2-
probe measurement setup, while the Ag paste (RS Pro Silver paste) has been
deposited manually by a tape mask on the same sample. Gold sputtering, which is
a traditional process in microelectronics to deposit pads on the contact area, has
been performed by placing the samples in a vacuum chamber at 10 mtorr, with a
current of 30 mA for 180 seconds, producing 100 nm of deposited gold.

Finally, the copper electrodeposition has been performed prior to cathodic fixation,
covering each sample with an insulating polyvinyl acetate sheet in order to
selectively electrodeposit copper at the parallelepiped extremities, through the
designed mask on a surface area of 0.8 cm?. The anode and cathode have been
mounted at a distance of 2.5 cm, to a U-shaped PMMA (ie.
polymethylmethacrylate) support to ensure the same anode to cathode distance and
the parallelism between the two, throughout each deposition test. A DuPR10-1-3
(Dynatronix) power source provided a voltage between the anode and cathode, and
at the same time, an ionic current flowed through the electrolyte solution, causing
copper positive ions to migrate and deposit on the negative cathode, which was the
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masked 3D printed device. Different settings have been investigated to determine
the optimal electrodeposition parameters: a nominal current of 50 mA,
corresponding to a current density of 62.5 mA-cm™, was determined to be the
threshold value required for the setup to begin observing copper deposition on the
sample.

Metal Workfunction [eV]

Al 4.06-4.26
Pb 4.25

Ag 4.26-4.74
Zn 3.63-4.9
Ti 4.33

Sn 4.42

Cu 4.53-5.10
Ni 5.04-5.35
Au 5.10-5.47
Pt 5.12-5.93
Pd 5.22-5.60

Table 5: Metal work function table?'!.

The motivation of the selection of metals and deposition processes is evident due
to its feasibility on the sample device, although as it is evident in Figure 72, the 2-
probe DC conductivity measurement is affected by a significant uncertainty, due to
the capability of the process to produce a “good” electrical contact either by
mechanical interference or by surface contact between the PEDOT and the metal.
Untreated and gold sputtered sample exhibit a lower conductivity with a significant
relative error, respectively 85% and 41%, which in case of Au sputtering meant that
the process was not capable to produce a “good” electrical contact, even if this metal
was chosen to produce an ohmic contact, since its high work function value (Table
5). Nonetheless, silver paste deposition produced an unstable contact, since the
relatively high uncertainty (29%), although the increase of 1 order of magnitude in
the DC conductivity leads to hypothesize that the paste deposition allowed a better
spreading on the polymeric sample rough surface at a microscale level. Copper, as
reported in Table 5, exhibit sufficiently high work function values, with a variability
due to the crystal plane exposed as contact surface, described by the Miller’s
indices, to produce an ohmic contact. Finally copper electroplating allowed to
obtain an increasing in the conductivity measurement, while producing an effective
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contact surface higher than the previous processes, with a relative uncertainty equal
to 10% of the measured value, demonstrating stable contacting properties.

Further two probe DC characterizations were performed in the range of
+1V,+10Vand + 20V, to evaluate in all the voltage ranges the linear behaviour
of Current-Voltage characteristic (i.e. I-V). Measures were repeated three times for
each sample and range and no evidence of rectifying behaviour was proved to be.

Considering that the Fermi level and consequently the work function of
PEGDA:PEDOT can be estimated in the range of 4.2—4.5 eV (Figure 66), it should
be mandatory to employ a metal with a work function greater than previous values
to produce an ohmic contact. Nonetheless, the formation of the bipolaronic network
must be considered after the photopolymerization process. This network provides
available charge states in the band gap of the polymer near the valence band, leading
the Fermi level to higher values and consequently the work function of the polymer
to reduce.

5.3 Impedance spectroscopy of DMSO-treated samples

[216] was

Four terminal-pair, also referred to as four probe impedance spectroscopy
the principal investigation technique employed to characterize the frequency
dependence of the electrical conductivity in PEGDA:PEDOT devices. This method
allows to extract from the impedance, the dielectric permittivity of the material and
to isolate in a frequency range the unique contributions of charge carriers to the

overall conductivity in the convolutional spectrum, as reported in Figure 73.
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Figure 73: Response dielectric permittivity spectrum to an external excitation time-
varying electric field from kHz to visible frequencies!?!”).

Modulus (]Z]) and phase shift (@) of impedance data were acquired and evaluated
as complex impedance Z in Eq. 84, where the real part is defined by R, which is the
Resistance and the imaginary part is defined by X, which is the Reactance. The
Conductance (G) and Susceptance (B) are defined as the real and imaginary part
of Admittance (Y), which is the inverse of the Impedance (Z).

Eq.84: Z= |Z|e? =R+ jXx=Z +jzIl=[v]"* =[G +jB]"! = [Y! +jY||]_1

Considering the schematic four terminal-pair impedance setup, reported in Figure
74A, the four probes represented are the core of the coaxial cable connected to the
Impedance Analyser (HP4192A) and their port function is defined as follows:

e HC: High Current terminal is the high side of the current generator.
e HP: High Potential terminal is the high side of the voltmeter.

e LP: Low Potential terminal is the low side of the voltmeter.

e LP: Low Current terminal is the low side of the current generator.

