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“If you try and take a cat apart to see how it works,
the first thing you have on your hands is a non-working cat.”

-Douglas Adams






Abstract

Organic electronics are a fast developing and promising field of research. The
number of possible applications is constantly growing. Commonly used fabri-
cation methods like spincoating or ink-jet printing are not suitable for every
purpose. In this thesis alternative fabrication methods for organic electronic
devices are investigated.

First the feasibility of spraycoated transparent conductive organic electrodes
was investigated. Also a lithography process using the same material system
was developed and used to fabricate fully organic electrolyte gated transistors.
Spraycoating of transparent conductive organic electrodes has later been used to
fabricate organic photodetectors. The fabricated photodetectors had an exter-
nal quantum efficiency of 62% and on-off-ratios of nearly 4 orders of magnitude.
A responsivity of 0.25 A/W at 530 nm was reached.

In a next step the applicability of spraycoating in the fabrication of full solid
state organic potentiometric sensors and the fabrication of CNT-FET based
ISFETs was demonstrated. Both systems are based on spraycoated ion-selective
membranes.

In a last step the feasibility of nanoimprinting and nanotransferprinting for
the fabrication of nanostructured organic solar cells was investigated, result-
ing in nanotextured organic solar cells with a 16,8 % higher power conversion
efficiency than not structured devices.
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1 Introduction

Organic electronics have gained a huge increase in attention in the recent years.
They offer a wide variety of possible applications. The by far most popular one
is the field of organic optoelectronic devices. The most prominent examples
from this field are organic solar cells and organic light emitting diodes. Both
kinds of devices attracted a lot of attention in the scientific community. But
also organic chemical sensors, bio-sensors and organic RFID devices are the aim
of research.

Organic electronic devices do not outperform their inorganic counterparts.
Therefore they will mostly not be a replacement but lead to new products,
as they offer major advantages like flexibility and low-cost production. The
low-cost production potential mainly emerges from the solution processability
of organic devices. Solution processability describes the possibility to process a
material in its liquid state. This ability allows the use of processing technologies
well known from the printing and painting industry. Good examples are ink-jet
printing, screen printing and spray coating. Compared to standard fabrication
technologies used in the semiconductor industry, like thermal evaporation and
other vacuum based processes, these long known technologies require relatively
little equipment. Thus they allow a more cost effective way of fabrication.

A wide variety of different fabrication techniques is used for the fabrication

of organic devices. The most common techniques are the previously mentioned
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ink jet printing and the mainly in laboratory scale production used spin coating.
Spray coating and nanotransferprinting which are not common in the fabrication
of organic devices would provide a valuable addition to the already established
technologies. The main focus of this thesis is the evaluation of these alterna-
tive fabrication methods for organic devices. Especially the device fabrication
using the fabrication methods spray coating and nanotransferprinting will be
examined in detail. Spray coating will be used to fabricate indium-tin-oxide
free organic photodiodes and all solid state potentiometric sensors. nanotrans-
ferprinting will b e used to fabricate nanopatterned organic solar cells.

Chapter 2 will give a brief overview of the physical background of solar cells,
organic semiconductors, plasmonics and the used materials. In chapter 3 the
used fabrication techniques are described in detail.

In chapter 3 the fabrication methods used in this thesis are described in detail.

Chapter 4 focuses on the fabrication of conductive organic electrodes by the
use of the polymer poly(3,4-ethylenedioxythiophene):Polystyrene sulfonate. In
this chapter the a conductivity increasment by chemical doping as well as the
fabrication of fully carbon transistors with a lithography process.

In chapter 5 the fabrication of indium tin oxide free organic photodiodes by
spray coating is demonstrated. The diodes use a conductive organic electrode
as described in chapter 3 to replace the commonly used indium tin oxide.

The first all solid state organic potentiometric sensors fabricated completely
by spray coating is demonstrated in chapter 6. The sensors are based on a
carbon nanotube electrode covered with an ion-selective membrane. Also the
fabrication of ion-selective field effect transistors with a spray coated membrane
is demonstrated.

In the last chapter of this work, chapter 7, the fabrication of nanotextured

organic solar cells by nanoimprinting and nanotransferprinting is demonstrated.




2 Physical background and

materials

The following chapter covers the physical and technical background on which
this work is based. First organic electronics will be addressed, followed by
details about solar cells. Also the most important materials used in this thesis

will be described in detail.

2.1 Physics of solar cells

Every second radiation with the energy of approximately 752 W/m? reaches
the earth surface. Since the description of the photoelectric effect by Albert
Einstein in 1905 [1] lots of effort has been invested to use this physical principle
to tap this unlimited amount of energy which is supplied by the sun. This
resulted in a huge variety of different kinds of photovoltaic cells. All these cells
have in common that they are based on the so called inner photoelectric effect.
This effect describes the transfer of an electron from one energy level to another
triggered by the absorption of light. This will be described in the following

section in more detail.
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Figure 2.1: Schematic overview on the band structure of different kind of solids

2.1.1 Semiconductors

If an atom is hit by a photon it is possible that this photon is absorbed. The
energy of the photon is in this case transferred to an electron, which due to
this additional energy is transferred to a higher energy state. The photon can
only be absorbed if its energy is high enough to lift the electron above the gap
between the two energy levels. If two atoms form a molecule these energy levels
form molecule orbitals with discrete energy levels. In a large periodic molecule
or crystal made of thousands of atoms these allowed energy levels are so close
together that they can be considered as a continuum or in other words a band.
Still there are some energy states which are forbidden. These forbidden zones
divide the continuum into separated bands. The width of such a band gap is

defined as the energy difference between the two neighbouring gaps.

EG = AE == E2 - El (21)

With the energy of the band gap E¢, the energy of the valence band E5 and
the energy of the conduction band Ej.
Now if a photon is absorbed the electron is transferred from one band to

another. In a band with higher energy electrons interact less with the cores of
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the atoms forming the crystal and therefore can move freely along the crystal.
In other words they can contribute to the charge transport. If a band can
contribute to the charge transport or not depends on its filling level and how
strong the electrons filling the level are bound to their atoms. An empty band
can not contribute due to the lack of charge carriers. A band which is full,
respectively in which all possible states are occupied, can also not contribute
to the transport as well. Only partly filled bands can. The highest band in
which electrons are present at absolute zero temperature is called valence band.
The electrons filling this band are usually strongly bound, not allowing them
to contribute in the charge transport. But if an electron is transferred into a
higher band, which is not or only partly filled, it can move freely. For this
reason these energy bands are called conduction bands.

The distance between the valence and the conduction band divides all solids
into three groups as depicted in figure 2.1: metals, semiconductors and insula-
tors. In metals the valence and conduction band are overlapping. No energy
is required to transfer an electron from the valence to the conduction band,
making the metal a good conductor. Semiconductors have a small gap between
the bands. To transfer an electron to the conduction band energy is required,
which can for example be provided by light absorption, as mentioned earlier,
or by thermal energy. The last group are the insulators. These have a large
gap between the valence and the conduction band, which usually can not be

overcome.

2.1.2 The photovoltaic effect

When an electron is transferred to the conduction band, it leaves an empty spot

in the valence band. This empty spot, usually called electron hole or simply
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Figure 2.2: Band structure of different kinds of doped semiconductors compared
to an intrincis semiconductor

hole, can be treated as a particle with a positive charge and a negative effective
mass which can move through the band like an electron. By doping the crystal
with atoms having more or less valence electrons than the atoms the rest of
the crystal is made of the concentration of holes and unbound electrons can be
increased. This results in the addition of new energy levels as depicted in figure
2.2. If the dopant adds more electrons, or in other words negative charges, one
speaks of a n-type doping. If holes are added, one speaks of a p-type doping
respectively. In an intrinsic (undoped) semiconductor the number of positive
and negative charges is the same and can be described according to equation
2.2.

n=p=n, (2.2)

With the concentration of conducting electrons n, the concentration of con-
ducting electron holes p and the intrinsic concentration of charge carriers of the

material n;. But if the semiconductor is non-intrinsic (doped) it becomes:
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Figure 2.3: Schematic of a p-n-junction with zero voltage bias at thermal equi-
librium. Electron concentration is shown by red line, while hole
concentration is shown by blue line

When p- and n-doped areas are brought together, electrons from the n-doped
part close to the interface tend to diffuse into the p-doped part while holes
from the p-doped part close to the interface diffuse to the n-doped part. As the
electrons leave positively charged and the holes leave negatively charged ions a

space charge region or depletion layer is formed (see figure 2.3).

If now a forward bias is applied (p-doped region is connected with the positive
pole and the n-doped region is connected with the negative pole) the electrons
in the n-type region and the holes in the p-type region are pushed towards
the junction. The thickness of the depletion layer and the potential barrier is
reduced with increasing forward bias. If the forward bias is increased further
the depletion layer eventually becomes thin enough that the electric field can
not hold back the charge carriers from moving across the p-n-interface. This

reduces the electric resistance of the junction.




2 Physical background and materials

The current-voltage behaviour of such a junction is displayed in figure 2.3. It
can be described with the Shockley ideal diode equation (also called the diode

law):

Vb
I =1 (e"VT - 1> (2.4)

With reverse bias saturation current I, the voltage across the diode Vp, the
thermal voltage Vy and the ideality factor n. The shape of current voltage
behaviour is depicted in figure 2.4. The red curve shows the behaviour if the
semiconductor is not illuminated with light. As previously described, if a for-
ward bias is applied the semiconductor becomes conductive at a certain point.
This point is called the the turn-on voltage or threshold voltage V. At lower
voltages the diode stays non conductive. If a reverse bias is applied, a similar
behaviour occurs. The diode stays non conductive until the so called breakdown
voltage V,,.. Here the current rises dramatically. Between turn-on and break-
down voltage only a very small current flows. It is called saturation current
I; and is caused by thermally generated charge carriers. In photodiodes this

current is also called dark current.

If now this diode is illuminated with light additional excitons are generated
by photoexcitation. These excitons are separated by the built in field and drift
to the n-doped respectively p-doped area, generating a potential difference or
in other words a voltage. If now both parts are connected through a wire, a
current starts to flow to equalize the accumulated charges. This current can

now be extracted, making the photosensitive diode a solar cell.

When characterizing a solar cell one usually focuses on the following param-

eters (see figure 2.4):
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Figure 2.4: I-v-characteristics of a diode (p-n-junction) in the dark (red) and
under illumination (blue). With the reverse bias saturation current
I, the turn-on voltage of the diode V; and the breakdown voltage
Vir

e The open circuit voltage V., the potential that is generated if both poles

are not connected (open circuit).

e The short circuit current I,., the current that flows if both poles are

connected without any electrical resistance.

e The maximum power point M,,, the point were the solar cell produces

the highest power. Product of V,, and I,,,.
e The maximum power point voltage V.
e The maximum power point current I,,.

e The solar cell area as..

These parameters allow to calculate the most important parameter of a solar

cell: The power conversion efficiency 7. (see equation (2.5)).




2 Physical background and materials

Vpp ) ]pp Mpp
sc — = 2.5
" PL ca F)l *Use ( )

With the incident light power P, and the solar cell area ags.. ns. defines how

much of the incoming light is actually converted into electrical energy that can
be extracted from the solar cell. Another important parameter is the fill factor
FF a solar cell.

M,

F'F is the ratio between the maximum power point and the product of the
open circuit voltage and short circuit current (an "‘ideal solar cell"’). Cells with
a high fill factor usually have a low series resistance and a high shunt resistance

and therefore low internal losses.

2.2 Organic electronics

Organic electronics have been the aim of lots of research [2-4]. The history of
organic electronics begins with the groundbreaking work of Heeger et al in the
late seventies which was awarded by the Nobel price in Chemistry of 2000 [5].
After this a vibrant development started resulting in a large field of applications,
ranging from organic field effect transistors (OFET) for biosensing or radio-
frequency identification (RFID) applications [6-8] over organic light emitting
diode (OLED) [9] to organic photovoltaic devices [10, 11].

The biggest advantage of organic electronics is the easy processability. Or-
ganic semiconductors can usually be processed in liquid, allowing cost effective
production techniques like ink-jet printing, spin coating or, as also described

in this work, spray coating. Another advantage is the lack of use of rare earth

10
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metals which suffer from limited availability and increasing costs. While never
reaching the effectiveness of inorganic devices, organic devices pave the way for
semitransparent, flexible, low cost or even single use electronics.

A lot of these above mentioned applications are based on organic semicon-
ductors whose properties are rooting in physical principles which are described
in detail in the following sections, starting with the most fundamental principle

of conjugated polymers.

2.2.1 Conjugated polymers

A conjugated system is defined as a system usually made of carbon atoms with
alternating single and double bonds. During the bond formation, the carbon
atoms form 3 sp-hybrid orbitals with an angle of 120° between them. Perpen-
dicular to this hybrid orbital an unchanged p-orbital remains. The in plane sp?
hybrid orbitals will form strong bonds called o-bonds in which the electrons are
highly localized. These o-bonds are the "backbone" of the polymers, but due
to the strong binding energy they do not contribute to the conductivity. The
remaining p-orbitals perpendicular to the o-bonds overlap and form so called
m-orbitals, which are connected. As the degree of overlap is low, the binding
energy is low, allowing the electrons to move freely along the chain. The elec-
trons in these orbitals can no longer be assigned to a certain atom and are
therefore considered delocalized. According to the molecular orbital theory this
overlapping orbitals can be considered as a molecular orbital in which the 7-
electrons can move freely. This is considered as the origin of the semiconducting
behaviour of the organic semiconductor.

When two atoms form a bond, the electron wavefunctions of the atoms over-

lap, splitting the all energy levels of the isolated atoms into pairs of two levels,

11
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carbon atom 1~ molecular orbital carbon atom 2 carbon atom 1 molecular orbital ~carbon atom 2
A puga
2p-Tr

Figure 2.5: resulting molecular orbitals of binding carbon atoms. a) without
hybridization b) with hybridization

which belong to the molecule instead. One of these is lower in energy and
one higher than the original atomic levels, called antibinding and binding. As
electrons tend to fill levels with low energy first, the binding levels are filled
first, leaving the antibinding levels empty. This lowers the overall energy of
the molecule and thereby increases the binding energy of the molecule. As the
binding levels or orbitals are usually filled they are referred to as highest occu-
pied molecular orbital (HOMO), while the usually empty antibinding orbitals
are referred to as lowest unoccupied molecular orbital (LUMO). Due to the in-
creased splitting of the energy levels with increasing chain length a band-like

structure similar to that of inorganic semiconductors develops, with the gap
between HOMO and LUMO as bandgap.

When the polymer chain is exposed to light, photons with energy higher than
the bandgap of the conjugated polymer can be absorbed. The photon energy
lifts an electron from the HOMO to the LUMO level, leaving a hole on the
HOMO level. This way an electron hole pair bound by Coulomb forces is cre-
ated, which can be considered as a quasiparticle and is called exciton. While

these excitons are usually on the same molecule or polymer (intrachain) [12], in

12



2.2 Organic electronics

some cases excitons on neighbouring molecules have been reported [13]. This
energy is in organic semiconductors, other than in inorganic semiconductors,
higher than the thermal energy at room temperature [14]. These excitons are
usually called Frenkel excitons, while the weakly bound excitons in inorganic
semiconductors are called Wannier -Mott excitons [15]. A more detailed discus-
sion on these excitons can be found elsewhere [16].

To separate the two charges an energy greater than these Coulomb forces
binding the exciton together has to be provided. In organic solar cells this is
usually accomplished by the introduction of a electronegative acceptor material

as described later (see section 2.2.3).

2.2.2 Charge transport

Once separated the charges have to be transported to the electrodes. ompared
to inorganic semiconductors organic semiconductors show a mostly amorphous,
in the best case highly polycrystalline character. Besides consisting of sepa-
rated, only weakly bounded polymer chains organic semiconductors show struc-
tural defects like chain twists and kinks or chemical impurities. For this reason
the charge transport differs from inorganic semiconductors. Instead of band
transport like in crystalline inorganic semiconductors the charge transport is
described better as hopping between localized states.

To describe this charge transport behaviour Béssler et al. [17] suggested a
statistical transport model using the Miller-Abrahams hopping rate. In this
model the density of states for electrons in the LUMO, respectively holes in the
HOMO, is described as a Gaussian distribution.

N o2
D(E) = 10 (2.7)

13
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With the density of states for electrons D(FE), the density of monomer states
N, E — Ej the energy relative to the center of D(E) and width of the Gaussian
density of state distribution o. Hopping of charge carriers can occur as inter
or intra molecule transport. This hopping process, which also includes phonon
interaction [18], is the main reason for the low charge carrier mobility in organic

semiconductors.

