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Motivations and Outline

Poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate), PEDOT:PSS, is one of
the most interesting and versatile conductive polymers, CPs. Its intrinsic
conductivity and easy tunability of the electrical properties, with a high
processability due to fast and low-cost methods of deposition, make this material
one of the main protagonists of the organic electronics. In the last decades, an
intense scientific production has led scientists toward the understanding of its
mechanism of conduction, thus supplying new ways for the improvement of
electrical performances. This has paved the way for various technological

applications in different fields, from renewable energies to medicine.

Nevertheless, this material still keeps offering new opportunities. For instance, the
scientific production has shown a lack about the potentiality of the secondary
doping of PEDOT:PSS with sulfuric acid. Indeed, most of the works published in
this area, have reported a description of the effects due to post-deposition treatment
by H>SOs4, never lingering on the effective consequences of an in-solution acid
doping. Hence, the first aim of this work was to fill this gap by investigating the
effects of the direct acidification of PEDOT:PSS solution, finally discovering new
chances from this method. In the next chapters, it will be presented a step-by-step
study, which not only will elucidate about the mechanism of the secondary doping
by sulfuric acid, but new insights and novel use proposals of this material will be

also offered.
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Chapter 1 will give a background about the organic electronics and conducting
polymers, i.e. that family of the material science to which PEDOT:PSS belongs. A
short history of the birth of PEDOT will be presented, its first uses in technology
and the causes which have led to the production of PEDOT:PSS in the form that we
know today. An overview on the conduction mechanism dominating the electric
performance will be supplied with some of the most used secondary doping
methods. In other words, this chapter will be a guide for understanding the

successive explanations, comments and results given in Chapters 2-4.

In Chapter 2, the investigation of annealing influence on the electric response of
thin PEDOT:PSS films will be explored. It will be seen that the electrical
conductivity of the pristine polymer in not a real intrinsic feature of the material,
but it can be related instead to its thickness and its “thermal history”. This
unexpected behaviour will be explained by the solvent evaporation mechanism and
the variation of water content as a consequence of the thermal treatment. A direct
influence of the annealing environment and temperature on the electrical

performances will be also shown and discussed.

Chapter 3 will introduce the effects of the direct addition of sulfuric acid, showing
that it leads to a separation phase of the conducting species from the rest of
solution. Films obtained with this procedure will report a higher electrical
conductivity with respect to the untreated polymer as well as a good transparency
in most of the electromagnetic spectrum. In order to correlate both electrical and
optical properties, the Haacke’s figure of merit will be supplied for the first time in
the history of this material. This parameter will be used for estimating the balance
between these two characteristics in order to offer an easier application placement

in the wide technological panorama.

10
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Chapter 4 will present that the PEDOT:PSS acidification until its saturation level
leads to a highly conductive, flexible paste. It will be supplied a description about
the mechanism ruling this process, the thermal and ambient effects related to the
annealing conditions and new insights about the morphology and arrangement
obtained with this strategy, thus showing the great potentiality offered from this
“new face” of PEDOT:PSS .

Finally, the reader will also find a Chapter 5, which offers an example of a possible
application of the developed conductive polymer. It will be presented a synthesis
protocol to fabricate quasi-1D nanostructures through block copolymer self-
assembly (BCP-SA), realized by novel deposition solvents as alternative to toluene,
classically used in this process. The effects on the BCP-SA due to the new
solvents, i.e. the ethyl acetate and the tetrahydrofuran, will be presented through a
study carried by SEM analysis and images elaboration made by a suitable software.
The results will show promising outcomes for the polymer solutions obtained with
ethyl acetate, in terms of uniformity of geometrical features, ordered areas
extension and homogeneity of the pattern obtained, making this chemical a good

alternative to the toluene for future perspective.

11






Chapter 1

Overlook on polymers in the
organic electronics world

This Chapter introduces the basic concepts of m-conjugated polymers with a
particular emphasis on the material studied in this thesis, the conducting polymer
blend PEDOT:PSS. A background about the birth of this widely known material is
given in order to well understand the requirements that it has to meet in different
fields of the materials science and technology. Insights about the conduction
mechanisms which rule the electrical behaviour, are explained and, finally, a

summary of the most common secondary doping methods and their effects on the
PEDOT:PSS blend is commented.

1.1 — Organic Electronics

The electronic field has been dominated for many years by the physics of the
inorganic semiconductors and their production. Silicon, in particular, has been the
main protagonist, thanks to its wide availability, moderate manufacturing cost and
low toxicity. However, in the last decades, the traditional electronic has been joined
by a new branch of the material science: organic electronics. This novel field is
based on design, synthesis, characterization and fabrication of small organic
molecules or polymers which exhibit appreciable electrical performances. The first
clue that soft and plastic materials were overlooking to the electronics was in
1970s, with the discovery that the electrical conductivity of polyacetylene film can
be modified of several orders of magnitude by chemical doping [1,2]. From that
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moment, organic electronics has introduced and involved new concepts for the

modelling and processing of the electronic devices.

The physical principles which rule the transport mechanism in the organic
electronics are different with respect to those of the inorganic crystalline
semiconductors. Indeed, the electrical charges in soft matters are ruled by the
hopping transport mechanism which develops from disordered molecular
structures, polaronic nature of the electric charge and the exciton binding energy
[3]. These characteristic features, although at the base of the polymer electrical
conductivity, cause low charge mobility which thus can be significantly lower with
respect to those of crystalline solids. However, one of the greatest advantages of
small organic compounds and polymers is the considerable versatility of their
physical properties. Indeed, some parameters, such as conductivity and the
electrical and optical band gaps, can be finely tuned from time to time by easy
chemical modifications. Although they do not achieve the same electrical features
of metals and the most common inorganic semiconductors, this potentiality allows
the customization of their electrical performances according to their intended use.
Aside this versatility, polymer and organic compounds also give very special
advantages in their processing. In fact, inorganic materials are obtained by very
slow deposition methods and require expensive and complex equipment with high
maintenance costs, such as sputtering or thermal evaporation, as well as Chemical
Vapour Deposition, Atomic Layer Deposition or Molecular Beam Epitaxy. Vice
versa, one of the greatest advantages of conductive polymers and organic
compounds is mainly due to their versatile, cost-effective and easy processability.
This praises a wide path of choices for deposition methods, industrially scalable
and largely cheaper with respect to those used for the inorganic materials. Among

the wide variety of techniques, it is worth to remind the most used, such as spin

14
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coating, drop casting, Langmuir-Blodgett, spreading knife, etc. All these
approaches lead to thin, uniform and continuous carbon-based films. Interestingly,
these methods can be also used on structured surfaces where, because of the
presence of some fragile features, hard and aggressive deposition methods, e.g.

sputtering, are not recommended.

Unlike crystalline inorganic solids, a special appealing is also due to the
mechanical properties achievable by polymers and organic materials. In particular,
they overcome the intrinsic brittleness limits of common inorganic oxides, e.g.
ITO, since transparent and conductive films with a great robustness and flexibility
can be obtained. Thanks to all of these characteristics mentioned above, i.e.
chemical and physical versatility, easy manufacturing, low processing-cost and
great mechanical features, organic electronics have powerfully become a part of

new technologies in the materials science and in consumer products.

1.2 Conducting Polymers

In the very beginning, polymers have caught not only a scientific interest but have
also started a new industrial era. This revolution has begun in the 1909, when
Belgian chemist Leo Hendrik Baekeland entirely synthesized the first plastic
material, belonging to the group of the phenolic resins. A few years later,
Baekeland putted in the market this thermosetting plastic with the name of
Bakelite. In 1912, the Swiss Jacques Brandenberger produced the cellophane by the
viscose, in its turn derived from cellulose. In the 1950s, Bayer definitively
established the collaboration between polymer chemistry and industrial chemistry,

producing the first synthetic rubber. After about 15 years, many plastic materials

15
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have been produced on industrial scale, including polyvinyl chloride (PVC), used
to make pipes, cladding panels and insulating sheaths for electric cables. These
polymers mentioned so far have been known and used as resins, textiles and

rubbers and in virtue of their insulating properties.

About the conducting polymers, of which there are few traces of their use in 1930
for prevention of the corona discharge, we have to wait until 1977 for discovering
that polymers can exhibit very interesting electrical properties and that these can be
modified by chemical treatments [2]. This outstanding discovery has brought Mac
Diarmid, Heeger and Shirakawa to be awarded the Nobel Prize in Chemistry in
2000. From that moment, an intensive work and many efforts were made for
understanding the conduction mechanisms involving in polymers. Several studies

have identified that the key of their electrical conductivity lies in their structure.

1.2.1 — Structures and Properties

In order to easily understand the mechanisms which allow charge transport in the
polymers, it is worth to begin from the molecular bands formation described by the
molecular orbital (MO) theory. It is possible to start by considering the simplest
case in which two atoms interact between each other, thus forming a bond. The
linear combination between the atomic orbitals of these two interacting atoms arise
the formation of a bonding and an antibonding orbital. In the same way, N
interacting atoms, where N can be considered infinite, lead to the formation of N
molecular orbitals which are split in energy: some of them have energy lower than
the initial orbitals, while the others are higher. These sets of overlapping orbitals
thus give place to the formation of two energy bands, which are equivalent to the

valence and conduction ones normally related to the electronic structure of a

16
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semiconductor. This simple explanation of the electronic bands is strictly related to
the molecular structure of an organic material. Indeed, the electrical behaviour is
closely related to the specific bonds configuration in the molecule. The formation
of a valence and a conduction band takes place in a polymer when a carbon
structure exists in which a single C-C bond is alternating with a double one along
the polymer chain. In other words, the fundamental requirement for a polymer to be
potentially conductive is that it has to have a conjugation between its repetitive

units, as shown in Fig. 1.1:

SN E NV T e g

Fig. 1.1: Molecular structure of the polyacetylene, the simplest example of a
conductive polymer with a conjugated structure.

This structure can be understood by considering the hybridization process of C-
atom. The electronic ground state of a carbon atom can be described as 1s*2s*2p?,
but this would suggest that the C atom can form only a pair of bonds with its
neighbours, having only two electrons available in its most external shell, Fig. 1.2a.
However, our common experience suggests that carbon can form up to four bonds,
as in the CH4 molecule. This happens since the four valence electrons in the most
external atomic level of the C atom combine to each other toward hybridized
structure when forming covalent bonds. The combination of the external s and p
orbitals leads to three possible configurations, labelled with sp', sp? and sp*, which
give respectively single, double and triple bonds. In the case of a conjugated
polymer, the “electrical repetitive units” are made by 2n+1 atoms with sp?

hybridization, Fig.1.2b.

17
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Fig. 1.2: Schematic representation of the hybridization process occurring in C atoms:
a) in its ground state, 2s and two 2p orbitals of the most external shell combine with
each other forming b) three hybridized sp? orbitals which lay on the same plane,
creating three angles of 120° each, while non-hybridized 2p, orbital lays
perpendicular to the plane of sp”.

In this configuration, atoms are covalently bound by o orbitals and all C atoms lay
on the same plane, Fig. 1.3a. These bonds constitute the skeleton of the molecule
and do not take part directly to the conduction mechanism. Vice versa, the total or
partial overlapping of the non-hybridized p, orbitals of the sp? C atoms form a
network of weaker n-bonds, in which electrons are delocalized and can easily move
from one atom to neighbours, Fig. 1.3b. In other words, while ¢ orbitals can be
considered the brick of the molecular structure, m electrons are responsible of the

electrical conduction phenomenon of the specimen.

18
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2p orbitals

Fig. 1.3: Schematic representation of the in which are evidenced, respectively, a) ¢
and b) © bonds formed on two sp* hybridized C carbons.

According to the Bloch theory, if the bond length between an atom and its
neighbours have the same value in all directions, the electron transport properties
can be related to a metal-like behaviour. Indeed, the solid formed by the atoms
constituting the conductive molecule has half-filled shells which thus determine
half-filled bands. However, considering the structure of the polymeric chain
described so far, in the simplest case such as the polyacetilene molecule (Fig. 1.1),
the backbone is made by alternating single and double bonds. Since the strength of
a double bond is higher than single one, the C-C length will be different in the two
cases, being shorter in the first. In this way, the final energy of the whole system is
minimized and this modification in the molecule structure, in which the length of
the bonds is alternatively different, is known as Peierls distortion. This causes a
split in energy giving place to two sub-bands: a m valence band, completely
occupied and in which the most external level corresponds to the highest occupied
molecular orbital (HOMO), and an empty ©* conduction band, normally identified

with the value of its lowest unoccupied molecular orbital (LUMO). These two

19
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bands are separated by an energy gap, Eg, which can cover several values, most of
time in the range between 1.5 and 3.5 eV. In this case, the specific values of these
three characteristic features are determined by the structure of the conjugated units,
the conjugation length and the atoms constituting the repetitive units. As a general
consideration, it is intuitive to say that the more extended the conjugation length is,

the smaller the energy gap between HOMO and LUMO in the polymer.

1.2.2 — Polymer Doping

A part the specifics given by the atoms component the polymer and their
arrangement into the chain, the energy gap of a pristine n-conjugated
macromolecule can be tuned by the doping process. However, this cannot be
explained with the mechanism normally associated to the inorganic
semiconductors. Indeed, for these latter the doping proceeds by the substitution of
an electron-donating or -accepting atom inside the atomic positions of the original
crystal lattice. Because of this substitution, the electrical doping of an inorganic
semiconductor is basically irreversible. Differently, in the organic materials, it
takes place by a completely different path. The main concept of the organic doping
is that a given specie is able to accept or to donor electrons to/from the polymer
chain but, in the case of the organic materials, the dopants have inter-chains
position. Similarly to the inorganic semiconductors, the organic doping can be both
n-type (electron donating), or p-type (electron accepting) and it is used for allowing
the insulator-to-conductor transition in polymer. Dopants can be charged atoms or
molecules and must be able to donor or accept charges to/from the polymer
backbone. It is worth to note that, in this case, dopant is not covalently bounded to

the polymer, but it interacts to the chain through electrostatic (or Coulomb)

20
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interactions. Instead, when dopant is covalently bound to the chain, the doping is
known as self-doping. Describing it in other words, the polymer electrical doping
can be understood as a reversible oxidation/reaction process. Generally, this
chemical doping can be carried by oxidising (such as Bra, SbFs, H>SO4) or
reducing agents (alkali metals) or via electrochemical reaction, i.e. by applying an
appropriate bias to the material. Whatever the doping process is, the charges
formation in the polymer chain and then their intra and inter-transport phenomena
can be described in the same way: from an electrical point of view, a polymer

doping creates new energy levels in between the valence and the conduction bands.

The gap between the localized levels depends on the polymeric system since,
according to the electrical structure, it can lead to a bipolaron or soliton charge.
Considering, for instance, the oxidation process of the poly-p-phenylene, PPP, in
Fig. 1.4, when a less bound electron is subtracted from a p, orbital, it leaves a
radical and a positive charge along the chain. This situation is called polaron, and it
is generally accompanied by a structural distortion which results from the n-bonds
rearrangement. This last one occurs for allowing the stabilization of the new

molecular configuration.

21
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polaron

Fig. 1.4: Representation of the p-type doping on a PPP chain which leads to the
formation of a polaron, i.e. ion radical associated to the distortion of the molecule and
a change in the single-double bonds arrangement.

This new system leads the structure toward a major planarity next to the site in
which the charge is generated and it is also accompanied to a local permutation of
the alternating single-double bonds. In other words, this new arrangement in the
molecule can be described with the coupling between electrons and phonons, which

leads to a structural distortion.

As a consequence, this new configuration causes the formation of new energy
levels placed symmetrically with respect to the edges of both valence and

conduction bands, as schematized in Fig. 1.5.
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Fig. 1.5: Sketch of the band structure in a polymeric chain in its a) neutral state and
b) after the formation of a polaron.

The further oxidation process on the same molecule leads to the formation of a bi-
cation and, in this case, two paths are possible: in the first one, a second electron is
removed in a new site, i.e. a neutral region of the chain, far away from the first one
generated, Fig. 1.6. Alternatively, the second charge is generated very close to the

first polaron (Fig. 1.7).
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Fig. 1.6: Representation of a further p-type doping on a PPP chain, occurring in a
different part of the molecule with respect to the site of the first doping. Two
independent polarons are obtained.

In the first case, the two radical-cations do not interact and give place to new
energy levels in the Eg, which are degenerate with thoses left from the first polaron,
Fig. 1.8a. Vice versa, in the latter condition, the second free electron is removed
from the radical already formed, i.e. on the same portion of the molecule in which
the first polaron was. In this way, it is possible to observe the formation of a bi-
cation that is formed by two positive charges coupled by a lattice distortion. This

phenomenon is called electron-phonon coupling and corresponds to a bipolaron.
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Fig. 1.7: representation of a further p-type doping on a PPP molecule, occurring in
the same part of the chain with respect to the first doping event. This leads to the
formation of a bipolaron.

This second arrangement gives place to new levels symmetrically placed with
respect to the half of the energy gap, farther away from the band edges than the
case described above, Fig. 1.8b.
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Fig. 1.8: Sketch of the band structure along a polymeric chain after the formation of
a) two independent polarons and b) a bipolaron.

The mechanism seen so far describes the p-type doping of conjugated polymer. The
same concept can be applied in the case of n-type doping along the chain, but this
has the effect of an electron enrichment of the molecule. The new configuration of
the bands can be described by new energy states created within the band gap and
filled with the introduced negative charges. However, since this discussion is not
functional to the topics that will be presented hereinafter, no further details will be
given. Instead, the p-type doping is the main concept which involves the polymer
studied in this thesis: poly(3,4ethylenedioxythiophene)-poly(styrene sulfonate),
PEDOT:PSS.

1.3 - PEDOT:PSS

PEDOT:PSS is a relative young member of the conducting polymers family and
one of the most studied and used. It is commercially available in the form of a

deep-blue opaque water dispersion and widely available in the chemical market.
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The first aqueous dispersion has been initially licenced and commercialized with
the trade name of Baytron by Bayer AG, then by Starck, more recently by Heraeus,
selling it with the trade name of Clevios, and finally by Sigma-Aldrich (Merck).
PEDOT:PSS was also produced for large-scale printing by Agfa, with the trade
name of Orgacon [4]. This composite is widely used as a p-type semiconductor [5—
7] in different fields, spacing from solar cells, electrochemical cells, devices for
energy storage and stretchable electronics [4]. Most of works reported in literature
is focused to different procedures for improving the performance of the entire
aqueous blend and for understanding the mechanisms which rule its conductivity.
However, the history of this material and its physical properties, also involving the

electrical conductivity, are more complex.

1.3.1 — Poly(3,4-Ethylenedioxythiophene)

Until early 80s, intense efforts have been made for improving the conductivity of
many conjugated polymers, such as polyacetylene, poly(p-phenylene), polyaniline,
polypyrrole and polythiophene (Fig. 1.9). This last one had a great appealing
thanks to its electrical performances but presented a considerable instability to the
environment. Indeed, free Cp in positions 3 and 4 in the structural unit have a high

reactivity and give to this macromolecule such an instability to air, moisture and

chemical agents.

Fig. 1.9: Polythiophene.
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In order to improve the environmental stability of this molecule, with maintaining
high conductivity, the strategy was to substitute the position Cp with different
chemical groups. The most successful product obtained was 3,4-
ethylenedioxythiophene [8], EDOT in Fig. 1.10, which represents both the starting
monomer and the repetitive unit of PEDOT. Its synthesis from EDOT was reported
for the first time in 1988, when Jonas and co-worker deposited their first patent.
Here oxidant polymerizations of EDOT to PEDOT arises in presence of some iron
salts-based catalyst in acetonitrile [8,9]. The polymerization occurs through both

alfa positions and reaction leads to the molecule represented in Fig. 1.10.

Polymerization

A J

- &, St:.-..'- N

Carbona Carbon a

Fig. 1.10: On the left, EDOT molecule is the starting monomer used for the oxidant
polymerization of PEDOT, on the right.

Once polymerized, PEDOT was described as a dark blue powder with a
conductivity ranging between 5 and 10 S/cm [10]. This reaction product was also
insoluble and infusible, thus manifesting a chemical behaviour typically associated
to cross-linked polymers. However, in the case of PEDOT, this cross-linkage is
forbidden by its own structure since the oxyethylene ring bonded to the Cp prevents
any reaction of networking. Therefore, the fact that this powder cannot be melt or
re-dispersed in any solvent indicates a great stability, overcoming its ancestor

polythiophene and other widely used polymers, such as polypirrole [10]. Seen its
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great potentiality, PEDOT was considered a valid alternative to the metals as
antistatic coating for preventing damages of breakable electronic components

susceptible to high voltage cross [11,12].

1.3.2 — Poly(3,4-Ethylenedioxythiophene)-Poly(Styrene
Sulphonate)

Hitherto, the birth of PEDOT and its first use in technology have been seen.
However, once polymerized, this material cannot be easily processed. If on one
side, the absence of reactivity to both heat and chemical agents awards a very
special stability to the environment, on the other hand, the insolubility in most of
common solvents affects its processability, thus limiting technological use. In order
to overcome this aspect, Jonas et al. developed a way for preparing PEDOT as a
water suspension [11,13]. This strategy provides a synthesis path through oxidative
polymerization, in which EDOT is made polymerized in presence of polystyrene
sulfonic acid in water and in presence of a strong oxidizing agent, e.g. potassium
persulfate [14,15]. This approach leads to the common aqueous and well-known
poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) blend, i.e. PEDOT:PSS,
Fig. 1.11.
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Fig. 1.11: Structure of the two moieties of the poly(3,4-ethylenedioxythiophene)-
poly(styrene sulfonate) blend.

The presence of PSS is the key-point of PEDOT processability, since the negative
sulfonic groups along PSS chains stabilize the positive charges along the PEDOT
molecules. Moreover, the Coulomb interactions established between the styrenic

part and PEDOT keep this last one suspended into the aqueous medium.

The overall PEDOT:PSS complex consists of PSS chains with which PEDOT
oligomers adhere, coiling up to form a tertiary structure [16—19]. In order to
guarantee the right charge-balance between these two species, PSS chains have to
be longer and in larger amount with respect to the PEDOT ones. For this reason,
the PEDOT/PSS ratio usually is in a range of 1:2 up to 1:20, depending on the

intended use, and this suspensions are stable in water for solid content up to 2% wt.
[11].

PEDOT:PSS can be easily processed, allowing for the formation of continuous,
uniform and smooth conducting thin films on either rigid and flexible substrates.

Moreover, PEDOT:PSS films, with thickness in the order of hundreds of
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nanometres, exhibit high transmittance in the visible range and even above 90% at

550 nm.

For preparing PEDOT:PSS as thin films, several cost-effective and fast solution-
processing techniques can be used, such as spin-coating, doctor blade, spray
deposition, inkjet printing, screen printing etc. Nevertheless, if on one side PSS
gives a special easiness in the PEDOT:PSS manufacturing, on the other hand it is
also the main responsible of the considerable lowering of the overall conductivity
of the blend with respect to PEDOT alone. For instance, PEDOT/PSS ratios
ranging from 1:2.5 to 1:20 imply conductivities from 1 to 10 S/cm, respectively
[7]. This is not surprising if the dielectric-like behaviour of PSS is considered.
When the polymer blend in spread on a surface, both conductive and dielectric
species coexist as a solid layer. In this condition, PSS represents an electrical
barrier which obstacles the charge transfer from one conductive portion to the
others [10,11]. The electrical properties of the PEDOT:PSS aqueous blend are thus
related to the PSS content in the original mixture. In general, a major content of the
PSS in the blend leads to a less conductive product, but the real mechanisms of the

electrical conductivity of PEDOT:PSS blend are still under an intense debate.

The conductivity of PEDOT:PSS composite surely depends on two main features,
1.e. the mobility of charge carriers on one side, and the number of available mobile
charge carriers on the other one. Stocker and collaborators [7], have reported that
the charge carrier density is dependent on the PSS content, thus indicating that the
mobility of the carriers plays the major role on the conductivity-dependence.
Therefore, PSS would cause a sort of dielectric screening effect between the
conductive portions of the global blend. This behaviour gives also some hints about
the arrangement and morphology of the polymer blend. According to the literature

[7], the in-solution PEDOT:PSS complex consists of PSS chains to which many
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shorter PEDOT oligomers attach tightly, forming a stacked arrangement with the
styrenic counter-ions. This ensemble forms a tertiary structure with a core of
tangled PEDOT:PSS chains embedded in a hydrophilic shell of PSS, in a kind of
micelle-like structure [20-23]. This arrangement between the two species is still
retained also when the solution is spun onto a substrate [19]. The structure of a
PEDOT:PSS film must be intended as formed by grains, sizing in the order of
decades of nanometres and with elongated shape [3,24,25]. As reported from
Nardes et al. [23,26], these grains arrange themselves in a pancake-like structure in
which conducting PEDOT-rich particles are aligned in-plane and embedded in a

quasi-continuous, dielectric PSS lamella, as shown in Fig. 1.12.

e ———

Fig. 1.12: Cross-sectional view of the schematic morphological model for
PEDOT:PSS thin films derived from combined STM and X-AFM measurements.
PEDOT-rich clusters (dark) are separated by lamellas of PSS (light). The PEDOT-
rich lamellas are composed of several pancake-like particles as pictured by the dotted
lines. The typical diameter d of the particles is about 20-25 nm and the height /4 is
about 5—6 nm. Image reproduced from Ref. [23].