In Figure 74A it is represented one of the possible operating principles, which is
defined by the application of an alternating (i.e. AC) sinusoidal current wave at the
measuring frequency between the HC and LC terminals, while the measured
voltage is the voltage drop between the HP and LP terminals. The imposed AC
current is measured in the HC-LC branch to increase the measurement accuracy!*!'!,
The shields (i.e. ground) of each coaxial cable are connected to the ground of their
voltmeter or current generator, respectively. To perform a proper four probe
impedance characterization, it must be satisfied at any frequency that the measured
voltage “Vup” is defined at the HP port and the measured current “IL.c” is defined
at LC port, in order to setup the boundary conditions needed to define the four probe
impedance of the DUT (i.e. Device Under Test), Z4p, the condition of Iup = Vip =

ILp = 0 must be met by ground connections, as previously stated (Figure 74B-C). In
this setup configuration the definition of the four probe impedance as Z,p = tﬂ
LC

allows to the measured value to be independent from the stray parasitic elements
and the contact contribution to the impedance, conferring to this method the
capability of being suitable to measure impedance modulus values ranging from
m{2 to MQ.
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Figure 74: (A) Four probe impedance setup on the sample: “L”, “W” and “T” are
respectively the sample length, width and thickness, “S” is the interaxial distance of each
terminal, “a” and “b” are the distances between the metal pad edge from the sample
border and “d” is the probe diameter; (B) Schematic representation of four probe
impedance setup; (C) Schematic representation of four probe impedance setup with shield
and stray parasitic elements.

Regarding Figure 74A a classical linear disposition of the probe is represented. In
this configuration from the measured four probe impedance?!”, it is possible to
calculate the resistivity (p) and conductivity (o) of the material, since they are
defined as a function of the experimental setup. Although it is necessary to take into
account some correction parameters for this measurement, the material complex
resistivity is defined as in Eq. 852"

Eq.85: p=[o]"' = Z-2nS

Further considerations on the sample and setup physical dimensions are needed to
distinguish between the meanings of the measured resistivity. In AC
characterization the sample resistivity may be due to two main contributions: the
sample either superficial or body resistivities, also referred to as “sheet” and “bulk”
resistivities, respectively. Different dimensioning of the inter-probe spacing (S)
respect to the sample thickness (T') allow to measure the single contributions to the
overall resistivity in the case that S > d: if § > T, it is measured the sheet
impedance, while if S « T, it is measured the bulk impedance!*?!!. To retrieve the
value of the bulk resistivity, if only thin samples, compared to the S dimension are
at disposal, it is necessary to apply geometrical correction factors to the measured
value???!. Furthermore, to prevent the measure to be affected by border effect it is
necessary that S > a and § > b.
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A custom impedancemetry setup (Figure 75A) was built to perform four terminal-
pair measurements. It consisted of an Impedance Analyser (HP4192A-LF), four 3D
printed probe holders in ABS (Figure 75B) (i.e. thermoplastic polymer produced
from the polymerization of styrene and acrylonitrile) with four magnetic cylindrical
pivots at the base corners and four single axis micromanipulators. Each
micromanipulator was fixed to the support and to a FR4 both side copper covered
PCB, screwed to the axis, to create the electrical contact between the latter and the
gold plated tungsten probe tip (Figure 75C). Each single axis was manipulated at
the beginning of the measurement to align at the same hight, along the z-axis, the
four probe tip at a contact angle of 45°.

Figure 75: (A) 3D printed 4-probe measurement setup; (B) CAD assisted design of
3D printed probe holders; (C) Gold plated tungsten probe tip with point radius equal to
50.0 um (“The Micromanipulator Company”’) and support holder screw.

The HP4192A-LF Impedance Analyser presented in the accuracy chart (Figure 76)
the relative standard error (Std. Err.) on the performed impedance modulus and
phase shift depending on the frequency and on the applied oscillation level, in
accordance with the expected magnitude range of the measured impedancemetric
values.
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Figure 76: HP Model 4192A-LF Impedance Analyser — Impedance magnitude and

phase shift accuracy chart!***,

The HP4192 Impedance Analyser was used to perform 4 terminal-pair impedance
measurements in a non-shielded configuration, applying 100 mV sinusoidal
waveform in a frequency range from 5 Hz to 1 MHz. Four metal pads to connect
High/Low Potential and Current were fabricated depositing silver paste on the
PEGDA:PEDOT sample (45 wt.% of PEDOT), which was made of three layers (i.e.
~150 um/layer ) 3D printed in the shape of a parallelepiped. Thickness (T) of the
sample was equal to (0.05 + 0.01) cm, the width (W) (0.5 +0.1) cm and the distance
between the two extremal probes (35) was approximately (1.7 £ 0.1) cm. The sheet
impedance was measured and the bulk value was reported in Figure 77.