2.2.3 The principle of a bulk heterojunction

As explained earlier excitons generated in an organic semiconductors can be
separated by the introduction of a second organic semiconductor. A very easy
way to achieve this would be the fabrication of a bilayer device. But as the
exciton diffusion range is usually in the range of 10nm [16] such a solar cell
fabricated layer by layer could only separate excitons that are generated within
this short distance to the interface (see figure 2.6 a). Cells fabricated in such a
way have only very limited efficiency due to the high losses of either the light
passing through the very thin device or the high recombination losses in thicker

devices.

A possibility to overcome this is the fabrication of bilayer devices with an
optimized structure (see figure 2.6 b). In such a solar cell the two organic
semiconductors are structured in a way that excitons can, in the ideal case,
always reach an interface where they can separate. Common examples for this
are interdigitating comb-like structures. In these kinds of structures a grating
structure is formed (for example by nanoimprinting) with lines that are only a
few 10nm wide. Excitons can now easily reach an interface where they sepa-

rate. After separation the charges are transported through the corresponding

14
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a) b) c)

Figure 2.6: a) bilayer device b) bilayer device with optimized structure c) bulk
heterojunction

semiconductor to the electrodes. This approach faces high difficulties from the

production point of view.

The third and most common approach is the so called bulk heterojunction
(see figure 2.6 ¢). In such a configuration both kinds of semiconductors are
mixed during the production process. In the drying process after applying this
mixture on a sample a phase separation occurs. Both organic semiconductors
form a random network of separated fingers and islands. The size of these fingers
and islands is usually in the range of tens of nanometers. Detailed studies about
the morphology of bulk heterojunctions can be found elsewhere [19]. The main
drawback of a bulk heterojunction compared to a bilayer cell with optimized
structure is the formation of isolated semiconductor islands. After an exciton
separation charge carriers can be caught in such islands with no transportation

path to the corresponding electrode.

15
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2.3 Materials

In this section the most important materials used in this work will be described

in detail. Information about the other used materials can be found elsewhere.

2.3.1 Poly(3-hexylthiophen-2,5-diyl)

Sulfur heterocyles, or thiophenes, can polymerize to long polythiophene chains.
These chains can become conductive when doped by adding or removing elec-
trons from their conjugated m-orbitals but are usually not soluble in common
solvents. A solubility can be achieved by adding suitable alkyl side groups (e.g.
hexyl, methyl, ethyl) to the thiophenes [20]. In case of poly(3-hexylthiophene)
(P3HT) this group is a hexyl group (see figure 2.7 a). During the synthesis of
P3HT the thiophene rings polymerize between the 2- and 5- positions of the

rings (see figure 2.7 b), allowing three different coupling mechanisms:
e 2.5 : head-tail (HT)
e 5.5 : tail-tail (TT)
e 2.2’ : head-head (HH)

The higher the percentage of HT coupling in the polymer the higher is the
inter- and intramolecular order. If it is higher than 95%, the P3HT is called
regioregular P3HT (rr-P3HT). Due to its higher carrier mobility compared to
regiorandom P3HT (rra-P3HT) it is preferred in device applications [21]. The
valence band, respectively the HOMO level are 4,9-5,2¢eV under the vacuum
level. The conduction band is 2,9-3,3eV below vacuum level. The resulting
band gap is therefore 1,9¢V (see figure 2.7 c) [22, 23]. Typical hole mobilities

16
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are 1 x 107%cm?/(V's) [24]. The P3HT used in this work has been received
from Rieke Metals Inc.

Vakuum

CGH13 ------------------------------------

2,9-33eV

\ / \ 49-52eV LUMO
5 2

* S S Eg=~19eV

1 HOMO

(a) (b) ()

Figure 2.7: Poly(3-hexylthiophen) a) Chemical structure [21] b) Energy diagram
with the HOMO and LUMO level in relation to the vacuum level

2.3.2 [6,6]-phenyl-C61-butyric acid methyl ester

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) is a fullerene derivative first
syntecised by Hummelen et al in 1995 [25]. It consists of the buckyball called
Cgo molecule and a functional methyl-ester-group making it soluble in common
aromatic solvents like chlorbenzene, dichlorebenzene or toluene. After first be-
ing used by Yu et al as electron acceptor material in a bulk heterojunction solar
cell in 1995 [26] it became commonly used in organic solar cells or organic pho-
todetectors [16, 27-30]. It has a HOMO-level of 6,1-6,8¢eV, a LUMO-level of
3,7-4,1 eV, resulting in a band gap of approximately 2,7 eV [22, 23] and electron
mobilities of 1 x 107" ecm?/(V's) [24]. See figure 2.8 for its chemical structure
and band structure. The PCBM used in this work has been received from
Solenne B.V.

17
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Vakuum
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Figure 2.8: [6,6]-phenyl-C61-butyric acid methyl ester [22] a) chemical structure
b) Energy diagram with HOMO and LUMO level in relation to the
vacuum level

2.3.3 Poly(3,4-ethylenedioxythiophene):Polystyrene sulfonate

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), a con-
ductive polymer, is widely used in organic optoelectronic devices like organic
photodiode (OPD), organic solar cell (OSC) and OLED. Its success is based
on its superior properties like high transparency, high thermal stability and
easy processability [31]. The material is based on the conductive conjugated
polythiophene poly (3,4-ethylenedioxythiophene) or PEDOT. If mixed with the
polystyrene derivative poly (styrenesulfonic acid) or PSS it gets soluble in water,
forming a polyelectrolyte complex (PEC) [32], thereby allowing it to be used
in cost effective fabrication methods like spin and spraycoating. As a draw-
back, the conductivity of the polymer decreases with rising PSS content. While
this is not critical or even favourable when used as hole conduction layer in
photodiodes (see chapter 5), it becomes an issue when PEDOT:PSS is used as
transparent conductive electrode. To make PEDOT:PSS suitable for this pur-

pose, the conductivity can be increased by chemical doping which is described
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Figure 2.9: Chemical structure of PEDOT:PSS a) poly(3,4-
ethylenedioxythiophene) (PEDOT) [32] b) polystyrene sulfonate
(PSS) [32]

later (see chapter 4.1). PEDOT:PSS has a work function of 5.2¢eV and a band
gap of approximately 1.5eV[23]. Its chemical structure is depicted in figure 2.9.
In this work the formulations Clevios P VP CH 8000, Clevios P VP AI4083 and
Clevios PH 1000 by Haraeus were used.

As mentioned earlier PEDOT:PSS is widely used as interlayer in organic
devices. A main reason for this is that by such an interlayer, the hole extraction
and injection into the active layer of the device increases due to a reduction of
the energy barrier [33], leading to a higher quantum efficiency. Also it has been
stated that the PEDOT:PSS interlayer planarizes the indium tin oxide (ITO)
layer often used in such devices [34]. This avoids local shorts caused by spikes
on the ITO layer.

2.3.4 Polydimethylsiloxane

Polydimethylsiloxane (PDMS) is a silicone based organic polymer which be-
longs to the group of silicones. It is optically transparent, mostly inert, non

inflammable and non toxic. Due to its properties it is used in a wide range of
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Figure 2.11: Chemical structure of polyvinyl chloride [37]

applications. It is used in foods, as conditioners in shampoos, in medical devices
as well as in soft lithography [35]. In this work the PDMS formulation Silgard
184 from Dow Corning is used. The two component system consists of a liquid
polymer base and a curing agent. After mixing both components they form

a flexible elastomer which can be used immediately after the curing process is

finished.

2.3.5 Polyvinyl chloride

Polyvinyl chloride or PVC, first synthesized by Eugene Baumann in 1872 [36],
is after polyethylene and polypropylene one of the most produced and used
polymer in the industry. Without the addition of plasticizers PVC is usually
rigid. In this form it is commonly used for construction purposes like window

frames. Also common is its use in the food industry as packaging material (i.e.
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bottles) and the use in credit or debit cards. By the addition of a plasticizer
the rigid material can be made more flexible [37]. In this flexible form it is used

for inflatable products, leather imitation, electric cable insulation and clothing.
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3 Fabrication technologies

In this work a multitude of fabrication technologies has been used. The fol-
lowing chapter aims to describe the techniques used in detail, beginning with
details about the nanoimprinting and nanotransferprinting techniques and fol-
lowed by spraycoating. The aim of this chapter is rather to deliver a base for
the discussions in the later chapters than to present a complete review of the

individual topics.

3.1 Optical lithography

Optical lithography is one of the most used processes in micro-technology. The
vast majority of chips and microsystems is produced with this technology. For
this process a sample covered with a photosensitive resist is exposed to light
through a photomask. This makes the exposed areas soluble in a developer or,
in case of a negative resist, insoluble. In a following step the sample is immersed
into a developer solution. This solution dissolves the parts of the resist exposed
to light, leaving only the unexposed parts at the sample which resemble the
structure of the photomask.

The main drawback of this process is the need of expensive photomasks and

the resolution limitation by the diffraction of light. The smallest possible feature
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size which can be fabricated by a given photolithografic system can be calculated
according to the following equation:
A

D =Kki— 1
C HlNA <3>

Where C'D is the critical dimension, x; a factor depending on the lithography
system and photoresist, A the wavelength of the used light and VA the numerical
aperture. While k; is in an up-to-date system around 0,4 (with a theoretical
minimum of 0,25), N A can rise up to 0,93 (with a theroetical maximum for non
immersion systems of 1)[38]. As all of these parameters are already close to the
theoretical maximum, the next step would be a reduction of the wavelength of
the light used. Modern systems use ArF excimer laser with a wavelength of
193nm. A further reduction of the wavelength in next generation lithography
systems is difficult, as for lower wavelength completely new optical systems
have to be developed. An alternative approach to fabricate smaller structures

is nanoimprint lithography.

3.2 Nanoimprint lithography

For photonic devices often large area nanostructures in the sub 25 nm region are
needed. This need can not be fulfilled by commonly used optical lithography
which is limited by the diffraction of light. Electron beam lithography on the
other hand can reach the needed resolution but is slow and cost-intensive. A
way to overcome these problems is Nanoimprint lithography (NIL), a nanopat-
terning technology that provides the possibility to achieve resolutions similar
to that of high precision electron beam lithography, while allowing a fast large

area fabrication of micro- and nanostructures at the same time. By the use of
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3.2 Nanoimprint lithography

prefabricated stamps instead of shadow masks it allows to overcome the res-
olution limit of optical lithography without the need to pattern each sample
individually with electron beam lithography. It was first introduced by Chou
et al in 1996 [39] and is getting more and more attention especially in research
groups as it offers the possibility to fabricate large numbers of nanopatterned
samples at reasonable costs.

Stamps for nanoimprinting are usually fabricated by electron beam lithogra-
phy or eUV-lithography. These stamps, so called master stamps, are than repli-
cated using specialized replication polymers like OrmoStamp from Microresist.
The stamp replicas are than used for the actual imprinting process avoiding
any damage to the master stamp caused by the imprint process. The stamps
are covered with an antisticking layer to lower adhesion to the stamp [40]. For

details on the stamp replication process see section 3.3.2.

3.2.1 Imprint process

The target substrate is covered with a thermoplastic imprint resist via spin
coating. In this work only mr-I8020R from microresist was used for this purpose.
Before spin coating the samples are baked at 200 °C to remove residual water
vapor. After letting the sample cool down to room temperature the samples
are covered with the resist and a spin speed is chosen that will result with a
layer thickness defined by height of the structures on the used stamp. The right
chose of layer thickness is important to reduce the residual layer thickness.
After the sample is coated with resist the stamp is placed on top (see figure
3.1). Consecutively the sample is heated and pressure is applied. To achieve a
conformal contact sample and stamp are usually covered with a foil or membrane

and pressurized gas is filled in the room between foil and imprinter. By this a
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conformal pressure all over the stamp is achieved. The resist is heated above
its glass transition temperature and starts to flow into the structures on the

stamp.

SiO, substrate

@ Imprint

|

@ Demold

Reactive lon
Etching

@ Strip

Figure 3.1: Schematic overview of the single steps in an imprint process.

Then the stamp is cooled down under the glass transition temperature of the
resist and the stamp is removed. Another common technique is UV-NIL. In this
case the imprint resist is not hard like in the previously described thermal NIL
but stays liquid to some extent. The stamp is pressed into the liquid resist which
is cured by UV exposure afterwards. The main advantage of this technique is

the minimized heat load to the sample. As the curing by UV light is only a
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3.2 Nanoimprint lithography

matter of seconds, the imprint process is much faster because the heating and

cooling steps can be skipped.

In both cases a negative of the stamp structure is transferred into the resist.
The residual layer of resist in the structures can now be removed by reactive-
ion-etching. After this step the sample can be further etched down, using the
structured resist as etching mask, or other surface modifications are possible

like metal evaporation or growth of nanowires.

3.2.2 Imprint parameters

The imprint process can be strongly influenced by the imprint temperature,
the imprint time and the adhesion between sample, resist and stamp. Also

important for later processing is the height of the residual layer.

In a thermal imprint process the imprint temperature is defined by the glass
transition temperature 7Tj of the imprint resist. 7}, is the temperature where
a polymer is transferred from its solid form into a liquid. This is necessary to
allow the resist to flow into the cavities on the imprint stamp. The more the
imprint temperature is above this temperature, the less viscous is the imprint
resist, allowing it to flow faster into the cavities. For this reason a sufficient
high imprint temperature has to be chosen. In the case of the imprint resist

used in this work (mr-I8020R from Microresist) is was 160 °C.

The duration of an imprint, the so called imprint time ¢¢, is also critical.
It depends on the imprint Force F', the polymer viscosity 7y, the area of the
imprinted structure (in this case simplified to length L and width s), the residual
layer height h; and the original thickness of the imprint resist ho. See the

following equation [41].
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The equation shows that the imprint force and viscosity only have a small
influence (¢; =~ 1/F'). Much stronger is the influence of the structure size of the
imprint as well as the desired residual layer height in relation to the original
resist thickness. By choosing a resist layer thickness close to the structure height

of the stamp the residual layer which can be achieved in a reasonable amount

of time can be minimized.

3.3 Nanotransfer printing

A closely related approach of nanotexturing is the so called Nanotransfer print-
ing (nTP). Its main advantages are the mild process conditions like low temper-
ature, low pressure, lack of need for expensive equipment (beside the master-
mold) and the possibility of large scale production. Besides this, n'TP offers the
possibility of processing under inert gas atmosphere, especially favourable for

easily degrading organic semiconductors like P3HT.

3.3.1 Transfer process

The main difference between nTP to nanoimprinting is that, contrary to nanoim-
printing, there is no resist patterned on top of a substrate but an already struc-
tured layer is transferred onto the sample. These layers are transferred by the
use of a nanotextured stamp similar to that used in nanoimprinting (see section

3.2). Commonly a flexible Polydimethylsiloxane (PDMS) copy is used instead
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3.3 Nanotransfer printing

of a rigid stamp to achieve a better covering of the sample. A general overview

on the process is depicted in Figure 3.2.

a)
[ mastormois | [ mastormois |
Apply PDMS PDMS Curing Peeling
spreading
b)

w = e < sl = S
—

Stamp pre treatment Material Spin on Transfer printing Demolding

Figure 3.2: Schematic overview on the nano transferprinting process with flex-
ible PDMS molds. a) Fabrication of the flexible transfer stamp b)
Transferprinting process using the flexible stamp

As shown in the figure, first the stamp is covered with the desired mate-
rial. Afterwards it is brought in contact with the sample. Pressure is applied
to achieve a conformal contact between stamp and sample and the sample is
heated to improve adhesion to the sample. As last step the stamp is peeled
off leaving a layer with the desired structure on the sample. The most critical
parts during this rather easy fabrication process is the adhesion between trans-
ferred layer and stamp as well as the adhesion between layer and substrate.
For a transfer the adhesion between substrate and layer has to be higher than
the adhesion between layer and stamp. This is often achieved by the appli-
cation of anti-sticking layers onto the stamps before coating. Also critical is
a conformal contact between sample and stamp. A transfer can only happen
where the stamp gets in contact with the substrate. For this reason the use
of flexible or "semi'-flexible stamps is common [42]. The obvious advantage of

flexible stamps is that minor surface irregularities can be compensated. This is
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especially favourable in case of the presence of dust particles on the substrate.
When using a rigid stamp a single dust particle would result in a large area
where no transfer happens. The more flexible the stamp is, the smaller this
area gets. In an ideal case limiting it to the area of the dust particle itself. A
drawback of flexible stamps is their weakness to compression. If too much pres-
sure is applied, the stamps can deform with the result of a deformed transferred
pattern. Usually the transfer process is carried out with copies to reduce costs
as the stamps are covered with a material (i. e. is evaporated with a metal)

and cleaning is mostly not possible [41].