The overall electrical conductivity in PEDOT:PSS can thus take place through a
percolation path between sites of highly conducting PEDOT:PSS complexes, with
a conductivity of 2.3 S/cm, embedded in a matrix PSS-excess with a conductivity

of 102 S/cm. This description is consistent with a hopping transport in a granular
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disordered systems described by the Mott and Shklovskii model, in which the

electrical conductivity is expressed as a function of the temperature, Equation 1

[23-28]:

o(T)=o,exp —(%]

Equation 1

In the Equation 1, Ty is a characteristic temperature and represents a measure of the
potential barrier height that charge carriers have to overcome for conducting
[23,26,28]. The pre-factor oo is instead related to the intrinsic conductivity of the
grains, the contribution of their size, their mean volume occupied in the material
and so on [29]. Finally, the exponent a is the parameter relating to the transport
process and can range from O to 1. Most critical a values are three, and each one
indicates a different conductivity regime. In particular, a=1 indicates a nearest-
neighbour hopping type (nn-H), thus meaning a thermally activated process. When
grains size decreases, the exponent passes from the unity to almost 0.5 or 0.25. For
a= 0.5, it is predicted a charging-energy limited tunnelling (CELT) model, also
identified as 1D variable range hopping (1D-VRH), in which carriers tunnel
between small conductive grains separated by insulating material. Finally, when a
is 0.25, the equation describes a 3D-VRH model. In general, it can thus state that

minor value of the a exponent indicates substantially a better conductivity.

Interestingly, the conductivity of the pristine PEDOT:PSS is not isotropic and can
be distinguished in two mechanisms. It is found the in-plane conductivity

overcomes the vertical one (across the film depth) of several orders of magnitude.
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More in detail, while ¢ along the plane is ruled by the VRH mechanism, along the
depth of the film a typical nn-H response is observed [23,26].

Moreover, in PEDOT:PSS thin films the conductivity-response can also be
intended as a function of the film thickness and the thermal aging. Film thickness
of hundreds of nanometres show a CELT-VRH borderline response also for very
long thermal aging carried between 120 and 180°C. Vice versa, very thin film, in
the order of 30-50 nm, has a response which falls in the nn-H model, since the film
thickness becomes comparable to the grains size. Charges have to move in only
one, parallel direction across a mono-layer conductive domains apart from each
other by the dielectric medium and the macroscopic effect is a decrease of the
electrical conductivity. Vice versa, thicker films contain much more conducting
particles which enhance the percolation path, involving not just one layer of
domains but also their near neighbours. However, for long thermal treatment at
high temperature, conductivity passes from nn-H to CELT because the increase of

the charges mobility [25,30].

In light of what explained so far, an intuitive strategy for improving the electrical
conductivity of PEDOT:PSS is thus the removal of the dielectric portions, i.e. PSS,
that surrounds the conducting PEDOT-PSS grains. Greco et al. [30], for instance,
have observed that conductivity improves when free-standing PEDOT:PSS films
are released in aqueous medium from their substrate. The solvent-effect which acts
for PSS and not for the insoluble PEDOT domains, drags the styrenic chains in
solution and leaves the conductive particles on the substrate [15]. This process,
which is carried at room temperature, does not allow neither an actual re-
arrangement of the conductive chains, which should require external heating, nor

an improvement of percolation. Instead, the removal of the dielectric part leads to
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the increment of the mobility of charge carriers, which consequently leads to an

increase of the in-plane conductivity.

The electrical conductivity of the PEDOT:PSS blend can be also related to the
synthesis technique and also to the counter-anion used. Thin PEDOT:PSS films
synthesized by the electrochemical polymerization exhibit a conductivity of 80
S/cm, much higher than an analogous product obtained by the oxidative
polymerization, which instead shows a ¢ of 0.03 S/cm [22]. This is because the
PEDOT chains formed by the electrochemical polymerization take just the
minimum amount of PSS counter-ion needed to attain charge neutralization, while
any eventual excess of the styrenic reactant does not interact with the formed film.
This mechanism leads to films having a higher concentration of PEDOT with
respect to the anionic counter-part. In light of this, the electrochemical
polymerization has two main effects. First of all, in the electropolymerized
PEDOT:PSS, a single PSS chain interacts electrostatically over its length with
many shorter PEDOT chains [21] and, secondly, the distance between adjacent
PEDOT chains is small, facilitating the hopping of charges between PEDOT
chains. This same effect is also achieved with substituting PSS with a smaller anion
counter-part, such as tosylate, which leads to electrical conductivity up to 450 S/cm
[21]. Vice versa, the chemically-prepared PEDOT:PSS contains an excess of the
counter-anion, which is likely due to the micellar nature of the emulsion. In this
case, an excess of PSS possibly surrounds the conductive grains, isolating them
from the others [31,32]. In other words, the amount of dielectric part is less in the
electrochemical polymerized films than in those blend obtained by chemical

oxidative synthesis.

The approaches that were seen so far lead to the improvement of the electrical

conductivity of PEDOT:PSS blend. Basically, they do not provide for the
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intervention of any other chemicals, but here the main concept for enhancing the
electrical performances is just based on the partial removal of the dielectric from
polymer films. It should be intuitive that, when the dielectric PSS is partly
suppressed from the blend, this leads to a specie which is more similar to the
conductive PEDOT. As seen previously, the  of PEDOT alone reaches values up
to some decades of S/cm, and therefore it must be supposed that in the best case in
which all the dielectric is gone, the film conductivity must return these values.
However, in some cases the conductivity can also be one order of magnitude higher
[21]. This suggests that a PEDOT counter-anion in the blend, regardless of whether
it is PSS or another specie, has a part in the improvement of the charge carrier
mechanism. For instance, when PSS is partly substituted by tosylate, which is also
a dielectric, the electrical performance of the PEDOT-based film improves. This
suggests that, a part the effects due to the shielding caused by the PSS, when a
chemical is added to the polymer blend it causes some modification, leading also to
the electrical improvement. This effect is related to the so called “secondary

doping” mechanism.

1.3.3 — Secondary Doping of PEDOT:PSS

As seen at the beginning, standalone PEDOT films can carry electricity by
themselves, and for this reason it is considered as one of the few intrinsic
conductive polymers. However, as mentioned in the previous sections, PSS does
not only take insoluble PEDOT chains dispersed in water, but also stabilize the
polaronic charges on it by establishing some electrostatic interactions. For this role
of balancing-charges anion, PSS is considered as a dopant of PEDOT. Seen that
PEDOT:PSS blend does not praise a high conductivity, in the last decades the
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scientific production has been filled with a wide plethora of works finalized to the
improvement of its electrical performance. Most of time, this purpose is reached
through the addition of a new chemical to the pristine PEDOT:PSS solution or
film. The consequent increase of conductivity is due to the effect of a secondary
dopant. According to the definition given by Mac Diarmid and Epstein, a
secondary dopant is “an apparently ‘inert’ substance including a further increase in
conductivity of a primarily doped conjugated polymer. It differs from a primary
dopant in that the newly enhanced properties may persist even upon complete
removal of the secondary dopant” [1]. Many works have involved the use of
organic solvents treatment in the PEDOT:PSS solution or as post-deposition
treatment. In 2002, Kim et al. found that PEDOT:PSS film conductivity can be
increased by the addition of some organic solvents, such as dimethyl sulfoxide
(DMSO), N,N-dimethyl formamide (DMF), and tetrahydrofuran (THF) [33].
Among these, DMSO has led to the best results for the improvement of
PEDOT:PSS film conductivity, causing an increase of over two orders of
magnitude. This promising result moves the attention toward a wide choice of polar
organic solvents, i.e. glycerol, sorbitol, methoxyethanol, diethylene glycol,
dimethyl sulfate, xylitol and so on. Ethylene glycol (EG) and glycerol also have
given significant improvements in the PEDOT:PSS film conductivity [6,33—41].
Jonsson et al. [19] reported the effects of the addition of sorbitol, N-methyl-2-
pyrrolidone and isopropanol, also suppling an explanation for the increased film
conductivity. They explained that any excess of PSS is “cleaned off” from the
surface of the PEDOT:PSS grains distributed in the film, because of the solvent-
effect between the external PSS shell of the grains and the chemical. This partly
suppresses the “dielectric shielding effect”, improving the connection between the
conducting grains and hence a better pathway for charge transport. Sorbitol, in

particular, does not only improves the film conductivity but also enhances the
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stability of the PEDOT:PSS films to the humidity. This effect is explained by an
increased packaging of PEDOT:PSS grains, which reduces the tendency to take up
water from the air [42]. Interestingly, the enhancement in the electrical
performances is related not only to the in-solution effect of solvents, but also when
the secondary doping is carried by polar organic chemicals on the deposited film.
In particular, this post-deposition treatment leads to interesting results in the case of
secondary doping made by EG and DMSO [43]. Post-deposition treatment gives a
special advantage in the secondary doping carried by low boiling point solvents,
which act efficiently as dopants in post deposition treatment. For instance,

methanol moves the PEDOT:PSS film conductivity from 0.3 to 1362 S/cm [44],

It is worth to note that an effective improvement of conductivity is reached when
dopants contains more than one polar group in its structure, while a significant
increase of ¢ cannot be related to the dielectric constant, €, of the chemical [43,45].
About this, for instance, for compounds like acetonitrile, nitromethane, and methyl
alcohol, no conductivity enhancement is observed. This result gives an important
clue about the doping mechanism provided by secondary dopants, since the organic
compounds that do enhance the conductivity significantly have a common feature:
they have at least two groups in their structure. In this case, dopant acts like a
“bridge” between the two moieties of the blend and leads to a micro-segregation
phase. This has the effect to segregate the dielectric PSS, while conductive
PEDOT-base portions approach to each other, improving percolation [43,45-47].
Whatever the solvent used for the secondary doping, it is considered to change the
lateral charge motion from a three-dimensional (3D) to a quasi 1D variable range
hopping behaviour [7,48]. As seen in the previous section, the exponent a in the
Equation 1 indicates the regime in which the polymer is carrying charges. Pristine

PEDOT:PSS exhibits a=0.5, which is related to a 1D VRH behaviour. Instead, the
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addition of polar organic solvent changes the conduction mechanism and turns o
value from 0.5 to 0.25, thus leading from 1D to a 3D VRH regime. This is finally
manifested in a remarkable increase of . However, Ouyiang et al. [43] give also
another interpretation of the increased conductivity. Raman analysis of both a
pristine and EG-treated films shows a change in the PEDOT-fingerprint band
located between 1400 and 1500 cm™', Fig. 1.13a. This variation is attributed to a
change in the PEDOT-chain conformation. Indeed, in the pristine polymer, the
benzoid structure dominates, thus determining a prevalence of random coils on a
linear conformation. In the presence of EG dopants, Raman reveals a shift of
characteristic C,=Cp band toward higher values, indicating that the quinoid
structure prevails onto the benzoid one, as show in the Fig. 1.13b. At a structural
level, this means that the EG addition to the aqueous PEDOT:PSS solution pushes
the equilibrium toward the linear conformation of the conductive chains, and thus
decrease the percentage of the coil-like ones, causing a transition from polarons to
bipolarons. The electron spin resonance (ESR) also reveals that, when coils expand
in more linear conformation, roughly half of the polarons pair to bipolarons, thus

resulting in a major doping level and delocalization of the charges along PEDOT.
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Fig. 1.13: a) Raman spectra of (a) PEDOT:PSS and (b) EG-PEDOT:PSS film under
632.8 nm laser excitation and b) Scheme of transformation of the PEDOT chain from
the benzoid to the quinoid structure. The ‘dot’ and ‘plus’ represents the unpaired
electron and positive charge on the PEDOT chain, respectively. Picture printed from
Ref. [43].

Aside the secondary doping carried by organic solvents, acid treatment deserves a
special regard. Similarly to secondary doping with organic polar and non-polar
solvents, acid doping can be carried both in PEDOT:PSS solution or as a post-
deposition method. Small amount of diluted sulfuric acid leads to an enhancement
of conductivity of about 1400 times with respect the pristine blend, moving the o
value from 0.07 S/cm to 100 S/cm. However, the same results are not reached
when hydrochloric acid is used on the pristine polymer solution and any significant
increase of the conductivity is not observed. In this case, the final pH is probably
far from the optimal value for making effective the secondary doping [49], which is
identified for pH wvalues ranging between 0 and 3 [50]. Despite the neat
improvement of the electrical performance reached with the direct acidification of
the pristine polymer solution, post-deposition methods are considered the best
approaches for the acid secondary doping. In fact, Xia et al. [51] have obtained
PEDOT:PSS thin films exhibiting a final conductivity 3065 S/cm, similar to what
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measured on ITO. This value was reached with three consecutive addition of 1 M
H>SO4 aqueous solution on an annealed polymer film. Kim and co-workers [52]
have also reported an even better performance, achieving the outstanding ¢ value
of 4380 S/cm. This outcome was related to an acid-promoted crystallization of the
conductive part of the polymer blend, which neatly improves the percolation along
the film. Nevertheless, this result has actually different contributions. The acid
addition on the aqueous pristine PEDOT:PSS solution leads to the water
dissociation of the sulfuric acid, which produce HSOs, coming from the first
strong dissociation, and SO4*, provided by the second, and also to the
autoprotolysis which instead establishes an equilibrium with H3SO4" and HSO4".
These new counter-ions in the aqueous blend creates a new charge-balance
between PEDOT and PSS, which are partly separated by the establishment of new
electrostatic interactions. In this case, the increase of conductivity can be explained
in a more classical way, relating it to the enhancement of both carrier concentration
and mobility, accompanied also to a significant structural and morphological re-
arrangement of the entire film. This last one, in particular, is carried out by the

formation of ordered and highly dense PEDOT:PSS nanofribrils.

Analogous effect relatively to the improvement of the electrical performance was
also achieved by the addition of mild and weak organic acid, such as oxalic acid,
malonic acid, methanesulfonic acid, acetic acid, propionic acid and so on

[51,53,54].

It is clear now that the acid treatment of the PEDOT:PSS basically leads to the
increase of conductivity because of the enhancement of the charge carriers along
the PEDOT chains, which thus increases the doping level. Indeed, while free
sulfonic groups in the PSS chains can retain only one negative charge each one, in

the case of sulfuric acid, for one molecule at least two counter anions are generated,
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and one of this i.e. SO4*, is also able to balance two positive charges [55]. This
means that, while PSS can interact with just one positive charge, i.e. polaronic state
in PEDOT chain, counter-anions with two or more negative charges increase the
probability to produce bipolaron carriers in PEDOT specie. The final effect of this
new balance is the increase of bipolaron population, which consequently leads to

the enhancement of the doping-level and thus the final conductivity.

1.4 — Research Perspective

Hitherto, it has been shown the great potentiality offered by PEDOT:PSS and some
of the characteristics which arouse the scientific interest in the research and
technology.

Despite the enormous production on this material, some aspects still need to be
addressed. In particular, during these studies it was considered appropriate to
clarify some features about the secondary doping of PEDOT:PSS made by H>SO4.
For this reason, most of the efforts have been pointed to understand the effects of
this doping strategy, exploring its consequences and giving them some insights and
interpretations. In the next Chapters, the reader will attend to a gradual evolution of
this study and the results obtained, starting from some investigation carried on the
pristine polymer up to the results to which acid doping by H2SO4 can lead. In this
route, it will take advantage of what obtained by electrical and morphological
characterizations and consequent interpretations, in order to give a step-by-step

explanation about the results achieved and how to exploit the materials obtained.
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Chapter 2

Study of the influence of thermal
treatment conditions on

PEDOT:PSS films

Several works made on PEDOT: PSS were mostly addressed to the improvement of
the electrical features of this polymer, which usually exhibits a conductivity of
about 1 S/cm in its pristine form. However, since in most of standard procedures,
post-deposition thermal treatments are required, it is worth to shade light about the
best conditions of this processing step. The comprehension of the role played by the
annealing conditions on the electrical conductivity of pristine PEDOT:PSS films
are extremely useful for their optimization. In this Chapter, both roles of the
temperature and annealing atmosphere on the conductivity of PEDOT:PSS films
are investigated.

2.1 - Introduction

PEDOT:PSS has found an increasing interest in the scientific community thanks to
its properties such as a good ambient stability, an excellent processability and
good versatility of both electrical and optical properties. More than others, these
last two features have given to PEDOT:PSS a huge popularity in several fields

including, for example, the photovoltaics [1-6]. In parallel, seen its great
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potentiality, most of the scientific efforts were addressed to the improvement of the
intrinsic characteristics of this polymer blend, leading also to good results in terms
of electrical performance [7,8]. However, another part of the studies relative to
PEDOT:PSS was hardly pointed to the identification of the conduction
mechanisms and their relation with the external ambient conditions. Regarding the
thermal budget supplied to thin PEDOT:PSS films, different theories were
formulated about the mechanism ruling the charge transport into the film. First
studies and chemical characterizations of pristine polymer solution have presented
PEDOT:PSS as chemically and thermally stable. For instance, some
thermogravimetric analysis has proven that the first degradation step of the
polymer chains occurs at very high temperature, i.e. 350C°, and on the load of the
styrenic part [9]. However, from an electrical point of view, different works have
shown an influence of both temperature and duration of the thermal treatment
which, depending on the condition applied, can have beneficial effects on the

conductivity on one side or can eventually affect it [10,11].

In order to clarify the behaviour of the PEDOT:PSS due to the post-deposition
standard thermal treatment, it was reported in this Chapter a systematic study about
the conductivity-response of thin polymer films to different annealing atmospheres,
1.e. low (0.01 mbar) and ambient pressure, and temperatures, exploring a range
from 80 up to 200°C. The purpose of this study was to identify the competitive
mechanisms which contribute to the change of the electrical conductivity and thus
comprehend the role played by the solvent removal, atmosphere and heating.
Moreover, the results that will be discussed in the next sections lay the foundation
to some of the considerations and results that will be described and explained in the

successive Chapters.
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2.2 — Sample Preparation

PEDOT:PSS thin films can be made by different techniques and methods. Among
the others, spin coating is a fast approach which offers a cost-effective, easy and

reproducible method for thin layer preparation on flat substrates.

Even if further details about this technique are supplied in the Appendix A, it will
be here provided a brief description about the deposition method used in this
Chapter. The spin coating technique is based on the essential concept which a
solution dropped onto a given substrate is spread in all directions when support is
undergone to a rotation. For high spinning speed, centrifugal forces squeeze the
drop of solution down to the surface and toward the edges of the substrate. When
initial acceleration and deposition spin speed are opportunely chosen, the coverage
of the substrate by the solution must appears continuous and uniform at the naked
eye along all directions. In all experiments performed, the initial acceleration of
spin coater was kept at a fixed value. Vice versa, spin speed was changed time by
time and it will be specified in each case. The maximum spin coater speed is 6000
rpm, and the deposition velocities ranged between 1000 and 5000 rpm. Aside these
two parameters already mentioned, duration of the deposition was also determined.
The goal is to obtain a dry surface sample at the end of the spin coating, since the
substrate’s rotation must lead to a total or almost complete removal of the solvent.
For this reason, the deposition time used for all samples here reported was set to 5
minutes. Shorter times were not used because the samples still appear wet. On the
other hand, since longer deposition times are not desirable from the perspective of
fast preparation procedure, time of deposition longer than 5 minutes were avoided.

In parallel to the different deposition velocities, the effects of both ambient and
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temperatures of post-deposition annealing were also investigated. In particular, the
environment used for the annealing was atmospheric air and vacuum (i.e. 0.01
mbar). Temperature explored were 80 and 100°C in the first case while 100, 150°C
and 200°C were used in the second one. The experiment matrix, showing all the
different synthesis conditions explored, is reported below in Fig. 2.1

Films with different thickness

Deposition by spin
coating

Annealing ambient

Vacuum (0,01 mbar)

Annealing temperature

Fig. 2.1: Summary of the processing conditions explored in this Chapter.

High conductive PEDOT:PSS (Sigma-Aldrich), 1.1% w/w and PEDOT to PSS
content in ratio 1:2.5, was used for these purposes, as received and without any
further purification. Prior of each deposition, pristine PEDOT:PSS aqueous
solution was kept under a gentle stirring for 15 minutes at room temperature in
order to homogenize the water suspension. Glass square substrates sizing from 1
cm to 1.5 cm were obtained by cutting Corning 2947 glass slides and were used as
supports. Before each deposition, substrates undergone to sonication for 5 minutes
in acetone, isopropyl alcohol and water respectively, and finally dried under
nitrogen flow. Immediately before spin coating, the substrates were pre-heated at
80°C for 1 minute to allow for the evaporation of any residual traces of wetness.

Deposition was made by pipetting few microliters of the pristine polymer on the
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substrate, which was then spun at several spin speeds, for 5 minutes each. Finally,

thermal treatment was carried out for 10 minutes in air (80 and 100°C) or vacuum

at 0.01 mbar (100, 150 and 200°C).

2.3 — Effects Related to the Annealing Conditions

After each deposition and annealing treatment, the film thickness was measured by
spectroscopic ellipsometer J.A.Wollam V-Vase, using diffraction index, n = 1.55,
as reported from the supplier. Fig. 2.2 reports the film thickness measured for
samples deposited at different spin speed within a range of 1500 and 5000 rpm and
annealed in different conditions, in particular air atmosphere at 80 and 100°C, and

vacuum oven at 100, 150 and 200°C, as in Fig. 2.2a and b respectively.
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210} ——100°C [{ 2107 —=150°C |
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Fig. 2.2: Graphs of thickness of PEDOT:PSS films as a function of the deposition
speed. a) the results for two samples treated at 80 and 100°C in air for 10 minutes are
reported; b) three PEDOT:PSS films annealed at three different temperatures, 100,
150 and 200°C for 10 minutes in vacuum chamber (0.01 mbar).
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As shown in the graphs, film thickness has a dependence on three parameters:

1.

2.

3.

Thickness is clearly correlated to the spin speed of deposition. The higher
the spin velocity, the lower the film depth. This effect is a peculiarity due to
the deposition technique used (and better described in the relative Appendix

A);

The environment in which the thermal treatment is carried has an influence
on the general trend of the curve. Indeed, samples annealed in air show
higher thickness trend with respect to those ones measured for samples

treated in vacuum chamber;

Temperature also plays a role on the film thickness obtained when the
annealing is performed in air at ambient pressure. Indeed, films treated at
80°C show thickness of about 10 nm higher than those ones annealed at
100°C. This same consideration cannot be applied to the samples annealed
at low pressure, Fig. 2.2b. In this latter case, films deposited at the same
velocity reach comparable thickness between each other, showing a general

trend lower than those ones annealed in air.

In light of these results, it seems clear that the annealing conditions have a role in

the shrinkage effect of the PEDOT:PSS films due to the solvent removal. Indeed,

water, i.e. the solvent in which the polymer blend is suspended, is mostly removed

during the spin coating but part of it still remains embedded into the polymer film

at the end. The successive annealing treatment leads to a further removal of the

entrapped water thus causing a decrease in the film thickness. When the annealing

is carried in air, the solvent evaporation must compete with the external ambient

pressure which counteracts on it. In this case, the annealing carried at 100°C allows
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a faster solvent removal with respect to those samples heated at lower temperature,
i.e. 80°C, Fig. 2.2a. Differently, when the thermal treatment is made in vacuum
condition, temperature does not play the main role anymore. Indeed, its variation
does not lead to any substantial changes in the film thickness obtained, and curves
appear almost overlapped between each other, Fig. 2.2b. In this case, the general
thickness trend appears lower than the previous one because of a more effective
solvent evaporation due to the low pressure in the chamber. A schematic

representation of what explained so far is give in the Fig. 2.3.

Normal pressure (1 bar) Low pressure (0,01 mbar)

PP ) emseemoionmb P00

PEDOT:PSS PEDOT:PSS
Substrate Substrate

et B et

|

PEDOTF
Substrate Substrate

Fig. 2.3: Schematic sketch of the film-shrinkage mechanism related to the annealing
environment. PEDOT:PSS film thickness is emphasized for an easier understanding.

As expected, the decrease of the film thickness leads to an increase in the material
transparency. Fig. 2.4 shows the transmittance percentage (T%) of PEDOT:PSS

films annealed in air atmosphere at 80°C for 10 minutes measured with
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spectroscopic ellipsometer J.A.Wollam V-Vase. Films were spun on glass substrate
at different speeds, thus leading to the thickness listed in the legend. This
acquisition was obtained by measuring the intensity of the light transmitted for an
incident laser beam normal to the sample surface. As mentioned above, a difference
of 30 nm of thickness causes a decrease in the transparency of the polymer film
which is more accentuate when the incident wavelength increases. This is in
agreement with the blue colour of the PEDOT:PSS solution and films, which
suggests a greater light absorption at longer wavelengths. This effect becomes more

evident for thicker films.

100 - ' : ' '
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©
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Fig. 2.4: Direct transmittance %, obtained by setting the incident light spot
perpendicularly to the sample surface, for different PEDOT:PSS film thickness as a
function of incident wavelength.
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2.4 — Sample Morphology

In order to understand if the different film thickness and different annealing
conditions have some kind of influence on the morphology of the PEDOT:PSS
film, SEM analysis in-plane view was used for characterizing the external surface
of the polymer layer. Fig. 2.5 shows three different PEDOT:PSS films with their
three corresponding thickness, annealed in vacuum chamber at 200°C for 10
minutes. As it is possible to see, no relevant variations in the morphology of the
polymer layer are observed by changing the deposition speed. The surface appears

substantially flat, without any specific structure or pattern.

Fig. 2.5: SEM images acquired in-plan view for three samples annealed at 200°C at
low pressure (0.01 mbar) for 10 minutes. Samples are deposited at three different
spin speeds reaching thickness of a) 180, b) 165 and c) 150 nm respectively.
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Small pins with brighter contrast with respect to the surrounding background can
be attributed to particulate coming from the external ambient. Analogously, SEM
analysis were also performed for samples prepared in different annealing

environment.

Fig. 2.6: SEM image acquired in-plan comparing samples undergone to different
ambient conditions: a) sample spun at 1500 rpm on glass and annealed in air at
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100°C for 10 minutes; b) PEDOT:PSS film deposited at 1500 rpm of glass and then
treated at 100°C for 10 minutes at pressure of 0.01 mbar.

Fig. 2.6 shows two samples deposited at the same velocity and for which the
annealing was performed at 100°C in two different atmospheres, air and vacuum in
Fig. 2.6a and b respectively. Again, the surface appears flat and without any
specific pattern. Some agglomerates discernible in the case of sample treated in air
seem to be reduces when film is heated at low pressure. In fact, it is reasonable to
think that vacuum can have such “cleaning effect” on the samples, removing or

desorbing part of the particulate randomly present on the polymer surface.