() SR e
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Figure 77: (A) modulus and phase of impedance measurement; (B) conductance and
susceptance; (C) real and imaginary part of impedance measurement; (D) resistivity and
conductivity modulus; Std. Err. < 1% of the measured values.
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{ RelZ] = Zf w *Im[Z(w)]
T Jo w? — "
£q. 86: 2 (“w *Re[Z(w)]
Imlz) = ——f @ 0 4
Tl  w-w

To check the validity of the measurements the Kramers-Kronig transformation was
applied in a more sophisticated formulation?**! rather than the classical form
expressed in Eq. 86, employing an automated p-criterion®* to get the optimal
number of fitting RC circuits?%¢!
measured values are compared in Figure 78 A-B. According to the value of reduced
chi-squared equal to 0.73, the goodness of these measures was accepted.

, avoiding ambiguous results. Fit results and

(A) | _ @) i

(®)

tequency [Hz)

Figure 78: Linear Kramers-Kronig validity test fit?**! of the real (A) and imaginary
(B) part of the impedance; (C) Impedance test fit circuit; (D) Impedance fit results.

Considering figure Figure 77A-B there is evidence of a small variation in
impedance modulus, while the phase decreases at low frequency and starts to
increase again at high frequency. These phenomena can be explained and modelled
as the effect of two parallel circuits, capacitive and inductive, whose impedance is
compensated in modulus. The circuit proposed in Figure 78C is tested to fit the
experimental data, through numerical minimization of the chi-squared objective
function defined as in Eq. 87:

2

Z
Eq.87: X _Z‘ fitted — Zimeasured

|Z measured |

According to the purposed circuit these assumptions are done on each element: C2
is a parasitic capacitance of the experimental setup, R2 as the DC resistance and
ESR (Equivalent Series Resistor) of the inductor L1, while R1 is the ESR of C1
capacitor. Besides, it is important to say that in the test frequency range the material
behaves like an “embedded” gyrator circuit.
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—C1L1R1s*— (L1+ C1R1R2)s — R2
C1C2L1R1s* + (C2L1 — C1L1 + C1C2R1R2)s* + (C1R1 — C1R2 + C2R2)s +1

Eq.88: Z(f) =

When examining the limit condition of the circuit transfer function (Eq. 88), the
two limits of the transfer function at zero and infinite (Eq. 90) of the complex
frequency "s" are evaluated to define the R2 contribution to the impedance as the
DC resistance, while the R1 as the AC resistance of the sample. The numerical
minimization algorithm is started from the two probe DC resistance measured with
a tester and the AC value obtained through impedancemetry and fitting values of
the parasitic capacitance C2 are limited superimposing the condition of C2 much
smaller than C1 and the best fit is obtained, values recalculated on the base of the
approximated transfer function (Eq. 89) and graphed in Figure 78D.

C1L1R1s*+ (L1+ C1R1R2)s+R2
C1L1s? + (R2 — R1)s — 1

Eq. 89: cl%r—r}o Z(f) =

cl%r—r}o Z(f) = R2 ; short circuit condition

. s—0
Eq.90: lim z(f) = R1 ; open circuit condition

S—00

According to the value of reduced chi-squared (x? = 0.68) best fit results are
accepted, resulting in the following values, reported in Eq. 91:

C2 = (967.2 + 53.4) [pF]
C1=(2.81+0.9) [mF]
Eq.91: R1=(20.9 +0.4) [Q]
L1 = (166.0 + 1.5) [uH]
R2 = (990 + 65) [Q]

Examining the RL circuit as the contribution to the DC resistance and the parallel
RC circuit as the ac contribution to the impedance, the following hypothesis can be
presented: the DC contribution may be explained as due to the contribution of
electronic charge transfer along the chain of delocalized electrons, while the AC
contribution can be modelled as an incoherent hopping of charges between different
polymer chains, described by Mott’s Variable Range Hopping and producing a
capacitive effect. A further explanation of the inductive behaviour will be treated
later in this chapter.
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5.4 Impedance spectroscopy of not DMSO-treated samples

After the removal of DMSO treatment in the resin preparation process, the new
samples were tested in a revised four probe impedance setup, reported in Figure
79A. This setup consisted of multiple 3D printed templates interchangeable to
perform different dispositions of the four probes. Gold plated phosphor bronze
probes were acquired by RS (RS PRO Test Pin 3A) with a contact area on the
sample equal to 0.64 mm. Performing a pre-positioning operation, also referred to
as Z-alignment, of the four probes in the template, equally distanced of 5 mm and
screwing the grain to lock their position, the subsequent LCR Meter calibration or
trimming procedure is performed.

This task requires to perform for the overall impedance spectrum (20 Hz— 10 MHz)
the offset compensation for the condition of open (i.e. O/C) and short (i.e. S/C)
circuit by tuning the instrument in the two conditions. The first is set up by
connecting both the HC with the HP terminal and the LC with the LP terminal. The
latter instead is set up by connecting together all the terminals. The calibration
procedure is needed to eliminate the contributions of stray capacitance and series
impedance from the measurement.