3.3.2 Stamp fabrication

In this work two kinds of stamps have been used. For the transfer process
flexible Polydimethylsiloxane (PDMS) copies of the master stamp have been
used and for the imprint process (see section 3.2) "semi'-flexible copies have
been used. As a starting point for both kinds of stamps a silicon master stamp
with the desired structure fabricated with eUV-lithography and treated with an
antisticking layer is necessary. The next step, the fabrication of a master copy
with an inverse (‘negative’) of the original structure, is still identical for flexible
an semi-flexible stamps. To obtain such a master copy several drops of the
stamp replication polymer OrmoStamp [43-46] are applied on top of the silicon
master. A 2”7 quartz wafer pretreated with an adhesion promoter (Ormoprime
by microresist) is then placed on top. The OrmoStamp hybride polymer then
spreads between the wafer and the silicon master and fills the structures on the
master. Subsequently the OrmoStamp is cured by UV exposure in an Suss mask
aligner for 60s. After separation the cured and patterned OrmoStamp stays on
the quartz wafer. After a hard bake of the copy at 130°C for 30 min for 1 hour
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3.3 Nanotransfer printing

is performed. The last step to finish the master copy is the treatment with an
anti-sticking layer [40].

From this point the fabrication of flexible and ’semi’-flexible stamps differs.
For flexible stamps the master copy is drop casted with PDMS (see section
2.3.4). Afterwards the master covered with PDMS is placed on a horizontally
aligned hotplate and cured at 30 °C for 48 h. A low curing temperature is critical
as PDMS tends to shrink when cured at high temperatures [47] and thereby the
structure can be deformed. After curing the PDMS is peeled of the master and
can be used for transfer or imprinting. See figure 3.2 for an overview of the

fabrication process.

The fabrication process of the ’semi’-flexible stamps is pretty similar to that of
the master copy. The main difference is that instead of a quartz wafer a 100 pm
thin microscope cover slides are used. Instead of a relatively thick quartz wafer,
these thin glass slides still retain a certain amount of flexibility. While not
as flexible as PDMS stamps and not as rigid as stamps fabricated with quartz
wafers, these 'semi’-flexible stamps combine the advantages of both kinds. They
can compensate small surface irregularities, the non imprinted area in case of
dust contamination is small, while still retaining the ability to withstand high

pressures.

3.3.3 Stamp pretreatment

A big advantage of PDMS made stamps when used in nanoimprinting is their
low surface energy [42]. This low surface energy results in a reduced ’sticking’ of
the imprinted material on the stamp, making the demolding step easier. When

it comes to transfer printing this low surface energy can also be disadvantageous.
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When a metal is transferred, it is usually deposited by thermal or e-beam
evaporation on the transfer stamp. Both deposition techniques usually result
in a smooth and closed layer even on samples with low surface energy. Organic
semiconductors on the other hand are usually dissolved in an organic solvent
during the deposition process and are therefore deposited as a liquid solution.
Possible deposition processes are drop casting, spincoating, spray coating or
immersing the stamp into the solution. Here the low surface energy is a problem.
It makes a conformal coating of the stamp surface difficult if not impossible.

This problem can be overcome by the introduction of an oxygen plasma treat-
ment of the transfer stamps [48, 49]. Such a treatment improves the wettability
of the stamp by chemically changing its surface. See section 3.5 for details of
the used plasma asher.

The treatment parameters have to be chosen carefully as a too long treatment
time can result in a brittle SiOy layer on the PDMS stamp surface [48]. Such
a layer is likely to form cracks during the deposition or transfer process, which
will cause cracks in the transferred layers also. A high adhesion of the deposited
layer on the stamp is not desired, as it will also cause difficulties in the later

transfer process.

3.4 Spraycoating

Spraycoating is one of the most widely used technologies for coating surfaces.
The application ranges from simple painting and art application to coating of
pharmaceutical products. Its main advantage is the easy use, its reproducibility
and, if used in large scale, its effective material use. Recently this technology
has been established for fabricating organic transistors [50, 51|, organic pho-

todetectors [52-54], organic solar cells [55-57] and potentiometric sensors [145].
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3.4 Spraycoating

In this work a commercially available automated spray head (Krautzberger
M10) has been used. It allows, unlike the often used hand held airbrush guns,
exact control over spray parameters like spray time, sample to nozzle distance
and material flow. This is necessary for reproducible results as the properties
of the resulting films rely strongly on these parameters. Figure 3.3 shows a
schematic drawing of the used spray setup. The used spray head is a dual fluid
nozzle with external mixing. In this setup the flow of carrier gas and the ink
solution can be controlled separately and mix in front of the nozzle. While in
this work the carrier gas was always nitrogen, the ink formulation varies from
polymer solutions to water based carbon nanotube (CNT) ink. The spray time
is controlled by a 3/2-way automatic valve. For starting the deposition process
the carrier gas flow is started first, shortly afterwards the ink flow is started by
pneumatically moving a needle upwards that blocks the ink outlet. When the
needle is moved upwards ink can flow throughout the nozzle and form a drop
on the prefilming area at the tip of the nozzle. The material flow is controlled
by the movement of the tapered needle. The more the needle is moved upwards
the more material can flow through the nozzle. When the deposition stops the

nozzle is closed first by moving down the needle again. This prevents dripping.

Besides the later explained spray parameters, the properties of the solvent
used in the ink formulation influence the drop formation and spray pattern.
The surface tension and viscosity of the solvent play a major role in the actual
drop formation. The boiling point on the other hand controls the amount of
solvent which evaporates before the drop reaches the surface of the sample. A
low bowling point results in a rapid droplet drying, which can result in a high
material loss if the sample to nozzle distance is too high, as the dried droplets

are blown away as powder.
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Figure 3.3: Schematic overview of the used spray setup

The other important spray parameters are the spray time ¢, the substrate-
to-nozzle distance d, the substrate temperature 7', the carrier gas pressure p
and the material flow. t controls the thickness of the achieved layer which
rises linearly with the spray time. As a spray coated layer consists of multiple
single drops which are distributed randomly over the sprayed area, a certain
minimum spray time is necessary to completely cover the designated area. The
influence of d is more complexe. Only in a certain range a uniform film can be
achieved. There are three possible domains: the wet domain, the intermediate
domain and the dry domain. In the dry domain d is to small, the droplets
coming from the nozzle still contain to much solvent and dry to slowly on the
substrate. The result is a non uniform wet film with undefined thickness. If d

is to big we are in the dry regime. In this case the droplets dry complete or
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nearly completely before reaching the substrate and are mostly or completely
blown away as powder. This results in a significant material loss as mentioned
earlier. Between these two extremes is the intermediate domain. It allows the
deposition of a uniform film with a defined layer thickness.

The substrate temperature T has a strong influence on d. Especially on the
wet domain, as by an increased substrate temperature the drying process of
the droplets is accelerated. In an ideal case the substrate temperature is close
to the boiling point of the solvent used in the ink. The carrier gas pressure p
influences the size of the droplets. The higher p the finer the ink gets atomized,
or in other words the smaller are the resulting droplets. The last parameter
is the material thickness, which increases the thickness of the resulting layer if
increased.

It has to be mentioned that all parameters influence each other and can
therefore not be considered individually, i.e. a higher substrate temperature or
a solvent with a different boiling point will allow other parameters for d and
vice versa.

Defined patterns can be sprayed by the use of shadow masks. These masks
are placed on top of the sample and protect areas which should stay free from
ink.

3.5 Plasma treatment

A neutral ionized gas is called plasma, it presents together with solid, liquid and
gas the fourth state of matter. If such a plasma interacts with a surface it can
modify the surface chemically and physically. Due to reactions of the sample
surface with ions in the plasma a chemical modification of the surface is possible.

Also surface etching and cleaning ("‘plasma ashing'’) are possible results of such
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interactions. A good example is the plasma activation of polymers, which is a
very common process in industry. For example polymer parts in the automotive
industry are usually plasma treated to achieve a good wetting of the surface
during the painting process [59]. As the PDMS stamps used in chapter 7 and
the ITO-glass samples used in the same chapter are hydrophobic a plasma
treatment is necessary to achieve a good covering.

For most industrial applications so called low pressure or cold plasmas are
used. The pressure of the working gas is usually in the range of 1mbar. To
ionize the gas or in other words ignite the plasma a sufficient amount of energy
has to be applied. This can be achieved by electric fields. Electrons in such a
plasma can have up to 10000 K while the much heavier ions remain at room
temperature. The heat transfer from electrons to the plasma chamber walls is
relatively low, therefore the term cold plasma [59].

In this work a Femto plasma asher by Diener electronics with oxygen as
working gas was used, which uses microwaves with a frequency of 2.45 GHz to
ignite the plasma. While always a working gas pressure of 0.3 mbar was used,

the treatment time and plasma power were varied.
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4 Conductive organic electrodes
(PEDOT:PSS)

In the following chapter the use of the conductive polymer PEDOT:PSS as
transparent electrode in organic electronic devices will be described in more
detail. The main focus of this chapter is the fabrication of such electrodes
for different application as well as the influence of different process parameters

(spray and spincoating) on the film behaviour.

When fabricating organic electronics, especially optical devices, usually in-
dium tin oxide or ITO is the material of choice. The big drawback of this
material is the high price of indium. One possibility to replace this material is

the use of electrodes consisting of an organic material.

Organic materials are known for being flexible, cheap and easy to process.

One of these organic materials that is famous for its conductivity is PEDOT:PSS.
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4.1 Conductivity enhancement by chemical doping

and cross-linking

4.1.1 Conductivity enhancement

While being described as a good conductor, the conductivity of PEDOT:PSS is
compared to i.e. metals still relatively low. One way to increase the conductivity
of PEDOT:PSS is the reduction of the PSS content in the polymer (see also
section 2.3.3). Good examples are the different PEDOT:PSS formulations used
in this work. Clevios P VP CH 8000 has a PEDOT to PSS ratio of 1:20
and resistivity of 1 x 10°Qcm to 3 x 10° Qcm, while Clevios P VP AI 4083
with a PEDOT to PSS ratio of 1:6 has a much lower resistivity of 500 ¢2cm
to 5000 Q2cm. Even layers with a conductivity up to 1400S/cm have been
reported [60] using a PEDOT:PSS (Clevios Ph 1000) formulation with a even
smaller ratio of 1:2.5 and ethylene glycol (EG) as additional solvent.

By adding a second solvent to the PEDOT:PSS solution its conductivity can
be increased by several orders of magnitude. Usually solvents like glycerol,
diethylen glycol sorbitol, dimethyl sulfoxide (DMSO), N-methyl-pyrrolidone or
ethylene glycol (EG) are used for this purpose [29, 60-64]. It is believed that the
solvents cause morphological changes in the resulting PEDOT:PSS layers which
are the origin of this enhancement. Ouyang and others suggest that a change
of the conformation of the PEDOT chains from coil to expanded coil lead to
an increased intrachain and interchain charge carrier mobility which increases
the conductivity [61, 63, 65]. The PSS which is insulating the PEDOT chains
from each other is also partly removed by this solvents, which leads to highly
conducting paths throughout the layer [60, 65, 66].
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DMSO and EG enhanced PEDOT:PSS solutions have been used in a wide
range of applications reaching from cell measurements [67] to organic solar cells
and photodetectors [53, 68, 116, 70, 71]. In this work layers made of a formula-
tion consisting of Clevios Ph 1000 and EG will be used as electrodes in organic
photodetectors and organic transistors for ion sensing application (see chapter
5 and chapter 6).

4.1.2 Cross-linking

A big advantage of PEDOT:PSS is its good solubility in water. At the same time
this is a big disadvantage in terms of layer stability and use in more complex
processes like photolithography which are used to fabricate microstructures.
Most common developers and/or etchants are water based and would therefore
destroy/dissolve PEDOT:PSS layers if used in i.e. a lift off process. This can
be solved by cross-linking the PEDOT:PSS layer. If a polymer gets cross-linked
the individual polymer chains get linked to each other covalently and form a

bulk material.

In this work 3-glycidoxypropyltrimethoxysilane (GPS) is used to cross-link
PEDOT:PSS layers making them suitable to be used in standard lift off pro-
cesses [72, 73]. The silane will be hydrolysed in the acidic conditions of the
aqueous PEDOT:PSS solution forming silanol groups (Si-OH-groups). These
groups will condense during drying and form a cross-linked silicon dioxide net-
work. Therefore the GPS is not cross-linking the PEDOT:PSS itself, but mak-
ing it insoluble to any kind of solvent due to the incorporation of an inorganic
network [32].
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4.2 Fabrication and characterization

Before the actual usage, the PEDOT:PSS layer has to be optimized for the
particular purpose. In case of spraycoated organic photodetectors (see chapter
5) it was optimized towards a low sheet resistance Rgpeer and a high optical
transmission 7,,;. An increasing layer thickness dspeer Will reduce Rgpeer and at
the same time decrease the transmission. For this reason a trade off point has
to be found, where a low sheet resistance is reached but the transmission is still

sufficiently high.

A solution consisting of the conductive PEDOT:PSS formulation Clevios Ph
1000 by Haraeus together with EG, deionized-water (DI-water) and the com-
mercially available wetting agent Dynol 604 was used for this purpose. Ideal
ratios by weight were already optimized and described by others [74]. Therefore
a ratio of PEDOT:PSS to DI-water to EG of 2:2:1 where chosen. Additionally
0.3 wt% of the commercially available wetting agent Dynol 604 was added.

For characterization purposed layers were sprayed onto glass substrates with
a size of 25x25mm which have been previously treated with an oxygen plasma to
increase wettability (see section 3.4 and section 3.5 for details on spraycoating
and plasma treatment). To achieve a homogenous covering of the sample and
dry layers a sample to nozzle distance of 20 cm was chosen and the samples were
heated to a temperature of 120 °C. After spraycoating the resulting layers were
characterized by four-point-probe, transmission and profilometer measurements.
Results are displayed in table 4.1.

Figure 4.2 a) shows the thickness of spraycoated PEDOT:PSS layers doped
with ethylene glycol on glass substrates. The layers were fabricated as described
in the previous section. As one can see the layer thickness rises almost linearly

with spray time. This can be expected, as during spraycoating a constant
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Table 4.1: Characteristics of spraycoated PEDOT:PSS layers doped with EG

spraytime layer thickness R Transmission

(s) (nm) (Q2em) (%)
10 n.a. 1510 98,9
20 64 405 97,6
30 129 228 95,7
40 162 154 93,2
60 214 102 92,3
70 242 85 89,5
80 260 76 88,1
90 310 65 86

120 410 48 79,5
180 624 32 71,3
240 830 23 64,7

amount of material is applied over time, which is resulting in a linear rise of the
layer thickness. The transmission of such PEDOT:PSS layers at a wavelength
of 500 nm is displayed in figure 4.2 b). Thin layers with a thickness lower than
100nm show a high transmission of over 95%. Even thicker layers of more
than 800 nm have transmissions of more than 65%. This high transmission in
the visible spectrum makes the material a suitable candidate for transparent

electrodes.
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Figure 4.1: a) Layer thickness of spraycoated PEDOT:PSS layers doped with
EG. b) Transmission at 500 nm for doped PEDOT:PSS layers with

different thicknesses
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Figure 4.2 a) shows the sheet resistance of the layers depending on the layer
thickness, while 4.2 b) shows the optical transmission at a wavelength of 500 nm
in dependence of the layer thickness. At a low layer thickness of around 60 nm
the sheet resistance is with 405 {2/cm relatively high. At thinner layers a even
higher resistance can be measured (see table 4.1). These values have to be
considered carefully as at very low spray times no conformal layer is formed.
Due to the random distribution of droplets during the spray coating process a
minimum spray time has to be granted to achieve a closed layer. At too low
spray times an irregular network of droplets with an undefined layer thickness
is formed. With rising layer thickness the sheet resistance is dropping rapidly
under 1002 /cm until at a layer thickness of around 400 nm a saturation starts.

A good transparent electrode is defined by a high optical transmission while
still maintaining a low sheet resistance. If the sheet resistance is plotted against
the optical transmission (see figure 4.2 b)) a trade off point between these two
properties can be chosen. For the devices used in chapter 5 this trade off point
was chosen at a sheet resistance of 1002/cm which provides a high optical
transmission of 92,5% and refers to a layer thickness of 214 nm or a spray time
of 60s. A further increasement of the layer thickness would only provide a
slight decrease of the sheet resistance but a strong decrease of the transmission.
Making the layer thinner would only provide a moderate improvement of the

already high transmission while increasing the sheet resistance dramatically.
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Figure 4.2: a) Sheet resistance of spraycoated PEDOT:PSS layers doped with
ethylene glycol. b) Transmission at 500 nm for doped PEDOT:PSS
layers in relation to the sheet resistance
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4.3 Lithography

Conductive PEDOT:PSS can not only be used as spraycoated transparent elec-
trodes, also a usage as electrode material in OFET is possible. In this case as
substrates are often opaque, the transparency of the film is usually not impor-
tant. On the other hand small structures in the micrometer range are necessary
for good transistors. This can not be achieved by spraycoating with shadow
masks as described in the previous chapter. For this reason the use of optical

lithography becomes necessary (see section 3.1).

