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Abstract

Deutsch

Ziel dieser Arbeit ist die Anwendung von Organische Elektrische Bauelemente in der
Neuroelektronik, sowohl in vivo wie in vitro. Der erste Schritt ist die Entwicklung von
Organische Fotodioden (OFD) auf beliebige Substrate. Der entwickelte Prozess ist frei
von Verdampfungsprozesse. Diese Eigenschaft erlaubt die Herstellung von OFDs ohne
Einschrankung der Konfiguration oder Form. Nachfolgend wiirde die Stabilitat in Luft
Atmosphére ohne Verkapselung, mit einer Standard Glass/Harz Verkapselung und mit
einer Neuartiger Feuchtigkeit- und Sauerstoffbarriere, gepriift. Desweiterem wiirde die
Degradierung der Elektroden, iiber die Zeit, als einer der Hauptfaktoren identifiziert,
die fiir die Reduzierung der Lebensdauer verantwortlich ist. Um die Eiwendbarkeit der
OFDs in physiologischen Medium zu priifen, miisste die Biokompatibilitdt der Metal-
lelektroden erforscht werden. In Folge dieser Untersuchungen wurde bewiesen, dass
die Verwendung von Polymerische Haftvermittler, sowohl die Biokompatibilitiat die
Langzeitstabilitiat erhohen kann. Nachkommend wird der Fokus, auf die Integration
von Organische Elektrische Bauelemente in komplexe Systeme, verlagert. In diesem
Zusammenhang wiirden Polarisatoren, im Sichtbarem Lichtspektrum, in OFDs und
in Organische Lichtdioden integriert um selbst-polarisierte Licht Emitter und Detek-
toren zu herstellen. Schlussendlich wird die Vereinigung von 3D gedriickten Objekte
und organische Diinnschicht Bauelemente realisiert. Als Machbarkeitsstudie wird eine
semitransparente Heizkammer hergestellt entstehend aus eine 3D gedruckte Kammer

und eine PEDOT:PSS Schicht.
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English

In this work we aim at utilizing Organic Electronic (OE) devices in neuroelectronics
applications, in vivo and in vitro. To achieve this goal, we first develop a process for
fully-solution processable Organic Photodiodes (OPDs) on arbitrary substrates. This
process, free of any evaporation step, allows us to obtain OPDs with any desired
shape and in any configuration, with a quick and cost-effective fabrication process. We
subsequently analyze the stability of such devices in air, without encapsulation, with
classical resin/glass lid encapsulation and with a novel in-line moisture and oxygen
barrier. Furthermore, we identify the degradation of the electrodes as one of the main
causes for the reduction of the life time of such devices over time. In order to assess the
suitability of OPDs in physiological environment, we investigate the biocompatibility
of the metallic electrodes employed for their fabrication. Furthermore, we demonstrate
how the employment of a polymeric adhesion layer beneath the metal can enhance
both the biocompatibility and the stability over time. Successively, we focus on the
integration of Organic Electronics in more complex systems. In this context, we embed
visible light thin film polarizers in OPDs and OLEDs, in order to obtain self-polarized
light emitters and detectors. Finally, we prove the viability of the integration of 3D-
Printing and Spray-Deposition, to realize printed objects with organic thin film devices.
As a proof of concept, we present a fully printed semi-transparent heating chamber,
with a 3D printed well and a spray-deposited PEDOT:PSS layer.
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Chapter 1
Introduction

During the last decade, the field of Printed Electronics (i.e. the branch of electronics
based onto the diverse stacking, integration and functionalization of solution process-
able materials like polymers, nanowires, oxides and quantum dots) has been experi-
encing a great expansion, due to several characteristics which candidate it as either a
low-cost and green substitute of conventional inorganic electronics, or as a big player
in the definition of new markets.

The main driver for the attention Printed Electronics has been receiving so far is an
intrinsic characteristic of the material there employed: flexibility and softness. The use
of polymers or small molecules coupled with nanowires, for instance, can lead to the
realization of bendable or conformal light emitting surfaces aimed to general purpose
electronics. This aspect has been recently exploited by several consumer electronic com-
panies which presented to the market curved or bendable light sources and displays,
based on Organic Light Emitting Diodes (OLEDs). This technology is, however, also
attracting the interest of many research fields, traditionally not bound to electronics,
such as biology and life sciences in general.

Since 2007, when the term “Organic Bioelectronics” has been coined by Berggren and
Richter-Dahlfors [1], the number of biocompatible functional materials and the descrip-
tion of new possible applications has been steadily increasing [2]-[4], and did not lose
yet its momentum over the years [5], [6]. In fact, while on the one hand, out-of-the-
body applications such as Lab-on-a-Chip or body-motion control devices significantly
benefit from the use of OLEDs and Organic Photodiodes (OPDs) [7]-[11], bicompat-
ible, flexible and soft materials have the potential to be used in a wide spectrum of
in-body applications. In this particular field, Organic Bioelectronic devices have been
employed as electrodes or amplifiers for the detection/stimulation of neural signals [3],

[12], [13], for the realization of optical prostheses [14], [15] or for flexible sensors able to
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monitor pH and single ion levels in a medium, which could be implanted for effective
health monitoring [16], [17].

Furthermore, since the election in 2010 of Optogenetics as Method of the year by the
prestigious journal “Nature”, [18], the integration of OLEDs and organic electronic
devices with living system has been considered as a particularly attractive challenge.
While successful attempt of integrating rigid probes with optogenetic system have been
recently reported [19], [20], their main limitation, which inhibits them from real clinic
applications, is the immune reaction of the brain to such external, stiff objects [21].
Conversely, the employment of soft and flexible organic polymers, has been recently
been proved as a viable and effective alternative to conventional electronics because of
enhanced functionality and damped immune response [22].

A further stimulus to the growth of the organic electronic research is given by the
ease of material production and device fabrication even up to large scale, which could
reduce the devices’ cost and extend the availability of point-of-care bioelectronic sys-
tem also to developing markets [23]. Methods like roll-to-roll [24], ink-jet printing [25],
spray deposition [26] and screen printing [27] are leading to the realization of large-
scale production lines, with the undiscussed benefit of working at low temperatures,
atmospheric pressure and overall relaxed ambient conditions.

The dissertation is embedded within this framework and positions itself on a bridge be-
tween the world of biology and nanotechnology, with its overall aim of the realization of
devices and processes capable of simplifying the way to organic neuroelectronics: once
the concepts are defined, one of the main barriers separating the ideas from real-life
applications is the ability to fabricate in a reliable, durable and cost-effective manner
the needed devices. While for in vivo bioelectronics the main focus is on the reliable
and durable part of the last sentence, for in wvitro and point of care applications it is
shifted on the latter part, namely the cost-effectiveness.

In order to achieve this ambitious goal, or at least to provide some tools useful for its

future fulfillment, the thesis is structured in seven chapters.

Chapter 2, which immediately follows this introduction, is its natural continuation
and will give a more in depth view of some of the concepts we briefly mentioned here.
First, we will give more details on the world of organic semiconductors, describing
the basic phenomena behind their behavior and outlining the main differences with
respect to the classical inorganic electronics. We will then give an overview on some of
the most used processing techniques, describing the basic working principles, the main

advantages and flaws.

Once the potential of flexible and conformal electronics is clear, the question arising



is how to fabricate arbitrarily shaped devices on flexible substrates and how to integrate
them with complex systems. An attempt at answering this multi-faceted question is
done by Chapter 3, where we pursue the goal of fully solution processable organic
electronic devices. We will focus on a special kind of device, the organic photodiodes
(OPDs), but, by the end of the thesis work it will be clear that the developed techniques
can be utilized, in principle, for the realization of any printed electronic device. In the
last part of this chapter, we will provide a proof of concept for an OPD deposited on

plastic foil and integrated with a digitally custom-tailored printed circuit.

Nevertheless, for the application of any device in a clinical environment, the func-
tionality is, per se, not enough. An essential prerequisite is, in fact, the durability.
Organic electronic devices tend to modify their behavior over time, becoming eventu-
ally unusable for any practical scope after a relatively short time. Chapter 4 is focused
on understanding the degradation phenomena of both functional layers and metal elec-
trodes, proposing integrable and cost effective solutions: the in-line encapsulation of

OPDs and adhesion layers to prevent the delamination of metal electrodes.

The last forming block of the thesis, divided in two chapters for practical conve-
nience and topic similarity, can be synthesized by the word integration. The scope of
Chapter 5 and Chapter 6 is to provide tools able to render easier and more effective
the integration of separate parts into an unitarian system.

Particularly, in the former we will discuss the concept of vertical integration, in the
meaning of monolithic integration of separate devices which in many application work
coupled as one. In our particular case, we explored the viability of embedding optical
field polarizers in organic optoelectronic devices. Through numerical simulations and
practical implementation we will introduce a new class of devices, defined polarized Or-
ganic Photodiodes and polarized Organic Light Emitting Diodes (pOPD and pOLED,
respectively), which are composed by a classical device stack, with the only (major)
difference residing in the substitution of a thin transparent electrode with a wire grid
polarizer. This latter element, produced in-house with a simple soft-lithographic tech-
nique, acts contemporaneously as electrode and as selective optical window for the
optoelectronic devices.

Chapter 6, on the other hand will we centered on the concept of horizontal integration,
an idea well embraced by Lab-on-a-Chip devices and consisting in the flawless (and as
effortless as possible) integration of different devices which share the same horizontal
plane. The idea behind is to simplify the cumbersome techniques used so far to inter-
face organic electronic devices to microfluidic chips, developing a practical framework

able to combine the worlds of fast prototyping and organic electronics. We will develop
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a method (and build a simple machine) to realize 3D-printed object with embedded
organic devices, and with a very limited need for intervention of an human operator.
Subsequently, we will briefly describe one of the most fascinating, but at the same
time straightforward, applications of such process: the realization of a fully printed
perfusion chamber.

Finally, in Chapter 7 we will briefly summarize the main findings of the work, sketch-

ing possible strategies to further develop the concepts and processes here described.

Chapter 2
Organic Electronics at the Interface with Biology
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Chapter 2
Organic Electronics

This chapter will give a overview on Organic Electronics, briefly describing the working
principles on which organic semiconductors are based and highlighting the biggest ad-
vantages and disadvantages with respect to classic, inorganic semiconductors. Among
these advantages, one of the most significant resides in the possibility of fabricating
organic semiconductor layers with means of solution-based processes: by doing so, Or-
ganic Electronics enables the fabrication of flexible and conformal devices, which are
of paramount importance for bioelectronics.

In order to better understand the potential of such processing techniques, we introduce
two significant examples of successful employment of printed and organic electronics
to the life sciences: a flexible wearable patch for health monitoring and an implanted
electrode array for the electrical readout of neurons.

The practical fabrication of these devices, is, however, subordinate to the implemen-
tation of reliable processes able to deposit arbitrary solution-processable materials
onto a number of different substrates. To further clarify how, we will briefly describe
three important deposition techniques (namely, spin-coating, inkjet-printing and spray-
deposition), which represent the most widely utilized methods for the fabrication of

organic devices on a lab-scale.

2.1 Organic Semiconductors

2.1.1 Organic Semiconductors

Organic Electronics is a branch of science and engineering based on the employment

of Organic Semiconductors, a class of plastic materials (mainly based on carbon and
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(b)

Figure 2.1: Two commercial applications of Organic Electronics (a) a curved AMOLED TV
panel produced from LG [28] and a wooden luminary with flat white light produced by (b)
OSRAM (29|

hydrogen atoms) with semiconducting characteristics [30]. An early report about the
luminescence of some organic compounds dates back to 1906, due to the pioneering
work of the Italian researcher A. Pochettino [31|, who reported, for the first time, the
persistent green luminescence of Anthracene and other molecules. It took, however,
until 1963 before the electroluminescence of such materials was exploited in a short
but remarkable work by Pope et al. [32], where 10um to 20um thick Anthracene crys-
tals were connected to silver electrodes and subject to an external field, presenting a
marked electroluminescence, although only for voltages higher than 400 V.

The necessity of high operational voltages arose from the elevated thickness of the
crystals, which at the same time yield a poor reproducibility of the results. At the
beginning of the 1990, nevertheless, organic macro-molecules were substituted by con-
jugated polymers (e.g PPV), which presented two substantial advantages: they have
an higher electroluminescence efficiency, and they can be easily deposited from solu-
tion. For instance, in the work of Burroughes et al. [33], 100nm PPV thin films were
obtained on top of a semi-transparent I'TO glass via spin-coating deposition technique;
the devices were completed by the evaporation of a reflective Al-layer and presented
a strong electroluminescence in the yellow-green region of the spectrum, already acti-
vated below 15V.

A further stimulus for the development of organic materials and their employment
in electronics came in 1977 with the first demonstration of electrical conductivity in
Doped Polyacetylene by Heeger, MacDiarmid, and Shirakawa [34], awarded in 2000
with the Nobel prize in chemistry [35]. Indeed, with the conjunct use of organic semi-
conductors and organic conducting polymers, it has been possible, in the last decades
to obtain a number of products and devices which would have been sharply limited in
performances, if not impossible to realize, such as active matrix (O)LED displays [36]

or flexible and conformable solar cells [37].
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Figure 2.2: Molecular structure and hybridization states of Ethane (a), Ethene (b) and
Ethyne (c), with the o—bonds depicted in light gray and the different states of m—bonds
are in white and dark gray, respectively. Figure extracted with permission from the book
FElectronic Processes in Organic Semiconductors, An Introduction [30|

T

2.1.2 Conjugated Polymers

The main building block of organic semiconductors is constituted by carbon and hy-
drogen atoms, which do not possess intrinsic conducting or semi-conducting properties.
Nevertheless, the insertion of these atoms in more complex molecules yields to a pro-
cess (defined as hybridization) which leads to the formation of free charge.

Carbon, in its ground state, has six electrons arranged in a 15*2s5%2p; 2p,, configuration,
which is the most energetically stabled for an insulated carbon atom, and renders the
atom prone to constitute two covalent bonds. This number could be increased to four
in case it was possible to provide the necessary energy for the promotion of one of
the 2s electrons to the free 2p state, (say 2p,). This condition is met in almost any
practical case, hence, whenever carbon is placed in contact with any other species, the
energy provided to the atom is enough to remove the electron from the 2s state, creat-
ing a new hybrid energetic configuration, where the 2s and the 2p orbitals interfere. To
mathematically represent this interference, also known as hybridization, a new orbital
description is introduced, with the notation sp, sp? and sp® is used when two, three
or all four orbitals are involved, respectively. This process is schematically represented

in Figure 2.2 [30], where all the possible hybrid states are described for very simple
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Figure 2.3: Panel (a) shows the formation of bonding and anti-bonding states for 7= and
o carbon bonds. The drawing in panel (b) represents the formation of band structures and
band gap in polymers, as described by van Mullekom et al [3§]

organic molecules only based on C and H atoms: Ethane, Ethene and Ethyne.

In the first case, the three H atoms will bond to three of the hybrid states, while the
last valence electron will create a o-bond between two C atoms. All the bonds of the
Ethane molecule are characterized by the alignment of the wavefunction of each elec-
tron over the axis connecting two atoms and bring to the formation of o orbitals.
However, the bonds occurring in Ethene and Ethyne are of a different nature. Consider,
for example, the former case: since each carbon atom is bond to three other atoms,
the hybridization configuration will be sp? and will yield in the formation of three sp
hybrid orbitals, leaving still one free 2p, orbital. Two of former will connect to the H
atoms, while the third one will constitute a o-bond with the correspondent sp? orbital
of the carbon atom. The remaining 2p, orbitals (one per each carbon atom) are dis-
posed orthogonally to the molecular axis and will form a so called 7—bond, where the
wavefunctions of the shared electrons are distributed above and below the axis. This
kind of bond is weaker and the electrons cannot be attributed to one of the two C
atoms, forming a delocalized state.

It must be noted that, regardless from the kind of bonding, from a mathematical
point of view, the formation of any molecular orbital is the linear combination of two
wavefunctions, which can lead to constructive or destructive interference. The former,
characterized by a higher charge density, is defined as bonding state, and has an intrin-
sic bonding behavior. In the latter case, however, the repulsion of the atomic nuclei
is only mildly shielded by the low charge density, and for this reason this state, also
solution of the Schrodinger equation, is defined as antibonding state and in standard
notation is indicated with an asterisk [30].

The presence of these two co-existent states is the fundamental reason behind the semi-



A A
Eo
S . ............... » . S\ \\\
2 ® | O) ® L RN
5 @ @ L\A ® 5 S __ Eo
2 2
w .\L . L .\A . ............... » .
- - T
M2 @
M1 M
M2
Distance (a.u.) Distance (a.u.)

Figure 2.4: Schematic representation of the phonon assisted hopping in absence (a) or
presence (b) of an externally applied electric field

conducting in organic molecules: at the thermodynamical equilibrium, and in absence
of external forces, for each bond there will be an energy range composed of bonding
states only and one composed of anti-bonding only. The bonding states, given the
positive interference of the wavefunctions, will have a high probability of being occu-
pied by electrons, while the anti-bonding states will have a high probability of being
unoccupied.