The revised setup (Figure 79B) is equipped with a translational Z-axis to perform a
pressing operation of the probe contact area on the sample surface in order to
guarantee a good mechanical contact by interference of the probe with the medium,
as in Figure 79C.
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Figure 79: (A) Revised four terminal-pair impedance setup with aligned four probes;
(B) Revised setup with interchangeable 3D printed template for non-aligned probe
distribution and moving Z-axis; (C) Detail of the template with a test sample.

The GW-Instek LCR-8110G Precision LCR Meter presented in the accuracy chart
(Figure 80) the relative standard error (Std. Err.) on the measured impedance
modulus depending on the frequency.
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Figure 80: GW-Instek LCR-8110G Precision LCR Meter — Impedance magnitude

accuracy chart!??7],

In order to evaluate the non-standardization of the process (i.e. repeatability), that
is the capability of the printing process to produce geometrically and electrically
identical samples in the same printing, five No-DMSO-treated PEGDA:PEDOT
samples (35 wt.% of PEDOT) were 3D printed in the shape of parallelepiped of
length (28.4 = 0.1) mm, width (7.4 £ 0.1) mm and thickness (0.9 = 0.1) mm,
corresponding to 18 layers (i.e. ~50 pm/layer), were produced and characterized
with impedance spectroscopy measurements, in the revised setup.

To extend this analysis the complex dielectric permittivity**®) ¢ and electric
modulus®®! M, in fact if SCL transport provides a high contribution to the
conductivity, relaxations peaks are not so well recognisable in permittivity graphs

as in imaginary electric modulus spectra®*”). Considering a shape factor Gy =
Contact surface

; to evaluate corrections due to the experimental setup, the previous
Sample thickness

quantities were derived as in Eq. 92:

( | Z||
g=——0s—-
7125006 M = —Zllg,06
Eq. 92: 121 ! I and o !
ol Z M" = Z'eywGy

 |Z1?gowGy



Modelling and characterization of electronic conductivity in 3D printed 151
PEGDA:PEDOT polymer composites - High frequency applications

To further extend the data analysis, the AC conductivity is calculated (Eq. 93) in
the formalism of the “Universal Power Law” of Jonscher!?*!l. The law states that
the AC conductivity can be modelled as sum of a DC frequency-constant and
temperature-dependant conductivity (i.e. apc) with a frequency-dependant term
(i.e. AwP), which is due to a charge hopping transport contribution, defined by a
hopping time constant (i.e. T,,) and a hopping frequency (i.e. w, ).

) 14
(O’AC=O'D5+A(UP=O'D5<1+<—> >
Wp

1
Opc\p 21
wp=(7) i =,

Due to the conformation of the setup (Figure 79A) it is possible to characterize
either the top or the bottom surface at the same time. The modulus impedance and
the phase shift were measured to calculate firstly the top and bottom resistance and

Eq.93:

reactance, reported in Figure 81.
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Figure 81: Impedance modulus, phase shift, reactance and resistance of top or bottom
measures for five samples.

Despite the evidence, in Figure 81, of the inhomogeneity between different
samples, common trends can be examined: in terms of the graphed physical
quantities, top and bottom exhibit different behaviours: considering a RC circuit
parallel to an RL circuit as in Figure 78C, but without capacitor C2, it is possible to
state that the test circuit can model both the top and the bottom impedance transfer
function, in fact considering for both the case studies common inductor and resistor
values and varying only the quantity Cl the same experimental behaviour is
obtained by applying for the capacitance value of the bottom a lower value than for
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the top surface (Clgotrom << Clrgp). This evaluation is explained by the following
consideration: during the photopolymerization process the bottom layer is the
adhesion layer, which is attached to the glass plate of the 3D printer, for this reason
the face in direct contact with the glass does not have the oxygen contribution to
the radicalization process, instead the top surface is the last layer to be
photopolymerized receiving a much greater oxygen contribution to the process.
Oxygens attribute an insulating behaviour to the surface of the sample and the more
oxygen concentration on the surface the more C1 value is higher.
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Figure 82: Resistance, reactance and Cole-Cole plot with Linear Kramers-Kronig
validity test fit***! of different sample surfaces with multiple RC compensation.

To proceed in the analysis the Linear KK validity test (Figure 82) was performed
in order to validate the physical meaning of the measurements and to prevent data
analysis of systematic error affected measures.

As expressed in Eq. 92 the real and imaginary part of the dielectric permittivity
were calculated from impedance measurements, focusing on the imaginary
dielectric permittivity (¢!l) as a function of the frequency (Figure 83) and even the
electric modulus is reported for completeness. In conductive polymeric networks,
a linear decrease in the imaginary component of the dielectric permittivity is

observable as in RC networks!?33!,
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Figure 83: Top/Bottom imaginary part of the dielectric permittivity and electric
modulus.

The final test circuit, purposed in Figure 84E, was fitted to the experimental data
by the numerical minimization of the chi-squared function (i.e. objective function)
in the space of the complex impedance. In order to establish a good fitting
procedure, the objective function has been estimated as the chordal distance
between the complex impedance measures and fitted values projected on the
Riemann spherel®¥, as expressed in Eq. 94, in fact this objective function was
defined with the goal to reduce the discrepancy between the fitted impedance values
and the measured, both for the real and the imaginary part, whereas defining the X?
function only based on the modulus or phase shift led to the consequence of
optimizing the agreement either the real or the imaginary part.