As described in section 4.1.2 it is difficult to use PEDOT:PSS in standard
lift off processes due to the water containing chemicals which are usually used.
To overcome this problem 0.25 % by weight of the crosslinker GPS were added
to a PEDOT:PSS solution containing 5 parts of PEDOT:PSS Clevios Ph 1000
by Haraeus, 5 parts of isopropanol and 1 part of ethylene glycol. Isopropananol
was added to decrease the contact angle of the solution and therefore increase
the wettability of samples [75]. The solution was stirred for one hour at room

temperature before usage.

Samples were structured using a standard lithography process as described
in section 3.1. After resist application, exposure and development, the sam-
ples were spincoated with the PEDOT:PSS solution and annealed at 100 °C.
After annealing the sample was placed in an acetone bath and sonicated, re-
moving the resist and the PEDOT:PSS on top of it. A microscopic picture of

an interdigitated structure fabricated this way is depicted in figure 4.3.

In general the process is possible on a wide variation of samples like glass
plates and silicon wafers or polyimide (Kapton) or Polyethylene terephthalate
(PET) sheets. Test performed on PET and Kapton substrates showed no dif-
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4 Conductive organic electrodes (PEDOT:PSS)

Figure 4.3: Microscopic image of an interdigitated structure consisting of cross-
linked PEDOT:PSS doped with ethylene glycol fabricated with a
photolithographic. The lines have a 30 pm spacing and are used for
the transistor described in section 4.4. a) with 100 nm thickness:
good lift off b) 150 nm thickness: flakes and rags at the structure
edges.

ference concerning lift of quality or sheet resistance. The only limitation for the

substrate is its resistance to the developer used in the lithography process.

Structuring a PEDOT:PSS layer with a photolithographic lift off process has
several advantages compared to patterning with shadow masks and spraycoat-
ing. One of the most important advantages is the increased resolution. With a
lithography process a much higher resolution can be achieved. Even structures
with a size in the range of micrometers are possible [73] while with shadow
masks resolutions in the order of tens of micrometers are possible at the best.
Another big advantage are the much smoother layers, as spraycoated layers
generally have a high roughness. Also due to the cross-linking the layers get in-

sensitive to chemicals or water used in later process steps, while non cross-linked
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Figure 4.4: Sheet resistance of spincoated and cross-linked PEDOT:PSS layers
compared to not cross-linked spincoated and spraycoated layers. All
layers are doped with ethylene glycol.

spraycoated layers are sensitive to most polar solvents making a coating of the

electrodes with materials dissolved in such solvents difficult, if not impossible.

The biggest disadvantage is the limitation of the thickness of spincoated layers
in a lift off process. At a thickness above 150 nm the cohesion of the layer
gets so strong, that a good lift off is not possible anymore. Flakes and rags
of PEDOT:PSS will remain at the edges of the structures which can cause
shortcuts (see figure 4.3 b)).
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4.4 Transistors

Transistors are not only the basis for the modern computer technology, they are
also used in a wide variation of sensors. In cases of sensors usually the quantity
to be measured influences the behaviour of the dielectric used in the transis-
tor. This changes the characteristics of the transistor, giving the possibility to
determine the quantity. Usually such transistor based sensors like ISFETs are
fabricated using metal electrodes As a prove of concept transistors were fabri-
cated with PEDOT:PSS electrodes using the previously described lithography
process. The transistor consist of a interdigitated finger structure with 30 pm
spacing (see figure 4.3). As substrate silicon wafers with 65 nm oxide on top as
well as polyimide (Kapton) samples were used. The semiconductor was in both
cases P3HT, spincoated onto the PEDOT:PSS electrodes from a 1wt — % solu-
tion dissolved in dichlorobenzene (DCB) with a spin speed of 1000 rpm resulting
in a 73nm thick layer.

A so called electrolyte gated setup was used to characterize the transistors.
In such a setup the dielectric is covered with an liquid electrolyte in which the
gate electrode is immersed. Details about such kind of measurement setups can
be found elsewhere [8]. This kind of setup was chosen to evaluate a future use
in ion-selective sensors using Polyvinyl chloride (PVC) membranes (see section
6.5).

For transistors fabricated on silicon wafers a self-made Ag/AgCl - Electrode
was used as gate. In case of samples fabricated on Kapton PEDOT:PSS elec-
trodes were used. The devices on Kapton can therefor considered as all carbon
devices. Figure 4.6 shows the transfer curves of two different transistors from
the same batch on a silicon substrate. Both transistors are measured with a

constant drain voltage V. of —1V and a voltage sweep of the gate voltage Vga
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Figure 4.5: Transfer curves of two different transistor from the same batche
made with PEDOT:PSS electrodes using P3HT as dielectric

from —0.6'V to 0.6 V with a step size of 80 mV. The used electrolyte is in this

case deionized water.

From these transfer curves the on-off-ratio as well as the threshold voltage can
be determined. Usually the concentration of the anayltes are determined by the
change of the threshold voltage (see [76] and [77] for details). For this reason
and because of the low quality of the transistors, only the transfer curves have
been acquired and no output characteristics. Both transistors show a on-off
ratio of about 4, while V}, is close to 0.28 V.

Figure 4.6 shows the transfer curve of a transistor fabricated with the same
parameters as the transistors displayed in figure 4.6. The main difference is

the use of a Kapton substrate and an electrode also fabricated with crosslinked
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Figure 4.6: Transfer curves of a transistor made with PEDOT:PSS electrodes

on a Kapton substrate using P3HT as dielectric and a gate electrode
also fabricated with PEDOT:PSS

PEDOT:PSS. The transistor has a threshold voltage V;, of 0V and an on-off

ratio of 2.

While the presented transistors show low on-off ratios compared to standard
silicon based devices they still prove as a proof of concept that it is possible
to fabricate transistors with the proposed technique. The transistor shown in
figure 4.6 can here be described as an all carbon device as substrate, contacts
and electrodes as well as dielectric and gate electrode are fabricated by the
use of carbon based organic materials. Possible reasons for the low transistor
performance are the P3HT (which is known to degrade in water and oxygen
rich environments) used as semiconductor and leakage path formed during the

lithography process. The possible problems with P3HT as semiconductor mate-

50



4.4 Transistors

rial could be avoided by using carbon nanotubes instead (see section 6.5). The
presence of leakage path is likely as transistors fabricated on silicon wafers as
well as devices fabricated on Kapton show a relatively high drain current Isp of
around 0.5 A and 1.6 A respectively. A further optimization of the fabrication
process should be able to minimize the leakage path and therefore increase the

on-off ratio.
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5 Spraycoated organic

photodetectors

The following chapter will focus on the fabrication of spraycoated organic in-
dium tin oxide free photodetectors. These results have already been published
in AIP Advances in 2014 [150]. Parts of the text can be found there.

5.1 Introduction

Organic photovoltaic devices like organic solar cells and organic photodetectors
have been attracting a great amount of research [26, 79]. They offer promising
features as they allow flexible lightweight applications and roll-to roll production
of low-cost large area components. To develop their full potential, this kind of
devices has to be fabricated using scalable fabrication technologies like spray
coating, ink-jet printing or screen printing which are already known from the
printing or painting industry. This way high cost fabrication technologies like
PVD can be avoided. A drawback of these technologies is that they usually
require a solution processability of the used materials. So far the production of
most organic devices still contains fabrication steps that rely on PVD, especially
for the electrical contacts. A good example is the indium tin oxide (ITO)

commonly used as transparent electrode material.
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5 Spraycoated organic photodetectors

Figure 5.1: Microscopic picture of an spraycoated PSHT:PCBM layer

However, ITO is brittle, thus causing problems in processing flexible devices.
Furthermore, the limited availability of indium causes a steady increase of its
cost. This has raised the demand for ITO-free devices. For this reason alterna-
tive transparent electrode materials like graphene [80], carbon nanotubes [81],
metal nanowire networks [82-85] as well as metal grids [86] and conductive
polymers like poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PE-
DOT:PSS) [28, 87] have been investigated. All of the mentioned alternatives,
besides metal grids, also have the advantage of relying on solution processable
materials, which allows to replace the sputter process usually used for the ITO
deposition with a printing or spray coating technique.

PEDOT:PSS is a promising candidate as electrode material, due to its easy
processabilty, nontoxicity and relatively high conductivity [87, 88]. An ad-
ditional advantage is the possibility to further increase its conductivity by
chemical doping (see chapter 4 for details). Previous works demonstrated the
feasibility of fabricating such ITO free photodiodes [28] and solar cells [70,
89] with high conductive PEDOT:PSS as anode and an active layer made of
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5.1 Introduction

poly(3-hexylthiophen) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM). However, these devices - produced by means of a lab scale spin-coating
technique - show low performance. In case of the photodiodes a high dark cur-
rent and therefore a low on-off ratio has been reported [28]. The use of spray-
technologies [90] would allow to exploit the afore mentioned high throughput
large area production capabilities of this technique which is one of the main ad-
vantages of organic electronics, at the same time avoiding the drawbacks of lab
scale production processes like spin coating or doctor blading as e.g. the high
waste of material. The feasibility of such an approach has been first demon-
strated with ITO-free spray coated solar cells [91]. Regarding photodiodes,
only devices with an inverted top absorbing structure have been demonstrated
so far [53, 68]. These devices also have been successfully integrated in or-
ganic/inorganic hybrid CMOS-detectors [116]. Also it was demonstrated that
it is relatively easy to replace one of the used materials to achieve for example
infrared sensitivity [116]. However, such inverted structures make use of e.g.
plasma processes to increase the wettability of the hydrophobic PSHT:PCBM

active layer which could negatively affect the device.

In this chapter a way to fabricate spray coated I'TO-free organic photodiodes
with a non inverted structure and patterned PEDOT:PSS anodes as transparent
electric contacts will be demonstrated. By replacing lithography processes with
a shadow mask approach for the patterning of the electrodes, the manufacturing
process can be easily transferred to large scale production. A comparative study

of standard and ITO-free devices is included.
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Figure 5.2: Schematic of spray setup and a spray coated sample with PE-
DOT:PSS anode on glass substrate

5.2 Fabrication

The whole fabrication process of the devices except the evaporation of the back
electrode is done by spray coating. This part is therefore the last production
step which is not yet replaced by a solution based fabrication process like spray

coating or ink-jet printing.

All devices were fabricated on float glass or prepatterned indium tin oxide
coated (ITO) glass samples (Xin Yan Technology Ltd, Rg = 15/0). To clean
the samples they were first sonicated in acetone and isopropanol for 10 minutes
and subsequently blow dried with nitrogen. To provide a sufficient surface
coverage of the samples with the water based PEDOT:PSS solution and to
remove any remaining organic contamination on the surface they were treated

with oxygen plasma for 1 minute after the cleaning process.
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5.2 Fabrication

To fabricate the PEDOT:PSS electrodes in ITO free devices the samples were
heated to 120°C and spray coated with a conduction enhanced PEDOT:PSS
solution. The solution consisting of PEDOT:PSS (Clevios PH 1000), deionized
water, ethylenglycol (Merck) for increasing the conductivity and the wetting
agent Dynol 604 (Sigma-Aldrich) with a weight ratio of 1:1:0.4:0.01 was stirred
for two hours at room temperature and filtered with a 0.45um filter before
usage. The addition of the wetting agent was necessary as the heating of the
sample is reducing the effect of the plasma treatment. The sample was coated
for 60 seconds with a nozzle-to-substrate-distance of 20 cm (see figure 5.2 and
section 3.4). A shadow mask was used to pattern the film, thus avoiding the
use of complex lithography processes. The sample is covered with the shadow
mask and only coated at spots where a hole in the mask exists. Afterwards the
samples were annealed at 140 °C for 10 minutes to remove any residual moisture

in the layer.

After cooling the samples to room temperature a hole conducting layer (HCL)
consisting of PEDOT:PSS (Clevios P VP CH 8000) was spray-deposited. The
nozzle-to-substrate-distance was 25 cm, while the spray time was varied between
samples to achieve different thicknesses for optimization purposes. Afterwards
the samples underwent a second annealing step at 140°C for 10 minutes to
again remove the remaining water. The photo active layer consisting of a blend
made with P3HT (Rieke Metals) and PCBM (Solenne B.V.) with a weight ra-
tio of 1:0.75 dissolved in 1,2-dichlorobenzene (Sigma-Aldrich) was subsequently
sprayed on top, forming a bulk heterojunction (BHJ). Again a series with dif-
ferent spray times and therefore different layer thicknesses was sprayed for op-
timization. A last annealing step at 140°C for 10 minutes in a nitrogen filled
glovebox followed. Finally a 100 nm aluminum electrode was deposited by ther-

mal evaporation. As previously described in section 2.3.1 the P3HT tends to
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5 Spraycoated organic photodetectors

degrade when getting in contact with water and oxygen, therefore all devices
were encapsulated using an UV-curing epoxy (Dymax OP4) and a thin glass
sheet. Further details on spray coating and used materials can be found in
section 3.4.

For the reference devices with I'TO anode, a previously optimized stack with
(HCL:10s (50nm), BHJ: 20s (600 nm)) was fabricated using the very same fab-

rication procedure.

5.3 Results

To characterize the fabricated devices the I-V-characteristics of the device, the
external quantum efficiency, the cut of frequency, the sheet resistance of the
PEDOT:PSS anode as well as the spray coated layer thickness have been mea-
sured.

The I-V characterization of the devices was carried out using a Keithley 2602A
source meter and a halogen lamp with a light power of 100 mW /cm?. The
external quantum efficiency (EQE) was obtained by using a Newport 74125
Monochromator with a 300 W Xenon arc lamp and a Merlin 70105 Lock-In
amplifier. Finally, the cut-off frequency of the devices was evaluated as follows:
a Keithley 3390 arbitrary waveform generator produced a square wave voltage
with D = 50% duty cycle modulating the optical emission of a green LED
(max. 500nW/cm? at 525nm); the photocurrent of the OPDs was amplified
via a FEMTO transconductance amplifier with a gain of 10* and the voltage
waveforms were analyzed with a LeCroy WavePRO 7zi oscilloscope. The sheet
resistance of the PEDOT:PSS anode was measured using a custom-made 4-point

prober.
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Figure 5.3:
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a) WLI image of a spray coated layer. Instead of a single profile, an
average profile on the shaded area was measured, in order to give
an effective-thickness of the spray-coated layer. b) Average profile

of a spray-coated blend layer
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The thickness of the spray coated layers was determined by means of white
light interferometry (WLI). As for WLI an opaque sample is necessary. For
this reason glass samples with sprayed layers were scratched and a thin (15 nm)
aluminum layer was evaporated on top to reflect the white light. Then a Veeco
NT9080 (20.2x magnification) white light interferometer was used to determine
the thickness of the layers. Since the spray-coated layers are relatively rough,
the measurement was averaged on 50 um in the x direction (the yellow shaded
area in the shown profiles, figure 5.1 b)) and 25 pm in the y direction (the red

area in figure 5.1 a))

5.3.1 I-V-characteristics

To determine the I-V characteristics of the fabricated devices a voltage sweep
from —4V to 2V with a step wide of 0.075V was applied to the devices while
being in the dark and under illumination. To assume a good electrical contact
silver conductive paste was applied to the cathode and the anodes.

Figure 5.4 and 5.5 are showing the I-V characteristics of devices fabricated
with varying thicknesses of the HCL and BHJ active layer (see figures 5.3 a
and b) compared to devices with a BHJ layer thickness of 600 nm and a HCL
thickness of 75 nm. The thickness of the HCL (50 nm to 120 nm) is determined
by the spray time. In fact the droplet formation during the spray deposition
process results in a layer thickness which can vary strongly. In the case of
the BHJ active layer, the thickness can be acquired more accurately as the
average layer thickness is much higher (300nm to 750 nm) and droplet size is
significantly smaller due to the different material properties.