2.5 — Electrical Characterization

The electrical performances of PEDOT:PSS films and their response relatively to
its thermal treatment were carried by the Four Point Probe technique (4PP). As
better described in the Appendix B, 4PP allows the measurements of the thin-films
sheet resistance from which conductivity can be then extrapolated. While for most
of measurements normally performed on metals or inorganic semiconductors, such
as Si, metal probes can in most of the cases directly be put in physical contact with
the sample, in the case of soft matter, as polymers, some precautions are required
for preserving the organic film, since they can be easily scratched by the probe tips.
For instance, in the Fig. 2.7 it is shown a scuff made by steel tweezers on the

surface of a PEDOT:PSS film.
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Fig. 2.7: Scratch on a PEDOT:PSS thin film made by steel tweezers.

Therefore, in order to perform the 4PP measurements on PEDOT:PSS films, it was

decided to deposit four collinear silver dots on the polymer surface.

Four silver dots obtained with 600 um of diameter, | mm edge-edge distance and
600 nm, were sputtered through a shadow mask on 1 x 1 cm samples using
Quorum Q300TD performing at 50mA in a 5x107 bar vacuum chamber. Fig. 2.8a
reports a schematic representation of the 4PP set up with using silver dots, while
Fig. 2.8b shows a SEM image of a pair of Ag dots deposited onto a PEDOT:PSS
film. Silver is one of the most used metals with which PEDOT:PSS is interfaced
within most of devices. For the purposes of this work, Ag was chosen in virtue of
the fact that this polymer/metal interface exhibits an Ohmic behaviour, which is in
line with the scopes of our characterization (Fig. 2.9). Indeed, the PEDOT:PSS/Ag

interface manifests the suitable band alignment between the metal Fermi’s level

61



Chapter 2: Study of the influence of thermal treatment conditions on PEDOT:PSS films
| Valentina Lombardo

and the HOMO-LUMO gap of the polymer, thus allowing its use in most of

configurations of hybrid or organic solar cells [12].

Fig. 2.8: a) schematic representation of the 4PP set up using four collinear Ag dots as
metal contacts for avoiding damages on the polymer film and b) SEM image acquired

in-plan view showing the central pair of Ag dots sputtered on a PEDOT:PSS thin
film.
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Fig. 2.9: I-V curves acquired by the two-points probe for testing the Ohmic behaviour
in the PEDOT:PSS/Ag interface. The three different curves in the graph correspond
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to the I-V acquired with positioning the probes on the next neighbours (#nn) dots
according to the configuration shown in the schematic on the left side.

Results obtained from the 4PP measurements on the PEDOT:PSS thin films, also in
relation with the different thermal treatments performed, are shown and discussed

in the following.

Fig. 2.10 reports the sheet resistance as a function of thickness of PEDOT:PSS
films annealed in air at 80 and 100°C, Fig. 2.10a and b respectively. Graphs show
that Rsn decreases with increasing the film thickness, since, for the same material,
the amount of sample investigated by the probes is larger for thicker films than for
thinner ones and, for the first ones the contribution coming from the bulk increases.
In the graph shown in the Fig. 2.10, the comparison between samples is made
through films obtained by deposition carried at the same spin speed. However,
better comparison of these results is given in Fig. 2.11, where conductivity is

shown for the samples annealed in air at 80 and 100°C (Fig. 2.11a and b,

respectively).
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Fig. 2.10: Sheet resistance values reported as function of four different thicknesses of
the polymer films. Samples reported for each graph are obtained by depositing the
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initial solution at the same spin speeds. PEDOT:PSS were both annealed in air for 10
minutes at a) 80°C and b) 100°C.

The electrical conductivity, o, calculated from the corresponding sheet resistance
according to the formulas reported in Appendix B, is a parameter which
intrinsically depends on the material and not on the layer thickness. This
preliminary consideration suggests that, whatever is the depth sampled in the layer,
o should be constant. However, as reported in the Fig. 2.11, a dependence between

the electrical conductivity and the sample thickness exists.
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Fig. 2.11: Conductivity values reported as function of four different thicknesses of the
polymer films obtained. PEDOT:PSS films annealed in air for 10 minutes at a) 80°C
and b) 100°C.

In particular, thicker samples show a higher conductivity with respect to thinner
ones. This result is in agreement with what Sakkopoulos et al. have already
reported [13]. The PEDOT:PSS polymer blend is composed of conductive grains.
The increment of conductivity with the thickness is explained with the fact that in a
deeper layer, more conductive grains can accommodate, thus improving the

chargers’ path, as schematized in the Fig. 2.12.
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Fig. 2.12: Schematic sketch of the charging path as function of the conductive
polymer grains related to the film thickness.

Aside the effect due to the amount of grains on the conduction mechanism,
temperature also has role in the conductivity of PEDOT:PSS. Indeed, as shown in
the Fig. 2.11, films treated at 100°C show a better conductivity with respect to
those samples annealed at lower temperature. This result suggests that the amount
of water eventually retained into the film plays a role on its conductivity. As
already discussed in the section 2.3 of this Chapter, for the same annealing time,
higher temperature allows a faster water evaporation, which thus leads to a
shrinkage of the polymer film. This probably approaches the conductive portions of
the polymer blend and improves the charge transport mechanism by increasing the

percolation path between domains [14], as represented in the Fig. 2.13.

Fig. 2.13: Schematic representation of the shrinkage effect due to the annealing.
Heating removes entrapped solvent inside the polymer film causing its thinning and
approaching the conductive grains.
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Fig. 2.14 shows the a) sheet resistance and b) the relative electrical conductivity for
samples annealed at low pressure and three different temperatures, 100, 150 and

200°C.
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Fig. 2.14: PEDOT:PSS samples deposited at different velocities and annealed at three
different temperatures (100, 150, 200°C) for 10 minutes in vacuum chamber (0.01
mbar). Graphs show respectively, a) sheet resistance and b) corresponding electrical
conductivity as function of film thickness.

As already mentioned in the section 2.3, samples annealed in vacuum reach a
comparable final thickness between each other for the same deposition speed used.
Thanks to this similarity and for a better comparison of the results obtained, the
value of thickness for each point is thus plotted as the average between thicknesses
of samples obtained at the three annealing temperatures. Also in this case, the
reduction in the conductivity due to the films thinning caused by the higher
deposition velocities can be still considered valid, since a relation between ¢ and
the film thickness is still observed, as shown in Fig. 2.14b. For 170-180 nm-thick
samples, an effect due to the temperature is still observed and can be attributed

again to the removal of small amount of solvent. Instead, for sample having a
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thickness between 150 and 160 nm, the effect due to the temperature disappears.
Probably, this is due to a threshold thickness-value for which the solvent
evaporation in not more predominant, and film reaches its minimum depth value.
Therefore, here the improvement of the electrical performance must be attributed to
a better re-arrangement given from the conductive chains which probably increase

the percolative path of charges [15-18].

A direct comparison between the results shown in Fig. 2.11 and Fig. 2.14 cannot be
made because, as already explained, thickness of films deposited at the same speed
is not comparable between samples in different annealing atmospheres. Therefore,
from all the sample prepared, those polymer films having the same thickness were

chosen for comparing the conductivity obtained.

Film thickness: 180 nm
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Fig. 2.15: Conductivity as function of annealing temperature for 180 nm-thick
samples undergone to different annealing atmospheres. Black dots in the green area
refer to the samples annealed in vacuum chamber, while red crosses in yellow
rectangular correspond to those treated at ambient pressure.
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Fig. 2.15 recapitulates what was herein discussed, showing the conductivity
obtained for samples having the same thickness and annealed in different
environments and temperatures. The general trend shows that conductivity
improves with the increase of the annealing temperature, while better electrical
performances are achieved for a thermal treatment carried at low pressure. Here
again, there are two main effects playing the major role in the PEDOT:PSS
conduction, i.e. heating on one side and environment on the other. An annealing
carried for short time, i.e. 10 minutes, leads to a conductivity enhancement with the
temperature, which is related to an improvement of the crystallinity between the
conductive grains in the film blend [15,19,20]. For the same treatment duration,
higher temperature supplies more thermal budget with respect to the lower ones.
This allows the organization of the conductive grains in more regular and
crystalline structures, eventually increasing the charge conductive path in the
polymer film [16,21]. This effect is finally manifested with the increase of
conductivity. For what concerning the surrounding ambient of the annealing, low
pressure atmosphere leads to better results than those achieved at 1 bar. Indeed, in
this latter case, the main cause for explaining lower conductivity is relative to some
external “contaminants”, such as moisture and atmospheric oxygen [19], that

finally affect the film conductivity.

2.6 — Conclusions

In this Chapter, the effect related to the annealing atmosphere and temperature on

PEDOT:PSS thin films was investigated, founding that both of them can play an
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important role in the conduction mechanism. It was found that electrical
conductivity has always a dependence on the film thickness. This behaviour, which
is normally anomalous for most of inorganic compounds, was explained by the fact
that thicker films, which thus have a higher content of polymer grains, exhibits a
more effective conductive path which thus increase the global conductivity of the
polymer film. On the other side, PEDOT:PSS film thickness has also shown a
relation with both ambient and temperature of post-deposition thermal treatment. It
was observed that, for the same annealing time and temperature, heating performed
in vacuum chamber at a pressure of 0.01 mbar leads to a faster solvent evaporation
with respect to the one performed at atmospheric pressure. This effect was noticed
through the reduction of the film thickness after each annealing treatment. Finally,
a relation between PEDOT:PSS film conductivity and the annealing condition was
found. It was shown that, for the same film thickness, electric performances
improve when the annealing is carried in vacuum. These observations were found
to be in agreement with the grains-conduction mechanism previously described by

other authors for different conditions of annealing and film thickness.
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Chapter 3

In-solution doping of
PEDOT:PSS by sulfuric acid

Secondary doping made by sulfuric acid is one the most common approach for
increasing the electrical conductivity of PEDOT:PSS. Most of works reported in
literature, however, use this chemical as a post-deposition dopant, while no
mention is given about the effects of the direct acidification of a pristine
PEDOT:PSS solution with H>SO4. In this Chapter, this lack in the scientific
production is filled by a systematic study of the effects due to the direct
acidification of PEDOT:PSS with sulfuric acid. Polymer films with different acid
content were obtained by spin coating and characterized after deposition and
aging. Sheet resistances as low as 40 Ohm/sq, with an average transmittance of
=75% in the visible range, were obtained and samples doped with this method also
showed good aging resistance. These results have identified this in-solution doping
method as a novel, efficient and easy strategy for improving the electrical
performance of PEDOT:PSS.

3.1 - Introduction

Commercially available PEDOT:PSS is supplied with different electrical and
optical specifications. As known from literature, its optical and electrical
characteristics are ruled by opposite trends [1, 2—10], making difficult to obtain a

good compromise. In order to increase the PEDOT:PSS electrical conductivity,
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several chemicals, such as organic solvents [10—12], alcohols [13—15], polyols [16—
19], surfactants [20-22] and inorganic acids [17,23-26] are proposed, by using an
in-solution secondary doping approach. The direct addition of the dopant to the
PEDOT:PSS aqueous solution is indeed the most used method for doping by
organic solvents and surfactants. In some cases, it is also reported that the use of
some chemicals, such as isopropyl alcohol, can lead to the recovery of the initial
electrical properties of a years-aged PEDOT:PSS [15]. High resistive PEDOT:PSS
films have been also improved by specific post-deposition annealing treatments,
like for instance by changing the temperature [16,27], duration [28] and
environment [16]. Acid casting on the annealed PEDOT:PSS films is another very
common doping alternative in the post-deposition class strategies [24,29].
Secondary doping can be either carried out by dipping the polymeric film into acid
solutions [23,25] or by the exposition of the undoped films to acid vapour [26].
Nevertheless, these approaches cannot be thought on an industrial scale because of
the large amounts of chemicals required, long times of thermal treatments and poor
reproducibility. Moreover, there is no mention in the literature about the effect of
the acidic doping when run directly to the PEDOT:PSS aqueous solution. Finally,
even if it is known that doping by acids improves the PEDOT:PSS films
conductivity [23-26], no optical properties and their correlation with the electrical

ones are reported.

In this Chapter, the main purpose has been to investigate the effect of the in-
solution acidification with H2SO4 of the PEDOT:PSS solution on the optical and
electrical properties of the doped films. The layers were obtained by easy and fast
spin-coating deposition, which meets those requirements of cost-effectiveness,
reproducibility and short manufacturing time. These features allow for the

overcoming of limits of drop casting and vapour exposure techniques. For this
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purpose, three concentrations of sulfuric acid, 0.3, 0.7 and 1% wt., have been
examined. Doped PEDOT:PSS films have been characterized by EDX, Raman
analysis, optical and electron microscopy, four point probe analysis and direct
transmittance measurements, in the as deposited conditions and after three weeks
aging. Haacke’s figure of merit [30] have been calculated for the first time for
doped PEDOT:PSS, giving an estimation of the balance between the electrical and
optical properties. The results obtained have demonstrated good electrical and
optical properties of the doped samples together with appreciable stability to aging,
thus suggesting that the novel “in-solution” method represents an efficient, easy,

low cost strategy for preparing conductive PEDOT:PSS films.

3.2 — Sample Preparation

High conductive grade PEDOT:PSS aqueous solution (Sigma Aldrich), 1.1% wt.
and PEDOT to PSS content in ratio 1:2.5, and high purity sulfuric acid, H2SO4
(96%, Basf), were used as received and without any further purification. Glass
square substrates sizing from 1 cm to 1.5 cm were obtained by cutting Corning
2947 glass slides and were used for the electrical and optical characterizations,
while square c-Si <100> samples of 1 cm side were used for morphological and
chemical analysis. Substrates were cleaned by sonication in acetone, isopropyl
alcohol and deionized water for 5 minutes each and finally dried under nitrogen
flow. In the case of the c-Si substrate, immediately before each polymer deposition
on it, native silicon oxide of few nanometres was removed by wet etching in a 5%
HF water solution for 1 minute at room temperature in order to allow a better
adhesion to the underlying substrate. Pristine PEDOT:PSS was taken under a

gentle stirring for 15 minutes at room temperature before each use, in order to
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homogenize the colloidal suspension. Treated PEDOT:PSS solutions were prepared
by adding H>SO4 directly into the pure suspension, obtaining three different acid
concentrations of 0.3, 0.7 and 1% wt. Strong shaking of the acidified PEDOT:PSS
solutions was required in order to obtain a uniform dispersion before each
deposition. Therefore, undoped and treated PEDOT:PSS films were deposited by
spin coating at 1500 rpm for 5 minutes on Si and glass substrates, pre-heated at
80°C for 1 minute. Samples were then annealed in an oven for 10 minutes under
vacuum conditions (0.01 mbar) at 100, 150 and 200°C. Low magnification images
were acquired by optical microscope on the chemical liquid sources and on the
deposited films. The electrical resistivity was measured by using the Four Point
Probe technique with a collinear configuration. In order to perform electrical
measurements, four silver collinear dots were used as metallic contacts to avoid
scratching of the polymer layers by the four tungsten probes, according to a
strategy and a design already reported in Chapter 2. The metallic circular dots were
obtained by sputtering silver through a shadow mask with holes of 600 um of
diameter and 1 mm edge-edge distance. Silver dots with 600 nm of thickness were
obtained on the 1 x 1 cm samples by sputtering in a Quorum Q300TD system at
50mA in a 5x107 bar. The silver contacts were always sputtered at the centre of
each sample in order to avoid any edge-effect during the electrical measurements.
Probe spacing-effect and any further correction factor were taken in regard when
sheet resistance was calculated for each sample (see Appendix B for further
details). Optical characterizations consisted on the acquisition of the direct
transmittance measurements carried by spectroscopic ellipsometer J.A.Wollam V-
Vase (Vertical Variable Angle Spectroscopic Ellipsometer) in the range from 190
nm to 2100 nm. Experimental setup is assembled with a 75W lamp source, a
monochromator and an optic fibre before the sample and a Si/InGaAs detector

placed on the back of the sample. Morphological characterization was performed
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by a field emission Scanning Electron Microscope equipped with energy dispersive
X-ray (EDX) microanalysis system. Raman spectra were acquired in the

backscattering mode using a 632.8 nm laser source.

3.3 — Effect of the Addition of H:SOy to
PEDOT:PSS

Commercially available PEDOT:PSS aqueous solution normally appears as a dark
blue, homogeneous and viscous suspension. The addition of pure sulfuric acid
directly to the pristine polymer leads to the formation of dark blue, immiscible
agglomerates. This sort of precipitate, once formed, is immiscible also when
heating, vigorous stirring and even sonication are applied. Moreover, this
behaviour does not have a threshold related to the concentration of the acid directly
dropped, since it is easily recognizable also when very low amounts of H>SO4 are

used.

PEDOT:PSS as it is

With 0,3 % wt. H,SO,

Fig. 3.1: Optical image of PEDOT:PSS aqueous solutions, pristine one (on the left),
and with 0.3 % wt. of H,SOy directly added to the polymer blend (on the right). Some
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dark blue dots are recognizable in both solutions, meaning that some precipitation
effect is manifested.

Fig. 3.1 shows the pristine PEDOT:PSS solution and that one enriched of 0.3 % wt.
of acid. It must be noted that, since PEDOT:PSS is naturally deep-dark blue, the
precipitates formed after acid addition are not easy to be distinguished from the rest
of solution. For this reason, both suspensions are observed putting a drop of each
solution between a microscope glass slide and a coverslip. As it is possible to see,

blue agglomerates are discernible. Moreover, as shown in the Fig. 3.2, the

agglomerates density increases with increasing the acid concentration.

B

77z

Fig. 3.2: Optical image of different PEDOT:PSS solutions with different acid-content.
Image is acquired by placing a drop of each solution between two microscope glass
slides. The first sample on the left corresponds to the pristine PEDOT:PSS solution,
which is taken as reference.

(""——ﬁ

For the purposes of this work, and in the next sections, only three acid-content
solutions will be taken in regard, in particular 0.3, 0.7 and 1 % wt. of H2SO4. Fig.
3.3a-d show more in detail the analogues solution already seen above with a
magnification of 100X: in the undoped PEDOT:PSS, no micrometre agglomerates

or particles are observed in an area of about 4 mm? (Fig. 3.3a). Vice versa, for the
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0.3% wt. solution, PEDOT:PSS shows the formation of agglomerates with size of
hundreds of micrometres (Fig. 3.3b). For further additions of sulfuric acid, the
treated PEDOT:PSS has a higher viscosity with respect to the pristine solution and
the agglomerates density increases (Fig. 3.3c and d). Solutions with >>1% wt. of
acid present “solid” blue polymeric agglomerates and a colourless, transparent
supernatant. Further details and results about this latter case will be well discussed
and addressed in the Chapter 4. Here instead, to avoid further precipitation, acid
contents higher than 1% wt. have not been considered. After spin coating and
annealing, the agglomerates present in the liquid are still clearly visible on the
sample surface (Fig. 3.3e-d), showing the same characteristics of those already

described for the solution phase.

Fig. 3.3: Optical microscope images of samples spun at 1500 rpm on glass substrates
and annealed at 200°C with different acid concentrations, respectively: e) 0%, f)
0.3% wt., g) 0.7% wt. and h) 1% wt. Glimpsing line at the centre of each image
corresponds to the marker of the optical microscope.

To the naked eye, the substrate area for the low doping case appears as a uniform

blue film, while, by increasing the acid concentration, both density and size of
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agglomerates increase. A schematic representation of the samples obtained after

doping, deposition and annealing is give in the Fig. 3.4.

i Undoped PEDOT:PSS

-
il e

0,3% wt H,S0, - doped PEDOT:PSS 0,7% wt H,50, - doped PEDOT:PSS 1% wt H,S0, - doped PEDQT:PSS

Fig. 3.4: Sketch of samples obtained after spin coating deposition of the undoped
PEDOT:PSS and of three different acid-contents solutions.

Due to the presence of the agglomerates it is important to investigate the surface
roughness, in order to understand if they play a role on the surface morphology.
Due to their large size, standard surface characterization techniques, such as atomic
force microscopy, cannot be used to investigate the thickness inhomogeneities of
the film. For this reason, optical microscopy was used to estimate the surface
morphology conditions and the roughness. By adjusting the microscope focus and
referring to its calibrated z-axis, it was possible to observe that the agglomerates
protrude from the surrounding areas and that the height difference was of some of
micrometres, in the case of much larger agglomerates. A more fine analysis of the
surface of the samples was made by the SEM in tilted mode. About this, Fig. 3.5
shows a cross section SEM image of 1% wt. doped PEDOT:PSS film. The image
reported offers a general overview of the surface morphology. It is possible to see

an extended film with a thickness of 180-200 nm, indicated as matrix, with
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embedded the agglomerates a few microns high. This analysis confirms the

preliminary data obtained by optical microscopy.

Fig. 3.5: Cross-section SEM image acquired on a PEDOT:PSS film, doped with 1%
wt. of H,SO4, spun on c-Si substrate and annealed in vacuum at 200°C for 10
minutes. Image acquired with stage tilted at 14°.

Some interesting observations can be made by analysing the matrix more in detail.
Fig. 3.6a shows a cross section SEM image of a zone of the doped film in which
only few agglomerates are detected with a size of some hundreds of nanometres
while the inset in the Fig. 3.6b shows a zoomed portion of the sample. Here, it is
possible to see that the polymer layer is composed by some particles sized some
tens of nanometres which are present everywhere along the film depth. Each of this
particle has been attributed to the basic unit of the precipitate, as well as the

conductive grain of which the polymer blend is made [31-33]. Indeed, it is
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supposed that the agglomerates formation in the PEDOT:PSS solution starts
probably from these aggregates which stay suspended in aqueous medium. When
the acid content is gradually increased, these small aggregates join with each other,
thus giving place to some bigger agglomerates which reach the size of several

hundred of microns (schematic representation in Fig. 3.6¢).

Further details about the reaction mechanism and interpretation about the particles’

composition will be supplied in the next Chapter.

Fig. 3.6: (a) Scanning electron microscopy in cross view of a PEDOT:PSS film doped
with 1% wt. of sulfuric acid, deposited by spin coating at 1500 rpm for 5 min on Si
substrate and annealed at 200°C for 10 min in vacuum chamber (0.01 mbar). The
inset shown in figure (b) is a detail of the sample, where a particle composing the
polymer blend is indicated by the red dashed line and the agglomerate is evidenced
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by the yellow continuous one. (c) Hypothetical scheme of reaction between
PEDOT:PSS and sulfuric acid. The acid addition causes a change of the solubility of
both PEDOT and PSS, which in its turn causes the precipitation of the grains made
by the polymer blend. Particles thus collapse and separate from the rest of solution.

3.4 — Electrical Characterization

For the electrical characterization, four-point probes (4PP) measurements were
performed on the undoped and the three doped samples. These measurements were
run immediately after the polymer deposition and metallic dots formation and
hereinafter they will be identified as “fresh” samples. Seen the morphological
characteristics of the doped films, the electrical measurements return the average
conductivity, since the total sample length investigated by 4PP corresponds to
about 5 mm, i.e. much larger than the largest observed agglomerate. However, a
statistical analysis on three samples for each annealing temperature explored (100,
150 and 200°C) was conducted. On each one, 16 Ag pads were deposited according
to the scheme in the Fig.3.7:

— = = Line3
Line7 == == ==

= = = line 4

Fig. 3.7: Scheme of Ag dots on a film of PEDOT:PSS doped with 1% wt. of H2SO..
Line 7 represents the main row of dots, i.e. those placed at the centre of the square
sample.
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According to the scheme of Fig. 3.7, on each sample a complete set of
measurements will give seven values of sheet resistance. Fig. 3.8 reports the values

obtained for each set prepared at different annealing temperatures:
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Fig. 3.8: Sheet resistance values found for each row of metal pads aligned as in the
scheme shown in Fig. 7. Each colour used in a graph above represents a sample.
Dashed line represents the value of sheet resistance averaged on three twin samples.
Measurements are performed on samples annealed in vacuum at a) 100, b) 150 and c)

200°C.

According to the Fig. 3.8, it is seen that, for many 4PP measurements on different

parts of the same sample and on twin ones, R, values are always comparable and

85



Chapter 3: In-solution doping of PEDOT:PSS by sulfuric acid |Valentina Lombardo

within an error bar of 2-3 Ohm/sq, calculated as standard deviation, and thus the
sheet resistance value acquired on sample’s centre (corresponding to line 7 in
scheme) can be considered representative to the effective electrical behaviour of

doped films.

After these forewords, the next considerations concern the comparison in term of
sheet resistance between samples with different acid-contents and three annealing

temperatures.

Fig. 3.9a shows the Rs, response of fresh samples as a function of the three H2SO4
concentrations for the three annealing temperatures, 100, 150 and 200°C. Results
show that the sheet resistance slightly decreases when the annealing temperature is
increased from 100 to 200°C, showing a moderate dependence on it (see Fig. 3.9b
to see in detail the variation of Rsn of 1% wt. doped sample as a function of

different annealing temperatures).
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Fig. 3.9: a) Sheet resistance values for samples with different acid contents (0, 0.3, 0.7
and 1% wt.) and three different annealing temperatures (100, 150, 200°C). Data
acquired immediately after the polymer deposition and metallic dots formation (fresh
samples); b) Ry in linear scale of 1% wt. doped samples reported as a function of the
annealing temperatures.
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This moderate effect could be attributed to a re-arrangement of the polymeric
chains during the annealing, or more likely, to a more efficient removal of water.
Indeed, higher temperature leads to a faster aqueous phase evaporation, thus

inducing an easier inter-charge transfer and inter-chain hopping.

A remarkable effect on the sheet resistance is seen with the variation of the acid
content: a decrease of two orders of magnitude of Ry, is observed when the acid
content changes from 0 to 1% wt. and the best result is obtained for the sample

annealed at 100°C.