2

2|Zfit,i - Zmeasured,il

Eq.94: X =
: Z it,i 1 Zmeasu ed,i 1

Results of the test circuit purposed in Figure 84E, are reported in Figure 84A-D. it
is evident, as discussed previously, that the top surface capacitance (C1) values are
higher than bottom values, as believed due to the content of oxygen, while
inductance (L1) values are higher in the bottom surface measurements.
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In the resin preparation process the PSS content is removed from the PH1000
prepared, to obtain the PEDOT precipitate without the addiction of DMSO. This
process variation may be justified in analytical terms by the inductance and
capacitance values. Since the addiction of DMSO to remove the PSS causes a
segregation of the residual PSS in the PEDOT rich material, this phenomenon
produces electrically insulating islands in the conductive material, rising higher
capacitive values as calculated previously in case of the DMSO-treated samples.
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Figure 84: (A-D) Fitted values of the test circuit elements for all the samples and
both surfaces; (E) Purposed test circuit.
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Figure 85: (A) Top surface Admittance |Y| and Phase shift ®; (B) Bottom surface
Admittance and Phase shift; (C-D) Top-Bottom surface Conductance G and Susceptance
B; (E-F) Top-Bottom surface frequency-independent AC conductance (G/gof); (G-H)
Top-Bottom surface smoothed derivative of the frequency-independent AC conductance

(d(log(G))/d(f)).

In order to evaluate the resonance frequency visible in the spectra the frequency-
independent AC conductance is calculated as in Figure 85 for both top and bottom
surfaces related to the previous five samples?*!. The derivative of the latter
quantity is calculated and smoothed by Savitzky-Golay filter*®! to better fit the
resonance frequency, through a chi-squared parabolic fit near the resonance peak
and the following values were obtained for the bottom surface for samples from 1
to 5: (8.35+0.32) MHz, (1.57 £ 0.21) MHz, (0.92 + 0.08) MHz, (8.41 + 0.31) MHz
and (1.48 = 0.12) MHz; for the top surface were calculated the frequencies of (4.07
+ 0.25) MHz and (9.46 + 0.34) MHz for sample 2 and 4 since peaks are not visible
in the other samples.

The presence in this frequency range of a unique relaxation peak, at very high
frequency is in accordance with a unique conductor model, since only PEDOT
constituent participate to the conduction!?*”), although it is mandatory to state that
this analysis was performed on a limited frequency range and that the impedance
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characteristic of this samples is unrecorded at higher frequencies (10 MHz-100
MHz). The conclusion on this analysis led to the classification of this resonance
peaks as Debye peaks due to a thermal activated conduction mechanism with a

characteristic frequency which follows an Arrhenius law!?® as f,., =
foexp (E““k“’%) Finally, as reported in Figure 85, it is evident that the inductive
B

contribution of the conduction mechanism on the bottom surface is far higher than
the top surface!?*’!. The reason must be recorded in the oxygen inhibition of the
photopolymerization process which increases the capacitive contribution on the to
surface and decreases the inductive contribution on the bottom surface, since during
the radical photopolymerization the benzoid and quinoid alternated chains are
produced and from this bipolarons, the inhibition of this process decreases the
probability of bipolaronic creation decreasing the inductive term. In case of
inhibited photopolymerization (i.e. top surface) the density of bipolarons decreases
and the contrary happens on the opposite surface (i.e. bottom) since no oxygen

2401 As discussed in the previous chapter, bipolarons are

inhibition takes placel
characterized by a large effective mass which in case of in increased density, it is
the reason of an increase in the inertial term. Describing in fact the system
conduction mechanism as a classical harmonic oscillator (e.g. RLC oscillating
circuit) the inductive contribution is related to the coefficient of the quadratic term
in the 2nd-order linear differential equation (L Z—;l +R % + % i = 0, where “1” is the

current and no external forcing is applied), generally connected with the effective

du
'R +
[K]u = 0, where “u” is the displacement and [M], [D], [K] are the inertia, viscous

damping and stiffness matrices and no external forcing is applied).

. . . . . d?
mass matrix term in the mechanical harmonic oscillator ([M]d—tg+ [D]

5.4.1 Metal contact in two probe impedance spectroscopy

In order to estimate the effect of the metal contact in the impedance spectroscopy
measures, a two probe measurement was performed using gold plated four terminal-
pair Kelvin clips (GW Instek LCR-12). The setup was reduced to a two probe
configuration using copper adhesive tape to short-circuit HC with HP terminals and
LC with LP terminals. To determinate the contact area to evaluate the geometric
correction facto G the length (L) of the clip was equal to (13.0 + 0.1) mm and the

width (W) (2.02 £ 0.01) mm.
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For the two different metal contacts the measured and estimated physical quantities
were reported in Figure 86. The derived quantities were calculated on the base of
formula expressed in Eq. 92 and Eq. 93.