Connecting a replica of this molecular structure to the original one, in theory, should
result in the appearance of duplicate bonding and anti-bonding states at the same
energetic level. However, because of the Pauli’s exclusion principle, the states will be
subject to a slight mismatch: as shown in Figure 2.3 (b), increasing the number of sin-
gle cells will result in a band-like structure, where the final energetic difference between
the highest bonding state and the lowest anti-bonding state can be seen as a band-gap.
Since the top of the Valence Band is the molecular orbital of the highest bonding state,
we will refer to it as Highest Occupied Molecular Orbital (HOMO), while the bottom
of the Conduction Band, being the lowest anti-bonding state, will be referred to as
Lowest Unoccupied Molecular Orbital (LUMO)

Nevertheless, given the limited number of repeatable cells for energetically stable
molecules, the density of available levels is rather low, especially if compared to in-
organic semiconductors. As a result, the description of the phenomena happening in
organic electronics in terms of band structures and band gap is not physically accurate,
although it can be employed for the empirical qualitative description of most of the

“macroscopic” devices.
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2.1.3 Conduction Mechanism

As just described, the repetition of simple organic structures as the ones we just de-
scribed, also known as monomers, result in the alternation of 7 and sigma bonds, with
the formation of a high number of repeated delocalized states and the insurgence of
many “free” carriers. This leads to the formation of a quasi-band structure and to
the possibility of one-dimensional conduction throughout the polymeric chain. How-
ever, since the low number of available states and the disordered nature of a polymeric
system, the description of charge transfer with means of a simple drift-diffusion mech-
anism is correct in a first approximation, but physically immotivated.
A more accurate description of the conduction process in disordered solids, known as
hopping, is provided by a work of Miller and Abrahams [39], where the transport of
charge from a localized impurity state to a neighboring one is analyzed and mathemat-
ically modeled. In this model a charge carrier trapped into a state with an energy FE;,
can move to another state with energy E; (without lack of generality, consider E; < Ej)
only in presence of an external work, which can be provided via thermal or electrical
excitation. The derived model describes the hopping rate, i.e. the probability of an
hopping event to happen, as follows:

V= VoVea:t(Eemt>€a7p( — 2aR — %)

Where vy is the maximum hopping rate, v.,; is a term which takes in account the

(2.1)

externally applied electric field, R is the spatial distance between the two states and « is
the tunneling decay characteristic constant. The amount of transfered charges along the
chain, hence, is influenced by how far away on the polymeric chain the delocalized sites
are and from their energetic difference. The dependence from temperature is typical
for phonon assisted conduction mechanisms, where, because of thermal agitation, a
phonon can transfer energy to a charge carrier: when the “excited” electron reaches the
energetic level of the free neighboring state, a quantum tunneling process is possible
and the electron reaches the target state. This process is represented in Figure 2.4
in absence (a) and presence (b) of an external electric field. In the example, two
metals with different work functions are separated by two localized states. The drift of
an electron from Metal 1 to the first trap state is energetically favorable and happens
spontaneously. When a phonon with sufficient energy impacts the electron, its energetic
level can be higher than the the level of the second trap state: in these conditions,
quantum tunneling is possible. After tunneling, the carrier will be spatially localized

in proximity of the second trap state, but, in general, at higher energy; the extra energy
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Figure 2.5: (a) Optical micrograph of the flexible transistor array, the scale bar indicates 1
mm. (b) A zoomed micrograph of the electrolyte-gated transistor, with its golden source and
drain electrodes, and the PEDOT:PSS semiconducting layer, and a reference electrode, used
as comparison to validate the use of a transistor structure over a simple electrode. (c) and
(d) are the cross-sectional views of the electrode and the transistor, respectively. The three
panels on the right are spectrograms of the same signal sensed from the OECTs (top), the
passive electrodes (middle) and Ir-penetrating electrodes (bottom). Figures extracted from
the work of Khodagholy et al. [12], CC BY-NC-ND

is released (thermalization) and the electron will reach the trap level.

In case an external field is applied, the energetic difference between the two states can
be reduce, or even become negative, which will result in enhanced hopping probability,
since the electron transfer can happen already with very low phononic energy. One of
the main implications of this complex conduction process, is that the charge transfer
within an organic semiconductor is not as fast and as efficient as in the inorganic
ones [40]. Length of the polymeric chain, distance between the delocalized carriers,
molecular weight, are only some of the parameters which affect the conductivity of
such materials, and this big availability of degrees of freedom is at the same time one

of the great potentials of Organic Electronics, and one of its stronger limits.

2.2 Organic Bioelectronics: Two Case Studies

2.2.1 Printed Electronics at the Interface with Biology

In this section we will see, throughout two main examples, how the employment of the

methods of Organic and Printed Electronics in bioelectronics enables the realization of

11


http://creativecommons.org/licenses/by-nc-nd/3.0/

Chapter 2. Organic Electronics

novel important devices.

The first application is constituted by the work of Khodagholy et al. [12], who de-
veloped a flexible and conformal electrolyte-gated transistor array for the detection in
viwo of brain signals. The transistors, obtained with a thin layer of cross-linked PE-
DOT:PSS and Au source and drain electrodes, were fabricated on a 2um thick plastic
film (Parylene C), which was employed both as substrate and passivation layer. After
the thin film system was fabricated, it was implanted in the skull of living rats, to
evaluate its capability of detecting brain very dim electrical oscillations in the neurons
potentials, which, if characterized by a certain shape, frequency and amplitude, could
indicate brain distress, and even the insurgence of epileptic seizures. The organic elec-
trochemical transistors, were compared to reference Au electrodes (which until then
were the only flexible detection technique available for this kind of signals) and to state-
of-the-art rigid Ir-penetrating probes. The latter, although providing a high Signal to
Noise Ratio (SNR), and a rich electrophysiological signal, are fabricated with not en-
tirely biocompatible materials and, being rigid, can procure cuts and severe damage
into living and moving animals.

The overall results, presented on the right side of Figure 2.5 show how the PEDOT:PSS
transistors have a SNR and an harmonic content comparable to the one of the state-
of-the art electrodes and significantly better than the golden electrodes. Furthermore,
since they are fabricated via standard lithography techniques on foil, the plastic-based
OECTs are conformal and the array can be designed in arbitrary shapes. Any desired
number of transistors could be integrated and employed, for instance to be used for
in vivo high resolution electrophysiological activity monitoring. Finally, given the pos-
sibility of tailoring the characteristics of organic semiconductors, the transistor array
could be extended with the employment of differently functionalized films, in order to
simultaneously detect different quantities, like pH and glucose. Such a multi-purpose
device could be a “neuroelectronic swiss knife” employable for both basic research (e.g.
in the understanding of the signaling mechanisms which take place in the brain) and
life-savers applications (e.g. detection of epileptic seizures).

The second application we briefly review is a smart bandage, developed by Honda
et al. [41], and it is represented in Figure 2.6. It is a complex multilayered system
which integrates a temperature sensor, a capacitive touch sensor, a wireless coil for
the transmission of the data and a drug dispensing pump, hence integrating sensing
and actuating capabilities. The interconnecting lines and electrodes were realized by
printing Ag ink, while the temperature sensor has been obtained with a mixture of
PEDOT:PSS and Carbon Nanotubes. The different foils were laminated together and
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Figure 2.6: Several views of the design and fabrication of a flexible smart bandage with
printed temperature sensor, touch sensor, wireless coil and drug delivery pump. The fabrica-
tion has been carried out without any lithographic process and the vertical integration has
been achieved with means of foil lamination and laser cuts. Figure reproduced with permission
from the work of Honda et al. [41]

the via holes for the connection of each sub-system to the other were performed with
means of a laser-cutting machine.

Every part has been obtained by directly on-foil lithography-free techniques, giving to
this approach for the fabrication of smart objects the potential of becoming cost effec-
tive and highly customizable. Although the single functions implemented in the device
are not novel, nor with extraordinary performances, what renders this work of special
appeal is the total monolithic integration of the components, while still preserving the
single functionality and the structural flexibility.

These two examples, which are remarkably different both in the applied methodologies
and in the specific significance, have been chosen to give a direct introduction to the
main topics which will be developed in this dissertation: realization of conformal and
flexible organic electronics, to provide easy insertion in the bodies or on the bodies
of living animals. Evaluation of the stability and biocompatibility of each material.
Horizontal and vertical integration of processes and components. Before the advent of
organic bioelectronics, many of these topics were never considered or applied to elec-
tronics, and thus require a strong research effort.

However, once the main issues will be solved, it will be possible to design full-body

systems, where for instance, an abnormal brain activity is sensed by the OECTs and
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wirelessly transmitted to a smart armband. This latter subsystem could in turn im-
mediately dispense a drug through microneedles, while contemporaneously saving the

event in a log and transmitting it to a physician.

2.2.2 General Advantages and Drawbacks

Some of the main advantages of organic semiconductors over inorganic ones are either
evident from these two examples, or have been already introduced in the Introduction.
An extensive list of properties and caveats lyes beyond the purpose of this thesis, how-
ever, here we propose a short list of important properties (with relative bibliographic

references) which will be relevant for our work.

e Mechanical softness and flexibility, which is enables the realization of conformal

devices for consumer electronics and for bioelectronics [37], [42], [43].

e Facile and superior spectral tunability of the molecules’ bandgap, which allows
the realization of arbitrarily emitting and absorbing optoelectronic devices [36],

[44].

e Solution processing, which on the one hand relaxes the process constraints [45]—
[47] and, on the other hand, allows facile material blending and intermixing [48]-
[50].

e Proven biocompatibility and ability to conduct ionic currents, which make them
ideal for the applications in bioelectronics [2], [3], [22], [51].

e Low mobilities (especially for electrons) if compared to inorganic semiconductors

[40], [52], [53]

e Subject to degradation over time, with progressive degeneration of the core prop-

erties, until complete hindering of the functionality [54]-[56]

2.3 Relevant Deposition Techniques

2.3.1 Spin-Coating

As previously stated, one of the main advantages of polymeric electronics is the wide
range of processing technology which can be employed for the realization of thin films.

One of the biggest breakthrough for the real application of organic devices was, indeed,
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Figure 2.7: The drawing conceptualizes Spin-Coating process: (a) in a first phase the
material is dispensed on the sample, then (b) the centrifugal force spreads the liquid over the
surface forming a thin film

the demonstration that thin film stacks, with single layer thickness in the range of few
hundred of nm, could be built with means of spin-coating [33].

Spin coating is a well-established method for the deposition of thin (> 200nm) and
ultrathin (< 200nm) films, commonly employed for the deposition of polymeric films in
the microelectronic industry [57], [58] and successfully applied in a number of processes
the organic and printed electronics [47], [59]-[62]. The method, described by the draw-
ings in Figure 2.7, is conceptually simple: the material, in liquid form (from now on
also ink), is dispensed on top of a sample, which is attached to a chuck with means of a
strong air suction. When the dispensing is ultimated (or, in some applications, while it
is still in progress), the chuck starts its rotation and, with means of centrifugal forces,
the solution is spread across the substrate, leading to the formation of a thin film. The
rotation phase (spinning) itself, is composed of different stages: an acceleration time
lapse, when the rotating plane is brought to the steady state speed, during which most
of the material is flung out from the sample; a second phase where the decided rotation
speed is kept for a certain amount of time (typically at least 30 seconds), setting the
thickness of the layer; a last segment of time, when the air flow dries out the residual
solvent and helps to provide a solid film. Given its simplicity, the technique has been
extensively studied, and it is possible to find mathematical models which relate the
thickness of a final polymeric layer to the original characteristics of the ink and to
the processing parameters (steady state speed, acceleration, deposition time) [63], [64].
The main caveat of spin-coating as process for printed electronics is its inherent lack
of up-scaling possibility: the maximum sample size is limited to the chuck size and

the radial nature of the phenomena involved contribute to reduce the uniformity of
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Figure 2.8: In an Inkjet printer, the material is fed through a pipe to an actuator which
regulates the injection. The droplet is formed at the nozzle and released towards the surface
of the substrate

the position with increasing sample size. Albeit this main limitation, however, it is
the most widely employed technique for lab-scale research and development of organic

electronic devices.

2.3.2 Inkjet-Printing

While the term “coating" refers to the full coverage of a substrate with a material,
the term “printing" involves the definition of pattern or shapes, as in the process of
printing a text-book or a figure. This concept, not related to conventional, inorganic
semiconductors, becomes extremely important in organic electronics, where the pre-
ferred process flows is based on the direct fabrication of structures and devices, with
the minimal possible amount of post-processing. Inkjet-printing, schematically repre-
sented in Figure 2.8 is the technology which, at the current state, better embraces this
idea: a computer defined design can be directly transferred to a sample and imme-
diately used as it is or for subsequent deposition steps. Reduced to its most simple
dynamics, the working principle of inkjet printing is the following: the desired ink is
brought to a printing head which contains a small actuator. Whenever a pulse is given
to the actuator (which can be based on thermal principles or on piezoelectricity), it
will change the dimension of the feeding chamber, gradually modifying it from “totally
closed” to “totally open” and then back to the original position. As a result of this
perturbation, a well defined amount of material is transfered from the feeding pipes
to the nozzle of the injector and, once it is released, is let fall towards the substrate.

Moving the printing head along the x and y direction, leads to the juxtaposition of

16



) Air Flow
\ )

qED

-
|
|
|
|
|
|

Spray-Cone

Stencil Material Feed

Sample-to-Nozzle
Distance

Substrate

< Hot Plate )

Figure 2.9: The spray gun is set to an well defined distance from a hotplate where the
substrate lays on a hotplate. A stencil can be used to define a certain shape. In the chamber,
the atomization is obtained with means of a pressurized air flow which impacts the material
in the atomization nozzle

tiny droplets which form, in case of correct processing conditions, a closed layer in the
desired pattern. Given the high versatility of the method, inkjet printing has been
employed in a wide variety of applications [65], ranging from printed photoactive de-
vices [66] to transistors [67], from conductive lines [68| to semi-transparent electrodes
[69]. The main disadvantage of inkjet printing, however, is its overall operating speed,
and the lack of systems to finely tune the thickness of the obtained layers (besides
changing the rheological composition of the ink). Furthermore, since the realization of
a complete layer is delegated to the merging of linearly arranged droplets, the printing
process is not robust, since in case of malfunctioning injectors, the film will present

holes, which might hinder the functionality of the printed device [69].

2.3.3 Spray-Deposition

Spray deposition is a fairly established technique for many industrial uses, ranging
from the dispensing of glues to the deposition of paints or finish coatings [70]. It has
been, however, attracting increasing interest in the world of organic and printed elec-
tronics because of some key characteristics, among which we can enumerate the easy
up-scalability, the wide choice of employable materials (essentially, any material which
can be put in solution) and the fine possible control over the layer thickness (in the
range of tens of nanometers) [26], [45], [47], [71]-[76].

The deposition is obtained via atomization (i.e. the decomposition in small droplets)
of a liquid, with means of a pressurized air flow or vibrating actuators. In the former

case, a stream of compressed air (typically nitrogen), impacts the material in solution
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and, with means of its kinetic energy, disintegrates the liquid and creates the spray. In
the latter case, a piezoelectric plate oscillates in the ultrasound ranges, directly trans-
ferring the energy to the fluid, which is dismembered in very fine droplets and directed
to the samples with means of a pressurized carrier gas.
However, regardless from the atomization method, the overall concept is similar: the
atomized material is forced out from an orifice and assumes the shape of a cone (spray
cone) which is directed towards a substrate, typically positioned on a heating element.
The droplets impact on the surface and, ideally, merge together in such a way that
when all the solvent is evaporated an homogeneous closed film is left on the substrate.
The quality, thickness and roughness of the deposition are influenced by many pa-
rameters, some of which are common to both spray-deposition classes, namely the
nozzle-to-sample distance, the temperature of the hot plate and the material flow rate.
This last quantity is in turn affected by some method-specific factors; for instance, in
the case of air atomizers, schematically represented in Figure 2.9, the atomizing air
pressure, the material feed pressure and the nozzle opening are the main responsible
for the obtainment of the desired droplets size and distribution |70].
As a matter of principle, for each new introduced material, the parameters have to
be adjusted in order to achieve the correct deposition regime. A reliable, although
simplified approach, resides in describing three different working regions - wet, dry
and intermediate - and chose the most adequate one to the process requirements [75].
The three deposition regimes are defined on the basis of some key characteristics: in
a dry process, for a given material flow and nozzle-to-substrate distance, either the
kinetic energy or the hotplate temperature are too high, and the solvent dries before
even reaching the substrate. In these conditions, the layers will be characterized by
rough and separated material clusters which seldom form a closed film. The opposite
extreme is represented by the wet deposition regime: either the kinetic energy of the
spray or the temperature of the hotplate are too low, and the resulting layer needs time
to dry up, leading to hard-to-control film thickness and roughness. Finally, a so-called
intermediate deposition regime is achieved when all the parameters are balanced: the
droplets reach the substrate when they are still in liquid form, merge with previously
deposited material islands and quickly dry up. Working in this deposition regime, the
formed layers tend to be close and relatively smooth, and it has been the deposition
regime of choice for all the applications presented in this thesis.

Finally, some variations of the soft lithography technique will be discussed in Section

5.3 and 6.1, where their introduction is more pertinent, and will not be repeated here.
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2.4 Summary

In this chapter we described the working principle of Organic Electronics. After a short
historical review, we introduced the concept of molecular orbital hybridization, which
is behind the formation of delocalized states in organic materials. Along with it, we dis-
cussed the concept of a pseudo-band structure for polymers. Although this simplified
model does not take in account all the phenomena occurring on the molecular level, it is
accurate enough to empirically describe the effect of macroscopic Organic Electronics.
Within this context, we also described one of the most important conduction mecha-
nisms in disordered solids, typically applied to amorphous materials and successfully
employed for the modeling of the charge transfer in organic semiconductors.

We then used two examples from previous literature, to describe the width of the ap-
plication spectrum of organic and printed bioelectronics. The first one is an in vivo
application to sense small bioelectrical signals, while the second one is a smart armband
with multiple sensing capabilities and a drug dispenser. These two case studies gave
an overview of some amongst the biggest advantages of organic and printed electronics,
and we used them to compile a short list of important characteristics of organic devices.
Finally, we described three of the fabrication techniques we will use throughout the
dissertation: spin-coating, inkjet-printing and spray deposition. The importance of
each method is highlighted, along with its drawbacks, and a particular focus is put on

the key parameters affecting the quality of spray-deposited films.
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Chapter 3

Realization of Conformal Organic

Electronic Devices

In the first section of this chapter, we will see the main reasons motivations which
render Organic Photodetectors are an outstandingly appealing technology. As seen in
Chapter 2, the potential of this devices does not reside only in the possibility to be
used as cost effective alternatives of their inorganic counterparts, but in their capability
to enable new applications and solve old issues in preexistent market niches. We will
discuss how this enabling capability of OPDs is related to the inherent characteristics
of organic electronic devices: spectral tunability, possibility of fabrication on flexible
substrates, assessed biocompatibility.