If the thickness of the HCL is increased a strong decrease of the dark current

occurs. This can be seen in figure 5.4. The dark current drops for nearly one
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Variation of hole conducting layer thickness
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Figure 5.4: Logarithmic plot of the I-V-characteristics of samples with varying
HCL thickness (BHJ thickness for all samples 600 nm)

order of magnitude. In contrast to this the photo current of devices is first
increasing and then decreasing with increasing HCL thickness. As previously
mentioned, the PEDOT:PSS layer is a hole conductor. Therefore the reduced
recombination of electrons diffusing to the anode and the increased roughness
are believed to be the reasons for this behaviour [16, 32, 34, 92, 93]. Once the
HCL thickness reaches a level at that all electrons are blocked, the effect will
saturate and the photocurrent will decrease, as the serial resistance increases
with HCL thickness as well. This is reflected on the similar behaviour shown by
the forward current, while the increasing resistance also leads to a decreasing
dark current. Compared to a device with ITO electrode the forward current is
lower while the photocurrent is basically the same. The reason for this is the
lower sheet resistance (Rg) of the ITO electrode of 15Q/0 (value given by the
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Variation of active layer thickness
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Figure 5.5: Logarithmic plot of the I-V-characteristics of samples with varying
BHJ thickness (HCL layer thickness of 50 nm)

manufacturer) compared to the PEDOT:PSS electrode with measured value of
~10092/0. The dark current for ITO based devices is significantly lower than
that of the PEDOT:PSS based devices. It is believed that the higher roughness
of the spray coated PEDOT:PSS anode compared to ITO anode is the reason
for this behaviour. Still one has to keep in mind that the BHJ thickness chosen
for the devices is optimized for ITO electrodes and not for PEDOT:PSS. For
devices fabricated with varying BHJ thickness a HCL thickness of 50 nm has

been chosen as this seems to be the optimal thickness.

Leaving the HCL thickness constant and increasing the BHJ layer thickness
(figure 5.5 b) leads to a slight increase in the photocurrent and a drop of the
dark current until saturation is reached. In contrary to this the forward current

drops constantly with increasing BHJ thickness. It is believed that the rise of
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the photocurrent is caused by a higher proportion of the incident light that is
absorbed. This is caused by the higher absorption of the thicker films. The
photocurrent saturates as at a certain point the complete light is absorbed. On
the other hand, the simultaneously increasing serial resistance is responsible
for the decreasing dark current which becomes even lower than that of the
ITO reference. The constant decrease of the forward current with increasing
thickness is also believed to be caused by the rising serial resistance. Here no
rise similar to that when increasing HCL thickness is present as the forward
current is independent from the illumination. This affects the performance of
the photodetectors in a positive way, since the on-off ratio of the devices with
the thickest BHJ layer is reaching values of nearly 4 orders of magnitude, which
is what we measured for the reference diode on ITO. It is worth mentioning
that thick active layers, although positively impacting the on-off ratio, hinder

a fast operation of the devices (see below).

5.3.2 External Quantum Efficiency

The external quantum efficiency (EQE) of a solar cell or a photo detector rep-
resents the ratio between incoming photons and charge carriers extracted from
the device for each wavelength. It is used as a figure of merit for photodetectors
to determine how efficient they can be operated at different wavelength. It can
be calculated according to the following equation.

N. Ip

EQEsc(\) = Ny EEQER(/\) (5.1)

With FQFEsc(A) being the external quantum efficiency of the measured de-
vice, the number of impinging photons Np, the number of extracted charges

N., the photo current of device Ip, the photo current of reference Iz and the
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Variation of active layer thickness
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Figure 5.6: External quantum efficiency (EQE) measured at —4V bias voltage
of devices with varying BHJ thickness (HCL thickness 50 nm) com-
pared to a device (cyan) with ITO anode (HCL:10s (50 nm), BHJ:
20s (600 nm))

external quantum efficiency of the reference EQFERr(\). As can be derived from
the equation, a reference detector with a known quantum efficiency is needed for
this purpose. In case of this work a calibrated silicon photodiode from Newport
was used.

Figure 5.6 shows the EQE of devices fabricated with varying active layer thick-
ness and constant HCL thickness, while figure 5.7 shows devices with varying
HCL and constant active layer thickness. Both are measured under a reverse
bias of —4V. In the figure can be seen that increasing the thickness of the
BHJ active layer leads to a reduction in the EQE and to a substantial modifi-
cation of its shape. In fact, if on the one hand, a thicker BHJ layer guarantees

a higher number of collected photons, on the other hand, the probability of
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Variation of hole conducting layer thickness
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Figure 5.7: External quantum efficiency (EQE) measured at —4 'V bias voltage
of devices with varying HCL thickness (BHJ thickness for all samples
600nm) compared to a device (cyan) with ITO anode (HCL:10s
(50nm), BHJ: 20s (600 nm))

recombination at defects and therefore loss is enhanced by the longer average
distance from the point in which the charge is generated up to the contacts. The
higher serial resistance which occurs with rising layer thickness adds additional
losses. The variation in the HCL thickness did not show any clear trend and

the differences found are related to process uncertainties.

A comparison between the ITO-free fabricated devices and the ITO reference
with the optimal HCL/BHJ stack shows an average difference of about 10 %
in EQE, roughly coincident with the difference in transmittance between the
conductive PEDOT:PSS electrode and the ITO. The obtained values of EQE
are consistent with the ones found in the literature for ITO-free OPDs|[28].
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Another figure of merit of photo detectors is the responsivity of the devices.
It can be estimated from the wavelength of the incident light and the quantum
efficiency according to the following equation:

_meA

R=1= (5.2)

With R being the responsivity, the elementary charge e, the quantum effi-
ciency n at the wavelength A, A being Plancks constant and the speed of light

C.

The responsivity for the fabricated devices was found to be between 0.19 A/W
and 0.25 A/W at 530 nm for devices with PEDOT:PSS electrode, compared to
0.30 A/W for the ITO reference. The found values are well comparable to that
of standard silicon photodiodes which show responsivities between 0.2 A/W and
0.3A/W [94].

5.3.3 Cut-off Frequency

The cut-off frequency is an important figure of merit for photodiodes. It limits
the maximum signal frequency which can be detected by the photodiode. When
the light illuminating the photodiode changes with a higher frequency the re-
sponse of the diode gets too small for an accurate detection. For photodiodes
the cut-off frequency is usually defined as the frequency at which the response
falls below 3dB or 50 % compared to the response under constant illumination.

The spray-coated diodes on a structured I'TO glass gave, on average, cut-off
frequencies around 3kHz (Figure 5.8) at a light power density of 200 pW /cm?
at 525nm (comparable to the sunlight intensity at this wavelength) and were

used again as reference to be compared with the fully-spray coated ones.
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Figure 5.8: a) Bode plot of ITO reference device. The inset shows the decrease
of cut-off frequency with increasing HCL and BHJ spray time (red
BHJ variation, black HCL variation) at 200 uW/c*m light power
density. b) Plot cut-off frequency of the best device depending on
incident light power density

As shown in the inset of figure 5.8, the cut-off frequency is strongly influenced
by the overall thickness of the device. Increasing either the BHJ layer or the
HCL thickness gives a clear trend of a severe reduction in the cut-off frequency.

Two phenomena seem to be responsible for this behaviour. Firstly, as pre-
viously stated, to a thicker layer corresponds a longer travel distance for the
carriers, meaning that carriers with the same velocity would take, on average,
a higher time to get to the contacts. Secondly, since the voltage applied to the
electrodes is the same for all devices, the resulting electric field is lower for the
thicker ones.

A lower electric field leads to a lower average carrier velocity, hence, at the
same time both the velocity is lower and the travel distance is higher: it follows
that with an increasing thickness of the layers, the carrier average travel time
is increased, with a consequent reduction of the highest possible operating fre-

quencies. As mentioned above photodiodes optimized in order to achieve a high
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on-off ratio are limited in their dynamic response, which reduces their field of
application to stationary ones.

Figure 5.8 b) shows how light intensity influences the cut-off frequency for
the best performing spray coated diode. A region of quasi-linearity can be
noted between 100 pW/cm? and 350 pW /cm?, showing a threshold effect for
low light intensity and a saturation phenomena for high light intensity. Work
performed by others [74] indicates that at higher light intensities even higher

cut of frequencies can be achieved.

5.4 Conclusion

We have demonstrated the fabrication of ITO free PSHT:PCBM-based organic
photodiodes using a spray coating manufacturing process. The fabricated de-
vices reach an external quantum efficiency of 62 % and on-off-ratios of nearly 4
orders of magnitude.

A maximum cut-off frequency of 9kHz has been reached at a light power of
400nW /cm?, as well as a responsivity of 0.25 A/W at 530nm. Future work
will be devoted to increase the operational frequency of these spray-deposited
photodiodes as well as their quantum efficiency.

The reached values are comparable to that of ITO free OPDs fabricated with
other materials or fabrication techniques as depicted in table 5.1. While the
achieved on-off ratio of ~ 100000 is very good, compared to the other devices
fabricated with other technologies, it is difficult to compare EQE. As can be
seen in the table the measurement conditions vary strongly. The dark current
is also very low, only surpassed by Baierl et al. [53], who used spray coating as

fabrication technique but an inverted stack architecture for their devices.
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Table 5.1: Comparisson of ITO free organic photodiodes fabricated with differ-
ent technologies

Ref On-Off ratio EQE Dark current Fabrication
(at —1V) at 500 nm at —1V technique
(%) (mA/cm?)
Huang [28] ~ 10 50 1073 Spincoating
Pace [95] ~ 100 32 (-1V bias) 1073 Inkjet
Azzellino [96] ~ 10000 65 (-0,9V bias) 1073 Inkjet
Baierl N . e Spray/
aierl [53] ~ 100000 70 (-4V bias) 10 :
inverted
Falco [71] ~ 100000 65 (-5V bias) 10~* Spray/CNT
This work ~ 100000 59 (-4V bias) 10~ Spray
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potentiometric sensors

In this chapter the fabrication of fully spray coated all solid state potentio-
metric sensors will be described. The results presented in this chapter have
been achieved in collaboration with Eva Jaworska, Giuseppe Scarpa, Krzysztof
Maksymiuk and Agata Michalska and have already been published in Analyst
[145]. Parts of the text can be found there. The author of this work was

responsible for the entire fabrication process.

6.1 Chemical sensing with potentiometric sensors

A potentiometric sensor is a chemical sensor that measures the concentration
of certain analytes by the change of the potential between a so called working
electrode and a reference electrode. A subgroup of these kinds of sensors are
potentiometric ion sensors (also called ion-selective electrodes (ISEs)). In such a
sensor the electrodes are usually covered with an ion selective membrane, giving
the possibility to measure the concentration of a specific ion. The concentration
of the analyte is derived from the potential change under no-current-conditions.
Because of its small size, portability, low cost and low energy consumption

compared to other analytical techniques ISEs are interesting for a wide field of
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6 Spraycoated organic potentiometric sensors

applications [97]. The most successful ISEs are based on polymeric membranes
and are commonly used as chemical sensors in clinical analysis [98].

Common ISEs contain an internal buffer solution. This leads to a lot of draw-
backs like difficult storing, danger of leakage, problems with sterilization and a
high need of maintenance. An attractive option of such systems would be the
use in miniaturized systems like lab-on-chip devices, which would require a high
grade of miniaturization of the device. As it is difficult to miniaturize classic
ISEs because of the internal buffer solution there is an ongoing development
of all-solid-state ion-selective electrodes (ASS-ISE) which lack such a buffer
solution [99]. ASS-ISE show similar analytical parameters as the previously
mentioned ISEs including the stability of potential values over time [100].

The most simple version of an ASS-ISE is the so called coated wire arrange-
ment which was already developed in the 1970s [101, 102]. It is basically con-
sisting of a solid electrical conductor, i.e. a platinum wire, covered with an
ion-selective membrane. The main drawback of such a setup is a high amount
of manual work during the fabrication, a high material consumption, the low
reproducibility and drifting of the electrode potential caused by the bad charge
transfer between the electrically conducting wire and the ionically conducting
membrane [101].

In many cases simple disposable sensors are needed. Due to the high cost of
fabrication the above mentioned solution is not feasible for such a purpose. An
approach to overcome this is the fabrication of ASS-ISE by screen printing using
conductive polymers (CPs) or CNTs as electrode material. Still screen printing
requires some manual steps, increasing the costs and allowing a variation in
the fabrication process caused by human influence [103-106]. Alternatively the
layers in such a device could be fabricated by spray coating, which is a well

established fabrication technique in industry (see section 3.4). In this work a
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Figure 6.1: Schematic drawing of spraycoated ion-selective electrodes on Kapton
and PET substates consisting of MWCNT electrodes covered with
an PVC based membrane

method to fabricate ion-selective electrodes solely by spray coating will be pre-
sented. The setup of the electrodes is as follows. On a supporting substrate
consisting of polyimide (Kapton) or PET a CNT layer working as electrical lead
support and transducer layer is sprayed. A defined area of the CNT layer is
spray coated with an ion-selective membrane. An insulating plasticized PVC
layer is sprayed on the remaining CN'T area which is used as electrical lead to
define the membrane area (see figure 6.1 and 6.3 for ample setup). As model
systems potassium-, hydrogen ion- and chloride-selective electrodes using plas-

ticized PVC membranes were prepared.

6.2 lon-selective PVC based membranes

The most important component of an ISE is the ion-selective membrane. It

has the biggest influence on the quality of the sensor. A bad or non suitable
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membrane will result in a sensor with low sensitivity or low reproducibility
and, in the worst case, in a non functional sensor. Its main function is, as can
be derived from the name, to"‘filter"” a specific ion out of the usually watery
solutions containing several different ionic species. Otherwise the potentiometric
sensor would only be able to measure the sheer existence of ions, not the exact
concentration of the specific ion of interest.

An ion-selective polymeric membrane is ideally immiscible in water and con-

sists of the following components [107, 108]:
e Polymeric matrix

e Plasticizer

Lipophilic ion

Ionophore

Lipophilic salt

Polymeric matrix The polymeric matrix is usually made of a polymer that
doesn’t react with any of the chemicals in the sensed solution and is immiscible
in water. It stabilizes the membrane. So far the most common matrix material
for ion-selective ISEs is PVC [109, 110].

Plasticizer The plasticizer ensures a high mobility of the membrane ingre-
dients. To provide a homogenous distribution of all ingredients it has to be
compatible with all of them. It has a strong influence on the selectivity of the
membrane as it influences the ion-exchange characteristics of the membrane,
which is depending on the polarity and dielectric constant [111]. The plasti-
cizer used in the membrane presented in this work is bis(2-ethylhexyl) sebacate

(DOS).
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6.2 Ilon-selective PVC based membranes

Lipophilic ion For a Nernstian response of the ISE it is necessary that no ions
with opposite charge of the target ion are extracted together with the target
ion from the sample solution into the membrane. For this reason the membrane
should only be permeable for ions with the same charge sign of the target ion.
This membrane characteristic is called permselectivity or Donnan exclusion.
Non-exchangeable lipophilic ions in the membrane keep the ISE operational by
keeping the total concentration of target ions in the membrane much higher
than the amount of ions with an opposing charge extracted from the sample
solution. Cation-selective ISE-membranes normally contain as lipophilic site a
tetraphenylborate derivate and anion-selective membranes a tetraalkylammo-
nium salt [110].

lonophore A very high influence on the selectivity of the ion selective mem-
brane has the ionophore or ion carrier. The ionophore forms a reversible complex
together with the target ion and transports it throughout the membrane. In an
ideal case this complex formation is selective only to the target ions. In a non
ideal case this complex formation also happens with ions similar to the target
ions, so called interfering ions. To keep the leaching rate of the ionophore into
the sample solution as low as possible it should contain numerous lipophilic

groups.

Lipophilic salt Lipophilic salts are usually added to the ion selective mem-
branes to decrease the electrical resistance of the membrane. Additionally it
increases the ionic strength in the membrane, making the membrane more se-

lective for divalent or monovalent ions [112].
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6 Spraycoated organic potentiometric sensors

6.3 Fabrication

As mentioned previously all layers in the fabricated devices were deposited by
spray coating. For spray coating, a pneumatically controlled Krautzberger M10
spray head was used, with nitrogen as the atomizing gas (see section 3.4). As the
aim of the work was the fabrication of a model system for disposable sensors
suitable for mass production, flexible Kapton and PET samples were chosen
as substrates. Both materials are widely available and are commonly used in
industry. Due to the availability and the low costs these materials are also
promising candidates for potentially disposable ion-selective electrodes. The
following layers were successively spray coated on top of the sample. The layer
stack is depicted in figure 6.3. The patterns were achieved by the use of different
shadow masks resembling the pattern needed for each layer (see figure 6.2).
Similar to optical lithography, these shadow masks block the sprayed material
in areas where it is not desired. A new pattern can be quickly implemented by
simply replacing the shadow mask. A drawback of spray coating when used in
small scale with a stationary setup is the amount of material required. If the
spray head is not moved across the sample, only the center of the sprayed area
shows homogenous layer thickness. However, this can be overcome easily by
the use of non-stationary spraying devices and/or up-scaling the fabrication for

example in roll-to-roll processes.