Impedance Modulus. i Real Dislectric Permittivity b= Real Electric Modulus
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Figure 86: Comparison of the measured and estimated quantities with gold and
copper contact: Impedance modulus with phase shift, resistance, reactance admittance
with phase shift, conductance, susceptance, real and imaginary part of the dielectric
permittivity € and electric modulus M; comparison of the AC conductivities 6ac with
power-law fitted and measured values.

The Linear KK validity test was performed to check the presence of systematic
measurement errors and consequentially the data were fitted to an equivalent test
circuit (Figure 84E) where the inductive contribution was neglected and considered
as a short-circuit. Calculated capacitive and resistive parameters were for gold:
R1 =(644+3)[Q], C1=(6.47 £0.6) [pF] and R2 = (5609 + 73) [Q] and
copper: R1=(983+7)[Q], €1=(139+%0.3)[pF] and R2=(1481%
34) [Q].



158 Modelling and characterization of electronic conductivity in 3D printed
PEGDA:PEDOT polymer composites - High frequency applications

Since resonance peaks were not detectable in these measures, a detailed analysis
was performed on the AC conductivity behaviour of the two configurations. The
universal power law was fitted to the high frequency spectra to estimate the values
reported in Table 6.

Gold Copper
(28+0.3)-1071° (7.3+£0.2)-10712
(1.8+0.01) 10712 (7.0 £ 0.2) - 101
(1.01 + 0.01) (1.6 + 0.01)
(144.6 + 0.7) (311+5)
0.001 0.002

Table 6: Comparison of the physical quantities calculated through the universal
power-law fitted measures.

Analysing and comparing the results obtained for gold and copper contact, charge
transport through the percolative network can be identified as the origin the DC
contribution (opc) due to delocalized electrons moving in the m — m stack. The
increment of opc the in gold, respect to copper can be justified by the higher work
function of the first metal enabling the electron collector electrode to collect charges
more efficiently, by lowering the effective contact barrier potential.

€ 9

The exponent “p” value is in general a temperature dependent term, in fact in case
0 < p < 1 it describes a thermally activated conduction mechanism due to a short
range hopping motion (i.e. translational hopping) conformal to a Debye behaviour.
In case of p > 1, a deviation from the Debye characteristic is present and the
hopping conduction mechanism is referred to a more localized hopping (i.e.
reorientational hopping), visible in the range of MHz frequencies?*”.

The incoherent hopping of bipolarons between different polymer chains explains
the rise of oac, in fact high resonance frequency peaks, referred to top and bottom
analysis, are associated with a high heterogeneous material structure linked to the
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mean distance covered by bipolarons during the hopping process??!!, in fact
considering the hopping frequency value (w,), it is inversely proportional to the
mean covered distance and to the inductive contribution. Following the previous
argument, the increase in the hopping frequency is more related to a decrease in the
mean path covered by bipolarons and also related to a density decrease of large
bipolarons, carrying high charge values.

5.5 Broadband spectroscopy of 3D  printed
PEGDA:PEDOT samples

Broadband spectroscopy characterizations were performed to analyse the behaviour
of 3D printed PEGDA:PEDOT samples at very high frequencies in the GHz range.
These measures were evaluated with the objective of producing a tree-dimensional
3D printed antenna, which could exploit the third dimension. In fact, in literature
was found evidence of the use of PEDOT in the realisation of microstrip patch
antennas tuned at 6 GHzP*'! or at 5.8 GHz with a different geometric
dimensioning®**, PEDOT:PSS was employed even to produce an ethanol
transducer based on transmission line circuit in the range of 0.5-2 GHz**’], whereas
others reported that an optimized resin formulation allowed to obtain the
electromagnetic transparency in the MHz range, lowering the plasma frequency,

and realising a capacitive touch pressure transducer!>*4],

Broadband spectroscopy allowed to directly calculate the scattering parameters!>**]

of the designed sample (Figure 87A) in the cavity (Figure 87B), modelled as two
port network, in the GHz range using a cylindrical coaxial cell (EpsiMu toolkit?*®!),
where the sample was contained as a dielectric spacer between a 3 mm and a 7 mm
diameter conductors. Two conical components were connected to the cell, ensuring
to fix the characteristic impedance at 50 Ohm, while cancelling mismatches and
energy losses. An appropriately calibrated Rohde Schwarz ZVK Vector Network
Analyzer, was connected to the cell. De-embedding!**’! and the Nicolson-Ross-
Weir transmission/reflection method®*® were exploited to calculate the complex

dielectric permittivity of the sample.

Three samples with two different thicknesses and PEDOT concentrations were 3D
printed (Figure 87C): 25 wt.% PEDOT with thickness ‘s’ equal to 0.8 mm, 25 wt.%
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PEDOT with thickness ‘s’ equal to 1.1 mm, 15 wt.% PEDOT with thickness ‘s’
equal to 0.8 mm and 15 wt.% PEDOT with thickness ‘s’ equal to 1.1 mm.

>
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Figure 87: (A) Geometrical design of 3D printed PEGDA:PEDOT samples; (B)
Cylindrical coaxial cell for broadband characterization; (C) 3D printed PEGDA:PEDOT
test samples (i.e. DUT).