Subsequently, we will utilize some approximations to describe the behavior of OPDs
in terms of “classical" band diagrams, and with means of this simplifications, we will
qualitatively present the working principle of such devices. Typical characteristics of
OPDs fabricated with a standard material system will be introduced and the most

important parameters and figures of merit will be highlighted and explained.

In the remaining part of the chapter, effort will be put to realize devices able to
fulfill the needs stated in the premise: the fabricated OPDs must be prepared through
easy, green and cost-effective processes; they need to be flexible and conformal, at the
same time retaining the original characteristics of the rigid OPDs; finally, they have to
be realizable in arbitrary shapes and design, and integrable in more complex systems

which can be, eventually, used in the field of bioelectronics.
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3.1 Need for Conformal Photodetectors

3.1.1 Hybrid Applications of Organic Photodetectors
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Figure 3.1: The figure has been reproduced with permission from the work of Baierl et al.
[77]. Panel (a) shows the low resolution images projected and detected by the hybrid CMOS
chip, while panel (c) shows a microscope image of the array with the spray-deposited polymer.
Panel (b), finally, shows the cross-section of the device, and the different parts of the chip are
there labeled. The OPD is created with an evaporated bottom electrode, a spray-deposited
layer of photoactive blend and a conductive polymer on top. The conductive polimer lines are
then brought to the “top electrode contact” which is localized outside from the active area of
the detector

Photodetectors, are, generally speaking, transducers able to transform light in an
electrical signal. Inorganic photodetectors are needed and utilized in a number of
applications in science and in consumer electronics, for instance the production of
scanners, cameras or ambient light sensors. They are, however, obtained through
cumbersome processes and produced on relatively heavy and rigid chips. Furthermore,
although there is a wide range of inorganic semiconductors, able to cover every part
of the spectrum, their fabrication is normally expensive and their compatibility with
the CMOS technology very limited. On the other hand, the molecules used for organic
electronics can be synthesized from scratch to obtain a certain absorption in a given
wavelength range, and they can be deposited on almost any substrate or lattice. A
good example in this direction has been provided by the work of Baierl et al. [77|, who
investigated the feasibility of an hybrid CMOS light sensor, where the problems related

to low pixel fill factor and spectral sensitivity of Silicon were solved by the introduction
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Figure 3.2: The figure has been reproduced with permission from the work of Buchele et al.
[78] and presents the single pixel stack (a) and the comparison of an X-rays image acquired
with the system proposed by them (b, left hand side image) and a more classical stacked
device (b, right hand side image)

(b)

of fully-solution processable Organic Photodiodes (OPDs) on top of CMOS chip.
The chip was designed and realized in conventional 0.35um CMOS technology and in-
cluded the pixel pads and all the readout electronics. On top of the pixel pads, inverted
OPDs were fabricated and characterized, showing full functionality, reproducibility and
spectral sensitivity. This proof of concept, although does not create a novel category of
devices, is the starting point to understand the potential of the integrability of organic
photodiodes with more complex systems. One of the most striking achievements in
this direction is the integration of OPDs for the realization of X-Rays detectors on
foil [78]-[80]. The main advantages of this technology, besides the cost-effectiveness,
are related to the flexible and light-weight nature of both the substrates and the em-
ployed materials: the X-Rays detectors are portable and flexible and could be used
for an entire new sets of applications. Medical machinery for panoramic radiographies,
for instance might be substantially simplified by the employment of these large area,
conformable thin film absorbers. In a remarkable work by Buechele at al. [78], it is
shown how a scintillator can be integrated into a polymeric matrix to be used as high
density X-Rays detector array. The devices were composed by an amorphous silicon
backpane with ITO contacts, on top of which the photodetector has been realized:
first two polymeric interlayers (needed for the reduction of the dark current) were de-
posited and then the mixture of PSHT:PCBM (materials photosensitive in the visible
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range) and GOS:Tb (nanomaterial sensitive to X-excitation) was fabricated through
spray-coating. The device was finalized with the evaporation of Al top contacts by ther-
mal evaporation and is summarized in Figure 3.2 (a). Since the scintillator is directly
integrated into a micrometer thick photodetective layer, the resolution achievable is
much higher than the one obtainable with traditional cost-effective technologies, where
a scintillator film (usually some hundreds of micrometers thick) is placed on top of a
photodetectors backpane. The fabricated 256 x 256 arrays presented very low optical
crosstalk and sensitivities comparable to state of the art a-Se direct X-Rays converters,
but with far more relaxed constraints on the applied voltage and on the production
process. This remarkable result further confirms what had already emerged from the
previous work: the integration of organic photodetectors in hybrid structures, more
than the complete substitution of conventional electronics, is the key to obtain novel

devices with outstanding performances.

3.1.2 Fully Solution Processable OPDs

As emerged from the two examples presented so far, a crucial point for the real-world
application of organic photodetectors (and photodiodes in particular) resides in the
adaptation of the deposition process and the ability to create OPDs on (almost) any
kind of substrates. In both works, the deposition of thin interlayers and thick active
materials was obtained through spray-deposition, indicating this method as one of
the most versatile to produce working organic devices on preexisting systems. Since
the goal of this work was the creation of a framework where the world of neurosciences
could be interfaced with bioelectronics through organic optoelectronic devices, the most
natural deposition choice for most of the realized devices is spray-deposition.
Spray-deposited OPDs, indeed, can be directly deposited on microfluidic chips, in
order to realize fully integrated fluorescent probes for biological markers [7], [81], [82]
or directly employed in in-vivo implants. The functionality of these implants could
be the realization of prostheses, as already stated in the introduction, or as control
circuits for optogenetic applications. Figure 3.3 shows one of these possibilities. With
means of solution processable techniques it could be possible to print an antenna on
a biocompatible tissue and integrate it with a microcontroller. When the antenna is
excited by an external tag reader, the microcontroller is activated and provides energy
to the OLED in order to start an optogenetic raction. The OLED light intensity,
however, is susceptible to phisiological variations, given by the overall conditions of
the chip and aging effects: using a well encapsulated OPD, it could be possible to
use its photocurrent as a feedback signal to modify the energy provided to the OLED
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Figure 3.3: The figure shows a conceptual application of a bio-tag fitted with an antenna, a
small elaboration unit with rectifier, an OLED and an OPD. When the tag is activated by an
external reader, the OLED emits light to initiate an optogenetic reaction; at the same time,
the OPD records the light intensity and activates a feedback circuit, to make certain that the
required level of illumination is achieved

and obtain safer operational conditions. Through successive optimization processes,
at the end of the present chapter, we will demonstrate, through a proof of concept,
the feasibility of such devices. The realization and characterization of such device
constitute a starting point for the development of more “smart” and integrated flexible

chips which denote significant potential in the field of bioelectronics.

3.2 Organic Photodiodes

3.2.1 Working Principle of Organic Photodiodes

As seen in Chapter 2, the world of organic electronics is based on physical phenomena
substantially different from the ones regulating the conventional, inorganic electronics.
However, up to a certain extent, it is possible to abstract from the atomistic or molec-
ular effects and consider the behavior of the devices on a more macroscopic level. If
considered on the whole, an organic electronic device can be described through the clas-
sical models which are applied in inorganic electronics, and provide valuable qualitative
understanding. Under this directive it is possible to approximate the complex local-
ized states structure of an organic semiconductor as its inorganic counterpart, with the
definition of Conduction Band and Valence Band which assume the names of LUMO

and HOMO respectively. With this approximation, the working principle of an OPD
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Figure 3.4: Simplified view of an organic photodiode formed with means of one single
semiconductor layer at the thermodynamical equilibrium (a) and in short circuit conditions
(b). The right hand side of the figure also shows a sequence of the basic phenomena happening:
an electron with enough energy is incident on the material (1), the exciton is formed and
separated at the interface (2), electron and hole are driven by the built-in field to the respective
electrodes (3)

can be explained in terms of band diagrams and the transport can be modeled through
familiar drift/diffusion mechanisms.

An organic photodiode is a device composed by the stack of at least four materials:
a donor semiconductor, an acceptor semiconductor, a conductor whose work-function
is aligned to the the HOMO of the donor (from now on also “anode” or “high work-
function electrode”) and a conductor whose work-function is aligned to the LUMO of
the acceptor (from now on also “cathode” or “low work-function electrode”) [44], [83].
This structure can be visualized in Figure 3.4 at the thermodynamic equilibrium (a)
and when the electrodes are short-circuited (b). The unbalanced electrodes lead to the
formation of a built-in potential: in case a photon with sufficient energy will shine on
the material and an electron-hole pair is formed and separated, the carriers will flow
towards the respective electrode. Differently from inorganic semiconductors, however,
where the electron and the hole are immediately separated at ambient temperature,
in organic semiconductors, the generated electron-hole pairs are attracted by strong
Coulomb attraction. The bounded electron-hole pair is defined as “exciton”, and an
energy greater than the binding energy is required in order to separate the carriers
[84]. Typical values of the binding energies in organic semiconductors are in the range

of some hundreds of eV [85], [86] and can be as high as 1eV, rendering the exciton
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Figure 3.5: Section schematic of a planar heterojunction (a) and a bulk heterojunction (b)

impossible to separate by thermal oscillations at room temperature. Inside a multi-
material stack, energy high enough to separate the electron-hole pair can be found at
the interface between materials with different ionization potential or electron affinities:
in the example sketched above, this would happen only at the interface between the
two semiconductors or between one of the semiconductors and anode or cathode. In
order to obtain charge separation, then, the exciton must be generated within diffusion
length from one of the three interfaces. Measured values for the diffusion length of
excitons in organic semiconductors is in the order of 10 nm [87], which renders the
conversion efficiency of a single semiconductor layer photodiode very poor because of
two competing effects: to maximize the absorption of light (which is regulated by the
Lambert-Beer law), the thickness of the active layer should be increased as much as
possible; but the thicker the absorber layer, the smaller is the fraction of excitons gen-

erated within diffusion length from one of the interfaces.

3.2.2 Bulk Heterojunction

A natural evolution of this concept resides in the idea of Bulk Heterojunction (BHJ) [88].
In a BHJ, the two semiconductor materials are mixed in the liquid phase, in order to
create an interpenetrated network. When the layer is fabricated and the solvent dried
up, the resulting layer will be a composite made of many nanometer-sized domains
of the donor and the acceptor, leading to a multitude of consecutive interfaces. The
number of the domains will strongly influence the separation efficiency, while their
size will affect the collection efficiency. There is, hence, a trade off on the size of the
two different phases, and working on how the solution is prepared, or how the layer
is deposited an dried, is considered to be a promising research field to enhance the
efficiencies of photodetectors [44], [89], [90]. A schematic of the BHJ is presented in

Figure 3.5: given the elevated number of junctions, regardless from where in the sample
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Figure 3.6: Bulk heterojunction under different bias conditions: open circuit (a), reverse
bias (b), forward bias (c), short circuit (d)

the photon is absorbed, the exciton can easily reach an interface and be separated.
Once the separation efficiency is optimized, it can be safely assumed that, even at
ambient temperature, all the excitons are separated and the carriers can be considered
as free electron and hole. In this condition, the behavior of a BHJ organic photodiode
can be studied with the band structure analogy, where the HOMO/LUMO level of the
donor and the acceptor are spatially overlapping.
Figure 3.6 shows the band structure of a BHJ under different voltage biases. When
a negative voltage is applied to the anode (b), in dark condition, the charge transfer
from anode to cathode or vice versa is energetically non-favorable. However, if a
photon with sufficient energy shines on the structure and generates an exciton, once
the electron and the hole are separated, the strong electric field will direct them to
their respective electrode: in this bias mode, also known as reverse bias mode, the
photodiode is expected to yield a current as low as possible when in dark conditions,
while it should convert in electrical signal any incident photon. Panel (c) shows the
band structure when a positive bias is applied to the anode. In this case, even in dark

conditions, the charge transfer from anode to cathode and vice versa is energetically
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Figure 3.7: Diode equivalent circuit (a) and typical JV characteristics of a PSHT:PCBM
photodiode in dark conditions and under 1 sun illumination (b)

favorable and the current rises exponentially with the applied bias. Finally, when
a zero bias is applied (d), because of the different work-function of the electrodes, a
built-in potential is generated and the band bending is somehow similar to case (b),
although the electric field will be much weaker and the collection efficiency is signifi-

cantly lower than under reverse bias.

3.2.3 OPDs Important Parameters

As a result of these observations, it can be inferred that the empirical description of
the optoelectronic behavior of an OPD, albeit originated by complex phenomena, can
be assimilated to a classical diode model. Figure 3.7 (a) shows the equivalent circuit of
a photodiode and typical charcteristics of an OPD fabricated with standard processing
techniques (b). The materials utilized are Indium Tin Oxide as transparent electrode,
LiF /Al as cathode and a bulk heterojunction of the polymer P3HT and the fullerene
PCBM as photoactive layer. For more details on the utilized materials, we ask the
interested reader to refer to Appendix A.

From the JV characteristics, it is possible to extract some important figures of merit,

which will be used throughout the chapter to evaluate the quality of OPDs.

e Dark Current: with the term “dark current” we will refer to the current density
of the OPD under a specified reverse bias, when it is not subject to any kind of
illumination. The dark current depends on the band alignment, on the intrin-

sic characteristics of the polymers and on the presence of shunt paths between
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anode and cathode [44], [83], [91]. Typical values of dark current density of a
P3HT:PCBM OPD are in the order of 10~*mA/cm?

e Shunt Resistance: with the term “shunt resistance” we will refer to the resistance
calculated from the slope of the dark current in regime of strong reverse bias. It
indicates the degree of shunt paths through the BHJ.

e [lluminated Current: with the term “illuminated current"” (also photocurrent,
I,,) we will refer to the current of the OPD under a specified bias when is subject
to illumination. Unless differently stated, we will refer to the illumination under
the standard AM1.5G one sun spectrum. Typical values of illuminated current

density are in the order of 10mA/cm?

e Rectification Ratio: with the term “rectification ratio” we will refer to the ratio of
the dark current when the diode is biased at 42V to the same quantity when the

diode is biased to -4V. Typical values are between 4 and 5 orders of magnitude.

o Serial Resistance: with the term “serial resistance” we will refer to the resistance
calculated from the slope of the dark current in forward bias. It depends on the

materials interface and on the resistivity of the two electrodes [43], [83]

Another important figure of merit for the quality of an OPD, is depicted in Figure 3.7
(c): the External Quantum Efficiency (EQFE). It is defined as the ratio of the number of
extracted charges to the number of incident photons (at a given wavelength) in the time
unit and, besides some special cases, is a quantity lower than one. Its value is influenced
by many factors, among which it is worth naming the number of transmitted photons
through the electrode, the percentage of absorbed photons which is effectively separated
in electron-hole pair (this value is also known as Internal Quantum Efficiency, IQFE,
and is a property of the Donor:Acceptor system) and the collection efficiency. Ideally a
photodiode should have one completely transparent electrode and a collection efficiency
of 100%: in this case, the EQE will be equal to the IQE.

Once all the important parameters are introduced and clarified, it is possible to
proceed to the realization of such OPDs and to the optimization of the fabrication
processes. The main goal of the rest of this chapter will be the realization of arbitrarily-
shaped, fully solution-processable OPDs, in such a way to have a flexible, green and
cost-effective procedure for their realization, which, however, does not penalize the key

figures defined in this section.
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3.3 Fabrication of CNT based OPDs

3.3.1 CNTs Random Networks as Transparent Electrodes

The last years have seen a surge in the research interest in random networks of car-
bon nanotubes (CNT), which quickly become an exciting material for the organic and
printed electronics industry. The unique and variegate properties of such networks have
rendered them the preferable material for a wide range of applications in science and en-
gineering [92]-[94]. For the objective of this doctoral work, one of the most interesting
employments of CNT was found to be in the field of solution-processable transparent
conductors. With CNT thin films, it is possible to obtain alternative transparent elec-
trodes in organic optoelectronic devices, achieving reasonable trade-offs with respect
to sheet-resistance and transmittance [71], [95], [96]. As electrodes, CNT networks are
less effective with respect to the most used material, Indium Tin Oxide (ITO), which is
extremely transparent and with a high conductivity, but opposed to CNTs it is brittle,
rare and difficult to pattern, due to its hardness [97], [98].

As we have previously discussed, one of the goals of this work is to avoid complex litho-
graphic techniques in order to achieve a process able to produce printed electronics
based on organic semiconductors and nanomaterials, with high-throughput and low-
cost production onto a wide range of substrate materials. Although, as reported in
Chapter 2, spray-deposition is a promising candidate for such attainment, extensive re-
search and development is still required to achieve reliable and reproducible realization
of multilayer stacks of different functional materials. The fabrication of fully-sprayed
photosensitive devices, with the minimal introduction of non-sprayed process steps,
would embrace the philosophy of process simplification and integration, and would
pave the way for fully-autonomous and high-throughput production lines. Indeed, im-
portant bottlenecks which limit the throughput are constituted by vacuum-based steps,
or by technologies, such as spin-coating, which are inherently working on small areas.
Albeit the feasibility of CNT based transparent electrodes has been previously inves-
tigated for organic solar cells (OSC) [71], [99] and light emitting diodes (OLED) [96],
their use in OPDs was largely neglected. Very promising results in the realization of
OSCs, for instance, have been obtained through the use of air-assisted [47| and ul-
trasonic spray technology [71] for the deposition of CNT networks, and our work is
initiated by this research branch. The optimization of the material ink per se is crucial
for the obtainment of a smooth and effective electrode. As well-known [94], the single
CNTs are strongly attracted by Van der Waals forces, this fact leading to the forma-

tion of clusters (or bundles). As a powder, a typical CNT commercial product will be
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very flaky and entangled, and needs to be put into solution together with an insulating
dispersing agent. After spraying, the dispersant is chemically removed and a network
of randomly oriented CNTs is formed. If the density of CNTs is high enough, the
percolation threshold is reached [71], [94] and electric paths are established throughout
the whole film. There are many dispersants used with a multitude of purposes and in a
range of applications [94], however, the ones most largely employed for the realization
of conductive films are carboxymethyl cellulose (CMC) and sodium dodecyl sulphate
(SDS). The former is a stronger dispersant, which almost totally avoids bundles, and
leads to smooth, repeatable films. An important consequence is that the roughness of
the CNT film is considerably lower for CMC with respect to SDS [46], suggesting this
dispersant as a more viable solution for the fabrication of CNT electrodes to be applied
in multilayer devices. However, while SDS can be simply removed via immersion in
water for circa half an hour, in order to remove the CMC from the as-prepared film, it
is necessary to employ a long (>12 h) and aggressive nitrid acid treatment.