During spray coating the samples were placed on a hot plate under the spray
gun and coated with the different materials at different sample-to-nozzle dis-
tances as described in section 3.4. In case of the CNT layer, the coating was
done in several cycles with intervals to allow drying of the layers. Otherwise,
large droplets would be formed on the sample causing inhomogeneous layers.

The thickness of the layers is defined by the number of spray cycles as thickness
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6.3 Fabrication

Figure 6.2: Spraymasks used to define the pattern of the different layers: 1.
Mask for ion-selective membrane; 2. mask for CNT electrode; 3.
mask for passivation layer; 4. stainless steel support plate; 5. mag-
nets in different sizes (1 mm, 1.5 mm, 2mm and 3 mm)

linearly increases with spray time. In case of the CNT layer, the coating was
performed in several cycles with break intervals to allow drying of the layers.
This was not necessary for the ion-selective membrane/PVC protective layer as
the tetrahydrofuran (THF'), used as solvent, evaporates considerably faster than
the water used in the CNT ink, allowing a continuous coating of the substrates.

The whole spray setup is depicted in figure 6.3 a.

To avoid any physical stress during the fabrication process the substrates were
mounted onto a ferromagnetic steel support by the use of magnets. Additional

magnets were later used to fix the masks to the sample and also used as fixed
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6 Spraycoated organic potentiometric sensors

shadow masks to protect the ion-selective membrane from being covered with
the passivation layer later in the fabrication process. The fabrication steps were

happening in the following order:

1. ink fabrication

2. membrane cocktail fabrication

3. substrate preparation

4. spray coating of CNT layers

5. spray coating of ion selective membrane

6. spray coating of passivation layer

In the following sections the single steps will be described in more detail.
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Figure 6.3: a) schematic of the used spray setup consisting of a Krautzberger
M10 sprayhead and a hotplate. b) schematic drawing of the achieved
sensor setup
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6.3.1 Fabrication of CNT ink

The material that is used in spray coating (also called ink) needs to fulfil certain
requirements to allow a reliable coating process. One of the most important
requirements is that the ink is free from agglomerations that can cause blockings
of the nozzle. This would lead to irreproducibilities in the fabrication process.
As CNTs form bundles and tend to agglomerate in water a dispersant is needed
[113]. Also enough kinetic energy has to be applied to separate the CNT bundles
without literally shredding the single CN'Ts into pieces. For the fabrication of
CNT ink 6g of the dispersant sodium dodecyl sulfate (SDS) were dissolved
in 60 ml water and stirred for 1 h. Subsequently, 30 mg of multi-wall carbon
nanotubes (MWCNT) (0.05 wt%, Sigma-Aldrich) were added and the mixture
was sonicated with a horn sonicator (Branson Digital Sonifier 450) three times
for 5 min each, with 5 min breaks in between for cooling. Then, the solution
was centrifuged for 1.5 h at 15000 rpm to remove residual agglomerations from
the solution. After centrifugation, the top 75% of the solution was used as ink.
Ink fabricated this way has a shelf life time of up to several months but was

used immediately after fabrication.

6.3.2 Fabrication of ion-selective membranes

The membrane ‘cocktails’ were mixed one day before electrode fabrication and
stirred at room temperature overnight. K*-selective membranes contained (by
weight): 1.2% NaTFPB, 2.8% valinomycin, 64.4% DOS and 31.6% PVC. Total
amount (200 mg) was dissolved in 20 ml of THF. The insulation mask membrane
contained (by weight): 40% PVC and 60% DOS. Total 400 mg were dissolved
in 40 ml of THF. H*-selective membrane contained (by weight): 1.0% of tri-
dodecyl amine, 0.6% KTChPB, 63.8% DOS and 34.6% of PVC. Total amount
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(200 mg) was dissolved in 20 ml of THF. Cl~selective membrane contained (by
weight): 5% TDDM-CI, 32.9% PVC and 62.1% DOS. Total amount (200 mg)
was dissolved in 20 ml of THF'.

6.3.3 Substrate preparation

Before the actual spray coating samples were cleaned. For this purpose 50 mm
x 20 mm PET (Hostaphan from Mitsubishi) or polyimide (Kapton HM from
DuPont) sheets were placed in an ultrasonic bath with isopropanol for 20 min
and blown dry with nitrogen. Before spray coating, both types of substrates
were placed into oxygen plasma (150 W, Femto plasma asher by Diener elec-

tronics) for 1 min to increase the surface wettability (see section 3.5).

6.3.4 Spray coating of CNTs layers

The substrates were placed onto a hot plate and heated up to 30°C, and then
coated with 1 bar atomizing gas pressure and 25 cm nozzle-to-substrate distance
25 times for 30 s with 15 s drying steps in between. A line pattern with 4 mm
width and 30 mm length was fabricated by using a shadow mask (see figure 6.2
1.). After spray coating, the substrates were dried for 1 h at room temperature.
To remove the SDS, the substrates were placed in water for 15 min, afterwards
in isopropanol for 10 min and finally blown dry with nitrogen. A SEM image

of the resulting layer can be seen in figure 6.5.

Spray coating of ion-selective membrane/PVC protective layer On top of
the CNT electrode a circle with a 4 mm diameter of the ion-selective membrane
was deposited with a substrate-to-nozzle-distance of 15cm and 1 bar atomizing

gas pressure for 40 s at room temperature, resulting in a layer with a thickness
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100 pm

Figure 6.4: Microscopic images of a) dropcasted and b) spray coated membranes
on gold interdigitated transistor structures used in section 6.5

of close to 40 pm. Finally, the PVC passivation layer was deposited on top with
a substrate-to-nozzle distance of 17 cm and 1 bar atomizing gas pressure for 60
s also at room temperature, resulting in a layer thickness close to 60 pm. During
this step the ion-selective membrane was covered by a circular shadow mask with
a 3 mm diameter, forming an active window of 7.06 mm?. The 0.5 mm overlap of
both layers ensures that no gap between the membrane and the protective layer
is present. Thus, ion-selective electrodes obtained before the measurement were
conditioned in 107> M KCI for 1 h. In between the measurements, electrodes

were stored in air.

Figure 6.4 shows microscopic pictures of dropcasted and spray coated ion
selective membranes. One can notice that drop-casted films show a considerably
more homogenous surface than spray coated films. Still as long as a high enough
spray time is chosen (see section 3.4) the spray coated layer can be considered as

a closed layer with high roughness. Also a high surface roughness is potentially
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Figure 6.5: SEM image of a spray coated CNT network

advantageous as through the higher surface area a higher ion transport should

be possible as more binding sites are present.

6.4 AIll solid state ion-selective electrodes

At first the resulting CNT layers were characterized. Figure 6.5 shows a scan-
ning electron microscope (SEM) image of a spray coated CNT layer. As can
be seen in figure 6.5 the layers are composed of a porous network of tangled
MWCNTs. The thickness of these networks was close to 200 nm. 4-point-probe
measurements carried out on the CNT layers resulted in a sheet resistance of
about 40k/0. While still having a relatively high sheet resistance the elec-
trodes are still suitable for the use as electrode.

Figure 6.6 shows the potentiometric response of spray coated potassium se-
lective electrodes on Kapton and PET substrates. For both kinds of sub-
strates a linear response is present within an activity from 0.1M to 107%™
with a Nerstian slope equal to 59.8 £ 0.4mV /dec (R? = 0,9998) for Kapton
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Figure 6.6: Potentiometric responses of spray-coated, potassium selective elec-
trodes prepared using PET (black) or Kapton (red) substrates,
recorded in KCl solutions with different concentrations

and 59.6 £ 0.5mV/dec (R?* = 0,9996) for PET. Thus detection limits equal
to 107%5 M were obtained. The results received with spray coated sensors are
therefore well comparable to classical ASS-ISE potassium sensors [100]. They
are well comparable to other planar screen-printed [114] or manually coated
[115] setups using CNTs or graphene as transducers or electrical contacts. Also
they show more favourable detection limits compared with paper-based sensors

using CNTs as transducers and electrical leads [116].

Selectivity coefficients 4 standard deviation (SD) are obtained with separate
solution method, using experimental slope values for activities ranging from

0.1 M to 10~* M measured on Kapton and PET are displayed in table 6.1.

84



6.4 All solid state ion-selective electrodes

Table 6.1: selectivity coefficients £ SD for activities between 0.1 M to 10~% M of
Kapton and PET samples

Kapton PET

log Kkna —33+04 —28+0.3
log Kicarg —4.4+04 —3.4+0.3
log Kxca —46+03 —3.6+0.4
log Ky —45+03 —4.0+0.6

Although the obtained selectivity coefficients are well comparable with those
obtained for other (nominally disposable) systems (e.g. ref. [116, 117]) pre-
pared using PVC-based membranes, there were some differences between sen-
sors prepared on Kapton or PET substrates. Despite the fact that the sensors
were pretreated /tested in parallel, Kapton substrate-based sensors repeatedly
proved to be characterized by slightly higher selectivity for divalent interfering
ions, compared with PET. In our opinion, this effect, consistently observed in
tested sensors, can be related to the substrate effect, particularly as relatively
thin ion-selective membranes were used (ca. four times thinner compared with

standard membrane thickness used [100]).

The preliminary conclusions drawn from conducted experiments related to
reproducibility of the automatic manufacturing production method are highly
encouraging. The differences in E° potential value between sensors prepared in
one manufacturing batch (regardless of the type of substrate used) were in the
range of a few mV. The response time of spray coated sensors was dependant
on the activity of the sample solution; however, it was observed that sensors
prepared using Kapton substrate were characterized with shorter response time

compared with those of PET, reaching about 20 s and about 70 s, respectively,
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Figure 6.7: Response time of tested sensors for electrolyte concentration changes
using PET (black) and Kapton (red) substrates

as shown in figure 6.7 for an electrolyte concentration change from 1072M to
1073 M.

The reproducibility of potential readings of nominally disposable spray-coated
potentiometric sensors (within one day) was tested in a non-optimized setup
simply, in a beaker. Mean values of potentials recorded for each activity during
four consecutive calibrations performed within the broad KCl activity range
(from 0.1M to 1079 M) are presented in figure 6.6 and 6.8. They clearly show
that both kinds of support used are resulting in sensors characterized with
similar potential values and a high reproducibility of the values recorded (SD of
values recorded 9mV). The results presented clearly confirm that although the

herein proposed system is prepared using a relatively small amount of chemicals
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Figure 6.8: Mean potential values course of four calibrations performed during
one day for spray-coated sensors using either PET (black) or Kapton
(red) substrates

per sensor (relatively thin layers of automatically applied materials), the sensor

offers sufficient long-term stability to enable multiple measurements.

Moreover, the potentiometric performance of the sensors tested both shortly
after preparation (e.g. <2 weeks, including the transport between cooperating
groups of laboratories) or after significantly longer storage (under refrigeration,
due to the valinomycin ionophore used) was the same within the range of ex-

perimental error, which is promising for practical applications.

The reproducibility of potential values is well comparable to that obtained in
similar tests performed for traditional sensors (glassy carbon supporting elec-

trode) with one of the most trusted transducers poly(3-octylthiophene) [118].
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Figure 6.9:

This result is highly promising from the point of view of possible practical ap-
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electrodes prepared using PET (black) and Kapton (red) recorded
in 0.1 M KCI solution, using 50 mV amplitude at 0.3V potential,
in the frequency range from 0.01 Hz to 107> Hz and the equivalent
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plication of the simplified sensors proposed herein.

The stability of potentiometric responses within longer time periods was also
studied. Although such tests are generally rarely performed for nominally dis-
posable sensors, in our opinion, this is an important long-term stability test
for any newly proposed arrangement. The SD of the mean value of potentials
recorded was changing with electrolyte concentration, lower SD values were ob-

tained for the linear range of responses (close to 7mV), slightly higher values

were obtained for lower activities (Figure 6.8).
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The usual set of tests applied for novel-type, potentiometric, all-solid-state
sensors includes impedance spectroscopy [100]. Figure 6.9 presents complex
plane impedance plots for the sensors withKapton and PET support, respec-
tively. For the Kapton support, the spectrum contains a single semicircle at
higher frequencies followed by a linear part recorded at lower frequencies (a
slope close to 45 degrees), and then the slope of dependence increases with de-
creasing frequency. For the PET substrate, the picture is more complicated,
suggesting the overlapping of two semicircles at high frequencies. This effect
can result from additional resistance in the presence of the PET support. It can
be observed that the shapes of plots for Z° higher than 6 x 107° Q) (Kapton) and
3 x 107°Q (PET) are similar. The plot obtained for PET support appears to
be shifted to 3 x 107> ) higher resistances compared with that of the Kapton,
suggesting the same properties in the case of both supports, related to the mem-
brane, CNT transducer, and their interfaces. The shape of the ISE response
suggests that it can be analyzed using the simplified equivalent circuit, proposed
in [115] for the glassy carbon and plastic electrodes with CNT layer (figure 6.9).
This circuit consists of solution resistance, RS, and parallel-connected R and Cy,
representing the membrane resistance (as the most resistive component of the
sensor) and geometric capacitance of the sensor (membrane), respectively. Zy,
represents the Warburg impedance resulting from diffusion limitations in the
membrane, whereas Cj, corresponds to the bulk capacitance of the CNT layer
responsible for its transducing properties. For the data presented, figure 6.10
shows the results of a fitting procedure, which was applied to the experimental
data for the sensor with Kapton support, leading to good concordance with the
experimental data. The R resistance and Cg are typical values obtained for
PVC-based membrane (4.8 x 107> and 1.7 x 10719 F, respectively), whereas
Cy around 2 x 1079 F is typical for carbon supports [119].
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Figure 6.10: Complex plane impedance plots of tested spray coated K-
electrodes prepared using Kapton (red) recorded in 0.1 M KCl
solution (figure 6.9), using 50 mV amplitude at 0.3V potential, in
the frequency range from 0.01 Hz to 107° Hz compared to (black
line) fit to equivalent circuit presented in 6.9 using fitting tools of
CH-Instruments software

The same methodology was used to prepare H™ -selective electrodes (on PET
substrates) using tridodecylamine as the ionophore. Thus, obtained sensors
were characterized with linear responses of slope equal to 53.7 £ 1.1mV /dec
(R? = 0.997) for a hydrochloric acid concentration change from 0.1 M to 107° M.
Thus, the obtained sensor was used to determine HT-concentration of three
different types of orange juices. The results obtained using herein-prepared,
nominally disposable H' sensitive sensors were within the range of experimen-
tal error comparable with those of measurements performed in parallel experi-

ments with glass electrode determination in an unoptimized experimental setup
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Table 6.2: Log a H™ results of spray coated H™-selective sensors compared to
standard glass based sensors measured in different kinds of orange
juice

Spray coated Glass

Juice 1 3,83 3,85
Juice 2 3,72 3,74
Juice 3 3,91 3,95

in beakers (see table 6.2). These results clearly show that herein-proposed sen-
sors can be used as cost-effective devices (relatively low chemical consumption
for preparing sensors) in the analysis of real samples. A model anion-selective
sensor Cl™-selective electrode was also prepared (on PET substrate). Thus,
obtained sensors were characterized with linear responses within the KCI con-
centration range from 0.1 M to 107> M with a slope equal to 56.3 + 1.3 mV /dec
(R? = 0.994). The selectivity of the thus-obtained sensor was tested for model

interferents Br~ and NO; anions.

Obtained selectivity coefficients (for ions that are known to be severe inter-
ferents for chloride-ion selective sensors; separate solution methods within the
activity range from 107'M to 1072 M) were equal to log K¢y, 1.3 and log
Kcino, 1.6. These values are more favourable than those previously reported
for other classically sized, all-solid-state, chloride-selective electrodes of similar
membranes [120], clearly showing that the herein-proposed method can be used

to prepare sensors responsive to various ions.
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6 Spraycoated organic potentiometric sensors

6.5 Transistors with spray coated ion-selective

membranes

In the previous section the fabrication of completely spray coated ion-selective
electrodes was presented. In this section ion-selective field effect transistors
(ISFET) based on carbon nanotube field effect transistors (CNT-FET) with a
spray coated ion-selective membrane on top will be presented.

ISFET have attracted a growing amount of scientific research [121-123]. This
rising interest is based on the advantages of ISFETs compared to classical ISEs
that are short response time, low output impedance, small size, mass production
and the solid state nature of most ISFETs [124]. Also ISFETs allow an integra-
tion of compensation and data processing into a single chip [125]. Field-effect
transistors based on carbon nanotubes (CNT-FET) provide a good platform for
further development in the field of ISFETs. Their solution processability allows
a scalable and cost effective way to fabricate flexible or disposable sensors on
a wide variety of substrates. Also it has already been shown that unfunction-
alyzed CNT-FETs exhibit a high sensitivity towards the ionic strength of the
used electrolyte [77, 126-128]. ITon-selective CNT-FETs with dropcasted mem-
branes on the CN'T layer have already been published, showing that the overall
process is possible [76]. The integration of a spray coated design would allow
further automatization of the fabrication process as the drop casting process so
far requires manual work.