In order to verify if an aging effect plays an influence on the electrical response,
both untreated and treated samples have been monitored up to forty days. In Fig.
3.10 aging curves will be reported only for samples with the four acid
concentrations used and annealing carried at 100° C in vacuum. In the same graph
it is also shown the comparison between a “old” PEDOT:PSS solution, aged of 2
years, and a new one, which means open and used for the purposes of this work

within the successive two months.
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Fig. 3.10: Aging graph acquired by monitoring the sheet resistance of four samples
with different acid contents and annealed in vacuum (0.01 mbar) at 100°C. Squares
and dashed lines correspond to those samples prepared by a PEDOT:PSS solution
aged of 2 years. Dots and solid lines represent the samples obtained from a new
solution which was open and used for this purpose within 2 months. Percentages in
the side legend indicate the H,SO4 content in each solution expressed as % wt.

As it is possible to see from the graph in Fig. 3.10, the undoped sample manifests
the more intense variation of the sheet resistance calculated. Indeed, its value starts
around 30 kOhm/sq and reaches 45 kOhm/sq after 40 days. For doped samples,
instead, it is still possible to assist to a modification in the electrical response due to
the aging effect, but this time, the variation of the Ry, value decreases with
increasing the acid content. In the case of the most doped sample, the variation in
the whole range of time explored is basically negligible. This effect suggests that
the sulfuric acid addition helps for preserving from the aging, and this influence
depends on its percentage. Moreover, this aging-preserve effect is not influenced
by the oldness of the initial solution used. Indeed, what was discussed so far can be

applied both to the case of the aged and new solution of PEDOT:PSS. The relevant
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consequence in both cases is that, the two curves relative to the solutions overlap
for higher acid concentrations. In other words, this means that the oxidative action
due to the acid is able to compensate the aging-effect of the solution, thus
“restoring” its conductivity, which eventually coincide with that one of the fresh-

opened solution.

After these results, the 4PP were indeed performed on both untreated and treated
samples annealed at 100, 150 and 200°C, after storing in air at 20°C for 20 days.
This time for monitoring these samples was chosen since, as seen in the Fig. 3.10,
after 20 days sheet resistance values tend to stabilize in each case, and no further,
relevant variations are observed between 20" and 40™ days of aging. For
simplicity, these 20 days-aged films measurements will be indicated hereafter as
“aged” samples. The results are reported in Fig. 3.11 in which Fig. 3.11a shows the
Rsh values measured for fresh sample (as reported in Fig. 3.9a), while Fig. 3.11b
reports the sheet resistance measured on 20 days-aged samples. In this last one, Rgp
trends seem to be not affected by the aging, showing a similar decrease with the
acid concentration as that observed in the fresh samples. However, from the
comparison between the fresh and aged cases, Fig. 3.11a and Fig. 3.11b, it is
observed that, while for the undoped films the aging effect leads to 50% increase of
the sheet resistance with respect to the corresponding fresh samples, the most

doped films show a small increase of the Rgh.
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Fig. 3.11: Sheet resistance values for samples with different acid contents (0, 0.3, 0.7
and 1% wt.) and three different annealing temperatures (100, 150, 200°C): a) results
acquired immediately after the polymer deposition and metallic dots formation (fresh

samples) and b) after 20 days (aged samples).

Summarizing these results, it was observed that in the fresh samples the lowest Rsn

is reached for the highest acid content and the lowest annealing temperature.

However, when the aging effect is examined, it is shown that the 1% wt. HoSO4
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sample annealed at 200°C has the minimum deterioration, since the sheet resistance
presents a variation of only 3.7% after 20 days. The electrical response observed so
far can be related to a chemical modification of the polymers caused by the
acidification of the solution. Indeed, when the acid content increases into the
PEDOT:PSS solution, the protonation grade of PSS also enhances and makes
weaker the Coulomb interactions between PEDOT and PSS and this causes the
separation process. Under massive precipitation conditions, the PEDOT forms
conductive domains of different sizes ranging from several hundred of microns
down to a few microns, separated by PSS. When a thin film is deposited starting
from a solution with these characteristics, it reproduces the high density
agglomerate conditions of the starting solution. Numerous PEDOT domains form a
conductive path through hopping transport mechanisms, which is thus manifested

by the reduction of the electrical resistance of the material.

Since the sheet resistance 1s not an intrinsic feature of the material, but it depends
on the thickness of the layer, it cannot complete alone the electrical
characterizations of the samples described so far. In order to complete this study,
the electrical conductivity of both undoped and doped samples was also calculated.
This starts from the films thickness acquired by ellipsometer measurements,
acquired on an area of about 3.14 mm?, i.e. the ellipsometer laser spot probe area
(=1 mm diameter). The film thickness, averaged on this area, as a function of the
acid content is reported in the Fig. 3.12. Error bar was calculated as standard

deviation of thickness values found on different samples.
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Fig. 3.12: Average film thickness obtained by ellipsometer measurements and
reported as a function of the acid amount used for doping. Error bar is calculated as
standard deviation of thickness values found on different samples.

The average thickness ranges between 180 and 220 nm. The electrical conductivity
was thus calculated from these values and those of the sheet resistance reported
above and for both fresh and aged samples (Fig. 3.13a and b, respectively). As
expected from the sheet resistance, samples with an acid content of 1% wt.
manifest the best electrical performance. The electrical conductivity reaches values
in the order of 10° S/cm, while finer variations can be related to the annealing

temperature used.
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Fig. 3.13: Electrical conductivity obtained for each sample as a function of the acid
percentage used for the different annealing temperatures used. Values of ¢ are
reported for fresh and aged samples in left and right graphs respectively.

3.5 — Optical Characterization

The optical properties of the doped PEDOT:PSS were investigated in order to

estimate the transparency of the deposited films. Direct transmittance spectra were

acquired with spectroscopic ellipsometer in vertical configuration by exploring a

wavelength range from 190 to 2100 nm. However, only 380-1470 nm range was

reported. Fig. 3.14a shows the transmittance, T, of fresh doped and undoped

samples annealed at 200°C and the highest T values are reached between 400 and

500 nm in each case.
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Fig. 3.14: Direct transmittance measurements in 380-1470 nm range for PEDOT:PSS
films with different acid contents (0, 0.3, 0.7 and 1% wt.) annealed at 200°C. a) Fresh
and b) 20 days-aged samples. Note that all the transmittance curves were not

normalized to the glass substrate transmittance, which is reported in the graphs as
the magenta curve.
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It is seen that, when the acid concentration ranges between 0 and 0.7% wt., the
transmittance values decrease with the increase of the dopant content. This is in
agreement with the well-known opposite optical and electrical trends which show

that with increasing the conductivity, the optical transmittance worsens [1-9].

On this trail, the highest acid-content sample would be expected to show the worst
optical properties by a strong reduction of T. However, for the 1% doped sample,
the transmittance unexpectedly increases in both the fresh and aged cases (green
curve in Fig. 3.14a and b). By performing a statistical survey on several 1% wt. -
H>SOq4 treated samples, the average T results to be ranging from 70 to 80% for each
film. This large fluctuation of the average transmittance is caused by the
morphological inhomogeneity due to the agglomerates on the surface which have a
lateral size comparable with the laser spot of the ellipsometer. Only in this case the
agglomerates on the PEDOT:PSS surface can affect the optical transmittance on a
local scale, but the average T% still shows high values. Seen the complexity of the
surface morphology in the case of 1% wt. doped films, a statistical analysis of the
direct transmittance on different spots of the sample was performed. For this
analysis, the direct transmittance was acquired on five different spots of a sample,

according to the scheme reported in Fig. 3.15.

Fig. 3.15: Schematic representation of the sample and of the 5 positions where the
optical transmittance measurements were performed.
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The results of these five measurements are reported in the Fig. 3.16a. As it is
possible to see, they range between 70 and 80% within 400 and 1000 nm. The T
value averaged along these measurements is reported as the green curve in the Fig.
3.16b, showing that the transmittance is about 75% between 400 and 500 nm, as it
was already observed in the Fig. 3.14.

a) b)
100 - : - - 100
a0t
80+
-
g g 60 M\\
© 1]
£ £ M
g E 401 4
5 -
i :
20 po 1 20 = Average T%
B 1.0 W% (agglomerat
10| —— spot4 | .0 wt.% (agglomerate)
Spot 5 e glalss . )
%00 600 800 000 1200 1400 0 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)

Fig. 3.16: a) Optical transmittance measurements obtained in five different spots on
1% wt. doped sample, according to scheme in Fig. 3.6; b) green curve represents the
average of the measurements reported in Fig.3.16a, while ciano curve corresponds to
the T measured onto one of the large agglomerates.

However, if the laser beam source is placed exactly on a large agglomerate with
lateral size of a few hundreds of microns, i.e. with a lateral size comparable to the
laser source spot diameter (about 1 mm), as schematized in Fig. 3.17, a significant
decrease of the transmittance with respect to its average value is observed (ciano

curve in Fig. 3.16b).
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Fig. 3.17: Scheme of T measurement by ellipsometer onto one of the largest
agglomerates.

This behaviour is expected since dark blue agglomerates likely manifest an optical
absorption in the red region, in agreement with a decrease of the T at long
wavelengths. Moreover, as it was already discussed in the previous section, it is
observed that the agglomerates cause an increase of the local thickness of the
polymeric film which decreases the quantity of light passing through. However,
this effect is negligible because the large agglomerates are very small with respect
to the sample size, which is 1.5 cm. Moreover, since the agglomerates are spread
everywhere on the surface, the optical properties of a film have to be expressed
only as a global feature obtained by the statistical survey. Since the T value
obtained in different points of the sample has provided an average transmittance of
about 75%, as seen above, it means that the inhomogeneities and agglomerates are

negligible with respect to the size of the sample in terms of optical transparency.
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3.6 — Figure of Merit

It is well known that the electrical and optical properties of the doped PEDOT:PSS
follow opposite trends [1-9]. Nevertheless, since this material is often used for
those applications where both properties are needed to be controlled, Haacke et al.
have formulated a Figure of Merit (FOM), defined as T'%/Rg, in order to weight
both the contributions of the electrical and optical characteristics. Therefore, the
FOM is here used to give an estimation of both properties for undoped and doped
samples. Fig. 3.19a reports the FOM calculated between 380 and 1470 nm. For the
lowest acid content film, even if there is a slight reduction of the sheet resistance
(Fig. 3.8a), a stronger deterioration of the optical transmittance is observed with
respect to the untreated film (Fig. 3.13a). For this reason, FOM calculated for the
0.3% wt. sample shows a reduction with respect to the undoped one from 500 nm
onwards. Vice versa for the 0.7% wt. sample, FOM shows a good improvement
with respect to the reference, since the sheet resistance is one order of magnitude
less than the untreated film. Therefore, in this case, the reduction of T is
accompanied by a clear benefit for the electrical properties. A remarkable result is
obtained for the sample with 1% wt. of acid, since it shows the highest and constant
FOM value. This result is due to a sheet resistance percentage change of 99.7%
with respect to the untreated film, while transmittance still reaches 70% along most
part of the spectrum. Moreover, it is worth to note the FOM resulting for the
corresponding aged samples (Fig. 3.19b): films with an acid content of 0.3 and
0.7% wt. show a slight deterioration, while the highest acid content sample still
shows a flat curve which has almost unchanged values from those ones of the fresh

film.
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Fig. 3.18: Figure of Merit calculated for a) fresh and b) aged samples.

3.7 — Morphological and Chemical
Characterization

SEM analysis was used in order to characterize the morphology of the undoped and

doped films. For the untreated PEDOT: PSS, the surface appears homogenous and
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smooth (see Chapter 2). EDX analysis relative to the K-lines of Si, S, C, and O has
reported that the S/C weight ratio (%) is around 0.03 and it does not depend neither
on the size of the area examined, nor on the spot investigated, since the sample is
compositionally and morphologically homogeneous. In the case of the highest
doped sample, the agglomerates observed through the optical microscope are
revealed by SEM as darker areas on a brighter background (Fig. 3.19a). They do
not show sharp edges and present a lateral size of hundred micrometres, while the
height variation is hard to be directly evaluated by such analysis, as previously
discussed in section 3.3. EDX analysis has been performed on both dark and bright
areas and the resulting chemical maps relative to the K-lines of Si, S, C, and O are
reported in Fig. 3.19b-e respectively. Table 1 reports the %weight found for each
element in bright (spectrum 1) and dark (spectrum?2) areas. In the dark regions the
signal intensities of S, C and O increase, along with the S/C ratio and S/O ratio,
indicating an enrichment in the S content, whereas a strong reduction of the Si
signal is observed as evidenced in the maps of Fig. 3.19¢ and Fig. 3.19b
respectively. This result can be explained with the increase of the local thickness in
correspondence of the agglomerates, as found by optical microscope analysis and
discussed in section 3.3. It is worth noting that a statistical survey made on
different doped samples and in different dark and bright areas shows that S/C wt.
ratio ranges between 0.23 up to 0.45 in the first and 0.07 in the latter ones. Even if
an absolute quantitative analysis of the elements is not easily achieved by SEM-
EDX without suitable calibration samples, it is possible to make some
considerations about the sulphur/carbon relative ratio. The S/C ratio increment in
both matrix and agglomerates with respect to the undoped film can be addressed to
the increase of the S-content due to the use of sulfuric acid as secondary dopant.
Moreover, the chemical characteristic of immiscibility [34] of the so obtained dark

blue agglomerates leads to make the hypothesis that they are made, or at least
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enriched, of PEDOT chains, which thus prevail on the PSS counterpart. Moreover,
it was already reported, that the increment of the S/C ratio is attributed to a major
content of PEDOT specimen with respect to the styrenic one. The considerations
made so far are also supported by the decrease of the R, already seen in the section
3.2. Indeed, the presence of the PEDOT-rich agglomerates obtained by the
acidification of the initial solution form a conductive path through hopping

transport mechanisms when spun onto the substrate.
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Fig. 3.19: a) SEM image of 1% wt. H;SO4-PEDOT:PSS annealed at 200°C. Darker
areas correspond to the agglomerates observed through optical microscopy and the
brighter regions correspond to the matrix of the polymeric film. SEM-EDX maps of
the same sample area of b) Si K series, ¢) S K series, d) C K series and e) O K series
respectively.
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Spectrum 1 Spectrum 2
Element Wt. % Wt. % Element Wt. % Wt. %
Sigma Sigma
C 43.58 0.40 C 53.14 0.29
O 9.40 0.18 @) 17.19 0.20
Si 43.92 0.33 Si 17.13 0.13
S 3.10 0.06 S 12.36 0.11

Table 3.1: SEM-EDX analysis of the elemental content (%weight) in two different
regions of the same sample (1% wt. H;SO4+-PEDOT:PSS annealed at 200°C), as
indicated in Fig.19a (spectrum 1 and spectrum 2)

3.8 — Raman Analysis

In order to investigate the chemical composition of the deposited layers, Raman

spectra were performed both on undoped and 1% wt. doped PEDOT:PSS samples

annealed at 200°C. These polymeric films were deposited on monocrystalline Si

substrate and the analysis was performed using a laser source with 632.8 nm as the

excitation wavelength. Silicon Raman spectrum was also acquired as reference and

reported in Fig. 3.20.
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Fig. 3.20: Raman spectrum of silicon substrate acquired with an excitation
wavelength of 633 nm. Signal at 521 cm is due to the optical modes of the c-Si and is
characteristic of silicon. Second order modes related to Si are close to 1000 cm™', while
combined transverse and longitudinal modes are placed around 300 cm™.

The typical first-order Raman scattering of monocrystalline Si, which appears as a
Lorentzian line shape at 521 cm™' [35] was observed in all prepared samples. In this
respect, the other signals at =300 cm™ and those ones in the 930 and 960 cm
range, respectively due to some transverse and longitudinal modes and to second
order of c-Si, will not be taken in consideration in the following argumentation. All
PEDOT:PSS spectra were acquired by setting the laser power source at ~1.4mW.
This choice is made in order to avoid any modification of polymeric films under
laser beam irradiation. Fig. 3.21a reports the optical image of 1% wt. doped H2SO4-
PEDOT:PSS annealed at 200°C deposited on Si. Fig. 3.21b reports the associated
Raman imaging map obtained at a frequency between 1400 and 1480 cm™,
showing that sample surface appeared extremely inhomogeneous, presenting light

and black regions of several micrometers in size. For shedding light on the
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chemical composition of both film and agglomerates, vibrational spectra (Fig.
3.21c) were acquired in the two regions, corresponding to the matrix of film (bright
region in the map) and agglomerates (dark region), and were reported respectively
as blue and red curves. In the same figure, Raman spectrum of undoped
PEDOT:PSS was also recorded (green curve). All curves were normalized by the
intensity of the band placed at 989 cm™ (marked with a double asterisk)
characteristic of the oxyethylene ring deformation in PEDOT films. Spectral
signals attribution is quite in agreement with those ones reported in the literature
[28]. Most of the signals shown are related to the PEDOT chain and they can be
identified as: the asymmetric Co=Cj stretching between 1563 and 1532 cm™!, while
at 1431 cm™ a large band appears as a fingerprint of the PEDOT and it is associated
to the symmetric stretching of the Co=Cg. Band at 1369 cm™ is related to the
stretching of the Cp=Cp, while band at 1260 cm is attributed to the inter-ring
stretching of the C4=C, and the region included between 1080-1160 cm™ hosts the
C-O-C deformation. Signals at 989 and 579 cm™ are characteristic to the
oxyethylene ring breathing and 701 cm™ band is due to the C-S-C deformation. The
band appeared at 438 cm™ is the only signal which can be attributed to the PSS
chain since it is related to the SO> bending that can only come from the sulfonic
group of the styrenic chain. In light of this, it is possible to make an estimation of
the relative quantities of PEDOT and PSS for each curve. In order to evidence any
change in the PEDOT:PSS films after doping, for each curve, signals related to the
oxyethylene ring breathing of PEDOT (989 cm™' ) and the SO» bending (438 cm™)
of PSS were considered to calculate the integrated intensity ratio /43s/logo reported
in Table 2. Hence, agglomerates show an /438/logo ratio slightly lower than that one
of the light region, suggesting a slight reduction of the PSS or, in other words, an
increase in the amount of the PEDOT counterpart. Unless any further local

compositional inhomogeneity within the agglomerates, this result is quite in
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agreement with that one obtained by considering the increase of %wt. signals of S,
C and O in the EDX analysis shown in the previous section. Therefore, both these
analysis lead to the conclusion that agglomerates correspond to a local, thicker and
dark blue region where a slight enrichment of PEDOT chains is supposed.
Moreover, it is worth to note that the band centred at 1431 cm™ shows a relative
higher intensity in the agglomerate spectrum with respect to the light region. This
can be attributed to two different causes: an increment in the local concentration of
PEDOT, which strengthens the observation of EDX and the discussion above, or,
as an alternative, can be due to a rearrangement of the C,=Cp and Cg =Cp portions

related to a modification in the electronic structure [28,36].
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Fig. 3.21: (a) Optical image 1% wt. doped H2SO4-PEDOT:PSS annealed at
200°C (light region) deposited on Si; (b) Raman map of intensity between
1400-1480 cm™ and (c) corresponding Raman spectra excited at Aex=632.8
nm, with red and blue curves showing dark agglomerates and light region,
instead the green curve was recorded on undoped PEDOT:PSS. The three
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curves are normalized for the intensity of the signal at 989 cm-! (**). In all
spectra the vibrational feature of monocrystalline silicon is also visible (¥).

PSS to PEDOT
Raman Curve relative ratio
(L439/1989)
Agglomerate 1,19
Polymeric film 1,48
Undoped 1,07

Table 3.2: Intensities ratio between the 439 cm™ signal, related to SO, bending of PSS,
and the 989 cm™ band, attributed to the breathing of the oxyethylene ring of the
PEDOT for the undoped sample and two different regions (matrix and agglomerate)
of the 1% wt. doped H,SO4+-PEDOT:PSS sample.

These results strongly suggest that the addition of HoSO4 directly to the aqueous
PEDOT:PSS solution leads to the formation of dark blue and immiscible
agglomerates. It is also observed that this precipitation effect increases with
increasing the acid concentration and they are probably due to the protonation of
the anionic group on the styrenic chains [24]. This has the effect to strongly reduce
the coulomb interactions between the anionic groups of the PSS and the positive
charges along PEDOT chains, and the solvatation effect for the first ones prevails.
In this way, conductive agglomerates enriched of PEDOT are formed and dispersed
in the aqueous media. When this suspension is spun on the substrate, the film
obtained still keeps the characteristics of the solution blend and therefore, the final
polymeric film is made by dark blue conductive agglomerates embedded in a PSS

matrix. This segregation phase, in which PEDOT domains partly exclude the
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dielectric PSS [37], lead to the formation of a conducting path through a hopping

transport mechanism which is finally manifested by a reduction of the electrical

resistance of the material.

3.9 - Conclusions

For the first time the effect of the direct addition of the sulfuric acid to
PEDOT:PSS aqueous solution on the polymer electrical and optical properties has
been studied. The characterization has shown that the 1% wt. H>SO4 doped films
annealed at 200°C in vacuum conditions exhibited sheet resistance as low as 40
Ohm/sq, with a reduction of over 99% with respect to the corresponding undoped
sample. The measured average transmittance in the same case ranged between 70
and 80%. For the first time the figure of merit was calculated for these films and
showed that the case with the highest conductivity produced the best compromise
also in terms of transparency. The electrical optimization has been attributed to the
PEDOT-enriched agglomerates, which form after the doping procedure by phase
separation from the PSS species, and increase the conductive path of the whole
polymeric sheet through hopping transport mechanisms. The study also
demonstrated that the H>SO4 doped samples after aging exhibit a worsening of the
sheet resistance only by 3.7%, unlike the undoped samples that worsened by 50%,
thus making the doped polymer less susceptible to the aging process. Although
improvements in the fabrication of transparent conductive PEDOT:PSS doped by
this novel in-solution method are still necessary to obtain an optimal material, this
method demonstrates to represent a promising alternative to overcome the

restrictions that transparent conductive polymers still present.
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Chapter 4

Free-standing, high conductive,
dark PEDOT:PS'S paste

In the previous Chapter, it has been seen that the direct acidification of a
PEDOT:PSS solution with H>SO4 causes the polymer precipitation. Once deposited
by spin coating, the resulting film shows higher electrical conductivity with respect
to the pristine PEDOT:PSS. Starting from these promising results, this Chapter is
focused on the consequences of the direct acidification of PEDOT:PSS with
sulfuric acid until the complete polymer precipitation. This low cost and fast in-
solution treatment leads to a conductive dark-PEDOT (d-paste). A deposition
procedure, as easy as the ink pen scribing, is here described for obtaining a free-
standing, mouldable and mechanically robust product, with electrical conductivity
up to 1000 Scm™, All these characteristics can make this new material a good
alternative to standard and expensive metal contacts.

4.1 - Introduction

Conductive polymers (CPs) have attracted a considerable scientific interest thanks
to their great versatility, compatibility with many different substrates, low cost
processability and interesting physical and tribological properties. Indeed, they

exhibit useful optical and electrical characteristics, mechanical flexibility and light
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weight. Among the others, black or opaque conductive polymers, also used in the
form of flexible and free standing foils, are exploited in several fields such as
barrier for drug permeability, thermoelectric devices, sensors, fuel cells, and
photoactive layers or electrodes in solar cells [1-9]. Also in this scenario,
PEDOT:PSS has found a great interest: aside its largely documented use as
transparent electrode [10-18], it was also employed in the form of opaque and free-
standing conductive material. This tendency was documented in many different
advanced technologies, uppermost in textiles, thermal insulation, flexible
supercapacitors, as well as in bulk-heterojunction solar cells, where it has been
used as metal-like contact or as holes transport layer [14,19-24]. In the context of
the opaque CPs, the results that will be presented in this Chapter will show a dark
and highly conductive material, obtained with a novel, cost effective and fast

approach.

This discussion takes place from the results already illustrated in the previous
Chapter. It has been seen that the acidification of a pristine PEDOT:PSS solution
with pure H2SOq, diluted at concentrations far from saturation, leads to a phase
separation. This occurs through the formation of dark blue precipitates which
separate from the starting aqueous solution and are made by a conductive blend of
PEDOT and PSS, which segregate from the dielectric PSS matrix [20,25,26]. The
density and size of the agglomerates increases with the amount of the acid added.
The electrical characterizations and the measured transmittance of the obtained
deposited films have shown that the doped material presents a sheet resistance two-
orders of magnitude smaller than the undoped film and a good transparency in the
visible range of the spectrum. Both these properties were also evaluated through

the calculation of the Haacke’s Figure of Merit (FOM) (Chapter 3) showing that a
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good compromise between the optical and the electrical performances can be

achieved for the highest acid-content (1% wt.) used.

This Chapter presents a continuation of the results shown in the previous one. The
focus will be to study what happens when the acid content in the PEDOT:PSS
aqueous solution is increased up to saturation. The mechanism of the reaction
occurring for the direct acid addition to the PEDOT:PSS will be clarified and
reported in the section 4.3 of this Chapter. The solubility tests in section 4.4, the
electrical characterizations shown in the sections 4.5, 4.6 and Raman analysis in 4.7
will drive the reader to the insights of the mechanism of reaction, chemical
composition and physical properties of the product obtained, then explaining the
new arrangement of polymer chains following the acidification. The interpretation
of the chemical composition and the arrangement of both components, PEDOT and
PSS, will be supplied in the section 4.8, eventually providing a schematic and
reiterative model of the material obtained. When explicitly mentioned, this will be

indicated as dark polymer paste or, alternatively, d-paste.