In both cases, however, once the film has been deposited and the dispersant removed, it
can be electro-optically characterized measuring its sheet resistance and transmittance
spectrum. The relationship between transmittance and sheet resistance in a CNT film,
as well as in many other transparent-conductive films, can been analyzed through the
Tinkhams formula 3.1 [100]:

CO Oop - CO 1 -
T= 1420 % | _ |y 2 3.1
[ * 2Rg, opc * 2R,y (38.1)

Where ope is the DC conductivity, assumed to be independent of thickness, and opp
is the optical conductivity of the film. The ratio between opc and opp is referred
to as 7 and it is used as a figure of merit for the quality of the film: an higher ~
corresponds to a lower sheet resistance at a given transmittance value. Figure 3.8 shows
the experimental values of transmittance at 550 nm and sheet resistance for films of
different thickness. These values are then fitted to the Tinkham formula, and values
for the figure of merit v are obtained. Tho outcome of the fits confirms the first-glance
impression given by the plots, showing v values of 18.77 and 12.38 for CMC and SDS,
respectively. For fairness sake, it must be noticed that the nitric acid treatment used to
remove the CMC also introduces a further p-doping to the CNTs due to the oxidative
nature of the process, increasing the number of carriers and inducing an increased
overall film conductivity [94], [102]. Observing the curves, it was possible to choose
reasonable CNTs thickness working points, with sheet resistances below 2002/0 and

transmittances above 80%. Particularly, it is possible to fabricate films characterized
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Figure 3.8: Experimental data (markers) and Tinkham formula fit (lines) for CNT films
from SDS and in CMC dispersed solutions with no further doping after dispersant removal
[101]

by 120€Q2/0 with a transmittance of 85% and 160§2/0 with a transmittance of 84%
for CMC and SDS, respectively. The resistance values are high if compared to ITO
(which typically presents sheet resistances lower than 20§2/0) and they would probably
not be suitable for the use in OSCs or OLEDs. The peculiarity of OPDs, however, is
that they work under reverse bias, where the influence of serial resistance is negligible,
up to a certain extent. Finally, since the differences between the resistance of the
thin films obtained with the two dispersants are not particularly marked, especially
in the the range where we intend to operate, the choice of the one over the other
can be motivated with different arguments then mere electro-optical considerations.
In general, it is beneficial to keep the process as simple as possible, and avoiding acid
treatments would move in that direction. This choice would have the additional benefit
of keeping the process more cost effective and green, beside guaranteeing the absence
of acid residuals on the sample, which could be harmful in bioelectronics applications.
All considered, the selection od SDS as the preferred CNT dispersant seems to be the

most natural choice.

3.3.2 Optimization of the PEDOT:PSS Interlayer

Although the work-function of CNTs has been reported to be as high as 5 eV [94] for

thin semiconducting films, values measurable for thick conductive networks are signif-
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icantly lower, being as low as 4.7 €V [103]. In order to optimize the band alignment
throughout the device, the necessity of a Hole Transport Layer arises. As reported
in the previous section, a typical material employed for this purpose is a mixture of
PEDOT:PSS with the highest possible ratio of PSS to PEDOT [104]. As a result, once
the anode contact has been deposited, the PEDOT:PSS interlayer must be fabricated
on top of it. The optimization of the parameters for spray-deposition of a new mate-
rial is a long and complex iterative process. Many of the physical characteristics to be
tuned have contrasting effects on the film quality and must be finely balanced. Further-
more, the deposition quality is strongly dependent on the topmost layer and its surface
free energy [70]. The straight-forward fabrication of photodiodes using PEDOT:PSS
in aqueous solution on a CNT film, resulted in a yield, here defined as the ratio be-
tween the number of functioning devices over the number of fabricated devices, lower
than 50% (See Table 3.1). The devices considered to be working (i.e. the ones whose
current under illumination was at least one order of magnitude higher than the dark
current), are shown in Figure 3.9 and present acceptable, albeit poor performances.
Average peak EQE comprised between 45% and 55%, dark currents densities of 10-3
mA/em? at -5V and rectification ratios of 3 orders of magnitude. It must be here
noticed that the high hydrophobicity of CNTs [47], [105] is a known issue. In our case,
the PEDOT:PSS in aqueous solution presented a contact angle of 50° (Figure 3.10)
on the bare CNT film. This value is, in absolute terms, not particularly high, but
contact angles lower than 30° are normally needed to have a flawless deposition [70].
In literature it is possible to find several proposed solutions for the reduction of the
contact angle and the improvement of the deposition of a thin film of top of CNTs.
The different approaches, either enhancw the hydrophilicity of the CNT layer, or re-
duce the surface tension of the formed droplets by tuning the ink formulation. To the
first class of methods belong pre-wetting of the sample with water-soluble alcohols [47]
or plasma treatment of the surface [105], while to the second class of solutions belong
the employment of wetting agents or the elaboration of a so-called “two-solvent system”
[73]. In order to find an optimal deposition process, both categories of approaches
were explored and among the many trials, we report here two of the most interesting
ones. The first one relies on the alteration of the free energy of the surface through a
mild oxygen plasma treatment, and has been successfully employed in the past for the
modification of materials commonly used in organic electronics, such as PSHT:PCBM
[106], ITO [107] and even CNTs [105]. Once more, however, there is a trade-off in the
formulation of the process: the oxygen plasma must be strong enough to have sufficient

surface activation, but mild enough to avoid excessive damage of the CN'Ts. In our
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Figure 3.9: Dark (dashed lines) and illuminated (solid lines) JV characteristics of OPDs ob-
tained spray-coating PEDOT:PSS in aqueous solution and P3HT:PCBM blend on structured
CNTs, increasing spraying time of the PEDOT:PSS layer b) EQE of the same samples

case, the mildest attainable plasma intensity, was through a 100 W remote microwave
plasma generated in a chamber with 0.3 mbar of oxygen. We found that exposures
longer than 12 s did not bring to any further improvement in the contact angle, hence
we set 12 s as last working parameter for the plasma exposure. The contact angle
of PEDOT:PSS on the film was measured prior to spray-deposition of the inter-layer.
Afterwards, optical micrographs have been acquired to evaluate the quality of the film.
The results of both experiments can be seen in Figure 3.10, and show how a very mild
microwave oxygen plasma treatment in a faradaic cage is effective in making the CNT
network surface extremely hydrophilic. The most evident consequence of the plasma
treatment is a strong reduction in the contact angle to 16° and a substantially better
merging of the droplets, evident from the optical microscope. Please note that the
films imaged in Figure 3.10 (d) and (e) were obtained with the same ink and identical
spray-parameters. Nevertheless, the reduced contact angle and the better spreading
of the droplets, did not imply the awaited improvement in the characteristics of the
diodes. If compared to the OPDs realized on untreated CNT electrodes, the peak of
the EQE is even reduced, being on average below 50%, as shown in Figure 3.11. As
a further concern, the linear characteristics of the photodiodes show a strong s-shape
in proximity of the zero-crossing. Although this region of the JV characteristics is not
normally considered for the operation of photodiodes, the degradation of the fill-factor

is a symptom of the induction of charge accumulation in correspondence of traps and
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Figure 3.10: Dark (dashed lines) and illuminated (solid lines) JV characteristics of OPDs
obtained spray-coating PEDOT:PSS in aqueous solution and PSHT:PCBM blend on struc-
tured plasma treated CNTS, increasing spraying time of the PEDOT:PSS layer b) EQE of the
same samples

defects [106]. There is, however, a significant benefit in the employment of this ap-
proach, and it resides in an increase of the fabrication yield up to 60% attributable to
the improved planarization and layer coverage.

The insurgence of charge accumulation, in not fully motivated yet, nonetheless. The
phenomenon is quite peculiar, since a macroscopic view of the films would have led to
think to an almost perfect deposition, and for this reason a more in-depth analysis has
been performed. First, the sheet electro-optical characteristics of the film have been
assessed, then its surface properties were investigated through Raman spectroscopy.
Sheet resistance measurements of the CNT film before and after plasma treatment
demonstrated how the resistance of the films increased of circa 30%, whereas the trans-
mittance of the film stayed constant. This finding has manifold implications: primarily,
it can be observed that the film has not been etched, since its transmittance, associ-
ated to the solid content of CNTs on the surface is unaltered. In a second instance,
the change in resistance is not significant enough to justify a marked reduction in the
EQE plots. Finally, the charge accumulation at the interface, could be due to the
introduction of defects in the CNT film originated by the plasma treatment: these
defects render the film more hydrophilic, but, at the same time worsen the interface.
To find confirmation for this hypothesis, and, in general, to shed more light on this
phenomenon, the CNT films were investigated with Raman Spectroscopy, before and
after the mild O, plasma treatment. The ratio of the peak in the G-band over the peak
in the D-band of the Raman spectrum is a figure of merit for the CNT film (the higher
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Figure 3.11: Dark (dashed lines) and illuminated (solid lines) JV characteristics of OPDs ob-
tained spray-coating PEDOT:PSS in aqueous solution and P3HT:PCBM blend on structured
CNTs, increasing spraying time of the PEDOT:PSS layer b) EQE of the same samples

the ratio, the more defect-free the film). Figure 3.12 shows the Raman spectra of the
untreated and treated CNT films. Differently shaped G and D peaks are observable,
and just considering the ratio of their peak values leads to a strikingly clear conclusion:
the figure of merit is 16.83 and 50, for treated and untreated samples, respectively, and
indicates a severe degradation of the film’s quality. The hypothesis is hence confirmed:
applying a plasma strong enough to modify the free surface energy on top of the CNT
layer, leads to the formation of defect centers, which, in turn, worsens the electrical
and chemical interface between CNTs and PEDOT:PSS. The performances inevitably
decline, and, as a consequence, even if the yield is increased at around 60%, the plasma
treatment cannot be considered a viable solution. As stated above, nevertheless, there
is a number of works in literature where a “two-solvent system” is found to significantly
ameliorate the deposition of a sprayed layer [66], [73]. This strategy consists in mixing
a solvent with high boiling point and low vapor pressure (primary solvent) to a solvent
with a lower boiling point and a higher vapor pressure (secondary solvent). In this
composite, the secondary solvent reduces the surface tension and evaporates faster en-
hancing the merging of the droplets, while leading to a better uniformity and substrate
coverage by means of Marangoni flows.

A major advantage of commercial PEDOT:PSS is that it can be purchased in aqueous
solution. This choice contemporaneously gives a ready-to-use environmental friendly

material and a solution with a good miscibility to 2-Isopropyl Alcohol (IPA). Given
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Figure 3.12: Raman spectra of a CNT film before (red line) and after plasma (blue line)

the joint characteristics of water and IPA, these two solvents constitute a perfect “two-
solvent system” IPA has by a boiling point of 82.6°C' and a vapor pressure of 13.33
kPa at 40°C' while water presents a boiling point of circa 100°C and a vapor pessure
of 7.4kPa. The ratio of 1:3 (1 part of aqueous PEDOT:PSS in 3 parts of IPA) was
found to be optimal for ultrasonic spray-deposition on ITO substrates [73] and was
taken as a starting point for our investigation. Through the employment of this simple
ink modification, the contact angle was reduced from 50° to 24°, and optical micro-
scope and profilometer inspections confirm the desired enhancement, as presented in
Figure 3.10. Finally, Figure 3.13 presents the JV characteristics and the EQE spectra
of OPDs fabricated with this current ink formulation and through an optimized “in-
termediate” spray regime. The characteristics are significantly better with respect to
the previously analyzed ones, with dark current densities in the order of magnitude of
1073mA/em? at -5V, average rectification ratios of 4 orders of magnitude and EQE up
to 65%. Furthermore, the issue related to the "S-shape" at the zero-crossing in the
JV characteristics seems to be solved (Figure 3.14), and the curve resemble a classical
diode shape, indicating the formation of a cleaner interface between the nanotubes
and the organic layers. Moreover, the fabrication yield rose to circa 70%, indicating a

better coverage of the sample and less short-circuits between anode and cathode.
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Figure 3.13: Dark (dashed lines) and illuminated (solid lines) JV characteristics of OPDs
obtained spray-coating PEDOT:PSS in aqueous solution and PSHT:PCBM blend on struc-
tured plasma treated CNTS, increasing spraying time of the PEDOT:PSS layer b) EQE of the
same samples

3.3.3 Optimization of the P3HT:PCBM Layer

The process presented so far was aimed at ameliorating the performances of the pho-
todiodes. One of the side effects of enhanced performance was a higher fabrication
yield, however, even in the best case, the number of working devices was never higher
than 75%. Furthermore, although the EQE and the serial resistance of the OPDs had
significant benefits from the realization of more conformal PEDOT:PSS layers, the
dark current is still significantly higher than the one reported in the Section 3.2 for
OPDs fabricated on ITO electrodes. A phenomenon which could associate the overall
low yield to abnormal dark currents is the systematic insurgence of shunt paths. Since
the RMS roughness of the CNT layers (a fem tens of nm in the worst cases) is not
enough to justify an excessive amount of shunt paths through the devices [46], the rise
in dark current can be related to the bundles of nanotubes “spiking” through the bulk
heterojunction. Given the small diameter of the CNTs (in the order of few nanometers),
a direct experimental confirmation through electron microscopy could be far-fetched.
However, if the hypothesis is correct, the presence of strong irregularities could create
local paths with a lower shunt resistance and low photoreactivity, resulting in a higher
dark current and a locally lower photocurrent. Moreover, if these bundles are long and
numerous enough to form a complete conductive path from cathode to anode electrodes,

the devices will present very high dark current and insignificant rectification behavior.
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Figure 3.14: Comparison of the illuminated J-V linear characteristics at the zero crossing
for typical photodiodes fabricated using PEDOT:PSS in aqueous solution on untreated CNTs
(red line), on plasma treated CNTs (green) and using diluted PEDOT:PSS 1:3 in IPA (blue
line). The Vo of the diodes is, as expected, not related to the quality of the PEDOT:PSS
layer and is constant to 0.55V. The photodiodes with plasma-treated CNTs exhibit a strong
modification of the shape in proximity of the zero crossing and overall worse performances

These issues are normally encountered when processing multi-stacked devices based on
nanowires or nanotubes networks, as reported for instance by Lee et al. [108] and by
Leem et al. [109]. One of the possible solutions reported in the latter work, consisted
in fabricating devices with thick PEDOT:PSS layers. Although this approach solves is
effective in solving the issues associated to the fabrication yield, it results in a further
reduction of the EQE (due to the low conductivity of the PEDOT:PSS interlayer) and
in an increase of dark current. Another approach, which is the one we pursued, is
increasing the thickness of the bulk-heterojunction. This would not be a solution for
solar cells, since they are supposed to be operated in photovoltaic mode (i.e. without
any applied bias), and very thick layers might lead to substantial recombination. How-
ever, since a high reverse bias can be applied to the OPD, the electric field in the BHJ
is still strong enough to provide charge separation and carrier transport through the
whole bulk heterojunction. An indirect method to test the goodness of this approach

resides in two kind of optoelectronic experiments::

e Measurement of the JV characteristics in dark condition and under illumination,
to evaluate the overall influence of thickness on the devices’ characteristics and

the fabrication yield.
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Figure 3.15: Dark (dashed lines) and illuminated (solid lines) J-V characteristics of OPDs
for different thickness (500nm, 650nm, 800nm) of the active layers

e Measurement of a spatially resolved EQE, keeping the sample in dark condition
and moving a focused light spot on the active area of the sample. The generated
photocurrent is then recorded and related to the light intensity. This method can

provide with a map where the presence of hot spots could be easily identified.

Figure 3.15 shows the experimental evidence related to the first experiment, i.e. a
comparison of the JV characteristics of devices with different active-layer thickness.
When the thickness of the active layer was kept below 600 nm, the devices presented
very high dark currents (above 1072mA/cm? at -5V) and low on-off and rectification
ratios (less than 2 orders of magnitude). The best devices could be fabricated with
BHJ thickness of 650 nm and 800 nm, in correspondence of which the dark currents
lowered down to 4 x 107™*mA/ecm? in the case of the thickest devices. Associated to
these results, we found a correspective increase in the fabrication yield, which rose
to 94% in the case of the thickest active layer, on IPA based PEDOT:PSS electrode.
Although this first macroscopic data shows how the performances of the photodiodes
improved, still nothing can be stated on the spatial uniformity of the light responsivity
and the hypothesis of the presence of shunt paths cannot be confirmed. The second
experiment, however, is aimed at assessing the spatial uniformity of the photocurrent.
The setup used for this measurement, located in the Optoelectronics Lab of University
of Rome, “Tor Vergata”, is composed of a xenon arc discharge white light, attached

to a monochromator. The monochromatic light, at a selected wavelength (in our case
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Figure 3.16: Spatially resolved EQE on the active area for different blend thickness: a) 500
nm b) 650 nm c¢) 800 nm

A = 550nm), is redirected through an inverted microscope: by selecting an appropriate
magnification lens, the spot size could be reduced to a circle with a diameter of roughly
30pm. The motorized step of the microscope can move in the X and Y direction with a
step of 30um and it was used to scan the entire 3mm x 3mm area of the photodetector.
Figure 3.16 shows how the thinnest measurable device (500 nm active layer thickness)
presented strong non-homogeneities and extensive areas in which the response to light
was very modest. Increasing the thickness of the BHJ to 650 nm (Figure 3.16 (b))
leads to a higher uniformity and to significant reduction of hot and cold spots. Further
increasing the thickness leads to a totally uniform EQE on the entire area of the
considered sample (Figure 8(c)), to a yield above 90% and still to a high overall EQE
(above 65%) and dark currents as low as 107*mA/cm?. Finally, Table 3.1 shows the
yield for the different combination of thickness and fabrication methods presented in

this work.
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CNT PEDOT:PSS Blend Thick- Fabrication

Treatment Formulation ness Yield
Untreated 1:3 in HyO 650 nm ~ 38%(6/16)
O, Plasma 1:3 in H,0O 650 nm ~ 56%(9/16)
800 nm ~ 94%(15/16)
Untreated 1:3 in IPA 228 EE : ;ggjgé%é)&
350 nm ~ 19%(3/16)

Table 3.1: Process Yield for the different used deposition approaches, defined as the ratio
of the number of properly functioning devices to the total number of fabricated device with
a given treatment combination

3.3.4 Transmittance-Sheet Resistance Trade Off

A final optimization of the performances can be obtained understanding how to cope
with the trade-off posed by the inverse relationship between transmittance and sheet
resistance. In an ideal photodiode, the EQE is not affected by a change in serial
resistance, since the shunt resistance is infinitive. However, if the shunt resistance is
constant (since is set by the physical characteristics of the bulk heterojunction), high in
magnitude, but still finite, the effect of serial resistance on the EQE cannot be neglected.
Moreover, the external quantum efficiency is influenced by the amount of photons
which effectively reach the bulkheterojunction (and, hence, from the transmittance of
the semitransparent electrode). As we have seen at beginning of the chapter, however,
an increase in transmittance corresponds to a more than proportional increase in sheet
resistance, according to the Tinkham formula and the choice of an arbitrary (T, Rg)
couple on a given Tinkham curve is obtainable by regulating the thickness of the CNT
film. This flexibility gives one more degree of freedom that has to be taken in account
and optimized. High sheet resistance means high serial resistance and, hence, electric
losses. On the other side, low sheet resistance, corresponds to lower transmittance,
meaning that less photons can reach the bulk of the photodiode, and, in turn, optic
losses. This effect can be examined by means of the simple diode circuital model.