The transistors were fabricated on silicon wafers with a 200 nm thick thermal
oxide on top using the same lift-off technique and masked as already described
in section 3.1, 4.3 and 4.4. In this case the interdigitated transistor structure
consists of a 40 nm thick gold layer with a 5nm Cr adhesion layer underneath.

On top of this layer a CNT layer was spincoated with 1000 rpm, resulting in a
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6.5 'Transistors with spray coated ion-selective membranes

Figure 6.11: Schematic 3D drawing of an electrolyte-gated CNT-transistor with
spray coated ion selective membrane

thin CNT network with roughly 15 CNTs per um?. The CNT solution in this
case was based on single wall CNTs with 92.5 % of semiconducting CNTs. The
ink fabrication process is similar to that described above. On top of the CNT
network different kinds of ion-selective membranes were sprayed. In this case
K™ and pH selective membranes were used as a model system. The parameters
for spray coating are the same as in section 6.3. As the ISFET are used in
a electrolyte gated configuration it has to be made sure that after the spray
coating of the membrane no contact between CNTs and electrolyte is present.
Otherwise the result would be a transistor with a non-selective response to pH
and ion concentration in the electrolyte, due to the intrinsic ion- as well as pH-
sensitivity of the CNTs. A schematic of such an electrolyte gated CNT-FET

with ion-selective membrane is shown in figure 6.11.

Figure 6.12 shows two transfer curves of the same CNT-FET one with and

one without membrane. The CNT-FET with membrane has also undergone a
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Figure 6.12: Transfercurves of CNT-FETs before (black) and after (red) mem-
brane modification of the CNT network

conditioning step necessary for operation (see section 6.4). The transfer curves
show a shift towards more negative gate voltages after membrane addition. The
transistor coated with a membrane still shows an on/off ratio of more than 100

and an on-current in the pA-range.

6.5.1 Potassium-selective membrane modified CNT-FET

The change of the analytes concentration within the electrolyte is determined by
the change of the threshold voltage. Details on the measurement procedure can
be found elsewhere [77]. Figure 6.13 shows the threshold voltages V;, of a K-
selective ISFET for the primary ion K. The x-axis represents the logarithm of
the ion activity in Mol. For solutions with a potassium concentration ranging

from 0.1 M to 107 M a constant linear response of 57.2 4 3.2mV /dec can be de-
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Figure 6.13: Threshold voltages of an K -selective ISFET for the primary ion
K+

termined. This value is, keeping in mind the standard deviation, nearly identical
with the values measured with ISEs on Kapton and PET (59.8 + 0.4 mV /dec
and 59.6 + 0.5 mV /dec respectively) measured in section 6.4. Also the detection

range from 0.1 M to 107 M is identical.

Also the selectivity coefficients were determined with the fixed interference
method which is usually closer to reality than the separate solution method used
in section 6.4 [129]. The obtained values of log Kk no = —6,54 and log K cq =
—5,73 are significantly higher than the ones achieved with ISEs (3,3 and 4,6
respectively, on Kapton). A possible reason for this, besides the measurement
method, is a substrate effect as already differences between PET and Kapton
are present and the ISFETs were fabricated on silicon wafers. The obtained

values are well comparable to values that can be found in literature, in some
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cases even better [116, 117]. Still one has to keep in mind that the amount of
measured samples is rather small, therefore variations in the fabrication process

are possible.

6.5.2 H™-selective membrane modified CNT-FET

Figure 6.14 shows the threshold voltages of a H"-selective ISFET at different
pH values. The thickness of the membrane is supposed to be 40 pnm, equal to
the membranes described in the previous sections. A linear increase of Vj;, with
decreasing pH can be seen between pH values of 11 and 5. For pH values lower
than 5 the threshold voltage V;;, drops again. The slope of the rise between 5
and 11 pH is —86.6 £ 2.8 mV.

For CNT-FETs with cation-selective membranes usually a shift of V};, towards
more positive values can be expected with decreasing cation concentration [77].
A possible explanation for the observed opposite behaviour at pH values bigger
than 5 is the presence of a second pH-sensitive interface at the platinum wire
used as gate electrode. Platinum is known to form oxides when getting in
contact with water. These oxides are highly pH sensitive [130]. The same effect
has also been observed in devices without membrane or devices without CNTs
and is the aim of current investigations. This response depends on the strength
and ingredients of the used buffer solution. The buffer solutions used in this case
were prepared by setting the pH value of a highly concentrated KOH solution

with different amounts of HCI to the desired values.
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pH

Figure 6.14: Threshold voltages of a pH-selective ISFET with spraycoated H™-
selective membrane at different pH values

6.6 Conclusion

The presented results show clearly that fabricating ion-selective electrodes solely
by spray coating is an effective way to fabricate reliable potentiometric sensors.
Achieved sensors are stable and show a response and selectivity comparable to
values achieved in literature. Also the fabrication of CNT-FET based ISFETSs
with a spraycoated ion -selective membrane has been demonstrated. Results
achieved with ISFETs are well comparable to that achieved with spray coated
[SEs.
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7 Nanotexturing of organic

semiconductors

The following chapter will focus of the nanotexturing of organic solar cells. First
a short overview on nanotexturing is given, then different kinds of nanostruc-
turing, namely nanoimprinting and nano transferprinting of organic semicon-
ductors will be described in more detail. Parts of the results presented in this
chapter have already been published in the Proceedings of the 2015 IEEE 15th
International Conference on Nanotechnology (IEEE-NANO) [154].

7.1 Nanotexturing in organic solar cells

Nanostructuring or nanotexturing in organic solar cells has been performed with
a multitude of techniques. The following section will give a short overview on a
selection of common technologies used for this purpose. A wider review about
this topic can be found elsewhere [132-134].

Tandem setups for solar cells have been the aim of a growing amount of
attention in the recent years. Still most organic solar cells have a setup com-
parable to that of the organic photodetectors descibed in section 5: A flexible
or rigid substrate covered with a transparent conductive electrode (front elec-

trode), followed by a hole or electron blocking layer, the active layer containing

99



7 Nanotexturing of organic semiconductors

the organic semiconductors and a metal electrode on top (back electrode). This
setup allows an easy exchange of layer material as well as a modification of
one the single layers i.e. by applying a nanotexture. The aim of introducing
nanotextures into organic solar cells usually is an increase of the cells efficiency.
This can be achieved in multiple ways.

Kang et al. [135] for example used nTP (see section 3.3) to fabricate transpar-
ent metal electrodes consisting of nanogrids as a replacement for I'TO electrodes.
This way it was possible to achieve similar efficiencies as with ITO. A differ-
ent approach was followed by Chou et al. [136]. In their work they used an
optimized gold nanomesh fabricated by NIL (see section 3.2) to increase the
efficiency by nearly 50 % exploiting a cavity effect.

Jin et al. [137] are using holographic lithography to structure the front elec-
trode of their cells a grating with a 350 nm pitch. The enhancement of the
power conversion efficiency exhibits of 35% is believed to be caused by an ab-
sorption enhancement resulted by the excitation of propagating surface-plasmon
polariton (SPP) modes at the corrugated metal/organic interface.

A different way to use a plasmonic effect is the introduction of metal nanopar-
ticles into this device. As the nanoparticles are usually smaller or equally sized
compared to the wavelength of the incoming light one speaks of localized sur-
face plasmons. Gold or silver nanoparticles are commonly used for this purpose,
but other metals like copper and aluminum are also possible. In most cases the
nanoparticles are incorporated into the PEDOT:PSS hole conduction layer. I.
e. Kim et al. [138] used by electrodeposition fabricated silver nanoparticles lo-
cated in the PEDOT:PSS layer of solar cells, with a PSHT:PCBM active layer,
to boost the efficiency of their cells from 3.05% to 3.69 %. A similar approach
was followed by Morfa et al. [139] who used a vapour phase deposition process

to deposit silver nanoparticles onto the I'TO electrode. They improved the effi-
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ciency of their cells from 1.3 % to 2.2 % using P3HT:PCBM as active layer. Wu
et al. [140] used solution processable gold nanoparticles also incorporated into
the PEDOT:PSS layer in a PSBHT:PCBM solar cell to enhance their solar cell
efficiency from 3.57 % to 4.24 %.

It has been shown by Wu et al. [141] and Wadams et al. [142] that nanopar-
ticles don’t have to be spherical. They used silver nanotriangels and gold
nanorods respectively.

Instead of structuring the front electrode it is also possible to structure the
back electrode to introduce a grating into the solar cell. Li et al. [143] achieved
an enhancement from 3.09 % to 3.68 % of the power conversion efficiency by the
introduction of a silver back grating using a P3HT:PCBM blend as active layer.
You et al. [144] demonstrated a rise from 7.20 % to 7.73 % with a similar process
but using a different material system (PTB7: PC;BM). In both cases the
gratings were fabricated by nanoimprinting the active layer with a soft PDMS
stamp and evaporating the metal electrode onto the pre-structured layer, thus
forming a metal grating. Ko et all showed that nanostructurs in solar cell can
increase absorption in specific regions by up to 10% using a technique called
pattern replication in nonwetting templates (PRINT) for fabrication [145, 146].
While achieved efficiency of around 0.6 % to 1 % is relatively low, the results are
promising. De Oliveira Hansen et al. [147] even integrated a grating structure
into the back electrode of a flexible solar cell based on a PSHT:PCBM blend,
archiving an efficiency enhancement of 34 %. The used technique in this case
was e-beam lithography.

This work will focus on the fabrication of organic solar cells with a active layer
made of an P3BHT:PCBM blend and metallic back grating. The fabrication of
the grating will be performed with a technique comparable to that used by
Li and You and their coworkers [143, 144]. The grating will be formed by
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Figure 7.1: a) Schematic overview on the imprint process for the PSHT:PCBM
layer. b) Drawing of the stamp structure

the evaporation of a Ca/Ag back electrode onto a already structured organic
semiconductor. The main difference is the structuring mechanism of the organic

semiconductor which will be performed by the means of nTP.

7.2 Nanotexturing of organic semiconductors by

nanoimprinting

As a first approach glass samples covered with a P3HT:PCBM layer were im-
printed and the transmission of the resulting structured layer was measured.
The aim of this test was to find out if the structured polymer can support a
nanostructure or if the structures will collapse. One has to keep in mind that
the used organic semiconductors are not designed to be nanotextured like stamp
replication polymers like OmrmoStamp or like imprint resists. Float glass sam-

ples were first sonicated in acetone and isopropanol for 10 minutes and subse-
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Figure 7.2: AFM images of a stamp replica with 350 nm x 350 nm square pillars
made of OrmoStamp. a) first generation copy with inverted (or neg-
ative) structure. b) second generation copy with original (positive)

(a)

structure.

quently blow dried with nitrogen. Afterwards a 1 minute plasma treatment was
performed to increase wettability and remove any residual organic contamina-
tions. Subsequently the samples were spincoated with a P3HT:PCBM solution
at a spin speed of 400 rpm, resulting in a layer thickness of 320 nm. The imprint
process was performed immediately afterwards with a pressure of 8 bar at a tem-
perature of 140 °C for 10 min (see section 3.2 for details on nanoimprinting). The
imprinting process is depicted in figure 7.1 a. Imprinting the sample directly
after spincoating is critical as in this case the layer is not dried completely and
therefore still soft. After imprinting the sample is transferred quickly into inert

gas atmosphere were the stamp is removed to prevent degradation.
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The blend used for spincoating was consisting of PSHT and PCBM with a
ratio of 1:0.75 by weight. Both materials were dissolved in DCB to form a
solution with a concentration of 2% by weight and stirred at a temperature of
50 °C over night. Before usage the solution was filtered with a 0.25 pm filter to
remove any residual particles. The stamp used for the imprinting process was
a semi-flexible (see section 3.3.2) stamp with a thin glass backing and an active
(structured) area of 1cm. This area is covered with square pillars with an edge
length w of 350 nm, a pitch p of 700 nm and a structure height h of 275 nm (see
figure 7.1 b). AFM images of such stamps are shown in figure 7.2.

Figure 7.3 shows an atomic force microscope (AFM) image of an imprint
carried out according to the above described procedure. As one can see the
pattern in the PSHT:PCBM layer closely resembles that of the imprint stamp.
With 702nm the pitch of the cell is very close to the original value of 700 nm.
Also the pillar wide of 357 nm is very close to the structures on the stamp which

are 350 nm wide. The structure was stable over several weeks.

7.2.1 Transmission measurements

After fabricating the above mentioned nanostructured PSHT:PCBM layers trans-
mission measurements were performed on these samples. Figure 7.4 shows the
transmission of an imprinted sample measured at a wavelength between 300 nm
and 1000nm. Samples are measured against a glass reference to subtract the
substrate influence.

The transmission of imprinted samples show a significantly decreased trans-
mission, especially at wavelengths below 500 nm and above 600 nm. At a wave-
length of 650 nm a shoulder is present in the transmission of structured layers.
The bandgap of the P3HT used in the layers is 1.9eV (see section2.3.1) which
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Figure 7.3: Atomic force microscope image of an imprint into a P3HT:PCBM
layer

corresponds to a wavelength of 650 nm, while the PCBM with a bandgap of
2.7eV (see section 2.3.2) corresponding to 450nm. As optical absorption of
photons with an energy below the bandgap is unlikely, the layer is supposed to
be transparent at a wavelength above 650 nm. Measurements were performed
with an integration sphere, which allows angle independent transmission mea-

surements.

7.2.2 Conclusion

As mentioned above it has been proven that a structuring of a P3BHT:PCBM by
the means of nanoimprinting is possible. The fabricated structures are stable
over several weeks under ambient conditions without any supporting structure

such as a supporting metal layer. No collapsing of the structure has been ob-
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Figure 7.4: Transmission measurements carried out on imprinted PSHT:PCBM
blend films with a thickness of 320nm on a glass substrate. Red:
imprinted sample area. Black: flat sample area

served, demonstrating that PSHTR:PCBM films are a suitable material system
for nanostructuring. Structured films show an overall decreased transmission

which is believed to be partly based on reflection.

7.3 Transferprinting of organic semiconductors

One way to implement the structures in the solar cell more gently is nanotransfer
printing. The big advantage of this process is that it doesn’t rely on high
temperatures and high pressure like nanoimprinting (see sections 3.2, 3.3 and
7.2). Another big advantage is that due to the lack of need of huge apparatus
the process can be carried out in a glove box under inert gas atmosphere. This
way the organic semiconductors like P3HT are prevented from degrading in the
oxygen and water vapour rich environment. For the transfer process a transfer

stamp is needed which is, after a surface treatment, covered with the material
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to transfer. To transfer the material the stamp is brought in conformal contact
with the target substrate. Then heat is applied to increase adhesion to the
target substrate. Then the stamp is removed from the substrate, leaving the

transferred layer on the substrate.

A transfer of structure layers is also possible. Here a stamp with the desired
structure is needed. When the structured stamp is covered by spin coating the
structures will get filled with the applied material and a flat layer will form
on top of the structure. This process only works for relatively low structure
heights and depends on the viscosity, surface tension and the amount of the

applied material, as well as the spin speed during spin coating.

7.3.1 Transfer of flat films

As a first step a transfer process for flat films was developed. For this purpose
flat transfer stamps where obtained from unstructured 2" silicon or quartz wafers
treated with an anti sticking layer. On top of these 3g PDMS (Sylgard 184
silicone elastomer (Dow Corning) and a curing agent mixed with a ration of
10:1 Sylgard:curing agent by mass) was purred and cured at 90°C for 2h (see
section 2.3.4) resulting in a 3mm thick layer. The cured PDMS layer was cut
into 2cm x 2cm parts. After cutting the pieces were peeled of the wafers and
transferred onto 1.2mm thick glass supports for convenient handling and to
minimize the bending of the stamp during processing. During this transfer it
was made sure that the side of the stamp which was in contact with the wafer
during curing is now pointing upwards to assume a surface equally flat as a
polished wafer. Afterwards a plasma treatment step was necessary to allow

the stamps to be wettable with material to be transferred (see section 3.5 for
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details). Spin coating on untreated layers resulted in not conformal layers or no
layers at all.

The plasma treatment step turned out to be one of the most critical ones
during the whole transfer process of PSHT:PCBM layers. A too strong treat-
ment resulted in a high adhesion of the material to transfer on the stamp. On
the other hand, if the treatment is to short, a conformal covering of the trans-
fer stamp is difficult. A treatment with a higher applied power than 90 W or
a longer treatment time than 30 seconds results in no transfer at all. If the
treatment time is shorter than 12s and the applied power is lower than 45 W a
sufficient covering of the stamp is not possible. The ideal treatment parameters
for transferring PSHT:PCBM layers were found to be a 18 s treatment time with
an applied power of 60 W. All samples were additionally kept in a Faraday cage
during the treatment. The found values are similar to values found by other
groups [148].