4.2 - Samples Preparation

The procedures here described are similar to the ones used in the previous Chapter.
PEDOT:PSS (Sigma Aldrich) aqueous solution, 1.1% wt. with PEDOT-to-PSS
relative content of 1:2.5 and electrical conductivity of 2-4 S/cm, and high purity
sulfuric acid, H2SO4 (96%) (Basf), were used as received and without any further
purification. Glass substrates were used as supports for the successive deposition,
since dielectric substrates are required for excluding electrical contributions

coming from the supports. They were cleaned by sonication for 5 minutes in
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acetone, isopropyl alcohol and deionized water respectively and finally dried under
nitrogen flow. Pristine PEDOT:PSS solution was subjected to gentle stirring for 15
minutes at room temperature in order to homogenize the initial aqueous blend of
PEDOT and PSS. After that, sulfuric acid was added to the pristine solution,
leading to the instantaneous formation of microscopic blue agglomerates. For large
amount of pure acid directly added to the pristine polymer blend, it is obtained a
complete phase separation which leaves a dark blue, gelatinous precipitate, on one
hand, and a transparent supernatant on the other side, as reported in the schematic

representation shown in the Fig. 4.1:

‘\\) . l||||

(

Fig. 4.1: Sketch of the effect due to the addition of H,SO4 directly to a pristine
aqueous solution of PEDOT:PSS.

A minimum of Cs = 40% v/v of H2SOg4 relative to the initial volume of PEDOT:PSS
collected was found to lead to a dark precipitate after 24h of decantation, while a

transparent and limpid supernatant appeared, as shown in Fig. 4.2a.

119



Chapter 4: Free-standing, high conductive, dark PEDOT:PSS paste |Valentina Lombardo

Fig. 4.2: a) Optical images of acid-saturate PEDOT solution after 24h of decantation;
b) PEDOT wet gel obtained after separation from the transparent supernatant; c) d-
PEDOT wet paste after rinsing by deionized water; d) free-standing d-PEDOT paste
after dryin (apparent holes on the surface are reflections of the flash light used to
take the pictures.).

Cs can be thus defined as the minimum acid amount to obtain the total phase
separation of the polymer, while Cy; > 40% vol. reduces the decantation time
required for obtaining an effective phase separation between the precipitate and the
supernatant. After the decantation, the precipitate was separated by its transparent
supernatant and rinsed with deionized water, Fig. 4.2b. After rinsing, the
precipitate appears as a dark and wet gel-like compound. This paste is easily
manageable and transferable on surfaces within 30 minutes after the recovery (Fig.
4.2¢). Differently, when if it is left to naturally dry for longer times, it gets hard to

handle and its transfer in flask or deposition on surfaces becomes more difficult.

Before each deposition, glass substrates are pre-heated on a hot-plate at 170 °C for
10 minutes to remove any humidity trace. The paste deposition on the glass
substrate is performed by inserting the wet PEDOT paste in a plastic syringe and
then squeezing the material through a shadow mask onto the substrate. This
procedure allows to control the shape and the initial thickness of the final layer. In
this case, the mask used for the present experiment has a hole with 7 mm-size
diameter and a thickness of 300 um. After the deposition, the mask is detached
from the substrate and it leaves a disk of dark blue PEDOT having 7 mm in
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diameter and a nominal thickness of 300 um. A scheme of this procedure is shown

below in Fig. 4.3:

» : Mask
>

> .
Glass sub \/ V -

Fig. 4.3: Sketch of the paste deposition on glass substrate through a mask and by a
syringe.

A thermal treatment subsequent to the paste deposition is done in order to remove
the residual water retained by the polymer gel. In every case reported the thermal
treatment (bake) was performed immediately after the deposition and in air. Time
and temperature of the bake were increased until sample drying was observed, i.e.

at 170°C for 2h.

The drying step has led to a strong reduction of the thickness due to the loss of
residual water. The obtained PEDOT layer appears as a continuous, opaque dark
disk with 7 mm size diameter and a final thickness of =33 + 1 um (Fig. 4.2d). The
thickness of samples here reported was determined by a vertical Absolute
Digimatic Indicator Mitutoyo 543-472B with accuracy of = 1 um. Interestingly,
the disks are easily detachable from the substrate and result in flexible free-

standing foils, easily transferable on other substrates. Since the purpose of this
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work was not a systematic study of the rheological and mechanical response of the
d-paste, stress-strain analysis was not performed. However, a qualitative clue of the
flexibility and thus the mechanical potentials of the free-standing polymer paste is
given in the Fig. 4.4. Here, it is possible to see that the paste can be easily bent
without causing any damage in the material. Indeed, Fig. 4.4a shows a disk of the
d-paste bent with tweezers. The release of the material returns the original disk
without any visible sign of the bending and it stays flat. Fig. 4.4b shows that the
dark polymer paste can be also bent until a half of the disk is overlapped on the
other one, thus making a neat rotation of 180°.When the disk is released from this
position, it remains bent by itself at an angle of about 31° without any external
contribution (as shown in Fig. 4.4c). Forcing the sample against a surface with the
help of tweezers, the re-open disk appears intact and without any cracks or holes on

the surface, but only the bending sign along it, which is indicated by an arrow in

the picture (Fig. 4.4d).

31°

Fig. 4.4: Optical pictures showing the flexibility of the polymer foil obtained after
baking carried at 170°C for 2h in air. a) Simple bending of the sample by the help of
tweezers; b) total bending of the foil with an angle of 180°; c) release of the sample
after the total (180°) bending. Sample naturally forms an angle of about 31°; d) re-
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opened polymer disk. The hard bending seen in the b) leaves a straight crease
crossing the entire disk.

4.3 - Insights of the Reaction Mechanism

From a chemical point of view, the appearance of the blue precipitates even for
small acid amounts (Chapter 3), was attributed to the protonation of the anionic
sulfonic groups on the PSS chains by the H" generated from the dissociation of the
H>SO4 in the aqueous medium. A proposal of the reaction mechanism between the

PSS and the sulfuric acid is thus shown in the schematic of the Fig. 4.5:

SOaH SO4H SOaH SOgH

Fig. 4.5: Hypothetical scheme of reaction between PEDOT:PSS and sulfuric acid.

The mechanism here described is based on a process reported in other works [20,25-
27]. As mentioned in the previous Chapters, the water solubility of PEDOT is given
by the presence of the counter-anions placed along the PSS chains. Indeed, the non-
protonated sulfonic groups in PSS retain a negative charge which balances the
positive ones in the PEDOT species. Apart from the doping charges-balance which
gives stability to the overall system, the anionic groups of PSS and the polarons of

PEDOT give place to electrostatic interactions which have two main effects:
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e On one side, they keep together the PSS chains with the PEDOT ones,

which thus interact with the styrenic part through Coulomb forces;

e On the other hand, since the PSS manifests a good solubility in water (which
shall depend on different parameters, such as chains length, sulfonation
grade, pH, etc), it drags the insoluble PEDOT counter-part into the aqueous

medium, thus keeping it as a water suspension.

According to the Ref. [27], the pK, of the protonated sulfonic groups in the PSS can
be estimated from that one found for the p-toluensulfonic acid, which in water is
estimated to be around -2.8. The sulfuric acid, instead, has two protic dissociations,
of which the first is strong and turns to completion, while the second has a pK, = -

6.4, as illustrated in the schematic below (Fig. 4.6):

H,SO, —= H,0" + HSO,

. pKF=-64 + 2
HSO, =—= H3;0 + 80,

Fig. 4.6: Aqueous acid dissosiations of H,SOq,

As schematized in the Fig. 4.5, the mechanism that plays the main role in the
polymer precipitation is the formation of a new chemical equilibrium in which PSS
exchanges protons with those ones deriving from the acidic dissociation. The
presence of these counter-anions coming from the acid dissociation of the H2SOs,
together with protonated PSS groups, cause a sort of shielding effect which weakens
the Coulomb attractions between PSS and PEDOT chains [28,29]. Therefore, in this
process, the positive charges along the PEDOT due to the polarons are still
maintained, as it will be explained later in this Chapter (sections 4.5 and 4.6).

However, this time, it is more likely that the polarons are counterbalanced by the
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anions left by the acid dissociation, in accordance with the reaction schematized in

Fig. 4.5 and with the mechanism described in Ref. [20,25-27].

4.4 - Solubility Test

To understand if it was possible to re-dissolve the wet gel paste, the blue gelatinous
precipitate recovered after the removal of the transparent supernatant and the water
rinsing (see section 4.2) and also the dry paste, obtained after the bake, were used
for the solubility tests. The criteria with which it was performed, are chosen
according to different aspects, such as: 1) solvent polarity; 2) chemical equilibrium
in acid-base reaction; 3) polar-apolar interactions; 4) hierarchical order in the

reaction mechanism.

In the case of the wet paste, a small amount collected with the spatula was inserted
into an Eppendorf test tube and then the chemical used for testing the product
solubility was directly added to it. Analogously, once obtained the dark blue disk
after the bake in air, this was cut in smaller pieces and inserted into the test tube, in
which then a small quantity of each solvent used was added. Each test tube was
stored for several days at 20°C. After that, test tubes were kept in water bath under
sonication for 20 minutes at the maximum power achievable, both in ambient

temperature and then with a mild heating, up to 60°C.

For each criterion mentioned above, a more detailed explanation and description of

the procedure used, when required, is given here below:

1) first characteristic which must be investigated concerns the fact that the
initial blend is formed by two kinds of polymer chains: their own

structures drive to say that the polarity of PSS is quite different from that
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2)

3)

of the PEDOT. Indeed, whether the PSS manifests a polar character that
allows it to be solubilised in very polar solvent (i.e. water), PEDOT has a
chemical structure which indicates itself as a hydrophobic compound.
Therefore, since the behaviour of each of these species must respond
differently to the surrounding solvent, six chemicals, having different
relative polarity (rp.) [30], were used for this test. In particular, listed in
order of the decreasing relative polarity, the solvents checked were: acetyl
acetate (rp. 0,571), isopropyl alcohol (rp. 0,546), acetone (rp. 0,355),
tetrahydrofuran (rp. 0,207) and toluene (rp. 0,099).

Since the precipitation occurs clearly by the effect of the acid addition, it
is worth to wonder if it is possible to change the equilibrium by the
addition of a base, such as potassium hydroxide, KOH. Indeed, if the
protonation of the free sulfonic groups have occurred, the effect of a
strong base in water could tear off the protons eventually bound to the
sulfonic groups after the acidification, thus restoring the SO;™ along the
PSS and consequently the Coulomb interactions between these ones and
the polarons along the PEDOT chains. For these purpose, aqueous
solutions having a concentration of 1M and 2M, respectively, of KOH

were used.

As documented in literature, some works [28] have previously
schematized that the addition of some surfactants, such as GMS (glycerol
monostearate), can lead to a separation phase between the PEDOT and
PSS chains. This was explained by the fact that a surfactant can separate
these two halves, merging them by its polar head on one side, which
interacts with the styrenic part, and the apolar tail on the other hand, that

instead can cooperate with the thiophenic one. In light of this, the presence
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4)

of these kind of compounds can reproduce the separation effect on the
system which is here described. Therefore, in order to perform the test,
hexadecyltrimethylammonium bromide (Ci9H4BrN), was used with an

aqueous concentration of 1M.

The in-solution arrangement between PEDOT and PSS chains in the
aqueous medium was supposed and widely schematized in literature [31-
35] and also reported in Chapter 1. According to these works, woven
random coils of PSS molecules interact with smaller chains of PEDOT.
Differently, the effect of the direct acidification to the pristine solution has
not been never investigated. About this, it is worth to remind that the
solvation effect and some supramolecular interactions between polymer
species can occur, eventually playing a role in the final solubility of the
system. Moreover, not knowing how to predict the effect of the H>SO4 a
priori, a hierarchical order in the acidification could eventually occur. In
other words, this means that the order with which the chemicals listed
above are added to the gel paste could also play a role in polymer
precipitation. For this reason, each approach described so far was then
replicated changing the order of the addition of the chemicals. This time,
each solvents listed in the point 1) and the solution of
hexadecyltrimethylammonium bromide of the point 3) were added to the
solution of PEDOT:PSS before the acidification with H>SOj4. Therefore, in
this last case, the order with which chemicals are inserted in test tubes is
the following: a small amount of the pristine polymer goes for first,
followed by the pure solvent or basic/surfactant solution and finally the
H>SO4. This experiment was not performed using the KOH solution since

the pH variation spacing toward basic values, first, and then again to the
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acid ones (because of the final acid addition), lied outside the scopes of
this work. For each case here illustrated, the dark blue precipitate appears

immediately after the addition of the acid.

Fig. 4.7: Two examples of the solubility test performed on the paste obtained
after 24h decantation, rinsing and removal of supernatant. In the picture,
there are shown two Eppendorf test tubes containing the dark blue paste
immersed respectively in 1M KOH (on the left) and in acetyl acetate (on the
right).

For each situation described here above, both the dark blue wet gel and the dried
paste obtained after baking have never solubilized again in none solvents or

chemicals used. An example of this result is given in picture below, Fig. 4.7:

This result has two important implications, concerning the processing and the

insight of the reaction, respectively.

On one side this suggests that, once precipitated, the paste obtained cannot be
solubilized anymore, whatever the solvents or conditions used. This has a
considerable implication in the successive processing methods of this material.
Indeed, at a presence of a highly viscous, gelatinous paste, deposition techniques
such as spin coating, drop casting, dip-coating, cast and spray coating and

electrodeposition, have to be excluded. Instead, other methods must be taken in
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consideration including, for instance, screen printing, doctor blade, inkjet printing

and roll-to-roll techniques.

As second involvement, the results obtained by the solubility test give an important
indication about the chemical composition of the paste. Indeed, the blue precipitate
has to contain the PEDOT portion, thus excluding the possibility that is retained in
the aqueous part. This can be asserted from what reported in Ref. [36-38]: first
works for obtaining PEDOT have described it as a dark blue powder, infusible and
insoluble after the polymerization. Indeed, the results obtained by the solubility test
give us a clear indication about the chemical composition of the product obtained,
which surely contains the conductive portion of the initial polymer blend. What
concerning the PSS content in the precipitate cannot be yet discussed and will be

investigated in the next sections (see 4.7 and 4.8).

4.5 - Two-Point Measurements

The d-paste was characterized by I-V curves performed with 2-point probes
measurements, which were run immediately after the preparation of samples.
Curves were obtained by sweeping the voltage in the range between -0.5 and
+0.5V. In order to monitor any change in the electrical conductivity due to the
electric field stress, the I-V measurements were performed for 10 consecutive
times. Fig. 4.8 shows the results of this investigation. As observed, the trend of
each curve is ascribable to a resistor-like behaviour, indicating a non-rectifying
response. Interestingly, at 0.5V and -0.5V the measured current is of the order of
10 A, and precisely 3.2 mA. This same trend was already observed for thin films

of PEDOT:PSS treated with a mixture of SDS and ethylene glycol [39].

129



Chapter 4: Free-standing, high conductive, dark PEDOT:PSS paste |Valentina Lombardo

3 4
4
2 - s
o L}
z a
E " ®
€ - < e #2
g o P 4 e = |
5 ® #
© ' 4 L b #5
al w
s s #7
2} ] 4 #5 ||
o -] 4 %
4 #0
_ﬁ' 1 L 1 L L 1 L L T
05 04 03 02 01 o0 01 02 03 04 05
Voltage (V)

Fig. 4.8: I-V curves with sweep from -0.5V to +0.5V, ten measurements in sequence
with interval time of 3 sec, performed on d-PEDOT

As reported in Fig. 4.8, the d-PEDOT paste does not show any relevant electrical
modification during the voltage scans, thus indicating an apparent stability of the

material to the electric field, even for several I-V measurements.

In order to exclude any possible effect of charge accumulation, I-V measurements
by sweeping bias from -0.5 to +0.5V (i.e. in forward) and from +0.5 to -0.5V
(reverse) were also performed. Each couple of sweeps was repeated for ten times.
Fig. 4.9a shows the first couple of measurements, i.e. the sweep in forward
(magenta curve) and reverse bias (blue) condition. It is possible to see that these
curves are almost overlapped, thus suggesting that no charge accumulation effect is
observable. This same behaviour is also confirmed by the successive results, in

which each couple of measurements is overlapped with the others (Fig. 4.9b).
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Fig. 4.9: (a) I-V sweeps in forward (magenta curve) and reverse (blue) conditions; (b)
2" to the 7™ sweep measurements, where forward and reverse scans are indicated by
lines and dots, showing an insignificant hysteresis.

As it is possible to note, no significant hysteresis effects are exhibited. A rough
calculation of the resistance which can be extracted from the I-V curves returns a

resistance value in a range of 150-170 Ohm.

Seen the results at + 0.5V, it is important to understand if the two-point
measurements are affected by the contact resistance between the sample and

probes.
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For this reason, the electrical properties of the free-standing d-paste were

investigated by 4PP measurements and shown more in detail in the next section.

4.6 - Four-Point Measurements

In order to understand if any contact resistance plays a role in the I-V curves seen
so far 4PP measurements were also performed. The set-up of these measurements
is shown more in detail in the Appendix B. Here again, metallic contacts were used
for performing these measurements since they guarantee a good stability of the
voltage outputs even at low current inputs and linear V-I responses. However, two
measurements performed on the same sample with and without the metal contacts

give back the same values of sheet resistance.

Since the paste obtained can have different applications in several technological
fields [14,19-24], the response of the d-paste both in dark and under light
conditions were investigated. Therefore, Voltage-Current (V-I) acquisitions were
made in dark and under a standard light bulb irradiation, with an irradiance of 30
mW/cm? (1/3 SUN), measured by a photodiode. Sheet resistance values were
acquired on several 30-33 um thick samples and an example of the linear range of
the V-I curves is shown in the Fig. 4.10. The graph shows the 4PP measurements
performed on the same sample with two successive measurements in dark (black
symbols) and light conditions (red symbols), respectively. 4PP measurements are
acquired without moving the probes and with a delay of 5 seconds from the first

and second measurement.
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Fig. 4.10: V-I scan acquired in 4PP configuration on the d-PEDOT dried paste in
dark (black data) and under light exposure (red).

In the examples shown in the Fig. 4.10, the sheet resistance measured gave an
average result of 0.60 Ohm/sq (+ 0.02) in dark, thus indicating a mean conductivity

of 500 Scm™!, while under light exposure the Rgi obtained was slightly different.

Whether this result is compared to that obtained by two points I-V curves, it is
possible to see that the actual resistivity of the paste is much lower than the
contribution of contact resistance given from the interface between the probes and
the sample surface. This means that the contact resistance has a significant
contribution in the two-contact measurements. For these reasons, 4PP analysis are
more useful for better characterize the material and will be considered in the

following.

For these scopes, several benches of samples were prepared and analysed with the
4PP technique. Moreover, for each sample set prepared, the stability of the material
undergone to the electrical field was also tested. This last point was addressed with

repeating each set of measurements up to ten consecutive times without moving the
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four probes. The interval time between one acquisition and the successive one was

of 30 seconds.
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Fig. 4.11: Sheet resistance measured for samples prepared with bake in air at 170°C
for 2h, respectively in a) dark and b) under light irradiation. Dashed lines in both
images represent a guide to the eye.

Fig. 4.11 reports the sheet resistance measured for samples baked in air at 170°C
for 2 hours. Fig. 4.11a and b show the results of the 4PP acquisition made in dark
and under light conditions (1/3 SUN), respectively. Each point in the two graphs is
given by a Rq value averaged on three samples prepared in the same conditions,
while error bars are calculated as standard deviations. From Fig. 4.11 it is possible
to note that during the ten measurements performed, no great variations in the Rgp
values are detected, and the global trend of the data appears substantially flat. From
this, it can be asserted that each sample set shows a stability for both external
conditions (dark/light) and also for the electrical field applied to the samples.

Therefore, it is possible to conclude that, for samples prepared with only one
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thermal treatment (i.e. bake in air at 170°C for 2h), the sheet resistance measured

corresponds to ~0.60 €/sq, thus returning a conductivity value of =500 S/cm.

In order to investigate the effect of the thermal conditions on the electric properties,
another group of samples was prepared, exploring different and further thermal and
environment conditions. Each sample underwent to the bake already described in
the section 4.2 of this Chapter and it was then treated with an additional annealing
as described in the Table 1. It has to be noted that the first air bake was required to
evaporate most of the water entrapped in the samples and thus avoiding any

damage to the vacuum equipment.

Second annealing performed in chamber at 0.01 mbar

Samples Annealing temperature Annealing Time
Group A 170°C 10 min
Group B 170°C 1h
Group C 170°C 2h
Group D 170°C 4h
Group E 135°C 10 min

Table 4.1: Table of the samples treated with the annealing process in the vacuum
chamber after the bake run in air at 170°C for 2h.

The vacuum condition corresponds to a pressure of 0.01 mbar. During the

annealing, the pressure inside the oven chamber increased up to 2-3 mbar, because
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of the samples degassing. For 2h and 4h annealing times, the internal pressure in
the chamber goes back to its initial value of 0.01 mbar. Differently, for treatments
of 10 minutes, the annealing duration is not enough for completely degassing the

system and the regime pressure is not restored when the treatment is interrupted.

Here in the following, the results of the 4PP measurements for each case in the list

above are shown.

Fig. 4.12 shows the average sheet resistance values of samples of Group A,
acquired in dark and under light irradiation (Fig. 4.12a and b, respectively). Any
detail regarding the experimental points and the error bars are analogous to those

ones already described.
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Fig. 4.12: Sheet resistance measured for samples prepared with bake in air at 170°C
for 2h, and additional annealing in vacuum condition performed for 10 minutes at
170°C, respectively in a) dark and b) under light irradiation.

A good stability to electric field effect can be noted again, analogously to what was
already reported in the Fig. 4.11. What it is worth to note, instead, is that the
average value of the sheet resistance measured in this case is clearly higher with

respect to that one obtained for samples undergone only to the bake in air (Fig.
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4.11). No significant variations in the thickness of the foils were observed, neither
in those ones measured before and after the vacuum annealing, nor after the bake.
This result should indicate a variation in the conductivity of the paste. Later it will
be investigated if it is correlated to a chemical or structural modification, or rather

to a morphological re-arrangement.

Group B: since, as it was observed previously, no significant modification in Rgn
values are observed when measurements are acquired in different ambient
condition, only the results of the acquisitions made in dark condition will be
reported from now on. Fig. 4.13 shows the sheet resistance obtained for 10
consecutive measurements on three samples prepared with the standard bake and
the additional annealing performed at 170°C for lh in vacuum. This time, our
results display a mean sheet resistance of 0.66 €2/sq with no variation observable in
the thickness of the samples. Therefore, this result indicates that, as in the case of
the samples of group A, a change in the conductivity of the material has occurred,
leading to electrical performances comparable with those ones observed for

samples only undergone to the bake.
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Fig. 4.13: Sheet resistance measured for samples prepared with bake in air at 170°C
for 2h, and additional annealing in vacuum condition performed for 1h at 170°C. 4PP
measurements performed in dark ambient.

Fig. 4.14 shows the sheet resistance acquired for 10 consecutive measurements on
the three samples belonging to Group C, prepared with the standard bake and the
additional annealing performed at 170°C for 2h in vacuum. This time, results
display a mean sheet resistance of 0.40 €/sq. This indicates that a change in the
conductivity of the material has occurred, leading to electrical performances which

are even better than those samples described previously.
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Fig. 4.14: Sheet resistance measured for samples prepared with bake in air at 170°C
for 2h, and additional annealing in vacuum condition performed for 2h at 170°C. 4PP
measurements performed in dark ambient.

In vacuum conditions, it is expected that any contaminant present in the
environment that can eventually affect the conduction mechanism, is suppressed
thus leading to better electrical performances. Moreover, longer duration of the
thermal treatment probably leads to a re-arrangement of the polymer chains with
respect to those samples belonged to the group A, thus approaching the conductive

portions of the paste and decreasing the overall resistance.

However, a longer thermal process, even in vacuum, can lead to a deterioration of
the material. This was observed for samples belonging to the Group D, annealed
for 4h and for which it was not possible to acquire the 4PP measurements. In other
words, long annealing times affect the electrical properties of the material under
investigation, leading to a typical behaviour of an insulator. These results are

reported in the Fig. 4.15:
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Fig. 4.15: Summary chart of the average sheet resistance as a function of the
annealing time in vacuum chamber. Last point in the chart, corresponding to decades
of k()/sq, is an arbitrary value for indicating the insulator-like behaviour of samples
undergone to long vacuum annealing. Red line in the graph represents the mean
value of Rq, acquired for the samples undergone only to the bake in air.

The annealing in vacuum performed at the same temperature with different
duration, have proven that there is a dependence on the thermal budget on the load
of duration. In order to find any other correlation to the thermal budget, we have
also performed similar experiments on samples of group E that were prepared with
an additional annealing in vacuum chamber at 135°C for 10 minutes. The results

given from this last set of samples are reported in the Fig. 4.16

140



Chapter 4: Free-standing, high conductive, dark PEDOT:PSS paste |Valentina Lombardo

0.5

BEEYEERERER

Average Rsh (Ohm/sq)
o
w

0.15¢

[ I I I

0 2 4 6 8 10
# measurement

0.1

Fig. 4.16: Sheet resistance measured by 4PP in dark on samples prepared with bake
in air at 170°C for 2h, and additional annealing in vacuum performed for 10 minutes
at 135°C.

For this last group, the sheet resistance halves that one reported for samples baked
in air, thus reaching an average value of 0.30 €/sq. Since also in this case no
appreciable thickness variations are detected and the final depth of these samples is
again of =30 pm + 1, the final conductivity corresponds to = 1000 S/cm. This was
the best result achieved so far, in terms of electrical performances explicated. This
result indicates that the thermal budget plays a clear role on the polymer paste.
Previous results of Greco and co-workers [40] show the improvement of the
electrical performances when the annealing is performed at lower temperature.
Even if also in Ref. [40] an exhaustive explanation of this result was not provided,
the authors have shown that an additional annealing at 170°C has slightly
decreased the conductivity of their PEDOT:PSS films. In the same manner, the
additional thermal treatment can thus have a beneficial effect when performed at

lower temperature (e.g. 135°C) and can instead affects the properties of the
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material probably because of a thermal degradation when higher temperatures for
long times are used (such as in the case of Group D, 170°C for 4h). All these

results are summarized in the Fig. 4.17:
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Fig. 4.17: Summary chart of the average sheet resistances as function of the annealing
time and temperature in vacuum chamber. Axis of the graph are expressed in semilog
scale. Red line in the graph represents the mean value of Ry, acquired for the samples
undergone only to the bake in air.