The generated current, in ideal conditions is only related to the ability of the active
layer to absorb photons and convert them in charge carriers. Adding shunt and serial
resistance helps to take in account the non-ideality of the active layer (shunt paths,
imperfections in the polymer), while the serial resistance is strictly correlated to the
resistance of the electrodes. Considering 7() as the internal quantum efficiency, it

must be taken in account that the layer of CN'Ts absorbs part of the incident light,
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hence, its transmittance must be included in the formula.

R, 1
—_— = N)T, A
Rp—i-Rs 770( ) CNT( )14‘%

EQE(X) =no(MN)Tenr(N) (3.2)
The serial resistance can be considered, at least in a first order approximation, pro-
portional to the sheet resistance, since its main contribution is the resistance of the

electrode and the 3.2 can be rewritten as:

1
EQE(N) = no(M)T(\)—————— 3.3
QE() = N T 33)
Where o = =2=«— . Introducing the Tinkham formula, (Equation 3.1) in the equation,

RpRsheet
the whole expression can be rearranged to be only a function of the sheet resistance,

which, for the fixed wavelength A = 550nm yields:

EQE(X = 550nm) = ng ! = (3.4)

2
G 1 1
{1 + QRS(})Leet ;:| {1+aRsheet‘|
’YQtheet
(aRsheet + 1) (’YRsheet + 607’(’)2

=To (3.5)

For a given sheet resistance, the factor o can be calculated through the experimental
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Figure 3.17: Experimental data (diamonds) and plot of the function (solid line) of the EQE
as a function of sheet resistance. R? = 0.92

evaluation of serial and shunt resistance. To this purpose, for each point, 8 OPDs
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have been fabricated and measured, and the characteristic resistances have been ex-
trapolated from the JV curves through a first order approximation. Since the shunt
resistance was almost identical for all the considered OPDs, « resulted to be propor-
tional to the ratio of R, to R, and nearly constant at a value of a = (950420)x 1075Q~*
. Setting a reasonable value for 7(0.9) it is possible to obtain an empirical formula
which represents the trade-off between transparency of the layer and resistance of the
electrode, and is characterized by an absolute maximum. Utilizing this formula and
the associated curve, it is possible to predict the optimal couple (T, Rsheet) for a given
material set. The theoretical curve, among with the experimental values are plotted in
Figure 3.17.

3.3.5 Realization of Flexible OPDs

After optimizing the deposition on glass, one of the major advantages of spray-deposition
over other fabrication techniques was exploited: a certain process can be easily ported
from one substrate type to the other, with only minor adjustment of the parameters.
This aspect was demonstrated to be true, since the deposition on Polyethylene Tereph-
thalate (PET) thin foil was achieved simply reducing the annealing temperature of
the PSHT:PCBM blend, to avoid impairment of the plastic substrate. The structure
consists of two stripes of CNTs with a sheet resistance of circa 2002/0, 50 nm PE-
DOT:PSS, 800 nm PSHT:PCBM, 1 nm of LiF and 120 nm of Aluminum, just as the
best ones on glass. Figure 3.18 presents the JV characteristics and the external quan-
tum efficiency of such devices. The overall performances are comparable to the devices
fabricated on glass, with dark current densities lower than 5 x 10~4mA/cm? and EQE
as high as 65%. The inset in Figure 9(b) shows the mechanical flexibility of the PET
based OPDs. The device characteristics, however, quickly degenerated during the first
24 h after the fabrication of the device, because of the lack of a flexible encapsulation
technique.

Demonstrating the feasibility of fully sprayed devices on plastic substrates paves the
way for the simple and cost-effective realization of conformable devices such as flexible
scanners or curved photodetectors to be used in biomedical applications. Although
similar devices are already reported in literature [110]|, they can currently only be
fabricated through small molecule evaporation and the use of expensive and brittle
TCOs.
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Figure 3.18: Dark (dashed lines) and illuminated (solid lines) JV characteristics of OPDs
obtained spray-coating PEDOT:PSS diluted in IPA and blend on PET substrate. The inset
shows the fabricated flexible photodiodes

3.4 Fully-solution processable OPDs

3.4.1 Need for Work Function Modifiers

In the last section we have demonstrated how the realization of transparent conductive
films does not need to be relegated to the use of the expensive and brittle ITO. We
have shown how semitransparent CN'Ts based electrodes can be realized and employed
for the realization of the anode of an OPD. CNTs, however, are not the only material
which can be employed to obtain such a goal and in the last years an effort has been
put towards the use of alternative materials, e.g. silver nanowires [111] or blends of
conductive polymers [112]. However, although the technology for the realization of
solution-processable anodes is now quite mature, the cathode contact, is still mostly
realized with LiF /Al or Ca/Ag, leading to a reduced scalability of the process and in-
creased cost and complexity. An interestingly evaporation-free approach was, however,
presented by La Notte et al. [113], where the spray-pyrolysis of 7O is exploited, and
fully functioning spray-deposited organic solar cells are produced. While the need of
vacuum steps is avoided, the need of FTO substrates and the high temperatures needed
by the spray-pyrolysis (above 300°C') contrast the cost effectiveness of the spray coating,
and exclude the employment of most of the commonly used flexible substrates. Nev-

ertheless, a particularly promising solution to this issue has been proposed by Zhou
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Material Pristine WF (e¢V)  WF with spin-coated PEI (eV)

Au 5.05 4.00
Al 4.15 3.60
Ag 4.40 3.90
ITO 4.70 3.90
PEDOT:PSS 4.7 4.05

Table 3.2: Work-function measured for the pristine materials and the same material modified
with a 11 nm thick layer of PEI

and coworkers [114], which investigated the effectiveness of Polyethylenimine (PEI)
and Polyethylenimine ethoxylated (PEIE)as universal work function modifier. Due to
the induction of a permanent dipole at the interface with a conducting material, the
work-function of the latter is reduced by more than 1€V, converting typical p-type
conductors such as I'TO or PEDOT:PSS in n-type conductors. This finding has then
been applied in the realization of spin-coated organic solar cells [114], [115], TFTs [114]
and OLEDs [116]. Moreover, a remarkable work by Azzellino et al. [66] shows how
PEIE can be used as a workfunction stabilizer into silver-based ink-jet printed organic
photodiodes.

In all these reports, however, the PEI and PEIE layers are obtained solely by spin-
coating technique, which at the same time slows down the process and limits the range
of application. Indeed, spin-coating is inherently a full-sample technique, which cannot
be utilized to fabricate a layer on a small portion of a sample. This can be harmful
when there is the need of realizing more electronic devices with different character-
istics on one single chip, and can either compromise the functionality of the other
devices, or complicate the sequence of steps to obtain the complete circuit. The solu-
tion we propose is to build a reliable spray-deposition process for the fabrication of thin
film work-function modifiers, allowing the realization of the first fully-spray deposited
OPDs.

Primarily, the deposition parameters must be optimized and some performance bench-
marks must be defined. The first information to take into account is that PEI is an
insulating polymer. Although when deposited in thin layers is a very effective work
function modifier, if deposited in an excessive thickness can severely increase the serial
resistance of the photodiode. In second instance, the use of PEI is aimed at reducing
the work-function of a given electrode, hence the work-function of the resulting layer
must be evaluated by means of Kelvin Probe. Finally, since this layer will be under-
neath a complex stacked structure, its roughness must be low, in order to simplify the

deposition of the following layers. To set a benchmark, first PEI was diluted in ethanol
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and spun on a glass sample with parameters commonly used in litarature [114]. The
obtained layer on glass had a thickness of 11nm (as determined by AFM investigation)
and an RMS roughness of 7Tnm. Spin-coating the polymer on top of Ag, Al, Au, ITO
and PEDOT:PSS electrodes yielded the expected outcome, substantially reducing the

work function of the electrodes, as reported in Table 3.2.

3.4.2 Spray Deposition of PEI

The optimization of the spray-deposited layer followed a procedure similar to what
already described for other materials in the previous section. In this particular case,
since ethanol is a solvent with a particularly low boiling point (78°C'), and after atom-
ization easily evaporates even at ambient temperature, the heat-plate was set to the
minimum stable point guaranteed by the setup, which was 40°C'. The nozzle-to-sample
distance and the atomization pressure were set to the maximum value which was still
able to yield wet droplets on the substrate (15cm and 1.5bar, respectively). Since the
choice of these parameters was essentially forced by the material system, the residual
degrees of freedom were the spraying time and the material concentration only. A main
advantage of decreasing the PEI content in solution, for instance, is that it would lead
to thinner layers for a given spray time, which gives enhanced control on the deposi-
tion rate. On the other hand, when the polymer ratio is too small, the amount of PEI
content in the single droplets can be too small to form connected films. To evaluate
the optimal dilution rate and deposition time, several layers were spray-deposited onto
ITO-covered glass with different concentrations of PEI in ethanol (namely, 0.4 %wt,
0.2 %wt, 0.1 %wt and 0.05 %wt) and with different spraying times (5 s, 10 s, 15 s,
20 s). As shown by 3.20, for a fixed concentration, the thickness is almost linearly
increasing with the deposition time. Particularly, the minimal achieved thickness is 5
nm with 5s spraying time and a PEI concentration in ethanol of 0.05 %wt, while the
maximum is 55nm achieved with 20s spraying time and a PEI concentration in ethanol
of 0.4 %wt. Through the contemporaneous observation of the AFM images presented
in Figure 3.19 and the roughness levels reported in Figure 3.20 it is possible to draw
some important indications on the optimal choice of parameters. For instance, it is
safe to state that all the layers obtained with a spraying time of 5 s, besides from the
case with 0.4 %wt PEI in ethanol, were characterized by a high roughness, presented
several non-homogeneities and a low coverage. Remarkably, 3.21 shows how these lay-
ers led to a relatively small variation of Work Function with respect to the bare I'TO
(which presents a measured work-function of 4.78eV). Even in the best case, i.e. when

the PEI to ethanol ratio is maximum, the coverage of the ITO layer is poor. The
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Figure 3.19: AFM topography images of spray-coated PEI in different concentrations and
with different spray-time. The layers presented on a single row were obtained with constant
PEI concentrations (0.05 %wt, 0.1 %wt, 0.2 %wt, 0.4 %wt A,B,C,D, respectively), whereas
the layers presented on a single column were obtained with constant spray time (5s, 10s, 15s,
20s 1,2,3,4, respectively).The z scale is linear and the higher bound (a) is 82.4 nm, 42 nm,
28 nm, 53.4 nm for row A, 42.4 nm, 38.1 nm, 93.4 nm, 69.8 nm for row B, 37.5 nm, 75.3 nm,
68.3 nm,97.6 nm for row C and 45.9 nm, 53.7 nm, 47.3 nm, 47.7 nm for row D [117]
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Figure 3.20: Thickness and roughness of the fabricated layers measured throughout AFM
measurements. The measurement has been conducted on layers fabricated with different
concentration of PEI in Ethanol (different colors) and with increasing spraying time

described effects are most likely due to the very short deposition time choice: although
the droplets might contain enough PEI to reduce the work function of the material,
their distribution will be uneven, since there is not enough time to make certain that
the whole sample is uniformly covered. Since spray-deposition is method based on the
stochastic overlapping of differently sized droplets, the number of ejected droplets must
be statistically significant. When this coverage threshold is not reached, the material is
prone to agglomerate in separate islands [70]. Sub optimal coverage might then result
into local hot spots where the work function is higher, issue which could reduce or
compromise the performances of any kind of stacked device. A successful process with
almost total coverage can, however, be obtained by spraying for longer than 10 s with
any PEI concentration above 0.05 %wt and to an increased thickness corresponds a
marked decrease of work-function, which moves down to a plateau and saturates when
the PEI thickness is circa 20 nm, in accordance with some reports found in the recent
literature [66], [114], [115]. Furthermore, Stolz and coworkers [116] suggested that a
preeminent factor for the work-function tuning is represented by the coverage of the
underlying material with PEI. The results emerging from the AFM characterization
and the work-function measurement are also consistent with this hypothesis, and from
this point of view, the spray-deposition of PEI was demonstrated to be equivalent to
spin-coating, since a closed layer can be already fabricated with a 10nm thin film.

In order to further test the uniformity of the spray-coated layers, a larger area in-
vestigations have been performed with means of a white light interferometer which
demonstrated an overall low RMS roughness and a limited number of outliers over an

area of 313um x 235um [117|. Particularly, the RMS roughness for a 10 nm thick layer
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Figure 3.21: Measured Work-Function as a function of the PEI concentration in Ethanol
(different colors) and as a function of the spraying time. The red line indicates the measured
work-function of bare I'TO

was found to be in the order of 5 nm, and the presence of outliers was scarce and of

minor entity.

3.4.3 Realization of Fully-sprayed OPDs

As the optimization of the spray-deposition of the work-function modifier has now
been performed, it is finally possible to move towards the realization of fully solution-
processable OPDs. Among the several material combinations while carrying out this
part of the work, in the following paragraphs we will present only the most insightful
onesm which provide us with information concerning the effect of the PEI thickness
on the OPDs characteristics. The two different combinations, depicted in Figure 3.22,
represent a needed step to assess the process (i.e. the modification of a stable material
such as ITO for the realization of the transparent cathode) and the ultimate goal of the
section (i.e. a fully solution processable OPD), respectively. In the first approach for the
fabrication of OPDs free of any vacuum step, the work-function modifier is applied on
ITO which is known for its stability and relatively high conductivity. To do so, first, a
10nm-thick layer of PEI has been spun onto patterned I'TO, to be used as a benchmark,
while the and the remaining parts of the stack (active layer, hole conducting layer
and anode) were spray-deposited according to the procedures reported in Section 3.3.

Prior to the deposition of the top PEDOT:PSS electrode, however, it was necessary to
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Figure 3.22: Fully-spray coated photodiodes. The left-hand-side proposed stack is a photo-
diode obtained starting from a glass with structured I'TO on whom 15nm of PEI are spray-
coated, then 650nm of P3HT:PCBM blend, 70nm of HCL PEDOT:PSS and circa 600nm of
conductive PEDOT:PSS as anode electrode. The right-hand side stack differs from the first
one because the ITO is not needed anymore since it is substituted by a 400nm thick layer of
spray-coated conductive PEDOT:PSS.

activate the surface of the PSBHT:PCBM blend through mild oxygen plasma treatment
[106]. The OPDs obtained with this method, have characteristics comparable, for
instance, to spray-deposited OPDs with PEDOT:PSS anode and evaporated cathode
[112]. Successively, the spin-coated PEI layer was substituted by a spray-deposited
counterpart. Given the versatility of the method, different thicknesses for the work-
function modifier could be achieved tuning the deposition parameters. We opted for a
dilution rate of 0.1 %wt of PEI in ethanol, which demonstrated to be the more versatile,
and selected deposition times long enough to obtain roughly 5 nm, 10 nm, 15 nm and
20 nm thick PEI layers.

The results are summarized in Figure 3.23, where the JV characteristics and the EQE
of the fabricated devices are presented. Remarkably, when the thickness of the spray-
deposited PEI is comparable to the thickness of the spin-coated one, the differences
between the fully spray-deposited photodiodes and the ones with one spin-coating layer
are minimal. In both cases dark currents lower than 10~*mA/cm? are obtained, and the
External Quantum Efficiency is as high as 65% at -4V, comparable to OPDs obtained
with similar material stacks [77], [112]. A slight variation in the thickness of PEI,
however, can lead to strikingly different behaviors of the overall device. Too thin and
sparse work-function modification layers, lead to the formation of large areas where
the ITO is not covered by the PEI layer at all, nullifying the work-function difference
between the two electrodes and reducing the built-in potential. The photodiode is

effectively transformed in a photoconductor, and the characteristics change accordingly:
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Figure 3.23: Dark (dashed lines) and illuminated (solid lines) JV characteristics of OPDs
obtained spray-coating PEI with different thicknesses. The cyan line represents a reference
photodiode obtained spin-coating the PEI and spray-coating the uppermost layers of the stack
b) EQE at a bias of -4V for the same samples The shift of the EQE peak of OPDs with spray-
coated PEI with respect to the ones with spin-coated PEI is most likely due to a different
effective thickness of the blend. The effect is reproducible on several samples with the same
material stacks and processing steps and is attributable to the different surface characteristics
of the spin coated and the spray coated layers.

the dark currents rise (in the order of 1072>mA/cm?) and the separation/collection of
charge to become largely non effective, as shown by the low illuminated current and
the shape of the EQE.