Each of the three samples (Figure 87D) per thickness and concentration were
measured and the physical measured and derived quantities were statistically
mediated over this population for each frequency in the measurement range of
0.1-16 GHz.

Scattering parameter, reported in Figure 88, were calculated in decibel as the §;; =
201logqg |Si j |, where s;; is the coefficient of the forward or reverse fields at the input
or output. S;; is defined as the “Input return loss”, while S,, is the “Output return
loss”, S;, and S,; are respectively the “Reverse transmission gain” and the
“Forward transmission gain”.



Modelling and characterization of electronic conductivity in 3D printed 161
PEGDA:PEDOT polymer composites - High frequency applications

_ Sijdb 25 wt% 1.1 mm i _ SiidbiSwtniimm

s, [0b]
&
~.
s, [db]
5

11
512
21

LRae
BEES

0 2 4 6 8 10 12 14 16 0 2
Frequency [GHz] Frequency [GHz]

Sij db 25 wt% 0.8 mm o Sijdb 15 wt% 0.8 mm

s, [db]
&

N
s, [db]

1
Frequency [GHz] Frequency [GHz]

Figure 88: Measured scattering parameters (S;;) of the four DUT.

It is evident in Figure 88 as due to the cylindrical symmetry of the system, since
scattering matrix parameters were calculated from amplitude of the electric field,
which is contained in the circular crown defined by the 3D printing plane, that
S,1 = 1, because the network is symmetric and lossy.
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Further physical quantities were calculated in order to evaluate a wide range of
electromagnetic properties at high frequencies (Eq. 95): the conductivity o, the
delta tangent (tan(&)) were the high frequency electrical characteristics related to
the material, whereas the input standing wave ratio (Input VSWR), the insertion
loss (IL) and the radiation loss (Lg) were calculated parameters related to the

tan(d) =
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device?*’!, or more specifically to its geometrical shape and finally the real (n) and
imaginary (k) components of the complex refractive index (7)1**"), together with
the material absorption coefficient (a), were estimated as function of the
wavelength (4). These parameters are reported in Figure 89 and Figure 90.

Figure 89: Measured S14 and calculated conductivity (@), delta tangent
(Input VSWR), input standing wave ratio (o), real and imaginary dielectric permittivity
(&), insertion loss (IL) and radiation loss (Lg)?%!.

It is observable in Figure 89, that increasing the PEDOT filler concentration
increases the conductivity of almost the 50% causing no considerable increment in
losses expresses by the delta tangent. Analysing the Input VSWR around 13 GHz,
almost the 36% of the power delivered to the sample is reflected by the antenna
device, which still can be considered acceptable for an antenna device, in fact Ly
are marginally constant around -6 dB, while the /L exhibit a significant increase of
lost power in the medium respect to the amount provided above 11 GHz.

Regarding the dielectric permittivity (Figure 90) it is observable a net increase in
the real and imaginary components respect to the increase in the amount of filler
content, which can be explained in a two media system as the geometrical mean of
the dielectric permittivities. This increment is more significant in the real
components, which is reflected in the refractive index, despite the k values, in fact
even the absorption coefficient exhibits a unique behaviour.
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Figure 90: Log scale plot of the real (€!) and imaginary (&!!) pert of the dielectric
permittivity, real (n) and imaginary (k) pert of the refractive index and absorption
coefficient ().

In conclusion, especially in the conductivity measures in Figure 89, the presence of
two resonance peaks was observed. The first around (12.6 + 0.1) GHz and the latter
around (14.7 = 0.1) GHz for samples with thickness equal to 0.8 mm, moving to
(15.5 £ 0.1) GHz, with a reduced intensity and increased broadening, for samples
with thickness equal to 1.1 mm. The presence of these absorption peaks with
increased Insertion loss, not corresponding to a significant increment in the
Radiation loss, proves that these resonances are not radiative phenomena, probably
related to the unsuccessful incoherent bipolaron hopping, due to inelastic scattering
with the grain borders or inhomogeneities (Figure 67). As consequence, a possible
exploitation of these peaks could be a high frequency antenna force or pressure
transduces, capable of measuring, with very high accuracy, the force connected to
the deformation though the frequency shift of the peaks.
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5.6 3D printed PEGDA:PEDOT prototypes and
applications

A wide range of 3D printed prototypes was designed targeted to different
applications. Several objects were manufactured to test the printability property of
the resin formulation, related to the printing process parameters (Figure 91A).
Others, instead, were printed with the final purpose of optimizing the
photopolymerized resin conductivity by balancing the relative mass fractions of
PEGDA, PEDOT, Photoinitiator and Surfactant.

Electrically conductive (C) Electrically insulant (E)
PEGDA:PEDOT PEGDA S b

N,

(A)

Pressure 1
sensor ]

Accelerometer |

(B)

Figure 91: (A) General 3D printed objects; (B) Double helix ethanol gas transducer;
(C) CAD design of the 3D printed PEGDA:PEDOT supercapacitor; (D) 3D printed
supercapacitor prototype; (E) 3D printed high speed signal and analog traces connected to
multiple flexible printed circuit boards.