For the sake of completeness, it is worth to do some considerations about the

roughness and the chemical and physical uniformity of polymer paste.

The measurements of the vertical conduction of the samples could supply a valid
indication of both the morphology of the polymer foil and also of the chemical and
physical uniformity of the samples. However, as already explained previously in
this section, -V curves acquired on the d-paste have shown that the contact
resistance has a significant contribution in the measurements. Indeed, the calculated

conductivity of the polymer paste, obtained by the sheet resistance through the 4PP
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method, ranges between 1010 and 340 S/cm. This means that the actual resistivity
of the paste is much lower than the contribution of contact resistance given from
the interface between the probes and the sample surface. Since the vertical
conductivity should be performed by the two-points technique, the result would be
affected by the contact resistance, thus underestimating the vertical conductivity of
the paste. From these experimental findings, it is understood that it was not

possible to measure the vertical conductivity through this technique.

However, it is reasonable to think that there should not be any significant variation
between the conductivity measured in plan and the vertical one. This can be stated
since the 4PP measurements performed on both sides of the paste have given the

same values in each group of samples.

Moreover, some other considerations can be made on the paste roughness obtained,
for which a coarse estimate is made by the depth of focus technique. It has been
found that the top surface of the film presents an estimated roughness of about a
few microns, while the rear side of the sample, at the interface with the substrate, is
less than 1 micron. The surface roughness does not affect the electrical analysis
anyway. Indeed, as reported above, the sheet resistance measured on the two sides
of the samples returns the same value. This means that, whatever is the actual value
of the roughness, it is negligible with respect to both the size of the probes and the
overall depth of the samples.

4.7 - Raman Analysis

In order to shade light on the chemical composition of the conductive, dark paste

obtained, Raman analysis on the sample only baked in air at 170°C for 2h was
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performed. Differently to what already discussed in the previous Chapter, since the
sample disk is quite thick (30 pm) and thus endures weakly the detection of the
underlying substrate, in this characterization the d-paste is supported on glass slide
instead of Si. This time, the acquisition is made by 785 nm-laser source. Indeed, it
was observed that, using 532 nm as laser source it was not found any compromise
between the quality of the spectrum obtained and the laser power used, and sample
gets wrecked quickly under the laser spot. Unlike the case already seen in the
Chapter 3, in which a laser source of 633 nm was used, for the polymer paste, poor
quality in the spectrum acquired is obtained with this excitation wavelength, since
signals are embedded and easily mistakable with the background noise. The best
compromise was found using the 785 nm source with a laser power at = 1 mW.
When excited at this wavelength, spectrum shows a relevant fluorescence, which is
then suppressed during the data analysis. The elaborated Raman spectrum is

reported in the Fig. 4.18.
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T g T T T
250 500 750 1000 1250 1500

Raman shift (cm")

Fig. 4.18: Raman spectrum excited at A.x=785 nm and power laser source of = 1 mW
of the d-paste baked in air at 170°C for 2h, supported on glass slide.
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It is possible to note that all signals, both related to the PSS (at =438 cm™) and
PEDOT counterpart are present in the spectrum. Again and as already seen in the
previous Chapter, spectral signals attribution is in agreement with those ones

reported in the literature [41].

Signals related to the PEDOT are identified and listed here below: the asymmetric
C.=Cp stretching between 1563 and 1532 cm’!, while at 1431 cm™! large band is
quite characteristic of the PEDOT and it is associated to the symmetric stretching of
the C,=Cg. Band at 1369 cm! is related to the stretching of the Cg=Cp, while band at
1260 cm is attributed to the inter-ring stretching of the Co,=C, and the region
included between 1080-1160 cm™ hosts the C-O-C deformation. Signals at 989
(which in the Fig. 4.18 is indicated with the double star) and 579 cm™! are due to the
oxyethylene ring breathing while 701 cm™ band is attributed to the C-S-C
deformation. Again, as already mentioned in the Chapter 3, the band appeared at
~433 cm’! (recognizable with symbol * in the Fig. 4.18) is the only signal which can
be attributed to the PSS, since it is related to the SO> bending that can only come
from the sulfonic group of the styrenic chain. Using the same criteria already seen
previously (Chapter 3), we now take in consideration the signal related to the
oxyethylene ring breathing of PEDOT (989 cm™') and the SO bending (433 cm™) of
PSS. The integrated intensity ratio for these two signals is here indicated as /438//og9,
and it returns the value of 1.46. Apparently, this value is even higher than that one
found for the undoped polymer reported previously (estimated to 1.09). However,
these values should not be misleading: the sample presented as reference in the
previous Chapter has a thickness in the order of hundreds of nanometers, while the
paste under investigation is of =30 um. This means that the sample depth, in this

latter case, is more influenced by the bulk composition of the paste. Therefore, the

145



Chapter 4: Free-standing, high conductive, dark PEDOT:PSS paste |Valentina Lombardo

apparent higher amount of PSS does not indicate an actual higher concentration of
this specie with respect to PEDOT, but it is related to a higher quantity of material
sampled and detected by the source. In any case, what is worth to note is that after
the process used for the sample preparation, thus acidification first and water rinsing
after (check section 4.2 in this Chapter), the PSS portion of the original blend is not

removed at all, but its signal is still clearly recognizable.

This result can suggest an important indication about the arrangement and the
interaction of the PEDOT and PSS in water. The insight of the results obtained until

here are thus better addressed in the next section (4.8).

4.8 - Discussion of the Results

It has been seen that the effect of the acid addition to the pristine PEDOT:PSS
aqueous solution leads to the instantaneous formation of dark blue agglomerates
which remain suspended in the aqueous medium [20,25,26]. The formation of this
agglomerates is attributed to the establishment of a new equilibrium in which the
protons released by the acid dissociation are repeatedly exchanged with the free
sulfonic groups along the PSS chains (see section 4.3 of this Chapter) [27]. This
phenomenon leads to a certain shielding effect between the anionic groups of the
styrenic portion and the polarons present on the PEDOT chains [28,29]. The
consequent decrease of the Coulomb interactions between these two species leads to
the separation of one polymer from the other and the separation of both of them
from the surrounding solvent, even for small amounts of acid, as sketched in the

Fig. 4.19.
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Fig. 4.19: Sketch of the re-arrangement between PEDOT and PSS chains following
the addition of H,SOy4 directly to the pristine aqueous solution. Pristine PEDOT:PSS
is represented in the vial on left side, while flask containing small amount of acid in
the polymer blend is depicted on the right. In each round, a schematic representation
of the chains-arrangement is given (yellow lines represent PSS portion, while dark
blue ones indicate the PEDOT chains).

In this phase separation, however, the styrenic portion, which is also more polar
with respect to the PEDOT, is not retained in the aqueous medium, but precipitates
together with its conductive counterpart. This is clearly evident by the Raman
analysis from which the presence of PSS is detected by the typical signal related to
the SO bending at 433 cm™ (section 4.7). If the PSS was completely retained in the
supernatant or removed by the water rinsing, this signal should be less intense or
even absent. However, the presence of the PSS chains should not surprise: with the
addition of H2SO4 and the establishment of the protons exchange equilibrium
mentioned above, the water solubility of PSS decreases. Therefore, two parallel

effects due to the acidification manifest:

- On one hand the solubility of PSS lowers and thus it separates from the polar

solvent;

147



Chapter 4: Free-standing, high conductive, dark PEDOT:PSS paste | Valentina Lombardo

- On the other side, the PEDOT cannot be kept anymore as water dispersion
and thus precipitate. This clue is also given by the fact that the precipitate is
insoluble in any solvent as proved by the solubility test performed (section

4.4).

These considerations justify the presence of both the polymer species in the
precipitate. However, this process must lead toward a re-arrangement of the entire
blend with respect to the pristine one. This assertion is due to the fact that we attend
to a significant increase in the material conductivity which, start from some 2-4
S/cm of the pristine solution (Chapter 2), and achieves =~1000 S/cm as form of dark
paste in the best case here reported (check section 4.6). These results strongly
suggest that the precipitation mechanism, and consequently the paste formation,
leads to agglomerates in which a core made of PSS and PEDOT is surrounded by a
PEDOT-based shell and this structure represents the unit-base of the precipitate (see
scheme in Fig. 4.20).

PEDOT/PSS
core

PEDOT-enriched
shell

Fig. 4.20: Sketch of the hypothetical arrangement and composition of an agglomerate
formed as a consequence of large amount of acid added to the pristine PEDOT:PSS
solution. In the round, a schematized agglomerate formed by a PSS-core and a
PEDOT-enriched shell.
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The global conduction of the paste is given by a sort of percolation path in which
each unit-base is surrounded and interconnected to its neighbours by PEDOT
domains, thus allowing the charge transfer within the material, as schematized in the

picture below (Fig. 4.21).

Fig. 4.21: Sketch of the hypothetical disposition of the agglomerates made of blend of
PEDOT:PSS in the free-standing foil obtained after annealing. Legend of colours:
yellow represents PEDOT/PSS domains, while blue corresponds to the conductive
PEDOT.

The bake allows the removal of the dielectric solvent which otherwise would kill the
charges transport, while a successive annealing in vacuum conditions leads to a
further improvement of the global conductivity, probably caused by a more efficient
solvent removal and the consecutive approaching of the conductive portions.
However, as already discussed in the section 4.6 of this Chapter, this delicate

mechanism is directed by a fine balance related to the thermal budget supplied. The
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best performances are guaranteed by lower temperature (135°C) and short annealing

time (10 minutes).

4.9 - Conclusions

In this Chapter, it was described a low cost and fast method to obtain a free-
standing, flexible, thick and conductive polymer foil from a mouldable paste. The
procedure is based on the phase separation of PEDOT from PSS, induced by
acidification of the solution until its complete saturation. The method is as easy as
writing by an ink-pen. The samples have been electrically characterized by four-
point probe measurements. The results have shown a sheet resistance ranging
between 0.90 and 0.30 Ohm/sq, depending on the thermal treatment. These values
correspond to conductivities within 370 and 1000 S/cm. The chemical
characterization has been carried through Raman analysis. The interpretation of all
the results has led to imagine the material as an arrangement of agglomerates
constituted of both PEDOT and PSS species. These results have demonstrated that
the synthesized material can be considered competitive and a good alternative to the
standard metallic contacts thanks to its flexibility and good electrical performances.
Moreover, the preparation method can be easily scalable by techniques such as
screen printing, doctor blade, inkjet printing and roll-to-roll techniques, which
typically lend themselves to be used for highly viscous solutions and paste.
Therefore, in future perspectives, it is worth to image our d-paste as a competitive
alternative with other organic conductive materials and also as a valid alternative to

the common and more expensive metallic contacts.

150



[1]

[2]

[3]

[6]

Chapter 4: Free-standing, high conductive, dark PEDOT:PSS paste |Valentina Lombardo

4.10 — Bibliography

B. Anothumakkool, R. Soni, S.N. Bhange, S. Kurungot, Environmental Science
Novel scalable synthesis of highly conducting and robust PEDOT paper for a high
performance fl exible solid supercapacitor f, Energy Environ. Sci. 8 (2015) 1339—
1347. doi:10.1039/C5SEE00142K.

K.L. Bhowmik, K. Deb, A. Bera, R.K. Nath, B. Saha, Charge Transport through
Polyaniline Incorporated Electrically Conducting Functional Paper, (2016).
doi:10.1021/acs.jpcc.5b08650.

Y. Du, K. Cai, S. Chen, H. Wang, S.Z. Shen, R. Donelson, T. Lin, Thermoelectric
Fabrics : Toward Power Generating Clothing, (2015) 1-6. doi:10.1038/srep06411.

H. Farrokhzad, T. Van Gerven, B. Van Der Bruggen, Preparation and
characterization of a conductive polyaniline / polysulfone film and evaluation of the
effect of co-solvent, FEur. Polym. J. 49 (2013) 3234-3243.
doi:10.1016/j.eurpolymj.2013.06.027.

M. Kyotani, S. Matsushita, M. Goh, T. Nagai, K. Akagi, Entanglement-free fibrils
of aligned polyacetylene films that produce single nanofibers, (2010).
doi:10.1039/b9nr00254e.

H.P. De Oliveira, S.A. Sydlik, T.M. Swager, Supercapacitors from Free-Standing
Polypyrrole/Graphene Nanocomposites, (2013). doi:10.1021/jp400344u.

V.A. Online, G. Qi, Z. Wu, H. Wang, Journal of Materials Chemistry C, (2013)
7102-7110. doi:10.1039/c3tc31340a.

C.H. Park, SK. Jang, F.S. Kim, Applied Surface Science Conductivity
enhancement of surface-polymerized polyaniline films via control of processing

conditions, Appl. Surf. Sci. 429 (2018) 121-127. doi:10.1016/j.apsusc.2017.09.031.

D. Taylor, F.S. Gittleson, D.J. Kohn, X. Li, Improving the Assembly Speed ,

151



[13]

[14]

[15]

[16]

[17]

Chapter 4: Free-standing, high conductive, dark PEDOT:PSS paste |Valentina Lombardo

Quality , and Tunability of Thin Conductive Multilayers, (2012) 3703-3711.
doi:10.1021/nn204384f.

D. Alemu, H.-Y. Wei, K.-C. Ho, C.-W. Chu, Highly conductive PEDOT:PSS
electrode by simple film treatment with methanol for ITO-free polymer solar cells,

Energy Environ. Sci. 5 (2012) 9662. doi:10.1039/c2ee22595f.

L. He, C. Jiang, H. Wang, H. Lei, D. Lai, Rusli, 11.3% efficient planar Si-PEDOT:
PSS hybrid solar cell with a thin interfacial oxide, Conf. Rec. IEEE Photovolt.
Spec. Conf. (2012) 2785-2787. doi:10.1109/PVSC.2012.6318170.

Y.-S. Hsiao, W.-T. Whang, C.-P. Chen, Y.-C. Chen, High-Conductivity Poly(3,4-
ethylenedioxythiophene):Poly(styrene sulfonate) Film For Use In ITO-Free
Polymer Solar Cells, J. Mater. Chem. 18 (2008) 5948-5955. doi:10.1039/b813079%e.

S. Jackle, M. Liebhaber, C. Gersmann, M. Mews, K. Jager, S. Christiansen, K.
Lips, Potential of PEDOT:PSS as a hole selective front contact for silicon
heterojunction solar cells, Sci. Rep. 7 (2017). doi:10.1038/s41598-017-01946-3.

Q. Jiang, C. Liu, H. Song, J. Xu, D. Mo, H. Shi, Z. Wang, Free-standing PEDOT :
PSS Film as Electrode for the Electrodeposition of Bismuth Telluride and Its
Thermoelectric Performance, 9 (2014) 7540-7551.

B.J. Kim, S.H. Han, J.S. Park, Sheet resistance, transmittance, and chromatic
property of CNTs coated with PEDOT:PSS films for transparent electrodes of
touch  screen panels, Thin Solid Films. 572 (2014) 68-72.
doi:10.1016/j.tsf.2014.08.015.

W. Meng, R. Ge, Z. Li, J. Tong, T. Liu, Q. Zhao, S. Xiong, F. Jiang, L. Mao, Y.
Zhou, Conductivity Enhancement of PEDOT:PSS Films via Phosphoric Acid
Treatment for Flexible All-Plastic Solar Cells, ACS Appl. Mater. Interfaces. 7
(2015) 14089-14094. doi:10.1021/acsami.5b03309.

K.T. Park, H.J. Kim, M.J. Park, J.H. Jeong, J. Lee, D.G. Choi, J.H. Lee, J.H. Choi,
13.2% efficiency Si nanowire/PEDOT:PSS hybrid solar cell using a transfer-

152



[21]

[22]

[23]

[24]

[25]

Chapter 4: Free-standing, high conductive, dark PEDOT:PSS paste |Valentina Lombardo

imprinted Au mesh electrode, Sci. Rep. 5 (2015) 1-9. doi:10.1038/srep12093.

H. Wang, J. Wang, L. Hong, Y.H. Tan, C.S. Tan, Rusli, Thin Film Silicon
Nanowire/PEDOT:PSS Hybrid Solar Cells with Surface Treatment, Nanoscale Res.
Lett. 11 (2016) 311. doi:10.1186/s11671-016-1527-1.

M. Bansal, M. Sharma, C. Bullen, D. Svirskis, Materials Science & Engineering C
Free standing PEDOT fi Ims prepared by vapour phase polymerisation as
electrically tuneable barriers to drug permeability, Mater. Sci. Eng. C. 84 (2018)
248-253. doi:10.1016/j.msec.2017.12.002.

Z.Li, G. Ma, R. Ge, F. Qin, X. Dong, W. Meng, T. Liu, J. Tong, F. Jiang, Y. Zhou,
K. Li, X. Min, K. Huo, Y. Zhou, Zuschriften Energy Conversion Hot Paper Free-
Standing Conducting Polymer Films for High-Performance Energy Devices

Zuschriften Angewandte, (2016) 991-994. doi:10.1002/ange.201509033.

Y. Liu, B. Weng, J.M. Razal, Q. Xu, C. Zhao, Y. Hou, High-Performance Flexible
All- Solid-State Supercapacitor from Large Free-Standing Graphene- PEDOT / PSS
Films, Nat. Publ. Gr. (2015) 1-11. doi:10.1038/srep17045.

S. Matter, F. Greco, A. Zucca, S. Taccola, A. Menciassi, T. Fujie, H. Haniuda, S.
Takeoka, V. Mattoli, Soft Matter, (2011) 10642—-10650. doi:10.1039/c1sm06174g.

H. Song, C. Liu, H. Zhu, F. Kong, B. Lu, J. Xu, J. Wang, F. Zhao, Improved
Thermoelectric Performance of Free-Standing PEDOT : PSS / Bi 2 Te 3 Films with
Low Thermal Conductivity, 42 (2013) 1268-1274. do0i:10.1007/s11664-013-2587-
y.

M.J. Kye, J. Cho, J.C. Yu, Y.W. Chang, J. Han, E. Lee, H.S. Lim, J.A. Lim, “Drop-
on-textile” patternable aqueous PEDOT composite ink providing highly stretchable

and wash-resistant electrodes for electronic textiles, Dye. Pigment. 155 (2018) 150—

158. doi:10.1016/j.dyepig.2018.03.024.

V. Lombardo, S. Di Franco, A. La Magna, A. Terrasi, R.A. Puglisi, Conductive free
standing polymer paste synthesized by acid induced phase separation, (n.d.) 1-5.

153



[30]

[31]

[32]

[33]

[34]

Chapter 4: Free-standing, high conductive, dark PEDOT:PSS paste |Valentina Lombardo

V. Lombardo, L.D. Urso, G. Mannino, S. Scalese, Transparent conductive

polymers obtained by in-solution doping of PEDOT : PSS, (n.d.).

Y. Xia, K. Sun, J. Ouyang, Solution-processed metallic conducting polymer films
as transparent electrode of optoelectronic devices, Adv. Mater. 24 (2012) 2436—
2440. doi:10.1002/adma.201104795.

W. Zhang, B. Zhao, Z. He, X. Zhao, H. Wang, S. Yang, H. Wu, Y. Cao, High-
efficiency ITO-free polymer solar cells wusing highly conductive
PEDOT:PSS/surfactant bilayer transparent anodes, Energy Environ. Sci. 6 (2013)
1956-1964. doi:10.1039/c3ee41077c.

Y. Xia, H. Zhang, J. Ouyang, Highly conductive PEDOT : PSS films prepared
through a treatment with zwitterions and their application in polymer photovoltaic

cells, (2010) 9740-9747. doi:10.1039/c0jm01593h.

Christian Reichardt, Solvents and Solvent Effects in Organic Chemistry , Wiley-
VCH Publishers, 3rd ed., 2003, (2003) 2003.

J. Ouyang, Q. Xu, C.W. Chu, Y. Yang, G. Li, J. Shinar, On the mechanism of
conductivity enhancement in poly(3,4- -ethylenedioxythiophene):poly(styrene
sulfonate) film through solvent treatment, Polymer (Guildf). 45 (2004) 8443-8450.
doi:10.1016/j.polymer.2004.10.001.

U. Lang, E. Muller, N. Naujoks, J. Dual, Microscopical investigations of
PEDOT:PSS thin films, Adv. Funct. Mater. 19 (2009) 1215-1220.
doi:10.1002/adfm.200801258.

L. Ouyang, C. Musumeci, M.J. Jafari, T. Ederth, O. Inganis, Imaging the Phase
Separation between PEDOT and Polyelectrolytes during Processing of Highly
Conductive PEDOT:PSS Films, ACS Appl. Mater. Interfaces. 7 (2015) 19764—
19773. doi:10.1021/acsami.5b05439.

J. Ouyang, Solution-processed pedot:pss films with conductivities as indium tin

oxide through a treatment with mild and weak organic acids, ACS Appl. Mater.

154



[39]

[40]

[41]

Chapter 4: Free-standing, high conductive, dark PEDOT:PSS paste |Valentina Lombardo

Interfaces. 5 (2013) 13082-13088. doi:10.1021/am404113n.

J. Ouyang, “secondary doping” methods to significantly enhance the conductivity
of PEDOT:PSS for its application as transparent electrode of optoelectronic
devices, Displays. 34 (2013) 423-436. doi:10.1016/j.displa.2013.08.007.

F. Jonas, POLYMERS, 39 (1994) 1345-1347.

F. Jonas, Z.F. Uerdingen, B. Ag, W. Krafft, A. Ag, 100, 169-173 (1995), 173
(1995) 169-173.

B.Y. Palladium, O.R. Nickel, Elsevier Sequoia S.A., Lausanne - Printed in The
Netherlands, J. Organomet. Chem. 5 (1979) 121 — 145. doi:10.1016/0022-
5088(68)90136-7.

J. Suérez-Vargas, M. Calderon, W. Bramer-Escamilla, S. Bricefio, I. Sanchez, P.
Bolafio, C. Caputo, Electrical Characterization and Electrogenic Cell Stimulation
Using a Conductive Polymer Composite Based on Pedot:Pss/Pva/Eg., Caracter.
Eléctrica Y Estimul. Células Electrogénicas Usando El Polimero Conduct. Pedot
Comb. Con PedotPss/Pva/Eg. 35 (2015) 70-717.
http://search.ebscohost.com/login.aspx ?direct=true&db=a9h& AN=99220797 &lang

=es&site=chost-live.

F. Greco, A. Zucca, S. Taccola, A. Menciassi, T. Fujie, H. Haniuda, S. Takeoka, P.
Dario, V. Mattoli, Ultra-thin conductive free-standing PEDOT/PSS nanofilms, Soft
Matter. 7 (2011) 10642—10650. doi:10.1039/c1sm06174g.

A.A. Farah, S.A. Rutledge, A. Schaarschmidt, R. Lai, J.P. Freedman, A.S. Helmy,
Conductivity enhancement of poly(3,4-ethylenedioxythiophene)- poly(styrenes
ulfonate) films post-spincasting, J. Appl. Phys. 112 (2012). doi:10.1063/1.4768265

155






Chapter 5: Block copolymer self-assembly with novel solvents |Valentina Lombardo

Chapter 5

Block copolymer self-assembly
with novel solvents

Hitherto, it has been reported a systematic study concerning PEDOT:PSS and its
chemical doping through sulfuric acid. This material and its perspective uses are
not restricted to a specific technological field, but it can find a wide range of
possible applications in the electronics. One of these, e.g. photovoltaics, can
involve the doped PEDOT:PSS in the formation of heterojunction interfaces
between it and nanostructured silicon surface. As an example of possible
application of the developed conductive polymers, it has been studied a synthesis
protocol to fabricate quasi-1D nanostructures. In this Chapter, it is presented a
block copolymer self-assembly strategy by using novel deposition solvents as
alternative to toluene, classically used in this process. An opportune selection
made on different chemicals has led the choice on ethyl acetate and
tetrahydrofuran. In these following sections, an accurate study carried by SEM
analysis and images elaboration run with ImageJ program has led to promising
results achieved for those polymer solutions deposited from ethyl acetate, in terms
of uniformity of geometrical features, ordered areas extension and homogeneity of
the pattern obtained. The following discussion thus presents ethyl acetate as a good
and efficient alternative to the toluene.

5.1 — Introduction

In the last decades, the fabrication of nanostructures on metals and semiconductor

have represented one of the most important aim achieved in the technology. The
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surface engineering has led to the employment of new concepts, such as photonic,
which requires surface template with geometrical features in the micro or nano
scale. The realization of surface nanostructures can be made through two different
approaches, i.e. top-down and bottom-up methods. Among these latter, there is a
plethora of techniques allowing for the construction of nanostructures embedded
into the substrates, usually identified with the term of holes or pores. Depending on
the technique used for this purpose and the intended use of the pattern realized, the
system obtained can size in different ranges of dimensions, spacing from hundreds

of micrometres to few nanometres.

Block copolymer (BCP) lithography is one of the most promising and interesting
for the realization of nanoholes, NHs. It is based on the self-assembly (SA) of di-
or tri-block copolymers which generate a microphase separation toward well-
defined and self-organized motifs. This phenomenon occurs when a suitable
thermal budget is supplied to the entire system, thus promoting the chain motions
for microdomains formation. The exposition to UV light and the successive
development in a suitable chemical lead to porous template which acts as a soft
shadow mask for dry etching. This latter transfers the template realized to the
underlying substrate, usually SiO/Si, through a series of dry etching based on
Bosch process [1]. With this procedure, a specific hexagonal array of silicon
nanoholes with diameter of =~20-30 nm and aspect ratio ~1, are obtained [2]. The
success reached by this technique in the last ten years is mainly due to its features,
since it praises easiness, low cost, and suitability for the semiconductor industry
[1,3]. Moreover, the appealing of this method is due to the ability of overcoming
the resolution limitations of the common lithographic techniques [4]. The most
used BCP-SA exploits binary species, i.e. co-polymers made with two different

linear blocks, covalently bonded to each other. Whether enough mobility is
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provided to both these species, e.g. suppling a suitable thermal budget, and if these
two blocks manifest such a chemical incompatibility, they exhibit a de-mixing
tendency. This causes a microphase separation with the appearance of domains

entirely made by only one polymer block.