In the other direction, although a 15 nm thick PEI layer only marginally affects the
characteristics, a further 5 nm increase of its thickness results in a dramatic change.
When the thickness of this amorphous and rough insulating layer increases a bulk
insulator is created between the electrode and the semiconductor. With an augmented
number of traps and recombination sites due to the higher volume of PEI, it is likely
to trigger trap-assisted conduction mechanisms. [91], [118]. The effect will be very
significant when the device is kept under dark conditions, since not all the traps are
filled, and the intermediate defect states can enhance the hopping probability of a
carrier from the semiconductor to the electrode. Because of these conduction paths,
the reverse current in dark conditions increased up to 107®mA/cm?. On the other
hand, when the samples are under illumination, the traps are readily filled, and this
leads to a double effect: first, the charge accumulation partially shields the electric
potential, thus weakening the field assisted transport through the device; in second
instance, once the defect states are full, the trap assisted hopping paths are occupied

and the 20 nm thick PEI layer behaves as an insulator. This phenomenon leads to
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Figure 3.24: Dark (dashed lines) and illuminated (solid lines) JV characteristics of the first
fully-sprayed organic photodiodes. Dark currents lower than 10-4 mA /cm2 are obtained b)
EQE at a bias of -4V for the same sample.

the diminution of the charge collection and to a severe increase in serial resistance. As
a result, the illuminated currents dropped and the EQE is circa a third than what
achievable with the optimum material set. As a result of the analysis so far conducted,
the optimal thickness of the PEI layer is to be set between 10 nm and 15 nm, and
the former is the thickness utilized for the fabrication of the second set of OPDs. In
fact, although the first class of OPD was free from any explicit vacuum step, it still
relied on pre-patterned ITO samples. This bottleneck can be overcome by the use
of any other transparent conductive material, and we decided to use a conductive
PEDOT:PSS mixture, in order to reduce the palette of different material needed for
the fabrication of the device. Figure 3.24 shows the final result of the optimization
and the stacking procedure. First, a 400nm thick layer of PEDOT:PSS is deposited,
then a PEI layer of approximatively 15nm, and then the bulk heterojunction, the hole
transport layer and the top electrode are successively spray coated. Although the higher
sheet resistance of the polymeric cathode induces an increase of the serial resistance,
resulting in a reduced forward current, the significant figure of merits of a photodiode
are only marginally affected. The fully-sprayed OPDs present, in fact, dark current
lower than 107%mA/em? and EQE higher than 60%, all performance resembling the
ones of the spray-coated photodiode on ITO electrode.

The devices obtained through the developed process are free from any evaporated or

sputtered material, free from cumbersome lithography processes, do not involve the use
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Figure 3.25: Cutoff frequency for the fully sprayed photodiodes. The red line is the frequency
response of the photodiode depicted in 3.22 (a), while the blue line is the frequency response
of the photodiode depicted in 3.22 (b). The decrease in cut-off frequency is mostly due to the
increased serial resistance of the photodiode due to the polymeric cathode which reflects in
an higher time constant of the system

of any acid or aggressive etchant. The whole fabrication is carried out with solution
processable materials and, as such, can be performed onto arbitrary substrates. The
only major difference between the fully-solution processable diode and the ones based
on semi-transparent I'TO electrodes, resides in the cutoff frequency. This parameter is
dependant on the serial resistance of the diode and, hence, on the sheet resistance of
the electrodes: since the PEDOT:PSS electrode is almost one order of magnitude more
resistive than the ITO one, such an effect was expected. Nonetheless, the measurement
presented in 3.25, show how the cut-off frequency of such diodes is in the range of 6
kHz. Although this value is not high in absolute terms, it is comparable to the one
measured for similar devices with evaporated cathode and spray-deposited anode [112].
Finally, a last remarkable observation can be made. Since both anode and cathode
electrodes are PEDOT:PSS based, they are both semi-transparent and the device can
be illuminated contemporaneously from both sides. This kind of photodiode could be
used, for instance, for sensing two independent optical signals, yielding to an output
electric signal (photocurrent) which is composed by the sum of the conversion of the
two input signals. Moreover, the transmittance of the electrodes can be modified by
choosing appropriate spraying times or by selecting spectrally differentiated electrode
materials (e.g. CNTs [43]). To push the concept even further, the two electrodes could
be combined to color or polarization sensitive filters. Figure 3.26 shows the output
curves of the fully-sprayed photodiode when a ramp is shining on the bottom side and
a square wave is shining on the top side, and vice versa. The shapes and the different

current amplitudes can be clearly inferred, achieving the proposed goal of summing up

95



Chapter 3. Realization of Conformal Organic Electronic Devices

16 1 1 ] 1 T 1 1
1.4 i
=
o 1.2F .
©
=
e —
<
0.8 ‘ |
Ramp Input BS, Square Input TS
Ramp Input TS, Square Input BS
06 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time (s)

Figure 3.26: Output obtained when a green light (530nm) is shining onto both electrodes at
the same time. The Bottom Side (cathode) was engineered to be thicker and hence with a lower
transmittance than Top Side. The mismatch in transmittance directly implies a mismatch in
amplitudes, that allows, in principle, the realization of side-sensitive photodetectors

the signals and fabricating a side-sensitive fully-sprayed organic photodiode.

3.4.4 Inkjet-printed Electrodes for OPDs

The only limitation imposed by the fully spray-deposited organic photodiode is in the
design of the layouts. Although the realization of arbitrary shapes is possible mith
means of spray deposition through a stencil, this approach is not optimal for fast
prototyping. In fact, the desired shape must be laser-cut into metal thin foils and this
process can be expensive and tedious.
When precise and arbitrary patterns are needed, the most flexible employable technique
is ink-jet printing. As discussed in Chapter 2.3, there is a wide range of inkjet-printable
materials, among which thick carbon inks and silver nanoparticle inks are the most
commonly used [65]. The latter ink is made of a suspension of nanoparticles with a
variable size (typically comprised between 30 nm and 80 nm) and can then be used for
the deposition of relatively thin and smooth conductive layers [68]. With this method
it is possible to achieve sheet resistances in the order of 55m£2/0, which are comparable
to the ones of thin evaporated metallic films. Once the circuital design is prepared, it
can immediately be printed and after a sintering step (typically thermal or photonic)
is ready to use. Here we decide to exploit these advantages for the realization of
arbitrarily shaped, fully solution processable Organic Photodetectors and to integrate
them with a folded dipole antenna for remote sensing.

The overall system, shown in Figure 3.27 (a) comprises of a dipole antenna, of metal

pads for the insertion of a discrete chip and a metal stripe to be used as the cathode of

o6



(b)

300 nm C. PEDOT:PSS
50 nm PEDOT:PSS

700 nm P3HT:PCBM
10 nm PEI

400 nm Ag Ink

Figure 3.27: (a) Image of the tag with all its elements labelled, (b) Cross-sectional view
of the OPD. An inkjet printed Ag line modified with spray-coated PEI is used as reflective
bottom-electrode, while a 700nm thick blend of P3HT and PCBM is used as photoactive
layer. The top semi-transparent electrode is obtained via a mixture of the conductive polymer
PEDOT:PSS.

the OPD. The measured work function of the Ag line, however, is too high (= 4.4eV")
for the realization of functioning photodiodes. Utilizing the process developed in the
previous subsection, it is possible to selective deposit PEI only on the electrode’s area
and the functionality of all other components is not compromised. Subsequently to the
deposition of the PEI film, a 700 nm thick PSHT:PCBM film as active layer has been
sprayed, followed by a 50 nm thick hole injection layer and a 300 nm thick PEDOT:PSS
anode: the stack is represented in Figure 3.27 (b). For comparison’s sake, tags with
PEI and without PEI were realized and the characteristics of both devices are plotted
in Figure 3.28. The JV curve of the OPD fabricated on the non-modified electrode,
clearly shows a substantial difference in the dark current (more than two orders of
magnitude), associated with an overall instability in time, which is reflected in the
noisy and irregular shape of the characteristic curve. On the other hand, the JV curve
of the photodiode with the PEI interlayer is well aligned to the ones we described so
far. Figure 3.28 (b) shows the external quantum efficiency of the functioning device,
which presents a flat response in most of the range and a peak value resenting 70%.
Although the realization of such device is remarkable on itself, it is here necessary to
stress the importance of the obtained integration of different technologies and devices.
The final device is, indeed, not only a photodiode, but a tag which can be remotely
sensed, thanks to the antenna and the RFID chip. Such flexible devices could be
utilized as remotely readable biosensors which can be implanted into living tissues and
do not need direct contact for the read-out. To demonstrate this aspect we realized a
prove of concept: the chip was put under different conditions of illumination (dark, one

sun and variable intensity of yello monochromatic light), the feedback resistance was
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Figure 3.28: Dark (dashed lines) and illuminated (solid lines) JV characteristics (left) and
EQE (right) of the fully-sprayed organic photodiode with and without PEI. Current density
as low as 5bx10-4mA /cm2 have been reliably achieved.

digitally set and the level of photocurrent was remotely estimated. To reduce the need
of power, the OPD was operated in photovoltaic mode (i.e. without any external bias).
Table 3.3 synthesizes the obtained values and shows how in any illumination condition,
it was always possible to distinguish the different values. Particularly, with the settings
optimized for the reading of high photocurrents, the dark current corrisponded to 0
bits of the ADC, while the current under illumination corresponded to 810 bit of the
ADC converter. Analogously, reducing the feedback resistance to optimize the reading
under dim monochromatic light, illumination levels of 0.02mW/em?, 0.04mW/cm? and
0.06mW /cm? corresponded to 0 bits, 256 bits and 884 bits, respectively
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Device / Configura- Optical Power ADC

tion Density Count
(mw/em?) (Bits)
Sun simulator 0 0+0
Rprp = 185k
Vyes1 = 0mV 100 810+ 1
‘/refl = 410mV
0.02 0£0
Monochromator
(600 nm)
Rpp = 387502 0.04 256 £ 8
Vrefl = 0mV
Vies1 = 410mV 0.06 £ 10

Table 3.3: Sensor performances in the RFID tag

3.5 Summary

In this chapter we have first introduced the subject of organic photodetectors, explain-
ing why they are needed in bioelectronics, how they can be used and what are the
biggest challenges to overcome. Afterwards, we briefly presented the working principle
of Organic Photodiodes, along with a short description of the most widely accepted
theory on the conduction mechanisms in organic devices.

Once the theoretical framework has been set, we showed the development, in several
steps, of a fabrication process which enabled us to produce fully solution processable
photodiodes with arbitrary shapes, on plastic foil. The first stage of the process de-
velopment was in the realization of TCO-free spray-deposited organic photodiodes on
flexible substrates incorporating CN'T based anode electrodes. Understanding the criti-
cal aspects of multilayer spray deposition was of foremost importance in order to obtain
state-of-the-art photodiodes with high yields. The most crucial point was the optimiza-
tion of the CNT/PEDOT:PSS interface, which was achieved through an enhanced ink
formulation.

Although the process led to the reliable fabrication of OPDs on foil, it still presented
one major bottleneck: the cathode electrode is obtained through Physical Vapor Depo-
sition. In the following section, we overcome this barrier by demonstrating for the first
time spray-deposited ultrathin PEI layers. These layers act as work-function modifiers
and, after the reported process optimization, have been employed for the realization
of fully sprayed OPDs, where no pre-deposited material or vacuum step was involved.

These devices presented comparable performances to OPDs realized with similar stacks
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and reported in previous literature.

Since this process yielded the expected results, the concept of fully solution processable
photodiodes could be pushed even further. In the last part of the chapter we devel-
oped a complex RFID tag with inkjet-printed dipole antenna and an integrated fully
spray-deposited photodetector. This kind of system, albeit just a proof of concept,
could pave the way to the realization of autonomous, remotely readable sensors (and
particularly biosensors), realized with arbitrary shapes and design and through reliable

and cost-effective fabrication techniques.
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Chapter 4

Materials Stability and Encapsulation

In this chapter we briefly examine the degradation mechanisms of organic semiconduc-
tors, in order to summarize the causes of the low life-time of such devices and at the
same time identify the possible solutions. After pinpointing the desirable encapsula-
tion characteristics, particularly for OPDs, we develop a method to obtain the in-line
fabrication of protecting barriers, through the spray-deposition of polymers and the
evaporation of sufficiently thick oxides. The effectiveness of each new method is eval-
uated through a one-month degradation study on the main characteristics of OPDs
and a figure of merit, defined as effective Transmission Rate (eTR), is introduced to

qualitatively compare the obtained results to the literature.

However, in an organic device, the semiconductor is not the only part which might
be sensitive to the effects of external agents. The metals used as electrodes, especially
when in contact with highly reactive environments such as the cellular culturing media,
could also degrade and hinder the functionality of the final device. In the second part of
the chapter, hence, we prove that some of the metals commonly used in bioelectronics
applications (Ag, Al and Au), especially the ones with lower work-function, when
immersed in culturing medium are subject to strong degradation in terms of their work-
function and conductivity. Furthermore, they are sometimes subject to delamination
during long time experiments. To solve this last issue, we investigate the feasibility
of the usage of a polymeric adhesion layer, and we optimize the deposition process to

obtain a better adhesion and a proven biocompatibility.
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4.1 Need for Encapsulation

4.1.1 Degradation Mechanisms

As previously seen, the efficiency and application range of organic electronic devices
has been steadily improving in the last years, due to the multiplication of the efforts in
the research in this field. However, although most of the devices present conspicuous
advantages over their inorganic counterparts and have reached sufficient scalability and
fabrication yield, their presence on the market is somewhat limited to few, specialized
applications. As reported by some observers, one of the major reasons which stands
behind this lack of commercial interest in organic electronics resides in the low life time
of a typical device [119].

Organic materials and metallic electrodes are, indeed, sensitive to many environmental
factors, among which UV light, oxygen and water vapor are the most harmful and
difficult to eliminate. The reaction of those two gases with the bulk heterojunction or
with low work function electrodes results in the formation of insulating oxides or in the
creation of radicals, which alter the device characteristics and can bring, eventually,
to devices which are unusable for any practical purpose. To prevent these phenomena
to take place, or at least to limit their occurrence rate and to extend the life-time of
organic devices, there is a need for encapsulation, i.e. the creation of a barrier which
slows down the diffusion of the dangerous substances in the material stack. Practical
barriers, are, however, far from ideal. Furthermore, the exposure to UV light, strongly
present in the solar spectrum or in many analytical applications, serves as a catalyst
for irreversible chemical reaction to happen. Although many other effects should be
taken into account to understand the lifetime cycle of organic devices, the photochem-
ical activation of oxidation reactions have been proved to be crucial in the alteration
of the polymeric devices functionality [54]

Indeed, since P3HT and similar polymers are characterized by a low photochemical
stability, providing optical energy in presence of singlet oxygen leads to irreversible
photosensitisation. The singlet oxygen reacts with the thienyl group of the P3HT, and
the reaction byproducts decompose in many simpler but reactive compounds, such as
ketone and sulfine, which disrupt the m conjugation. As a result, the number of free
delocalized carriers is reduced, the conduction through the polymer is hindered, and
the visible absorbance spectrum of P3HT is irreversibly changed. The extensive and
systematic work of Manceau et al. [120] confirms this theory through thorough exper-
iments. Particularly, they show how the exposure of P3HT based films to Oy or HO

has limited hindering of the quality of the final device, as long as it is not exposed
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to UV light. In fact, in presence of UV light and one of the two gas, the peak P3HT
absorbance in the visible spectrum is reduced to the 15% of the original value after
only 80h of light exposure. Through IR spectroscopy studies, oxidation fingerprints
were identified and it was possible to formalize the reaction sequences which bring to
the oxidation of the alkyl-side chains and of the sulfur atom present in the P3HT and
conclude that the polymeric backbone itself is decomposed.

As a further consequence, given the disruption of the polymer, the whole organic layer
is subject to expansion, leading to a non isotropic swelling of the stack, affecting all
the interfaces, including the delicate semiconductor/metal interface. When the thin
surface of the electrode is modified, the metal tends to crack and the metal grains to
move far apart, at the same time increasing the resistivity of the conductive film, wors-
ening the charge transfer to the semiconductor and weakening the mechanical stability
of the system|54], [55].

Besides the changes in the polymeric compounds, the UV-oxygen interaction hinders
the functionality of non-polymeric materials as well. For instance, the fullerenes, such
as PCBM, undergo doping and oxidation. The most notable degradation effect re-
sides in the incorporation of oxygen in the carbon cage of PCBM, reported already
few months after the isolation and stable synthesis of fullerenes in 1990 [121]. Oxygen
acts as a strong p-dopant and as electron trap, at the same time reducing the number
of free carriers and the effective mobility, leading to an overall reduction of the elec-
tron conductivity of more than one order of magnitude [54], [55]. Furthermore, the
combination of PCBM’s oxidation and P3HT’s decomposition, induces, in presence of
relatively high working temperatures (in the range of 80°C' ) the crystallization and
growth of spherulitic structures that scatter light and decrease clarity. These grains
act as insulating chromophores, which alter the spectral reactivity of the polymeric
mixture and hinder the charge separation and electrical transfer.

Finally, the goal of encapsulation is to avoid the diffusion of oxygen and water vapor
through microscopic pinholes and diffusion paths. The fabrication of OPDs or OSCs in
inert environments such as a glove box can limit the initial presence of these reactive
species and the combination of a good encapsulation with savvy production processes

can help to improve the lifetime of the devices and their mechanical stability [54], [55].