For the transfer of PEDOT:PSS layers (Clevios P VP AI4083) the plasma
parameters are not as critical. Long treatment times don’t seem to increase
adhesion to the stamp but improve the wetting of the hydrophobic stamp with
the water based PEDOT:PSS solution. For PEDOT:PSS layers the treatment
time used is 1 min with an applied power of 90 W, also in a Faraday cage.

After the plasma treatment the samples were spin coated with the desired
material. Subsequently an annealing step at 140°C for 10 minutes was con-
ducted. Before the annealing process the stamps have to be removed from the
glass support without being bended to avoid a bonding of the stamp to the glass
support. After a short cooling step of 5 minutes the stamps were transferred to
the designated sample and heated to 100 °C for 5 minutes. Finally, after cooling
the samples down to room temperature, the stamps can be removed, leaving

the transferred layer on the substrate.
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Figure 7.5: Thicknesses of spin coated P3HT:PCBM layers (spin coated from
a 2% by weight solution with DCB as solvent and a weight ratio
of PBHT:PCBM of 1:0.75) on glass substrates compared to layers
spin coated on PEDOT:PSS covered substrates as well as layers
transferred from PDMS

After transfer process development the thickness of P3BHT:PCBM layers spin
coated on glass substrates and substrates covered with a PEDOT:PSS layer
have been compared to transferprinted layers (see figure 7.3.1). Layers were
spin coated from a 2% by weight solution with DCB as solvent and a weight
ratio of PSBHT:PCBM of 1:0.75. The transferred layers were spin coated onto
flexible and plasma treated PDMS stamps before transfer. As can be seen a
strong variation of the layer thickness depending on the spin coated substrate
is present. Transferred layers (spin coated on PDMS before the transfer) show
a nearly four times higher layer thickness at low spin speeds compared to glass

substrates. The difference decreases with increasing spin speed. Layers spin
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coated onto PEDOT:PSS covered samples have a thickness which is roughly

twice as high as that of layers on glass samples.

7.3.2 Transfer of structured films

After developing a transfer process the very same process has been used to
transfer structured layers. Different from the previous described process the
flexible PDMS stamps are not fabricated using a wafer as master but using a
structured Si70y master with a 350 nm square pillar structure similar to that
described in section 7.2. The main difference is a smaller pillar height, which
is only 40nm. The thickness of the PEDOT:PSS and P3HT:PCBM layers to
be transferred is only 20nm to 100nm and 100 nm to 350 nm respectively, a
structure higher than the layer thickness would lead to a non conformal covering
of the structured area. Also stamps with an inverted structure (holes instead

of pillars) were used.

As a first approach structured PEDOT:PSS (Clevios P VP AI4083) layers
were transferred onto substrates consisting of float glass. Results of such trans-
fers are shown in figure 7.6. As can be seen in the images the transferred layer
with holes shows a very good pattern transfer which closely matches the pattern
of the original stamp (see figure 7.2). All holes are transferred completely and
no collapse of the holes is visible. The transfer of the pillars on the other hand

is not as good. The transferred pillars show round edges and a dome like shape.

It has to be mentioned that the transfer of flat and structured PEDOT:PSS
layers using the previously described method also works for large areas. In this
work layers with a lateral dimension of 25 mm by 25 mm have been successfully

transferred, as well as layers with a nanotextured area of 10 mm by 10 mm.
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Figure 7.6: AFM images of transfer-printed PEDOT:PSS layers on glass sam-
ples. a) using a stamp with pillars and b) using a stamp with holes.

In a second approach layers consisting of P3HT and PCBM with a weight
ratio of 1:0.75 have been transferred. In this case only stamps with pillars were
used for transfer, therefore only layers with holes have been fabricated. Figure
7.7 shows AFM images of such transferred layers. As master for the transfer
stamps the same template as for the PEDOT:PSS layers have been used. The
pattern dimensions are therefore identical. As the image in figure 7.7 a) shows
a good pattern transfer is present. The transferred structure closely resembles
that of the transfer stamp. The AFM image with lower resolution in figure 7.7
b) shows that the pattern transfer appears to have the same quality over large

area.
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Figure 7.7: AFM images of transfer-printed of P3HT:PCBM layers on PE-
DOT:PSS coated glass samples with different resolutions

7.3.3 Nanotextured organic solar cells fabricated by

nanotransferprinting

After fabricating single nanotextured layers by the means of nanotransferprint-
ing the next logical step is the fabrication of whole organic solar cells. For this
purpose a layer stack was chosen similar to that of the spray coated organic
photodetectors demonstrated in chapter 5. The layer stack is as follows: A
glass substrate with a transparent electrode on top (here ITO) is covered with
a 40 nm thick hole conducting layer, which consists of PEDOT:PSS. On top of
these follows the nanotstructured active layer made of P3HT and PCBM (ra-
tio 1:0,75) which is fabricated by the means of nanotransferprinting. A metal
electrode consisting of a 20nm Ca layer and a 100nm Ag layer is evaporated

on top by thermal evaporation. Finally the device is encapsulated using a UV
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Figure 7.8: Drawing of a nantextured organic solar cell with an active layer
fabricated by nanotransferprinting

curing epoxy and a thin glass sheet. The whole layer stack is depicted in figure
7.1.

Figure 7.9 shows the exemplary i-v-characteristics of a transferred nanotex-
tured organic solar cell (red) compared to a transferred flat cell (black) from the
first fabricated batch of nanotextured organic solar cells. The batch consists of
20 working solar cells. 5 of these cells are nanotextured while 15 are flat. All
cells have a non optimized active layer thickness close to 300 nm. As one can
see from the exemplary curves, the short circuit current of structured cells is
higher when compared to that of flat cells. The open circuit voltage also shows
a very small change to slightly higher values. While the open circuit voltage is
mainly depending on the material composition [149], the short circuit current
is mainly depending on the absorbed light. Therefore an increased absorption

in the active layer caused by the integrated nanotexture is likely.
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Figure 7.9: I-v-characteristics of a transferred nanotextured organic solar cell
(red) compared to a transferred flat cell (black)

Table 7.1 shows the average power conversion efficiency (7), the short circuit
voltage (J) and the fill factor of the nanotextured cells compared to that of
not textured cells. While the average fill factor is only increased by 1.42 %
when introducing the nanotexture, the short circuit voltage shows an increase
of 0.81mA /cm. This results in an average increase of 13,7 % in the power
conversion efficiency of nanotextured cells compared to flat cells. These values
are comparable to values achieved by Li [143] and You [144]. Therefore it is
believed that the increase of efficiency is caused by a SPP resonance effect, which
results in a higher absorption and therefore higher charge carrier generation

within the active layer.

In a second approach cells with an optimized active layer thickness of 180 nm

and two different kinds of nanotextures were fabricated and compared to flat
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7.3 Transterprinting of organic semiconductors

Table 7.1: Average power conversion efficiency values of nanotextured transfer-
printed organic solar cells compared to transferprinted flat organic
solar cells.

n(%) J(mA/em?) FF(%)

flat 2,46 8,43 47,96
structured 2,80 9,24 49,38
difference 0,34 0,81 1,42

cells from the same batch. The second batch consisted out of 15 cells, 12 flat
and 3 structured. Two of these structured cells are fabricated with holes as in
the previously mentioned batch and one with a pillar structure on top.

Exemplary plots of i-v-characteristics of devices from this batch are shown
in figure 7.10. The behaviour of the different cells is similar to that of the first
batch in figure 7.9. While the open circuit voltage is nearly the same for all
devices, the short circuit current is varying. Solar cells with a hole structure in
the active layer show a significantly higher current than cells with pillars or flat
cells.

Table 7.2 shows the average efficiency and fill factor of structured cells with
pillars and holes compared to flat cells. Cells with a hole structure show a 16.8
% higher efficiency than flat cells while cells with a pillar structure show a 10.8
% higher efficiency than flat cells. It is therefore believed that the plasmonic
effect (see 7.1) is less present if the grating is pointing out of the active layer as
it is the case with the pillar structure.

Additionally to the I-V-characteristics of the devices the external quantum
efficiency (EQE) was obtained. In figure 7.11 the EQE of transferprinted cells
with pillar and hole structures are compared to that of transferprinted flat cell

and spin coated cells.
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Transferprinted organic solar cells

0.0 : : : —
20107 i
o
g 40107
M ~ .
<
= .
] 60107 4
@
s
z -3 an
R i
b —
= ] aartt
O gz T
R —— Transfered & structure 1 | |
] —— Transfered & flat
12x107° Transfered & structure 2|
T T T T T T T
0.0 02 0.4 06 0.8

Voltage (V)

Figure 7.10: I-v-characteristics of a transferred nanotextured organic solar cell
with holes (red) and pillars (green) compared to a transferred flat
cell (black)

As one can see the quantum efficiency of all devices is nearly identical for
wavelengths shorter than 470 nm. At longer wavelengths the behaviour changes.
While the quantum efficiency of spincoated and flat transfered cells starts to
drop already at a wavelength of 550 nm the quantum efficiency of both kinds of
structured cells stays high until close to 600 nm. The cells with hole structure

show a slightly higher quantum efficiency than the ones with pillars.
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7.3 Transterprinting of organic semiconductors

Table 7.2: Average power conversion efficiency values of nanotextured transfer-
printed organic solar cells compared to different transferprinted flat

organic solar cells.

n(%) FF(%)

flat 2,75 52,6
pillars 3,04 52,6
holes 3,20 53,7

difference flat-pillars 0,29 0,0
difference flat-holes 0,45 1,1

External Quantum Efficiency
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Figure 7.11: External quantum efficiency of transferprinted nanotextured or-
ganic solar cells with different structures compared to flat and spin

coated cells.
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7 Nanotexturing of organic semiconductors

7.4 Conclusion

The fabrication of nanotextured organic semiconductors by the means of nan-
otransferprinting has been demonstrated. Layers consisting of PEDOT:PSS and
a blend of P3BHT:PCBM with a weight ratio of 1:0.75 have been transferred with
nanotextured stamps with hole and pillar nanostructures. Due to the evapo-
ration of a Ca/Ag back electrode on the structured layers a metallic grating is
formed.

These layers have been used to fabricate nanostructured organic solar cells.
These structured cells show a higher power conversion efficiency compared to not
structured cells. Structures with holes show a 13,7% higher power conversion
efficiency with non optimized active layer thickness and 16.8% with optimized

active layer thickness of 180 nm.
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8 Conclusion and outlook

The aim of this work was the demonstration of alternative fabrication methods
for organic devices. This has been achieved by the fabrication of different kinds
of organic devices with several non-standard fabrication methods.

In a first chapter the fabrication of transparent conductive electrodes using
the conductive polymer PEDOT:PSS has been demonstrated. Furthermore
this material has then been used to fabricate fully carbon transistors using a
lithography process.

Also the fabrication of ITO free PSHT:PCBM-based organic photodiodes
using a spray coating manufacturing process has been demonstrated. The fab-
ricated devices reach an external quantum efficiency of 62 % and on-off-ratios
of nearly 4 orders of magnitude.

A maximum cut-off frequency of 9kHz has been reached at a light power
of 400 pW /cm? as well as a responsivity of 0.25 A/W at 530 nm. Future work
will be devoted to increase the operational frequency of these spray-deposited
photodiodes as well as their quantum efficiency. The achieved results are com-
parable to that of ITO free OPDs fabricated with other materials or fabrication
techniques.

It has been also demonstrated that fabricating ion-selective electrodes solely
by spray coating is an effective way to fabricate reliable potentiometric sensors.

Achieved sensors are stable and show a response and selectivity comparable to
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values achieved in literature. The fabrication of CNT-FET based ISFETSs with a
spraycoated ion -selective membrane has been demonstrated. Results achieved
with ISFETs are well comparable to that achieved with spray coated ISEs.

In a following chapter the fabrication of nanotextured organic semiconductors
by the means of nanotransferprinting has been demonstrated. Layers consisting
of PEDOT:PSS and a blend of P3HT:PCBM have been transferred with nan-
otextured stamps with hole and pillar nanostructures to form together with an
evaporated Ca/Ag layer metallic back electrodes on organic solar cells.

These structured cells show a higher power conversion efficiency compared to
not structured cells. With a non optimized active layer thickness, structures
with holes show a 13,7% higher power conversion efficiency, with an optimized
active layer thickness of 180nm a 16.8% higher power conversion efficiency is
reached.

Several fabrication methods usable in organic devices have been presented.
It has been shown that photodetectors, as well as transistors are possible with
PEDOT electrodes. The possibility of fabricating full solid state potentiometric
sensors with spraycoating has been demonstrated as well as the increase of the
efficiency of organic solar cells by transferprinting nanostructured organic layers.

Future work should focus on the further improvement of the lithographic
process used to fabricate the PEDOT:PSS transistors to increase the on off-
ratio of these devices. Also additional ways to increase the conductivity of the
PEDOT:PSS electrodes used for organic photodiodes should be investigated to
increase the performance of these devices.

An additional interesting field for further research would be the integration of
the all carbon transistors presented in chapter 4 with the ISFET from chapter

6 to fabricate disposable cheap fully carbon and transparent devices.
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Symbols

Symbols  Unit Description

Qe cm? solar cell area

c m speed of light

D(E) density of states for electrons

d cm substrate-to-nozzle distance

Asheet nm layer thickness

E—E, eV energy relative to the center of D(FE)
e C elementary charge

Ey eV energy of the valence band

Ey eV energy of the conduction band

Eq eV energy of the band gap

EQEr(N) % external quantum efficiency of reference
EQEsc(N) % external quantum efficiency of device
Mo Nsm™2 viscosity of the imprint resist

Nsc % power conversion efficiency

n quantum efficiency

F N imprint force

FF % fill factor

h J-s Planck constant
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Symbols

ho m imprint resist thickness

hy m residual layer height

I A current

Ip A photo current of device

Ir A photo current of reference

I A reverse bias saturation current

I, A maximum power point current

I, A short circuit current

L m length of the imprinted structure

A nm wavelength

N density of monomer states

n cm ™3 concentration of conducting electrons

NA numerical aperture

N, number of extracted charge carriers

n; em ™3 material’s intrinsic concentration of charge carriers
M, W maximum power point

n ideality factor

Np number of impinging photons

P em ™3 concentration of conducting electron holes
Py W/em?  light power

CD nm critical dimension

K1 system factor

P bar carrier gas pressure

R % responsivity

Rpeer Qcm sheet resistance

o width of the Gaussian density of state distribution
S m width of the imprinted structure
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Symbols

X aQ *

<SS < << <<<

substrate temperature
spray time

imprint time

glass transition temperature
optical transmission
breakdown voltage
threshold voltage

voltage across the diode
drain voltage

gate voltage

open circuit voltage
maximum power point voltage

thermal voltage
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Acronyms

AFM
CNT

CNT-FET

CPs
DCB
DI-water
DMSO
DOS

EG

EQE
GPS
HCL
HH
HOMO
HT
ASS-ISE
ISEs
ISFET
ITO

atomic force microscope.

carbon nanotube.

carbon nanotube field effect transistors.

conductive polymers.
dichlorobenzene.

deionized-water.

dimethyl sulfoxide.
bis(2-ethylhexyl) sebacate.
ethylene glycol.

external quantum efficiency.
3-glycidoxypropyltrimethoxysilane.
hole conducting layer.

head—head.

highest occupied molecular orbital.
head-tail.

all-solid-state ion-selective electrodes.
ion-selective electrodes.
ion-selective field effect transistors.

indium tin oxide.
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Acronyms

LUMO
MWCNT
NIL
nTP
OFET
OLED
OPD
OSC
P3HT
PCBM
PDMS
PEC

PEDOT:PSS

PET
PRINT
PVC
RFID
rr-P3HT
rra-P3HT
SD

SDS

SEM

THF
TT
WLI

lowest unoccupied molecular orbital.
multi-wall carbon nanotubes.

Nanoimprint lithography.

Nanotransfer printing.

organic field effect transistors.

organic light emitting diode.

organic photodiode.

organic solar cell.

poly(3-hexylthiophene).
[6,6]-phenyl-C61-butyric acid methyl ester.
Polydimethylsiloxane.

polyelectrolyte complex.
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate).
Polyethylene terephthalate.

pattern replication in nonwetting templates.
Polyvinyl chloride.

radio-frequency identification.

regioregular P3HT.

regiorandom P3HT.

standard deviation.

sodium dodecyl sulfate.

scanning electron microscope.

tetrahydrofuran.
tail-tail.

white light interferometry.
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