The driving force of the BCP SA is the minimization of the surface free energy of
block copolymers [5-7]. In a BCP thin film, the total free energy F can be
expressed by a phenomenological description [8-9], which can be written in the

following way:
F = Fuix + Finterface + Felast

In the equation above, Fumix represents the interaction term within polymer blocks
and described by the Flory—Huggins parameter that, in its turn, can be expressed as
a function of the polymerization degree and block length ratio. Finterface determines
the surface wetting forces in polymer/substrate interface and affects the orientation
of the homopolymer microphase. Finally, Fel.st describes the elastic free energy of
the stretched polymer chains including their conformation [8,9]. A more detailed
discussion about the first two terms of the equation above is faced up in the next

sections.

5.1.1 — Blocks Compatibility and Flory-Huggins
Parameter

The microphase separation occurs when the entire BCP system has enough
mobility for allowing intra- and inter-chain motions. In other words, for trigging
the de-mixing of polymer species, A and B, the entire system has to be in its

molten state. This means that the microphase separation occurs when glass
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transition temperatures of both polymer blocks are overcome, thus allowing the
migration of A and B chains in their respective domains. However, the de-mixing
process occurs only if a poor chemical affinity exists between the polymeric
blocks. The tendency to a separation phase is estimated through the Flory-Higgins

parameter [10]. It is given by the following expression:

= ()l 5o
A48 = T8 ™ 20y + £22)

which describes the free-energy cost for each monomer. In this definition, T and kg
are the system’s temperature and Boltzmann’s constant respectively, Z is the
number of the monomers nearest to the copolymer cell configuration, while €ap is
the interaction energy between A and B monomers. When yas is positive, there is a
strong repulsion between A and B species while, if negative, it indicates a strong
driving force leading to the mixing. Apart the consideration made so far, when
polymers are in their molten state, the elastic chain forces due to covalent bonds
have to be taken in regard the microphase separation. Indeed, the polymer chain
tends to assume an extended configuration for minimizing the unfavourable
interactions between A and B. This mechanism generates a strength of “entropy
restoring” that leads the polymer toward a random coil configuration, thus causing
the effective separation between A and B blocks. The formation and growth of
these phases can be controlled by two parameters: (1) the polymerization total
grade, N, i.e. the total number of monomers into a macromolecule and (2) the
polymer fraction fa=Na/N, where Na is the number of monomers A per each
macromolecule. When fa=fg=1/2, the two blocks are perfectly symmetric, and both

A and B blocks organize in alternating lamella-like configuration. Differently, in
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the case of a linear AB copolymer with fa >1/2, cylindrical microdomains of B are
formed into a matrix of A. This is usually obtained in the case of the PS:PMMA
(70:30) block copolymer that is commonly used for the BCP-SA [3]. The highest
order achievable with this polymer is a repetitive hexagonal pattern in which the
fundamental unit is represented by 6+1 cylindrical domains, oriented vertically to
the substrate and arranged along the six vertexes of a regular hexagon and the
seventh in its centre. Whether the PMMA fraction is in 0.3-0.5 range, it would be
possible to observe the formation of microdomains with different shapes, such as

the gyroidal or the lamellar-porous mixed configuration.

Once established the chain composition of the block copolymer, the geometrical
features are influenced by the molecular weight of the BCP. General tendency is
that the higher the weight of polymer specie, the bigger the geometrical size in the
pattern obtained. Aside the copolymer chemical composition, many other

parameters can influence the self-assembly process.

5.1.2 — Substrate Interaction and Influence of the Film
Thickness

Hitherto, it has been seen that BCP-SA and the final pattern obtained are ruled by
the chemical composition, the relative blocks fraction and the length (i.e. molecular
weight) of the macromolecules used. These three characteristics are the most
relevant in the bulk configuration. Nevertheless, when applied in thin films, two
further features play a role in the SA mechanism, such as the interaction between
the block copolymer and the underlying substrate, the BCP film thickness, as well

as time and temperature of the annealing. By properly changing these parameters,
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different pattern can be realized, such as lamellas-like motif or cylindrical

hexagonal domains.

Lamellas are easily obtained when BCP film thickness are >40 nm [11]. As an
example, when PS-b-PMMA 70:30 is spun onto silicon oxide, it tends to form a
sort of labyrinth of lamellas in which each polymer portion alternate parallelly to
the substrate. Thin BCP films tend instead to create some micro domains in which
lamellas arrange in random microdomains, surrounded by a phase in which no

pattern or order can be observed.

Differently to the lamellar pattern, obtained by direct BCP deposition on the
substrate and finely tuned by layer thickness, the cylindrical configuration requires
further process steps. Indeed, the hexagonal pattern in which PMMA cylinders are
vertically aligned to the substrate and surrounded by a matrix of PS, can be
obtained only by a preliminary neutralization step of the underlying substrate. This
is required since the pattern formation is highly influenced by the wettability
between polymers and surface, i.e. Finterface term. In fact, whether one of the two
blocks has a better chemical affinity with the surface, it tends to preferably interact
with the substrate, leading to alternating, parallel lamellas [12]. For realizing the
cylindrical configuration, a random copolymer (RCP) film, having the same
chemical composition of the BCP used for SA, has to be preliminary deposited
onto the substrate. This process step is called “neutralization” and minimizes the
effect due to the surface interaction by excluding the free energy contribution of the
polymer/substrate interface. Mansky et al. [13] have reported that the surface
neutralization is obtained by depositing an OH-ended PS-random-PMMA
synthesized through radical living polymerization from by (2,2,6,6-
Tetramethylpiperidin-1-yl) oxyl, TEMPO. The hydroxyl group is needed for
grafting random PS-PMMA polymer to an OH- terminated silicon oxide substrate.
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Weak interactions, i.e. hydrogen bonds, between random copolymer and substrate
leaves a thin layer of buffer film which thus isolates the following block copolymer
film. This suppress the influence due to the silicon oxide and allows the correct

orientation to the vertical cylindrical pattern of PMMA into the styrenic matrix.

The PS content in the random copolymer has also a certain influence on the
arrangement obtained on the PS-b-PMMA deposited on it. Indeed, when the
styrenic fraction in the random copolymer chains is less than 48%, the
microdomains obtained in the overlying layer are parallel to the substrate, similarly
to a lamellar configuration. Instead, when the buffer film is deposited from a
random co-polymer which contains at least 64% of PS, microdomains
spontaneously orients vertically to the substrate, thus creating the PMMA cylinders
embedded in the PS matrix [8,13]. Recently, Braessat at al. [9] have demonstrated
that the surface neutralization step can be skipped if the silicon oxide substrate is

replaced by titanium dioxide or gold, thus modifying the surface polarity.

Whatever the substrate used, once that interfacial tension between the two polymer
blocks and the surface has been compromised, the hexagonal template can be
influenced by the film thickness, . When block copolymer used has a composition
70:30 PS:PMMA, with average pores diameter of 18 nm and centre-centre distance
of 36 nm, there is only a window of BCP film thickness, between 18 and 42 nm, in
which the regular hexagonal pattern formation is observed. Instead, out of this
range, too thin films lead to a broad distribution in terms of dimensions and
average distance, thus returning a pattern with poor order. Vice versa, too thick
films, form holes with elongated 2D shape and the system tends to the lamella-like
configuration, at most [14]. This discussion is efficiently summarized in the Fig.

5.1.
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Fig. 5.1: Ellipsometric film thickness as a function of the deposition spin speed and
different concentration solutions of PS-PMMA di-block copolymer (Mn 567 000
g/mol) diluted in toluene (percent by weight). Shaded regions indicate where film is
too thin or too thick to achieve proper ordering of the polymer block domains. SEM
images superimposed on the graph show representative film morphologies (after
exposure and development) for the different film thicknesses. Image reprinted from
Ref. [12].

5.1.3 — Influence of Annealing and Solvent Evaporation
on BCP

Thermal treatment of the BCP layer is the fundamental stride to allow for BCP-
SA, since it supplies enough energy for promoting the chain motions and the
microphase separation. This concept requires that both blocks have to be in their
molten state, i.e. over their glass transition temperatures. Then, the effective
annealing conditions, in terms of temperature and duration, can influence the BCP

pattern. As an example, when the annealing is performed at 160°C, the order of
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pattern and film uniformity tend to improve with increasing the duration of the

thermal treatment [12], as reported in Fig. 5.2.

Fig. 5.2: SEM micrographs of exposed and developed PS template for different
annealing times. Each sample was annealed undisturbed at 160 °C in vacuum for
total time of a) 3.5 h, b) 6 h, ¢) 15 h, and d) 34 h. Lower images have been filtered to
enhance edges. Image reprinted from Ref. [12].

When the annealing is performed at a fixed time, a template with a superior order
is obtained with at 180°C instead 160°C [14]. This result is due to a higher
mobility of the co-polymer chains achieved at higher temperature, which drives the
pattern toward the most stable configuration. Nevertheless, this tendency has not a
linear trend-dependence on the temperature. In fact, annealing performed at 200°C
leads abruptly to a less ordered array than the expected one, suggesting that 180°C
is the limit temperature for achieving the highest packaging and ordered template

before a thermal degradation of the polymers.
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Aside the specific influence given by the annealing conditions, some authors have
also found that the vertical orientation of the cylinders can be also controlled by an
external field force, such as that one supplied by the solvent evaporation [15]. In-
solution copolymers are in a swollen state in which the solvent mediates the non-
favourable interactions between the two blocks in the co-polymeric chain. When
BCP solution is spun on a substrate, solvent starts to evaporate from the free
surface of the polymeric layer and the mediation of non-favourable interactions
between the two blocks in the chain does not occur anymore, thus causing the
phase separation. This process results in the exclusion of one polymeric block from
the other, forming domains of the minor quantity polymer into a matrix of the
major one. In this specific case, the gradual solvent evaporation is the driving force
which gradually transfers the free surface order to the entire depth of the polymeric

film.

5.2 — Motivations

The parameters which influence the formation of nanopatterns from the block
copolymer self-assembly are manifold. Apart the characteristic features of both
random and block copolymers used, such as molecular weight and composition,
film thickness and heating conditions also can play a crucial role. Hitherto, it has
been seen that the optimization of these control-parameters leads to the formation
of patterns, specific features. Many works in literature aimed for the obtainment of
long-range ordered pattern by changing the polymer composition, substrates and
annealing conditions [11,16—18]. Differently, the purpose of this work is related to
the effects of the solvent substitution. As it was previously mentioned, the various

steps which leads to the SA mechanism involve a routine of spin coating deposition
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of RCP and BCP solutions and thermal treatments. Hitherto, toluene is the only
solvent used for performing BCP lithography with PS-b-PMMA and it leads to
excellent results, in terms of order and geometrical features. Indeed, its chemical
and physical features well fit with both random and block PS-PMMA copolymers,
such as its volatility and the effective solvent-power of both polymer species.
Nevertheless, some of its intrinsic characteristics do not match with the increasing
tendency of many electronic industries to use chemicals with limited toxicity, low
health/environmental risk and reduced hazard due to chemical wastes. Indeed,
toluene is catalogued as mutagen and cannot satisfy eco-friendly requirements, thus
limiting an industrial cost-effective scale-up of the BCP lithography. Moreover, the
high hygroscopicity of toluene needs to adopt some specific precautions for not
affecting the results.

In order to meet the new industrial protocols and overcome these technological
issues and increase the knowledge about the kinetics and the mechanism which rule
BCP-SA, the aim of this work was the replacement of the toluene with some novel
chemicals. Some preliminary results were already reported in previous work, where
acetone was used as alternative to toluene for depositing BCP films, showing the
real possibility to obtain the BCP ordering with solvents different from toluene [1].
Moreover, the self-assembling kinetics with novel chemicals are not presently
known in literature Criteria for choosing the substitutional solvents were based on
the relative eco/operator-compatibility, industrial protocols affinity and appropriate
physical characteristics, such as volatility, polarity and hygroscopicity. Based on
these requirements, the survey has led the choice to ethyl acetate (Et. Ac.) and
tetrahydrofuran (THF). The long-term aim is the entire replacement of the toluene
in all steps of BCP-SA procedure, thus producing both the initial RCP solution and
BCP one. Nevertheless, seen the complexity of the whole process, a step-by-step

strategy was planned. For this reason, , the work is focused on the solubilization of
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PS-b-PMMA in ethyl acetate and THF and its effects on the BCP self-assembling
mechanisms, while RCP deposition was carried out from toluene in each case.
Therefore, for the first time a systematic study on the BCP-SA realized with novel
solvents as alternative to toluene was run. The scope of this work was to identify
the kinetics aspects due to the evaporation of the deposition solvents and their
characteristics on the BCP pattern formation. The effects due to the new solvents
were investigated also as a function of the different BCP film thickness. A detailed
description of the procedure adopted is discussed, while the characterization of the
BCP films were carried through scanning electron microscopy. Images and data
elaboration about the geometrical features of the templates obtained were acquired
by Scanning electron Microscopy (SEM) and analysed by suitable software and
protocols set up to appropriately convert the grey scale microscopy images to black
and white ones. Our results have shown the real possibility to replace toluene with
other solvents. In particular, ethyl acetate gave very promising results in term of
homogeneity of the pattern obtained and extension of the ordered area. This paves
the way for further investigation, giving new clues and ideas for future research in

the BCP-SA field, as well as opening the way to a real industrial exploitation.

5.3 — Sample Preparation

BCP patterns were obtained by di-block copolymer PS-b-PMMA, M;=67 kg/mol
with PS fraction of 70% and polydispersity of 1.1, while random copolymer PS-r-
PMMA, OH-terminated, with a PS fraction 62% and M;=5.3 kg/mol was used for
substrate neutralization. Both polymers were purchased as powders from Polymer
Source Inc. Solutions with about 1% wt. concentration were prepared by dissolving

polymer powders in the investigated solvents. For the purpose of this work, four
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months-aged toluene, ethyl acetate and tetrahydrofuran (Sigma Aldrich),
respectively, were used. Each dispersion was kept under a gentle stirring at room
temperature for about 24h before use. This strategy ensures the perfect dissolution
and homogenization of the solutions prepared. Substrates used for preparing
copolymer films were square c-Si <100> samples of 1 cm side covered with a
stoichiometric oxide of 20 nm, grown by rapid thermal annealing. Before use,
silicon supports were cleaned by sonication in acetone, isopropyl alcohol and
deionized water for 5 minutes each and finally dried under nitrogen flow. Random
copolymer solution with a concentration of 1.5% wt. in toluene was kept under
gentle stirring for 30 minutes before each deposition and then spun onto SiO»
substrates for 60 seconds, obtaining polymer film thickness of about hundred
nanometres, measured by ellipsometry. Films were thermally treated in vacuum
chamber (0.01 mbar) at 140°C for 48h. During this annealing step, a complete
removal of the solvent and the establishment of weak interaction forces between
OH-terminated RCP and the Si10O2 substrate occur. At the end of this step, a grafted
layer of PS-r-PMMA layer adheres to the SiO.. The excess of the unreacted
polymer is removed by immersing samples into pure toluene and left under a gentle
stirring for 30 minutes and finally dried under nitrogen flow. This process leaves a
very thin film of =3-4 nm of grafted random copolymer [19,20]. BCP solutions
were thus deposited by 60 seconds spin coating on neutralized surfaces. Three
solutions were prepared by dissolving PS-b-PMMA in four-months aged toluene,
used ad reference, ethyl acetate (Et. Ac.), and tethrahydronfuran (THF), and
keeping them under stirring for 30 minutes at room temperature before each
deposition. Solution concentrations were around 1% wt. and carefully chosen in
each case according to calibration curves previously obtained by ellipsometer film
thickness measurements. Samples were prepared by depositing toluene, Ac. Et.

And THF solutions through spin coating at different speeds, obtaining a final
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thickness 27-29, 30-32 and 34-35 nm respectively. Samples were finally annealed
in vacuum chamber (0.01 mbar as regime pressure), at 180°C for 2h. During this
thermal treatment, self-assembly between the styrenic and acrylic part occurs,
pushed by both the solvent evaporation and the thermal budget which supplies the
needed force for generating the segregation phase. In order to allow this process,
polymer chains require high mobility into the film for achieving reptation modes
motion. For this reason, the BCP annealing temperature, 180°C, is chosen for
overcoming the glass transition temperature (Tg) of both polymer blocks i.e. 95°C
of polystyrene and 105°C for polymethylacrylate, thus ensuring the chains motion
and avoiding at the same time the thermal degradation of both PS and PMMA.
After thermal treatment, samples are exposed to UV-lamp with source 254 nm for
20 minutes for allowing the reticulation of PS chains and light-degradation of the
acrylate ones. Samples are developed by rinsing in a degassed glacial acetic acid,
for removing the degraded PMMA parts, leaving a styrenic cross-liked network,

which was finally washed in deionized water and dried under nitrogen flow.

5.4 — Results and Discussion

As seen previously, since the self-assembly of block copolymers is influenced by
different parameters, including the thickness films described hereinafter were
prepared with three different thicknesses of the PS-b-PMMA layer, 29-27, 32-30
and 34-35 nm respectively. Characterizations were prevalently based on SEM
analysis. For a wider vision of the results obtained, SEM images with different
magnification will be supplied in the next sections. Finally, results obtained with
the new solvents used will be compared by a statistical survey of the features

obtained.
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5.4.1 — Effects Due to Thickness and Solvent

The aim of this study was to verify if a solvent, different from toluene, can allow
the self-assembly of block polymer. BCP films obtained by the standard polymer
solution in aged-toluene were used as reference. Fig. 5.3 shows in-plane SEM
images for samples deposited from toluene solution and with three different
thickness, 35, 32 and 29 nm (+ 1 nm) in Fig. 5.3a, b and c respectively. SEM
Images show that for higher film thicknesses, two phases coexist in the same film,
one identified as lamellar and the second in which nanopores are formed. Fig. 5.3a
shows that lamella do not follow a preferential orientation into the film and the
space between one of this and its neighbours is quite constant, estimating the
centre-centre lamellas distance to be around 42 + 2 nm. Vice versa, in those areas
in which pores are the main features, neither a regular shape nor a defined size are
observed. Some small pores, with circular shape and diameters ranging between 10
and 20 nm can be observed, but in the case of bigger species, ellipse-like shapes are
sometimes distinguished with size of about 40 and 20 nm, depending on the axis
measured. These elliptical pores are usually obtained by the collapse of two or
more near pores. In this case, edge-edge distance is hard to be established because
of the non-well defined form of the pores. Some of these considerations can be
applied for sample reported in Fig. 5.3b. Again, both lamellas and pores can be
distinguished, but the area occupied by the first ones slightly decreases in favour of
the seconds. In some regions, lamellas vanish turning to circle-like shape,
achieving undefined silhouettes. In Fig. 5.3c, finally, no lamellas are still present

on the sample surface, which this time shows only pores.
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Fig. 5.3: In plane SEM images acquired on BCP samples prepared from the same PS-
b-PMMA toluene solution. Three samples reported in the picture have a thickness of
a) 35, b) 32 and c) 29 nm, respectively.
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Once again, these do not have regular feature in size and shape and regular
domains with a hexagonal pore-packaging are observed only occasionally. As
expected, the film thickness clearly influences the pattern obtained. According to
the literature [19.20], for higher film thickness, lamellas-like pattern prevail on
other shape, while pores are the preponderant specie in the case of thinner films. In
Fig. 5.3a and b, these pattern both coexist, probably because of a borderline region
of film depth in which a real distinction of the two species obtained cannot be
observed [18]. The pores obtained on the 29 nm-thick sample do not represent an
optimal condition since the ordered pattern is not achieved anyway. Indeed, the
window thickness in which films are formed is very narrow and do not allow the
achievement of the right condition for establishing the hexagonal pattern formation.
The same routine discussed so far was replicated for three different film thickness,
again 35, 32 and 29 nm each (error bar = 1 nm), obtained from a solution of PS-b-
PMMA in ethyl acetate. The SEM analysis results are shown in Fig. 5.4. Very
similarly to the toluene case, the films obtained from ethyl acetate show the
coexistence of both lamellas and pores arrangement for thickness of 35 and 32 nm,
while the thinnest film, i.e. 29 nm, shows only the pore-like features. In this latter,
both phases appear to have more regular shape and repetitiveness as well as 35 nm-
thick film shows some areas with highly ordered pores pattern, regular shape and
diameter, defined edge-edge distances and ordered hexagonal pattern. These
ordered regions are separated from the lamellas by a sort of border area in which
some pores with no order are formed, as shown in Fig. 5.4a. Lamellas are
prevalently formed very close to round polymer particles deposited onto the film
and characterized with high brightness in Fig. 5.4b. This somehow justify the
existence of both phases in these samples. About this, it is supposed that residual
polymeric particles, not perfectly solubilized in the solvent used, are dragged onto

the solid-state film deposited.
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Fig. 5.4: In-plane SEM images acquired on BCP samples prepared from the same PS-
b-PMMA ethyl acetate solution. Film thickness are a) 35, b) 32 and ¢) 29 nm,
respectively.
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This creates some local thickness variation causing a slight slop from the particle
down the flatten polymer PS film. Therefore, it assists to a gradual phase change,
passing from lamellar arrangement in those zones in which thickness is higher, i.e.
very close to particles, to porous features where the layer is thinner. For this reason,

and also because of the average thickness reached, no phase prevails.

A more interesting result is instead achieved for 29 nm-thick sample, Fig. 5.4c. In
this last case, only nanoholes are present along the entire film obtained, while
lamellas totally disappear. This result is in perfect agreement to what already seen
previously for BCP toluene solution and what expected from the thickness-
dependence of the pattern [19,20]. Surprisingly, pores with a more regular size and
edge-edge distance, arranged in a hexagonal pattern, are obtained, thus achieving a
better result than that obtained with toluene solution. For understanding this
assertion, the planar SEM images obtained on 29 nm-thick samples deposited from

toluene and ethyl acetate are reported, in Fig. 5.5a and b respectively.

Fig. 5.5: Direct qualitative comparison between 29 nm-thick porous PS films obtained
with depositing PS-b-PMMA from 1% wt. solution of a) toluene and b) ethyl acetate.
In this figures, red lines roughly demarcate zones of film in which the hexagonal
arrangement is recognized.
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Same experiments were finally replicated with PS-b-PMMA dispersed in THF with
concentration 1% wt. For three samples prepared, film thicknesses reached are 34,
30 and 27 nm (error bar £ 1 nm) respectively. The results obtained are quite
different with respect to those discussed so far. Fig. 5.6 shows SEM image of 34
nm-thick film deposited from THF. An overview of the sample, Fig. 5.6a, shows an
uneven surface, characterized by very large deposits with lighter brightness,
surrounded by dark zones. Using higher magnification, Fig. 5.6b, bright areas are
revealed to be polymer agglomerates with undefined shape, while regions of the

film with dark contrast show the pores formation.

b)

Fig. 5.6: PS-b-PMMA film obtained from 1% wt. THF solution and final thickness of
34 nm. a) in-plane SEM image of the film obtained at low magnification; b) SEM
acquired at magnification with 100k.

This time, no lamella-like arrangement is detected on the film surface, while two
different porous patterns are recognizable. Fig. 5.7 shows more in detail these
arrangements. Fig. 5.7a shows large areas with pores having no regular shape and
randomly positioned between each other. In these areas, some small islands with a

more ordered package are revealed, as shown in Fig. 5.7b.
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Fig. 5.7: PS-b-PMMA film obtained from 1% wt. THF solution and final thickness of
34 nm. In-plane SEM image acquired with magnification of a) 100k and b) 200k.

As previously reported, small film thickness variations influence the pattern
formation, but here the transition is not enough for causing a phase permutation
and only leads to more regular pores. Fig. 5.8 shows a rough demarcation of these
areas in which small thickness variations manifest. Red area represents a large
bright agglomerate on the film thickness that, as asserted before, corresponds to a
polymer agglomerate. In this region, the material accumulation does not lead to any
pattern formation. Green area corresponds instead to a sort of transition region,
having a thickness lower than the previous but higher than the successive one. Here
pore formation starts to be recognizable, showing some ordered domains with the
hexagonal holes-packaging, occasionally interrupted from larger porous. As

mentioned before, these are caused by the collapse of two or more neighbour holes.
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Fig. 5.8: replication of Fig. 5.5b in false colours, evidencing three different areas: red
as a polymer agglomerate, green as a portion with middle order and blue with
regular pore formation.

Finally, blue domain in Fig. 5.8 corresponds to a thinner portion of the PS porous
film, in which higher order in term of holes size, reciprocal distance and hexagonal
arrangement are distinguished. Interestingly, pore order does not enhance when
thinner PS-b-PMMA films are obtained. Fig. 5.9a and b report respectively SEM
images of film thickness of 30 and 27 nm respectively. As seen in the previous
case, very large bright polymer agglomerates with lateral size of the order
micrometres are easily recognizable. These are surrounded by a sort of concentric
areas in which probably thickness decreases by enhancing the distance from the
agglomerate. When a suitable layer depth is reached, pore formation is observed for
both film thickness, but no defined geometrical features and total absence of a
regular arrangement are evidenced. Moreover, pore density slightly decreases for
the thinnest film prepared. This effect is probably attributed to an anomalous

solvent retention.
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Fig. 5.9: SEM images of films deposited from THF solution with thickness of 30 and
27 nm. Figures a) and b) correspond respectively to layer of 30 and 27 nm, acquired
both at a magnification of 50k; c) is a magnification of 100k of a region reported in a),
while d) in a 150k magnification of 27 nm-thick film in b).

Hitherto, it has been seen a qualitative analysis of films obtained from PS-b-
PMMA dispersed in three different solvents, toluene, ethyl acetate and THF. Now,
the aim is to quantitatively relate the solvent effect to the porous pattern formation.
In particular, a direct comparison between the two new solvents used for SA, ethyl
acetate and THEF, is required to better understand the effects and role played by the

deposition solvent.