4.1.2 Encapsulation Requirements

Since OLEDs and TFTs are now present in commercial applications, their encap-
sulation requirements are quite clear and can be defined in terms of Water Vapor

Transmission rate (WVTR) or Oxygen Transmission Rate (OTR). As an example, for
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Figure 4.1: The schematic summarizes the barrier strength requirements for organic devices
and what is currently achievable with the available technology. Simple polymeric encapsula-
tions are not enough for any organic device, while classic thin film barriers suffice for TFTs.
No rigorous study has been conducted on OPDs, rendering the requirements uncertain, albeit
confined in a reasonable range

OLEDs, these figures should be confined in the range of 10° — 10*gm=2day~! and
10° — 10°em3m2day !, respectively. For organic solar cells, the requirements are not
yet well defined, although they can be roughly approximated to the ones of the OLEDs,
given the similar material stacks and layer thicknesses [54|, while for Organic Photo-
diodes no previous research effort can be found. It has to be noted that the needed
barrier effectiveness can be defined through application oriented criteria: OLEDs for
displays and solar cells are supposed to work uninterrupted for several months and up
to years.

Conversely, OLEDs and OPDs for analytical applications, for instance for point-of-care
biological applications, can be short-lived. Here we propose a working definition for
Organic Photodiodes on flexible substrates for analytical applications, considering a
possible encapsulation technique as viable, if after one week out from inert atmosphere
(which could be a glovebox, as well as a vacuum package) the device still preserves
at least half of its original photosensitivity. Figure 4.1 shows the range of obtainable
transmission rates with current technologies, as well as the barrier requirements for
OLEDs and TF'Ts, as well as a guessed value for OPDs, which will be confirmed at the
end of the chapter.

In addition to provide insulation from oxygen and water, an encapsulation layer
must also be transparent, mechanically robust, and eventually flexible, in case of con-
formal devices. These last features render the glass transition temperature (Tg) a very
important characteristic of the material, since it is a measure for chain stability. In
particular climatic conditions, such as torrid summers, the mechanical integrity and

the barrier effectiveness can be compromised in case the material presents a low Tg,
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rendering the device temporarily unusable or leading it in a state of irreversible mal-
function.

In summary, the encapsulation materials should present easy processability, high di-
electric constant, low water absorptivity and permeability, high resistance to ultra-
violet (UV) degradation and thermal oxidation, good adhesion, mechanical strength
and chemical inertness [24]|. Inorganic materials are most commonly used as encapsu-
lanting agents since they exhibit a good combination of the above mentioned properties
and they have an established history of acceptable durability and ease of processing.
Nevertheless, thick oxides are brittle and cannot be used in conformal application. Fur-
thermore, they tend to have hydrophilic behavior, being partially ineffective to block
water permeation. Organic barrier materials have few advantages over their inorganic
counterparts, among which we can count an even superior ease of deposition, energy
level tuning, they are easy to dispose and, in general, they present a lower negative im-
pact on the environment [55]. They also tend to be partially hydrophobic, representing
then good barriers to water, although their porous nature is favorable to the diffusion
of oxygen. As evident by just listing the characteristics of the two different kinds of
encapsulation, the use of either on or the other cannot lead to effective barriers.

In fact, although single layer encapsulations are attractive due to their simplicity in pro-
cessability compared to multilayer encapsulations, they create efficient pathways for wa-
ter and /or vapor to penetrate. This phenomenon can be described by many analytical
models, among which the most widely accepted ones are based on a solution-diffusion
models [54], [122]. In the case of organic barriers, for instance, the gas molecules dis-
solve in the layer and start a diffusion process due to a concentration gradient in the
barrier. The permeation rate is inversely proportional to the barrier thickness. But
just increasing the thickness is not an option due to higher cost, longer processing time
and enhanced reflection of light.

Concerning the materials used, most state of the art inorganic single layer encapsula-
tions consist of Si, AI1203, SiO2, MgO typically deposited by Atomic Layer Deposition
[123]. It can be shown that simply increasing single layer thickness leads to a non-zero
asymptotic value of OTR controlled by the number of defects present in the barrier
layer [54], [124]. Due to these defects, single layer encapsulations are intrinsically inef-
ficient, and the realization of successively stacked inorganic layers is a partial solution
to the issue: the defects of the underlying layer are covered by the successive one.

If a multilayered inorganic barrier is accompanied by an insulating polymeric layer,
the drawbacks of each typology of material are compensated by the other, and the

strengths add up. As a result, hybrid organic/inorganic structures are by far the most
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Figure 4.2: Typical configuration used to perform a Calcium Test. The resistance of the
encapsulated calcium is measured over time, and the slope is a function of the permeation
rate

efficient and most widely used. Polymers such as Parylene, PMMA, PVA and PS are
commonly used as organic interlayers and WVTR as low as 107 %gm2day~! can be

readily obtained [55], [123], [125].

4.1.3 Calcium Test

Once the material stack has been decided and the processing technique selected, the
encapsulating barrier must be tested, in order to find the permeation rates. In the past,
colorimetric permeation assays were used for the estimation of WVTR. These methods,
however, are relatively expensive and limited to a sensitivity of 5 x 1074gm~2day~! for
(WVTR)[126]. To measure lower Transfer Rates, in the last decade, the socalled Cal-
cium test, a method developed by Paetzold et al. [127] in 2003, has been gaining increas-
ing attention. The method allows measurement of WVTRs down to 10~%gm~2day !
by in situ monitoring of corroding Calcium (Ca) films. The working principle is rela-
tively simple and is based on a fundamental observation: since Ca exhibits a very low
work function, it is highly reactive and prone to quick oxidation in presence of water
or oxygen. Indeed, the description of the reactions of Calcium with oxygen and water,
as described by Schubert et al. [126] leads to:
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Figure 4.3: Layout for the realization of the Calcium test. The resistance of three separate
calcium lines is measured in parallel and averaged at the end of the experiment

2Ca+ Oy — 2CaO (4.1)
Ca + HyO — CaO + H, (4.2)
CaO + H,0 — Ca(OH),y (4.3)

Calcium is then promptly oxidized and its resistivity will proportionally increase. Con-
stantly monitoring the change in resistance of a Ca stripe with known geometrical
parameters, under a certain encapsulation method, leads to a curve that can be used
to extrapolate the Transmission rates. Although the comparison of the degradation
curves already serves the purpose of highlighting qualitative differences between barri-
ers (the slower the degradation, the better the encapsulation), Paetzold developed an
empirical formula quantitatively relating the slope of the Calcium conductance over
time to the permeation rate of a generic species in gas form [127]:
M (reagent) _ 1d(%)

_ v R
P==n=ca % a (4.4)

Where n is the molar equivalent of the degradation reaction. According to equation
4.3, each Calcium atom can react with half an oxygen molecule (n = 0.5) and with up
to two water molecules (n = 2). M(reagent) and M(Ca) are the molar masses of the
permeating agents and of Ca respectively, denotes the Ca resistivity, is the density
of Ca, | is the length and b is the width of the Ca layer stripe. The last part of the
equation takes in to account the dependence of the permeation rate on the change in

resistivity of the Ca layer.
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Figure 4.4: Comparison of normalized conductance for different substrates, encapsulated
with a glass lid and epoxy glue

Figure 4.2 shows a typical Calcium test setup. A thick Calcium layer (>100 nm) is
deposited on the desired substrate, then a pair of stable metallic electrodes are evap-
orated to contact the calcium and the encapsulation is performed. Silver is typically
used as a contact electrode, given its stability to oxidation and its contained cost, if
compared to gold or platinum [127]-[129] In our particular case, depicted in Figure 4.3,
three stripes of 200 nm thick, 1 mm long and 2 mm wide Ca stripes were thermally
evaporated on top of 100 nm thick Al layers, previously structured on the chosen sub-
strate.

Although many researchers prefer Silver to Aluminum [127]-[129], in our experience,
as well in some previous report, no significant difference in the permeation rates calcu-
lated with Al or Ag were encountered [126]. The choice of a relatively thick Ca layer
(200 nm) was dictated by the will of measuring the degradation of calcium for very
bad encapsulating barriers as well: this thickness guarantees at least 20 minutes of
measurable resistance before Ca is completely transformed in CaO.

The thermal evaporation setup is placed inside a glovebox, which is an inert at-
mosphere with less than 1 ppm of H,O and Os, therefore the encapsulation could be
calmly performed in a controlled environment before transferring the samples to room
environment. Figure 4.2 shows a simplified circuital schematics to perform the resis-
tance measurement. At this stage, the calcium test has been employed to test the
permeability of the flexible substrates: PET and PEN are, in fact, porous materials

and they are expected to perform poorly as barriers. To achieve this goal, the Ca-test
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18 32 40 1.55g/cm®*3.4  x 1 mm 2 mm
g/mol g/mol g/mol 1075Qm

Table 4.1: Summary of the parameters employed for the evaluation of the permeation rates

structure was evaporated on top of PET and PEN film and a “Perfect barrier” made of
epoxy resin and a glass lid was prepared on top. In this way, since the top side of the
sample is well encapsulated, any deterioration of the conductivity of calcium is due to
H>0 and O, permeating from the substrate itself.

After encapsulation, the samples were transferred to a measurement setup consisting
of a sourcemeter controlled by a LabVIEW computer program. The sorurcemeter was
connected to the electrodes with the use of crocodile clamps and the resistance of the

stripes was measured at a repetition rate of 2Hz, applying a DC voltage of 100 mV.

Figure 4.4 presents a comparison of the normalized conductance curves for Calcium
tests on the three considered substrates. As expected, the conductance of Ca on PET
and PEN dropped significantly after few minutes, hinting to the poor barrier capability
of simple polymeric films. After the fit to Formula 4.4 and the calculations of the

parameters, the resulting oxygen permeation rates are 3 x 1073 =, 3.9 10_1m92d and
1.74-5%- for glass substrates, PEN substrates and PET substrates, respectively. These
results, in line with similar studies reported in literature [126], indicate that although
the top encapsulation (epoxy and glass lid) is an almost ideal barrier, the polymeric

substrate do not substantially hinder the permeation of oxygen and water.

4.1.4 Degradation of the JV characteristics

To verify whether these values of OTR are sufficient for the encapsulation of OPDs, a
series of photodiodes has been realized onto the three different samples with the “ideal
barrier” encapsulation. As a negative control, a series of OPDs was fabricated also
on glass, but without any top encapsulation. The results are summarized in Figure
4.5, which shows the evolution of the JV characteristics of these diodes on a extended
timespan of 28 days. As expectable, the samples encapsulated with epoxy and a glass
lid presented little to no variation in terms of biased photocurrent and dark current,
while other parameters, such as the serial resistance have been degrading over time.
This condition is most likely due to the oxidation of the cathode, as this phenomenon

is hard to avoid even with more advanced encapsulation techniques [54].
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Figure 4.5: Modification of the JV characteristics over a time window of one month for
OPDs on glass substrate with epoxy/glass encapsulation (a) and without any encapsulation
(b). Panels (c) and (d) show the same study carried out onto OPDs realized on PEN (c) and
PET (d) substrates, respectively

In contrast to glass, however, the OPDs fabricated on PEN and PET with glass

encapsulation underwent a significant modification of the illuminated current under
bias, leading to a diminution of more than 2 orders of magnitude in less than one day.
The behavior of these encapsulated samples is comparable if not worse than what can
be observed by the JV characteristics of devices fabricated on glass and without any
encapsulation.
As it is possible to infer from the JV characteristics, the EQE of the devices fabricated
on glass did not manifest any particular change in the considered timespan, while
the EQE of the diodes on flexible substrates are subject to a consistent drop when
measured after one week. In Figure 4.6 is plotted the EQE of devices produced on
PET in different time points, and the evolution of the curves shows how not only the
intensity of photoconversion is decreased, but also the peak is shifted in the spectrum.
These findings are compatible with the alterations expected in both the P3HT and
PCBM due to backbone decomposition and oxygen absorption, respectively.

Among the many parameters representative of the quality of a photodetector, the
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Figure 4.6: Degradation of the EQE at 0V as a function of time

easiest to analyze in a systematic and automated fashion are the ones related to the
JV characteristics and to the EQE. Particularly, we have considered for our study the
variation of Illuminated and dark current under bias, the serial and shunt resistance,
the open circuit voltage and the average EQE in the visible range. Figure 4.7 shows
all the parameters extracted from the JV curves plotted in Figure 4.5 and gives, in
a single glance, an idea of how dramatic is the difference between OPDs fabricated
on glass substrates and the ones fabricated on plastic. After 4 weeks, OPDs on glass
substrates with glass encapsulation remain at 85% of their original IC. For OPDs on
PEN and PET with glass encapsulatio,n a drop of the illuminated current to nearly
0.1 mA/em? after only 3 days can be encountered. This degradation is even worse
than OPDs on glass substrates without any encapsulation. The serial resistance (RS)
was derived from the dark current slope in the range of 1 V to 2 V. Ideally it should
be as small as possible, however, OPDs on flexible substrates or on glass without any
encapsulations, present an a rise in serial resistance to very high values after a few
days.

Shunt resistance (RSH) was derived from the dark current slope in the range of -5 V to
-2 V. This parameter should ideally be close to infinity and stay as stable as possible.
Consistently, OPDs on glass with glass encapsulation exhibit very high RSH values and
keep them during the whole long time measurement. OPDs on flexible substrates show
a fast drop in shunt resistance in a few days time and settle two orders of magnitude

below the reference values obtained on glass.
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Figure 4.7: Evolution of the most important parameters for an OPD over a timespan of one
month. The figure presents the Illuminated current (a), the serial resistance evaluated in the
forward bias region (b), the dark current at -4 V (c), the shunt resistance evaluate under dark
conditions (d), the Voo and the average EQE (e)
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Furthermore, Figure 4.7 (e) presents the open circuit voltage for all the considered
photodiodes. Once more, the glass encapsulation on glass yields an almost perfect
encapsulation, with a very small drop in the V¢ after one full month of shelf life. Vice
versa, the Voo of all remaining devices drops quickly to zero, degenerating to negative
values when the effects of the cathode’s oxidation add up to the degradation of the
photoactive layer.

Finally, Figure 4.7 (f) presents the external quantum efficiency (EQE) averaged over
a region of 400 nm to 600 nm. The drop of EQE follows with fidelity the drop in
illuminate current and shows how, overall, devices on glass substrates, even without
encapsulation, present better resistance to environmental agents than the encapsulated

plastic based ones.

4.2 In-Line Thin-film Encapsulation

4.2.1 Encapsulation of OPDs on glass substrates

As discussed in the previous section, the typical methods used to preserve the function-
ality of organic devices over time rely on the use of hybrid resins a rigid glass lids. These
materials are easy to process thorough drop casting or screen printing and have high
encapsulation effectiveness and yield to “perfect barriers” towards both oxygen and wa-
ter vapor. However, they present a major disadvantage: they form a thick rigid layer
on top of the electronic device. For many stand-alone applications, such as Solar Cells
and OLEDs for illumination purposes, the latter aspect does not constitute an issue,
being instead a strength, since it guarantees enhanced mechanical stability. For flexible
devices, however, this path cannot be followed, since it would hinder the flexibility and
significantly increase the weight of the structure. Furthermore, the thickness of the
resins can be up to several hundred pum, increasing the insertion losses in multilayered
opto-electronic systems. The main goal of this section is to verify whether scalable,
in-line and flexible encapsulation methods can be developed and applied to the fab-
rication of OPDs and whether the vapor transfer rates are low enough to guarantee
a preservation of half of the photosensitivity after one week of shelf life. As a first
trial to obtain working encapsulations, barriers have been produced with inorganic lay-
ers. The deposition has been performed through high rate electron beam evaporation
of SiOy and/or AlOj3, a fast method normally implemented in evaporation chambers
compatible with in-line processing. The major drawback of this technique resides in
the high energy needed to allow the electron beam to dissociate the oxides and let them

sublimate in order to deposit on the sample. When the material is separated from the
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crucible, it is still characterized by an high kinetic energy, which might damage the
underlying materials. This concern was demonstrated to be true in the case of AlOs3,
where the electron beam needed to be utilized to its maximum power: the devices
encapsulated with AlO3 only, presented a photocurrent on average 80% lower than all
the other considered devices. Si0,, on the other hand, was easier to sublimate and
the process did not procure any damage to the organic layers. To verify the effective-
ness of these thin inorganic barriers, the oxides have been used by themselves (200 nm
thick AlO3 or 200 nm thick Si0O,) and then in a stacked structure where SiOy was
deposited first, in order to avoid damages due to the impact of the highly energetic
AlOs. For comparison’s sake, the overall thickness of the encapsulating barriers was
always kept constant to 200 nm, even when oxide layers were stacked together. The
cases considered in this study are the alternance of two oxide layers (100 nm SiO,
and 100 AlO3), four layers (two repetitions of 50 nm SiOs and 50 AlO3) and eight
oxide layers (four repetitions of 25 nm SiOy and 25 AlO3). As visible in figure 4.8,
although the layer thickness of all oxide encapsulations was kept constant, multilayers
with four and eight layers showed big improvements over single layer encapsulations
in respect to retainment of the photocurrent level, especially during the the first week
of experiments. As anticipated by the theory, however, the transfer rates are not low
enough to be considered as sufficient encapsulations. In the same direction, a selection
of organic single layers materials has been utilized for the realization of encapsulating
layers. The organic materials were obtained by spray-deposition and their thickness has
been kept constant to 1 um. The spray-deposited Polystyrene, ABS, PVA and PMMA
were compared to the “ideal barrier” encapsulation and to a 20 pm thick dropcasted
hybrid polymer (Ormostamp). Figure 4.9 shows the normalized illuminated current
over time for all the encapsulating polymers, along with the reference OPDs and non-
encapsulated diodes. The most surprising outcome is that not only the polymers did
not increase the lifetime of the OPDs with respect to the non-encapsulated cases, but
they further reduced it, most likely because of non controllable chemical reactions at
the interface between the OPD and the spray-deposited polymer.

The only exception to this pattern is constituted by the Ormostamp, which is, however
20 times thicker than the other polymers (albeit still one order of magnitude thinner
than the epoxy resin) and the reduction of the transfer rate is totally consistent with

the solution-diffusion model.