With regard to applications such as sensors, a double helix device!?*” was produced
acting as an ethanol or acetone gas transducer. The capability to adsorb ethanol and
acetone vapours of the stereolithographic 3D printed PEGDA:PEDOT device was
tested under I/V characterization at fixed different exposure times. The device
conductivity was measured in air at ambient temperature to be 6 = 55 mS/cm and it
was noted that under acetone exposure the conductivity decrease was more rapid
respect to the ethanol exposure, in particular the steady value of conductivity was
reached after 20 minutes of exposure time, with negligible variation between 1.4
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mS/cm and 0.9 mS/cm at 60 and 120 minutes. The resistance of the double helix
device increased of the 90% under vapour exposure (Figure 91B) leading to its
possible exploitation as a VOC (i.e. volatile organic compound) adsorbent device.

In terms of embedded devices, a sub-millimetre supercapacitive device was
designed (Figure 91C) and 3D printed in PEGDA:PEDOT (Figure 91D), with 45
filler wt.% and the measured weight-normalised gravimetric capacitance Cs =
200 mF/g, with energy density Jp = 27.8 uyWh/g and power density Jp =
4 mW/g. The reported values were considered advantageous for energy storage and
harvesting in low power Internet of Things (i.e. [oT) applications, with comparable
or superior values respect to the literature reported for PEDOT based
supercapacitors?3211253],

In the end, due to the fact that the photopolymerized resin exhibits an excellent
impedance behaviour, which is maintained constant until the cut-off frequency in
the MHz range, 3D printed PEGDA:PEDOT was employed to fabricate traces in an
advanced prototypal printed circuit board. A microcontroller (i.e. MCU) based
flexible printed circuit board was connected to other periphericals and sensors, via
3D printed PEGDA:PEDOT traces, in the context of the regional funded project
“SMART3D?”, as reported in Figure 91E. The MCU was capable of sampling the
voltage signal of the temperature and pressure sensor (commercially available). The
signal reading of the photodiode was also acquired, through silver paste traces,
although the current driving of the LED was successfully performed via the
PEGDA:PEDOT traces. In conclusion, the trace width and thickness were designed
to exhibit a constant impedance until 2.5 MHz, in order to provide to the
Accelerometer traces the impedance adaptation to 50 €2, since the three traces carry
high speed digital signals of the SPI peripherical from the MCU to the
accelerometer and vice versa, at a fixed baud rate equal to 1 Mbps.
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Chapter 6

Conclusions and perspectives

The primary topic of this dissertation was the modelling of the electronic
conduction mechanism in 3D printed intrinsic conductive polymer composite
materials. 3D printing technologies offer high degree of freedom to customize
products and incorporate components, such as passive circuitry elements and
sensors. The innovative idea of printing, directly through stereolithography,
fundamental electronic components and sensors, allowing the manufacturing in the
same printing process to overcome the flatness of traditional printed circuit boards
and completely develop three-dimensional electronics, is the ultimate mission of
the research.

The vision of this research activity was focused on an exhaustive investigation of
the conduction phenomena in 3D printed PEGDA:PEDOT devices, since in
literature a complete theory of the electrical conduction mechanism in intrinsic
conductive polymers is missing. To accomplish this purpose, several
PEGDA:PEDOT resin formulations were prepared and tested with different
concentration of the constituents, varying also the photoinitiator and the surfactant
mass fraction, with the final purpose of performing a design of experiment to
optimize the conductivity of the photopolymerized material. After this
accomplishment, the PEDOT filler concentration was parameterised to better
understand the percolative nature of the DC conductivity, setting the percolation
threshold, while minimizing the PEDOT concentration to increase the printability
of 3D printed devices. Furthermore, to produce an ohmic contact with the polymeric
device, the metal/polymer interface was analysed, while reducing the contact
resistivity.

The extensive investigation on the conduction mechanism of 3D printed
PEGDA:PEDOT polymer composite devices, performed from DC and
impedancemetric measurements to broadband dielectric spectroscopy, led primarily
to the explanation of the material conductivity as due to concurrent bipolaron
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incoherent hopping processes and percolative network electronic conduction and
secondarily the development of an experimental and analytical rigorous
methodology was accomplished and purposed. This procedure was targeted to the
printing process calibration and optimization, with major focus on the final
functionality of the 3D printed device and it was established on: the four coaxial
terminal-pair impedance spectroscopy measures and their validation through the
Linear Kramers-Kronig Transformation test, proceeding with the equivalent
electrical circuit fit, based on the minimization of the Riemann chordal distance, in
order to analyse the deconvolution of the different contributes to the complex
impedance transfer function of the device. Regarding the material properties, the
analysis of the AC conductivity, hopping and resonance frequencies and the
frequency power exponent allowed the correlation of the estimated electrical circuit
values with the latter, leading the calibration and optimization of the printing
process parameters. Furthermore, broadband dielectric spectroscopy analysis was
purposed to accomplish the fabrication of several devices with different final
applications, such as: 3D printed high frequency embedded antenna sensors, signal
traces for high speed signals ranging from the digital (i.e. 1-10 MHz) to the RF (i.e.
1-16 GHz) domains.
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