In order to start a statistical analysis on the samples discussed so far, for each
solvent used, those ones which have shown an ordered-pattern were selected. For

this purpose, in the case of the copolymers deposited from ethyl acetate, 32 and 29
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nm-thick films were selected, while for those prepared from THF solution, polymer

layers with thickness of 34 ad 30 nm were chosen.

In the following discussion, a statistical analysis won’t be carried for polymer film
thickness obtained with toluene. For results about statistical features obtained
according with a more classical procedure, it is referred to discussions reported

elsewhere [18-20].

5.4.2 — Statistical Survey of Morphological Parameters

The effects on the pattern obtained by the BCP self-assembly from both ethyl
acetate and THF used as solvents of deposition were studied by a statistical survey.
This was carried through the analysis of pore diameter and circularity expressed as
a function of the film thickness obtained and the solvent used. The analysis of both
these features is done via a routine carried by an open source program for scientific
multidimensional images, Imagej. After choosing a SEM image of a given sample,
a wide square area is selected from it, on which Fast Fourier Transform (FFT) is
calculated. Some specific filters are applied on the FFT image in order to partly
suppress the noise, thus returning a clearer image. This is obtained by re-
transforming the FFT filter image and passing back from frequencies to space
domain. The intensity distribution of pixels composing the image under study is
calculated by selecting a suitable threshold. All intensities lower this limit value are
posed equal to 0, while all higher values correspond to the unity. In this way, it is
possible to convert the image from grey-scale to binary, in which pixel under
threshold are black and while those higher are depicted white. In binary image
obtained with this routine, black areas correspond to the holes in the original

image, while white background is related to the PS network. Once obtained the
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binary image, the statistical analysis can start. The routine explained so far is

summarized in the Fig. 5.10.

Fig. 5.10: Example of the routine used in ImageJ for carrying the statistical survey on
morphological features: a) on the original SEM image, a square and representative
area is selected in which b) contrast and brightness are opportunely adjusted and
balanced; c¢) a suitable filter is applied on the FFT image, thus returning a reverse
FFT figure which has less background noise; d) pixel intensity threshold is
established for selecting only those portions of the image which corresponds to porous
zones. These are then converted in the binary image shown in e); f) finally, by
imposing a suitable shape/size filter, count of porous with on the specification of their
roundness and dimension are performed, with excluding those areas without any
pattern revealed.

From this analysis it is possible to obtain the pores number within the selected area,

also measuring their relative surface and circularity (which corresponds to
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4m-area/perimeter’). The pore diameter from each area is calculated and once
normalized for the sample area under investigation, returning the distribution curve.
With this strategy, it is also possible to calculate both the integral density,
expressed as number of pores per square centimetre, i.e. n°/cm?, and the average
centre-centre (c-c) distance for each analysed image. Table 1 summarizes the
results obtained in terms of pores density and c-c distance as a function of the

solvent used and relative film thickness explored.

Solvent Film Thickness Pores density c-c pores distance
(nm) (n°/cm?) (nm)
Ethyl acetate 29+2 7.1x 10 43+2
32+2 43 x 10" 44 £2
Tetrahydrofuran 34+2 6.7 x 10'° 42 +2
30+2 3.9x 10" 44 +£2

Table 5.1: summary of the most important morphological features for each solvent
used and as a function of the film thickness investigated.

From Table 1, it is possible to note a different behaviour with changing the
deposition solvent. Indeed, the nanopores density decreases with increasing the
BCP film thickness obtained from ethyl acetate, while an opposite trend is
observed in the case of films deposited from THF. Moreover, a similar trend, for
both of deposition solvent, is also observed for the variation of the c-c distance,
which slightly enhances with increasing the film thickness, still remaining within

its error bar. In Fig. 5.11, for samples obtained both with ethyl acetate and THF,
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the pores fraction having a certain diameter, d, is reported with respect to the total
pores density, thus obtaining the pores diameter distribution curve for each solvent.
In this case, diameter interval range are analysed each two nanometres up to the
highest value of 58 nm. This threshold was chosen since no pores with larger

diameter were detected.
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Fig. 5.11: Pores diameter distribution normalized for the area under study; na/ne:
represents the number of elements having diameter d with respect to the integral
density n¢¢ a) and b) distribution curves of BCP samples obtained from ethyl acetate
solution and with thickness 29 and 32 nm respectively. c¢) and d) distribution curves of
BCP samples deposited from THF solution and with thickness 34 and 30 nm
respectively.
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Copolymer film deposited from ethyl acetate and with thickness of 29 nm is
reported in Fig. 5.11a, showing a narrow distribution curve centred at 25 nm, while
32 nm-thick film obtained from the same solution, Fig. 5.11b, shows a broader
curve with maxima placed within 18 and 22 nm. Fig. 5.11c and d show diameter
distribution curves for BCP films deposited from THF and with thickness of 34 and
30 nm respectively. Analogously to what observed in the previous case, thicker
sample shows a narrow peak at 22 nm, while a broader curve is obtained for 30
nm-thick BCP film, with maxima ranging between 18 and 30 nm. As reported in
the previous section, this trend is due to a significant lack of uniformity in the
nanopores distribution, thus indicating that the self-assembly process on these
samples is more defective. As a general consideration, fraction of nanopores having
the same diameter never overcomes 25% and this result does not depend on the

sample thickness investigated.

a) —e—Ethyl Acetate - 29 nm b) ——THF - 30nm
0.5¢ —*—Ethyl Acetate - 32 nm | 0.5¢ —*—THF - 34nm
047 ] 0.4r
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Fig. 5.12: Distribution comparison of pores circularity for ethyl acetate and THF. In
each graph it is reported the fraction n./n«: of elements with a given circularity with
respect to the total number of elements present in the investigated area. a)
Distribution curves of BCP samples obtained from ethyl acetate with sample
thickness of 29 and 32 nm and b) distribution cure of 34 and 30 nm-thick films
deposited from THF.
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Fig. 5.12 reports the nanopores circularity distribution for both solvents used. Fig.
5.12a shows that, for both films deposited from ethyl acetate, circularity trends are
quite similar, and both achieve their higher values in a range of 0.85-0.95,
indicating that this feature is not affected from the film thickness. Moreover, in the
case of 29nm-thick film, no pore with a circularity lower than 0.5 is revealed while
for film thickness of 32 nm a very small fraction of nanostructures with circularity
even lower than 0.35 is found. This means that the thicker sample obtained from
ethyl acetate solution has a major content of pores with both irregular shape and
dimensions, caused by the presence of collapsed holes. A better trend is instead
detected for 29 nm-thick BCP sample, since this exhibits a more uniform and
regular morphology. Fig. 5.12b shows circularity distribution calculated for BCP
samples deposited from THF. In this case, both samples show a quite similar
distribution, peaked around 0.95, and the presence of pores which reach the
circularity unit. This indicates the presence of perfect round shape objects, with a
higher density than those obtained from the ethyl acetate. From these calculations,
it is possible to deduce that circularity distributions have a dependence with the
solvent used, but it is not affected by the film thickness. In Fig. 5.13, both pores
diameter and circularity distributions are compared for the best representative film
obtained from ethyl acetate and THF deposition, i.e. 29 nm in the first case and 34

nm in the latter.
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Fig. 5.13: Comparison of distribution graphs of a) pores diameter and b) circularity.

The trend of diameter distributions for both solvents show a certain similarity, with
curves peaked at slightly different values, i.e. 25 nm in the case of ethyl acetate and
22 nm for THF, Fig. 5.13a. Instead, circularity trends are overlapped in the two
cases up to 0.45 while, above this value, curves show a different behaviour, with
ethyl acetate manifesting higher pore density with respect to THF for the same
circularity value. These results indicate that samples obtained from THF solution
exhibit a major regularity in term of roundness, while in the case of ethyl acetate
pores manifest a more irregular silhouette. However, as seen in the previous
section, while the 34 nm-thick sample obtained from ethyl acetate shows the
nanopattern formation onto a wide area, films prepared by the THF solution have
very ordered islands surrounded by random regions or deposits of polymer
particles. For this reason, in order to understand which solvent gives the best
performance in term of ordered pattern obtained, it is required to estimate the
percentage area of each sample which exhibit a certain regular arrangement of
porous pattern formation. The histograms in Fig. 5.14 reports the % ordered area

for each solvent and thickness investigated. As somehow predicted with observing
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the SEM analysis in the previous section, BCP films obtained by ethyl acetate

exhibit an ordered pattern on a much wider areas with respect to samples prepared

from THF dispersion.
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Fig. 5.14: Histograms showing the percentage of ordered area for each solvent
investigated.

Indeed, while ordered areas reach 95% for 29 nm-thick sample deposited from
ethyl acetate, THF does not overcome 53% for the thickest sample prepared.
Therefore, even if this latter solvent has led to pores with better geometrical
features, has to be taken in regard that this effect was obtained only in very small

regions with respect to the lateral dimension of the substrate.

Considering the integral density calculated for each sample, a better diameter
distribution for each solvent is obtained for those samples with a higher integral
density. This consideration indicates that the solvent effectively plays a role in the

BCP self-assembly. In particular, some physical features, such as boiling point
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(b.p.) and volatility, are a crucial aspect in this process and these parameters have
been considered for both ethyl acetate and THF. The first one has a p.b. or around
77°C and a vapour tension of 9700 Pa at 293 K, while THF exhibits a b.p. of 66°C
with a vapour tension of 17300 Pa. It means that, in the same conditions of external
pressure and temperature, ethyl acetate has slower evaporation rate with respect to
THF. Seen the low boiling points for both the solvents used, it is possible to
suppose that the major amount evaporates from the film during the spin coating
deposition. However, in the case of a more volatile solvent, this process is faster.
Too fast solvent removal from films affect the pattern formation, since in this case
solvent leaves the film before that polymer solution is uniformly spread on the
substrate with the rotation imprinted from the spinning. This causes a non-uniform
solvent evaporation which leads to local material concentration and thus changes
the film thickness underlying. Moreover, also the solvent power has such an
influence on the uniformity film thickness since, in the case of THF, insolubilized
polymer particles, then deposited onto the solid film, cause some variation in layer
depth, thus compromising the arrangement of nanostructures obtained. These
drawbacks are overcome with the use of ethyl acetate which, having a less
volatility and a superior solvent power with respect to THF, firstly solubilizes
better the copolymer chains and secondly gives place to a more uniform
evaporation along the film surface, thus leading to a better arrangement reported on

a broader substrate’s area.

5.5 — Conclusions

In this Chapter, it has been demonstrated the possibility to efficiently replace the

traditional BCP-SA solvent, toluene, with chemicals such as ethyl acetate and THF.

188



Chapter 5: Block copolymer self-assembly with novel solvents |Valentina Lombardo

This important result can lay the fundamentals for the substitution of toluene in the
block copolymer lithography routine, giving some new and important implications
both in technology and in the industrial scale production of BCP nanostructures.
Experiments were carried by solubilizing 67 kDa PS-b-PMMA in toluene, ethyl
acetate and THF and depositing them on random copolymer layer, obtaining film
with thickness around 30 nm. After deposition, annealing was performed in each
case for allowing the SA process. Experiments performed in analogous conditions
have shown that there is a dependence of the pattern obtained on the BCP film
thickness. In particular, in the cases of those BCP films deposited from ethyl
acetate solution, it has been assisted to an improvement of the features’
homogeneity of the nanopores formed with decreasing the layer depth. Vice versa,
for BCP films obtained from THF dispersion, the uniformity of SA obtained has
shown an opposite trend in term of uniformity pattern-dependence and film
thickness and, in this last case, better results were obtained for thicker polymer
films. This result has suggested that the solvent used for the BCP-SA has actually a
role on the order of nanostructures, which can be related to the chemical/physical
characteristics of the solvent used, such as vapour tension and relative polarity.
Any eventual inhomogeneities and particulates detected on the deposited film were
indeed attributed to some non-negligible solvent-power effects. At the same time,
different solvent volatility can establish competitive mechanism in the solvent
evaporation: indeed, chemical with lower vapour tension, i.e. ethyl acetate, can be
removed only by the effect of spin coating deposition and leads to a general more
uniform BCP film with an improved morphology in thinner layers. Vice versa,
THF, with a higher vapour tension, generates competitive evaporation mechanism
which leads to BCP films with less uniformity and limited ordered pattern, which

further worsens with reducing film thickness.
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Aside the study on the morphology, a statistical survey was made on the most
representative BCP films obtained by ethyl acetate and THF solution. The routine,
made with analysing SEM images by ImageJ software, was run for counting porous
structure obtained within specific and representative areas, extrapolating also their
geometrical features, such as dimensions and circularity. Distribution curves were
obtained by these data and results were compared. It has been found that when a
better morphological homogeneity was achieved, this was also associated to sharp
distribution of the geometrical features. In other words, for the same diameters, it
was revealed a higher pore density. BCP layers obtained from ethyl acetate solution
and THF have shown that, in both these cases, curves trend was consistent,
reporting lower values for BCP pattern obtained from THF. The ordered, patterned
area obtained was also calculated in both cases, finding that ethyl acetate solution
gives the best results in term of ordered zones (up to 95%), with any dependence
on the film thickness. Vice versa, in the case of films deposited by THF, ordered
area was found to badly achieve 50% at most. Even if this latter one has returned
better results in term of geometrical features achieved, SA was obtained only on
very limited and small areas, while very promising results were achieved by using
ethyl acetate, which has led up to 95% of ordered zones. This important result can
lay the fundamentals for toluene-replacement in the BCP lithography, giving some
new and important implications both in technology and in the industrial scale

production of nanostructures
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Appendix A

Spin-coating deposition

In the wide panorama of deposition techniques, liquid-phase approaches, such as
spin-coating, spray-coating and dip-coating, are considered to be some of the most
versatile and cheapest. These techniques are suitable for depositing liquid materials
or solution, i.e. high molecular weight polymer dissolved in an organic solvent [1].
In all this technique, the main step are the dropping of solutions or liquids onto the
substrate and the solvent evaporation. Usually, this leads to a solid-state thin film
which appears uniform, adherent, defect-free, and covers the entire surface of the
underlying substrate. Among the three mentioned approaches, spin coating in

certainly the most used, especially for in-solution dispersed polymeric materials.

A schematic representation of the spin coating technique is shown in Fig. A.1:

T

Fig. A.1: Sketch of the spin-coating deposition.
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In a common spin coating deposition procedure, the substrate is held in a vacuum
chuck and it can be sometimes pre-treated or pre-heated for increasing the adhesion
of the adhesion between its surface and the spun material. The deposition process
stars when the solution is pipetted at the centre of the substrate ad then spread out
toward the substrate’s edges because of a rotation applied. At the very beginning,
the rotational velocity is approximately 500 min™!, but is then increased up to 2000-
4000 min'. It is in this condition that the desired film thickness of the material is

formed [2].

Film thickness obtained by spin coating can be rationalized through an empirical
equation supplied by Thompson [1]. Given a liquid polymer system with a constant
molecular weight, solution concentration etc., the film thickness can be calculated

by the following equation:

t =kw"
In which o is the rotational velocity and both k£ and o are constants. A graph
reporting a log-log pot of the film thickness as a function of the rotational velocity,
must return a linear curve in which slop is represented by a value. In the case in

which the concentration of depositing solution changes, the thickness of the

obtained film will be given by:

t=k'CF

Where this time both &£’ and P are constants. In this case the linear curve as slope

equivalent to  when graph of log(t) as a function of log() is presented.

Molecular weight (obtained by measurements of the intrinsic viscosity) of the
deposited polymer has also a certain influence of the film thickness. This

dependence can be expressed as:
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t = kuny

With £’ and y are constants. The three equations listed above can be combined in a
unique one, thus expressing the film thickness as a function of spinning speed, the
solution concentration and the molecular weight, thus writing the following:

KCEBpy
t = il

ma

Where parameter K includes all constant values.
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Appendix B

Electrical measurements

One of the most important features to electrically characterize a material is the
resistivity, p. This is an inherent parameter, which means that it does not depend on
the sample shape, size or thickness, but it is proper of a given material, and gives a
measure of how much it opposes to the crossing electrical flow. Being an inherent
characteristic, resistivity depends on free charges density, both electrons and holes,
indicated with »n and p respectively, and on their mobility, p, and pp, according to

the following relationship:

1

p=—"—""
q(np, +puy)

From the resistivity value it is possible to calculate the conductivity of a material,
o, which in its turn is also an inherent feature. These two parameters are related
with each other by the following:
1
o =—
P
The resistivity of a material, in principle can be measured by the two-point probe
method. A linear voltage-current, V-1, graph allow to calculate the resistance of the

entire system by applying the Ohm’s law:
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V =RI
In which the slop of the linear curve corresponds to the material resistance, R.
Nevertheless, this value cannot be related directly to the resistivity of the material,
since it corresponds to a total resistance, Rt, which is given by the contribution of
three variables: Ry, relative to the wire or probe resistance, R. the contact resistance
and Rpur which indicated the real resistance of the material under investigation.

The relationship between them can be summarized in the following formula:
%
RT :? = ERW +2RC + RDUT

From this last one, it can be deduced that when Ry and R. are much larger with
respect to the resistance of the material, they can significantly affect the final value
Rt, which could be significantly different from Rpur. In order to exclude the
contribution coming from the contact resistance and those ones relative to the
probes used, it is worth to use the so-called four-point probe method, 4PP. In this
approach, two more probes are present in the measuring system, and terminals
which supply current to the material under investigation are not the same of those
ones which measure the bias. Even if the terminals measuring the voltage contain
both probe and contact resistance in their turn, the current which flow into the
voltage path is low thanks to the high input impedance of the voltmeter. This let
fall the contribution coming from Ry and R, and thus the resistance measured
corresponds to the actual resistance of the material, Rpur.

In the four-point probe method, however, the relationship which binds R, V and I is
not so intuitive. For a complete discussion on how to derive the resistivity formula
in 4PP method, we refer to more specific texts [1]. Here we instead report the final

formula which allow to calculate the electrical parameter of the material. For 4PP
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method used with the four probes in a linear configuration and equal probe-probe

spacing, s, the resistivity is obtained as in the following:

__" tV—4532tV
P mey'1 ™™ I

Where ¢ is the thickness of the material under investigation. Dividing both
members of the equation above for the investigated thickness ¢, the equation can be

written as:
Ry, =

Rsn 1s defined as the sheet resistance, and virtually represents the value of resistance
for an infinitely thin, uniformly doped layer. When required, the sheet resistance
calculated by voltage-current measurements must be opportunely corrected by
some correction factors related to the sample thickness, the lateral sample
dimensions, probe spacing shape of sample under investigation, probes placement
relative with respect to the sample edges. Sheet resistance formula including the

corrections factor can be written as:
V
R, = 4.532F T

Where F' represents the arithmetic product of all the needed correction factors. For
this purpose, in all the cases reported in which sheet resistance was measured, we
used the following graphs for deriving the appropriate correction factors, Fig. B.1a

and b from Ref. [2]:
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Fig. B.1: Graphs for obtaining the sheet resistance correction factors relatively to a)
lateral size, probe spacing and sample shape and b) sample thickness, probe spacing
and insulating/conducting bottom boundary conditions.

Film conductivity, always expressed as S/cm in this thesis, was obtained according

to the following formula:
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Appendix C

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a high-resolution technique which allows
to acquire images by scanning in a raster scan pattern a sample through an electron
focused beam. This technique leads to information concerning the topography,
morphology and elemental composition of the sample. The most common detection
mode used in a SEM exploits the secondary electrons emitted by the excitation of
the sample’s atoms with the probe electrons. In this way, the pixel by pixel image
is acquired, recorded and displayed in real time showing the topography of the
sample surface [1]. A scanning electron microscope is normally equipped with a
source of electrons, a column of electromagnetic lenses in which the electron beam
coming from the source is driven and finely focused on the sample, secondary
electron detector, sample chamber, computer interfaced and monitor on which the
image is displayed, vacuum system (Fig. C.1). The probe electrons are produced by
the cold-emission cathode source at the top of the column. Electrons are then
accelerated through the column thanks to a combination of electromagnetic lenses
and apertures, thus producing a focused beam which interacts with the sample’s
surface. Sample is placed on a moving stage, which allows to tilt it when required.
Both sample and stage are located in a chamber which is evacuated by a pump
system, reaching value of internal pressure below than 10”7 mbar. The movements

of the electron beam are allowed thanks to scan coils, situated above the objective
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lens. The powerful electrons sent to the sample are able to penetrate its surface for

a certain depth which can is a function of the accelerating voltage, the density of

' Cathode

the sample and its composition [1].
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Fig. C.1: schematic representation of the main components of a scanning electron
microscope.

The resulting interaction between these probe electrons and the sample’s surface

produces different species which can be detected as different signals and that
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supply information about the sample. They are mainly backscattered, secondary
and Auger electrons. In parallel, X-ray signals which are characteristic of the
elements which compose the sample, are also produced. Using opportune detectors
for all these species, it is possible to obtain some specific information about the
sample under investigation. They include topography (through primary and
secondary electrons emitted from the sample), surface characteristics (supplied by
the Auger electrons) and specimen elemental composition (which exploits the X-
rays collected). The scanning electron microscope used in this thesis was field
emission Scanning Electron Microscope (Zeiss Supra35 FE-SEM) equipped with
energy dispersive X-ray (EDX) microanalysis system (Oxford Instruments, X-
MAX, 80 mm?). The instrument has usually operated with an EHT not exceeding
3kV for avoiding any damage to the polymer species under investigation in this
work. Elemental composition of sample was obtained by using the EDX detector.
When dielectric polymer samples, such as BCP were investigated, a silver track
was deposited on them by silver paste. This was made in order to prevent any

resolution losses due to charging effects of the sample’s surface.
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Appendix D

Raman spectroscopy

Raman spectroscopy is a technique which exploits the vibrational modes occurring
in molecules in order to identify the chemical specimen or the crystal structure of

the sample under investigation.

Its working principle is based on the excitation of the vibrational, rotational, and
other low-frequency modes in a system as a consequence of the interaction with a
laser source (Fig. D.la). Usually, for providing the information concerning the
fingerprint signals of a chemical specie, the excitation wavelength of the laser
source has to be within the near infrared and the near ultraviolet range. When a
chemical specimen interacts with the electromagnetic radiation, the electron clouds
is distorted and generates a virtual state, which is unstable and leads to immediate
relaxation of the photon toward less energetic vibrational levels. This phenomenon
can occur through three different paths. In the first one, the electron is excited from
the vibrational ground state and falls into a virtual one. When it loses its energy,
going back to the starting level, the radiation emitted has the same characteristics,
in terms of energy, wavelength and frequency, of the incident one. This mechanism
thus conservers the whole energy of the system, the scattering is elastic, and the
radiation emitted is called “Rayleigh scattered light” (Fig. D.1b). Vice versa, when

the emitted radiation has different characteristics than the incident one, the light
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scattering involves through an inelastic process (Raman scattering). This can take
place by two mechanisms: when the electron is excited from the ground state (Vs)
and falls in the virtual one and then relaxes into a vibrational level (# Ves), it
involves energy absorption by the molecule. In this case, the radiated light has less
energy than the incident one. The radiation generated in this case takes the name of
“Stokes Raman scattering” (Fig. D.1c). By contrast, if the light emitted during the
relaxation process has higher energy than the incident source, the scattered light

obtained is called “anti-Stokes Raman scattering” (Fig. 1d).

a) Sample molecule

Incident light I\N\f\f\

/
E
/’ ‘ /\/\/\, Rayleigh scattered light, E=E,

Raman scattered light, E<E,

Raman scattered light, E>E,

b) o) d)
Virtual level Anti- Stokes
Rayleigh Stokes Raman ::;:taer:ed light
Incident light Scattered light Scattered light 5
LRI FRENTN, e W FAVAVAVAVAN

Vibrational levels

L BN
e

Ground level

Fig. D.1: Schematic representation of the Raman scattering. When a specific
radiation intercepts a molecule, three different radiations are produced, as
represented in a); b) representation of the Rayleigh scattering light and of Raman c)
Stokes and d) anti-Stokes light.

It has to be considered that the predominant contribution is always given by the

Rayleigh scattering, while the Raman mechanism contributes for only the
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0.000001%, thus returning very weak radiations. By considering only the inelastic
process, the ratio of Stokes and anti-Stokes Raman scattering is a function of the
population of the various states of the molecule. At room temperature, this ratio is
in favor of the first one, since the number of molecules in an excited vibrational
state is smaller that of the ground level, thus generation more intense Stokes
Raman light. For this reason, standard Raman measurements are performed by only
acquiring the Stokes Raman scattering, while Rayleigh scattered light is reject by
an opportune filter. Alternatively, since the increase of the temperature causes a
change of the population state of vibrational levels, it allows the measurement of
the sample temperature of trough the intensity ratio of the anti-Stokes and Stokes

emissions.

The main interesting related to a Raman analysis mainly lies on the fact that it is
non-destructive and does not need any preliminary sample preparation, also

offering a high spatial resolution up to a sub-micron scale.

In this thesis, Raman analysis was performed in order to observe if any change
occurs after the chemical modification due the acidification. Moreover, peak
identification was used in order to recognize PEDOT and PSS, thus giving an
estimation of the relative amount of these two components in the pristine blend and
in the modified polymer. The excitation wavelength is specified time by time in the
spectra reported in Chapter 3 and 4. The laser power was opportunely chosen in
order to avoid any sample damage or chemical decomposition. It was started from
low laser power LP1 (Fig. D.2) and then slightly increasing up to reaching a clear
Raman spectrum without causing any modification in the sample (LP3 in Fig. D.2).
The value of laser power found for LP3 was ~1.3 mW and was kept constant in all

the characterization, in order to make all the results between each other. All Raman
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analysis were performed by a WITec Alpha 300 RS instrument in the

backscattering mode.

Raman Intensity (a.u.)

Y

" 400 600 800 1000 1200 1400 1600

Raman shift (cm'1)

Fig. D.2: Raman spectra of a pristine PEDOT:PSS thin film deposited on a silicon
substrate. Laser power is indicated as LP and is reported as LP1<LP2<LP3. LP3 was
measured by a power meter and estimated to be =1.3 mW.
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