The next natural step is the combination of all the polymeric layers with the best
oxide choice (constituted by the alternation of eight 25 nm thick layers), in order to

identify the polymer which is best suitable to achieve hybrid encapsulations. The
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results, presented in Figure 4.10, show how the combination of Ormostamp with eight
oxides, yields a substantially better encapsulation effectiveness with respect to any
other polymer. Nevertheless, also PMMA respects the lifetime benchmark we set at
the beginning of the chapter, keeping the photocurrent of the OPDs to drop below half
of its initial value after the first week of operation. This result is remarkable, since
PMMA is an easily available polymer and it is already commonly used for organic and
printed electronics (e.g. as insulator for transistors and capacitors).

Finally, we replicated the same experiment with inverted photodiodes (i.e. photo-
diodes where the cathode is evaporated on the substrate and the rest of the device
is built on top of it). In this configuration, the most reactive electrode is placed to
the bottom of the device and is less exposed to the penetration of oxygen and water
vapor [130]. In such a structure, the effect of metal oxidation is limited and most of
the impairment of the performances of the OPD is due to the unavoidable degradation
of the polymer, resulting in an extended device lifetime [54]. The devices were fab-
ricated evaporating 100 nm of Aluminum as bottom electrode, followed by the spray
deposition of the active layer. Since the PSHT:PCBM blend is strongly hydrophobic,
in order to proceed with the spray-deposition of the PEDOT:PSS electrode on top, a
mild plasma has been performed, as reported in other contexts [117], [131]. The results
are summarized in Figure 4.11 and show how inverted OPDs on glass, encapsulated

with a combination of eight oxide layers and Ormostamp or PMMA can retain their
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oxide layers. Panel (b) depicts the material stack used in this experiment

functionality up to one month of shelf life.

4.2.2 Encapsulation of OPDs on flexible substrates

The results presented in the last subsection are remarkable, although they have only
been obtained on rigid substrates. The evolution to flexible substrate is not necessary
straightforward, for several reasons. Primarily, in the former case the glass substrates
provided an almost ideal bottom encapsulation: the process concerns had only to be
directed towards the attainment of an effective top encapsulation. This assumption
does not stand in the case of flexible substrates. In fact, we have shown how PEN
and PET are by themselves very ineffective barriers (the transmission rates are more
than three orders of magnitude higher than the ones of glass). Given the OTR of the
two polymeric substrates (3.9 x 107" —4- and 1.74-%-, for PEN and PET, respectively),
PEN represents a natural choice, since it is four times a better barrier than PET.

The direct fabrication of OPDs on PEN substrates, yielded disastrous outcomes: none
of the fabricated devices with in-line encapsulation, kept its normalized photocurrent
above 50% of the original value for more than two days. A first step towards better
devices is to create a “bottom encapsulation” as well as the usual top one. A first
attempt, presented in Figure 4.12 introduces the evaporation of different oxide layers on
the PEN prior to the fabrication of the OPD. The devices fabricated on this “reinforced
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Figure 4.12: (a) Degradation of the illuminated current over time for OPDs fabricated on
PEN, with different combinations of oxides and polymers. Panel (b) depicts the material
stack used in this experiment

PEN” all still retain more than 20% of their original photosensitivity after one week,

while the non-encapsulated ones fall below 5% in the same timespan.

To further stress the concept of bottom encapsulation, we performed an experiment
where on top of the PEN substrate, a 5 to 15 um thick layer of PMMA was spray-
deposited, followed by the evaporation of 200 nm thick oxides layers. Above this
bottom encapsulation, the rest of the photodiode was processed and protected with
the same material stack used on the bottom (5 to 15 ym PMMA and 200 nm oxide).
The results of this strategy can be extrapolated by Figure 4.13, which reports the
evolution of the normalized photocurrent of these devices with respect to time. This
stack with a sandwiched encapsulation is able to achieve the minimum results we set at
the beginning of the chapter and can be considered as a satisfactory barrier. Notably,
increasing the thickness of PMMA led to an amelioration of the durability of the
devices (and, hence, a decrease of the transmission rates), as to be expected from the

solution-diffusion model.

Finally, as the inverted structure demonstrated to be particularly effective on glass,
the same concept has been applied to PEN substrates. The inverted OPDs were en-
capsulated with a “sandwich encapsulation approach” similar to the one reported in
Figure 4.13 and characterized on a one month time-span. The percentage of photocur-

rent after one week was very similar to the one obtained in the non-inverted case, but,
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strikingly, the inverted structures are able to retain 40% of their photosensitivity after
2 full weeks and resulted to be still viable at the end of the month, when the photocur-
rent had decreased to 30% of the original value, but was stable and measurable.

One last observation on the Ormostamp polymer is due. Although in many of the
experiments it rendered the best barrier in terms of vapor transmission rates, its use
in flexible and conformable devices is limited. When exposed to UV light, the polymer
crosslinks, and albeit this leads to a more effective barrier, it also makes the polymer
stiffer and brittle. The risks of delamination or unintentional cracking during handling
are very high, and only the 30% of the devices encapsulated with Ormostamp were
working at all after fabrication. This aspect, along with the poor scalability of the
Ormostamp process, does not allow us to consider it as a possible solution for the
realization of in-line encapsulation processes. A thick layer of PMMA | however, is able
to obtain similar encapsulation properties, without sacrificing transparency, scalability
and flexibility.
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Figure 4.13: (a) Degradation of the illuminated current over time for OPDs fabricated on
PEN, with eight alternated oxides and different polymer thickness. Panel (b) depicts the
material stack used in this experiment
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4.2.3 Estimation of effective Transmission Rates

Since the necessity of a bottom encapsulation is now clear, the Calcium test on flexible
substrates can be reiterated including this new finding. At this purpose, the usual
200 nm thick layer of Calcium was evaporated on top of bare PEN, PEN with eight
oxide layers and PEN with an hybrid structure made of 8 oxide layers and a thick
PMMA film. The evolution over time of the normalized conductance of the metal
lines on the different substrates are reported in Figure 4.15. While a “non-reinforced”
PEN reduces its conductance to half of the starting value in less than 15 minutes,
the conductance of the flexible substrate with the inorganic barrier reaches the same
level in 100 minutes and, finally, the hybrid barrier keeps this quantity above 50% for
circa 120 minutes. From the slopes of these curves, it is possible to extract the OTRs,
which are 9.3 x 10_2ﬁ and 8.4 x 10_2mi2d for the inorganic and the hybrid barriers,
respectively.

Finally, the plot of the evolution of the photocurrent of the OPDs over time encap-

sulated with the same material stacks utilized for the Calcium test, closely resembled
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the decay of conductance due to the oxidation of calcium, although on a totally differ-
ent time scale. This remarkable similarity, suggested an empirical relationship which
could correlate the ability of a given encapsulation stack to retain the photocurrent
over time to the OTR, namely:

dlpp,

OTR = — 4.5
e cx — (4.5)

The fitting parameter ¢ = —1.2176(gm2d') has been found as the average value of
the ratios of the OTR to the illuminated currents’ slope over time. Using this empirical
formula it has been possible to relate the degradation time to an equivalent Oxygen
Transition Rate which can be used as a figure of merit for the encapsulation quality for
any given method. The eOTR for all the inline encapsulation methods evaluated in
this chapter are reported in Figure 4.16. The use of a figure of merit such as the eOTR
gave us the chance to quantitatively compare all the encapsulation methods developed
during the work and to confirm that an inverted structure with hybrid encapsulation
based on thick PMMA is the configuration which guarantees the longest lifetime of the
OPDs. Furthermore, using the extrapolated eOTRs, it is possible to reply to one of the
main open questions of the chapter: what is the minimum OTR necessary to protect
the OPD well enough to have still 50% of its original photosensitivity after one week?
On PEN; this condition was satisfied by the sandwich encapsulation with 15um thick
PMMA, which corresponds to an eOTR of 7 x 10*2%26[.
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4.3 Stability and Biocompatibility of Metals in Dif-
ferent Media

4.3.1 Electrodes for Bioelectronics

The integration of organic electronics and optoelectronics with biological systems, such
as simple cells or complex tissues can undergo two main general strategies, both of
which aim at maintaining the electro-optical properties critical to device performance
such as work function, conductivity, and transmittance. The first of these approaches,
encapsulation, has been described so far and aims at insulating the electrodes from
external harsh environments. The main disadvantage of such strategy, however, is that
it prevents the device to be in direct contact with the biological system, precluding
many applications which might exploit the peculiarities of organic electronics.

A second strategy, which has been more and more frequently pursued in the last years,
is the material optimization, which aims at finding materials inherently stable in their
functional environment. In any case, devices such as organic-photodiodes (OPD) [43],
[44], [91], [112], organic light emitting diodes (OLEDs) [96], [107], [116], organic transis-
tors (OT)[12], depend on keeping high conductivity of the electrodes, and, even more
importantly, on the balance of the two electrode’s work functions [44], [83]. Moreover,
novel applications for sensing and actuation of the bioelectrical and biochemical activity

of cells have a high need for transparency to be compatible with established techniques
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of biological laboratories, such as fluorescence microscopy [13|, and as a prerequisite
for integration with living tissues or cultures, must be biocompatible.

In this section we will focus on the stability of commonly used electrode materials in
bioelectronics when immersed in physiological media, which are, in essence, high saline
and biologically active aqueous systems. In such media, the strong polarizability of
water gives room for many forms of electrochemical activity, the latter being ampli-
fied by the rich ionic composition of biological media, creating an overall environment
where metals are very prone to corrosion and oxidation. One of the possible examples
includes the readily reduction of Ag+ in presences of Cl- ions, a prevalent component
of biological media. Aluminum, like silver, is very sensitive to reduction by aqueous
chloride [132] and, given its low work function, is prone to easy and quick oxidation in
presence of singlet oxygen. In a similar direction, it has been shown how gold may be
dissolved by thiol-containing biological molecules like cysteine and glutathione [133].
Albeit these effects have been observed and reported in many contributions in the last
decades, so far no comprehensive and comparative study has been carried out on the
implications that these phenomena have on the stability of the main figure of merit for
electrodes to be used in organic optoelectronics.

In this section, planar electrodes made of Gold (Au), Silver (Ag), Aluminum (Al) and
Indium-Tin-Oxide (ITO) are immersed for one month in different media (DI water,
Phosphate Buffer Solution and cell culturing medium). Conductivity, work function
and optical transmittance are measured in different steps during the whole timespan
and trends about the stability of these key parameters are sketched and analyzed. The
selected media are very rich and complex in their ionic and biomolecular composition
and range from a control in air, to phosphate buffered saline (a commonly used ex-
perimental solution in biology) through Dulbecos culturing medium (a more complex

solution closely mimicking internal environment of organisms).

4.3.2 Electro-Optical Stability

The electro-optical characteristics of the chosen electrode materials have been mea-
sured after 24h, 48h and 168h (1 week), 336h (2 weeks) and 672h (4 weeks), to provide
an exhaustive picture of the occurring phenomena and to be able to extrapolate the
presence od eventual trends. However, it must be noted that although all investigated
materials remained stable in air over the 4 week period, Au and Ag samples in PBS and
medium underwent severe delamination, which prevented a complete set of measure-
ments from being obtained. This factor, commonly observed in thermally evaporated

thin Au layers, proves equally problematic for Ag, and points at the necessity to fab-
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Figure 4.17: Conductivity of the electrode materials in distinct media (See legend) at 24h,
48h, 168h, 336h, 672h. The results for Au and Ag in PBS and Medium are missing due to
delamination of the films [134]
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ricate an adhesion layer between the metal electrode and the substrate’s substrate to
preserve the integrity of the film.

Typical solutions encountered in literature involve the deposition of oxidative met-
als such as Chromium or transparent polymers compatible with the usual fabrication
steps employed in the organic electronics research and industry. [17], [135]. Albeit very
effective in promoting the adhesion, Chromium presents some major caveats from a
bioelectronics perspective, which are related to a poor transparency, entangled pattern-
ing procedures including several lithography steps and a proved high toxicity, hence
the choice of a polymer over Chromium could be more appropriate. Amongst the
many possible polymers to be employed in such application, we selected the commer-
cial negative tone photoresist SU-8 because of its transparency and clarity and its easy
patterning through a simple expose and develop process.

Figure 4.17 shows how as long as the material is attached to the glass substrate, the
variation in conductivity is somehow limited. Even a reduction of 50% with respect to
the original value can be considered acceptable, given the low bulk resistivity of the cho-
sen materials. ITO, on the other hand, has variations below 10% from its initial value
in every medium and at any time point, and can be effectively considered stable, given
the harsh environmental conditions. The only material undergoing to visible changes
in its conductivity is the Al deposited on SU-8, whose resistance become impossible
to measure when immersed for few days in any liquid medium. Figure 4.18 shows the
change in work function over time for each of the electrode in any media. The first
insightful information which can be extracted from the plots is that the work function
in air of each material stays almost constant for the whole month. The oxidative effect
of the oxygen in the air does not seem to affect the work function of the electrodes,
including Al. However, the immersion of the samples in different media caused sig-
nificant changes in their properties. Particularly, each material, after only 24 hours
of exposure to any liquid environment, has been subject to a significant drop in work
function. The work functions of Au-glass, Au-SUS8, Al-glass and Al-SUS8 experience a
reduction of roughly 200 meV in only one day. Surprisingly, the work function of Silver
stayed very stable in water for one week, however, by the end of the second week it
had dropped to 80% of its original value.

The use of SU-8 as adhesion layer, strongly enhanced the stability of the work function
of the samples with evaporated Au and Ag, which were less prone to delamination and,
besides the initial drop, likely to keep a constant value. Once more, it was not possible
to measure the electrical behavior of Aluminum on SU-8, because of the poor quality

of the film after immersion in many of the media. The main reason for this problem
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Figure 4.18: Work Function of the electrode materials in distinct media (See legend) at
24h, 48h, 168h, 336h, 672h. The results for Au and Ag in PBS and Medium and Al-SUS8 are
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resides in the delamination of the Al layer from the SU-8 film. From optical inspection
it was evident that the adhesion of this metal to the polymeric interlayer was poorer
than the its adhesion on glass. This aspect has been confirmed through transmittance
measurements on the visibile spectrum. Figure 4.19 shows the transmittance value
(averaged on the wavelengths between 350 nm and 800 nm) for each material in every
condition. In these plots, the time of complete delamination is highlighted with solid
markers to provide a visual reference. Clear increases in the transmittances of Ag in
DI-water and Al in every medium were observed, suggesting partial delamination or
strong oxidation of the film. Furthermore, when deposited on bare glass, Gold and
Silver in PBS and culture medium show a complete delamination within 48 h.

The film of gold deposited on SU-8 showed almost no change in its average transmit-
tance, however, at an optical inspection, clear cracks and wrinkles on the surface, and
their presence cannot be detected through simple average transmittance measurements,

since they do not cover enough surface to alter tangibly the measurement.

4.3.3 Morphological Stability

Figure 4.20 presents transmission and reflection mode optical micrographs of the SU-8
based samples after the one month immersion in Dulbecco’s medium, while the small
insets show the same image taken on the sample before the immersion. The defects
are evident and predominantly on the edges of the samples, but present, although in a
lower number, also in the middle.

The microscope picture, however, are not enough to identify whether these defects are
wrinkles or cracks and what is their thickness or depth. In order to further investigate
the phenomenon and to have clearer insights on the surface modifications of the metal
layers deposited on the thin SU-8 layer, the surface roughness has been characterized
with the aid of a mechanical profilometer. Figure 4.22 typical profiles of the three
metals on SU-8 before the immersion in any medium and after 672h of immersion in
Dulbeccos Modified Eagles Medium.

All metals, at the baseline, are substantially flat, while at the end of the immersion
period, there is the formation of sharp protuberances tens of microns wide and with
thickness ranging from some hundreds of nm to more than 1.5um. These “wrinkles”
are not localized in specific parts of the sample, but well spread on the whole area,
for every metal and in every medium and are more likely related to modifications of
the SU-8 than to clustering of the metals on the surface. To obtain an even deeper
characterization of the effect on the different metals, the roughness of the samples

has been measured with means of an Atomic Force Microscope. The area affected by
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Figure 4.19: Transmittance spectra of the electrode materials in different media. The black
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672h in Medium

Figure 4.20: Reflection and transmission optical microscope image of the electrode materials
after 672h in medium, with a magnification of 10x. The images clearly show the formation of
wrinkles and cracks in the SU-8 layer, which determine a deterioration of all the considered
electro-optical parameters. The insets show the images taken with the same parameters at
the baseline.

the wrinkles could not be investigated, due to the excessive peak to peak roughness,
nonetheless, the areas macroscopically flat, were observed and gave useful information
in terms of RMS roughness. The estimated roughness is identical for the baseline
samples and the ones kept in air and it is below 2 nm, while every metal immersed in
a liquid medium is characterized by a rise in roughness up to one order of magnitude.
Furthermore, from the analysis of the AFM images, no modification of the grain size is
encountered for both immersions in DI water and Dulbecco’s medium. The immersion
in PBS, however, gives different results. From the AFM images of Ag and Al on SU-
8, the formation of big clusters and agglomeration with peak heights above 100nm is
evident. This finding sheds new light on the transmittance data presented in Figure
4.19, where the Ag-SU8 and Al-SUS samples present an increase in transmittance up
to 3 times with respect to the baseline. This phenomenon can now be associated to

the removal of silver layers and their accumulation in bigger clusters.

4.3.4 Biocompatibility

Finally, in order to assess the biocompatibility of the electrode materials, two measures
of cytoxicity were used. For both experiments, we employed glass as positive control,

and polyethylenimine (PEI) as a negative control [136], [137]. The first method utilizes

89



Chapter 4. Materials Stability and Encapsulation

N
o

—— Au-SU8 |
—— Ag-SU8
—&— AI-SU8

w
(&)

N w
(6] o
T T

RMS Roughness (nm)
N
o

15+ .
10
5F J
O 1 1 1 1 L
Baseline Air DI Medium PBS

Immersion Medium

Figure 4.21: RMS roughness of materials after 672h of immersion in the different media.
The samples in air are, in terms of RMS roughness, almost identical to the baseline, while
the immersion in DI water and Medium leads to a substantial increase of roughness in the
cases of Ag and Al. Although Au seems to be robust to immersion in water, the immersion
in Medium leads the RMS roughness to rise from a baseline value of 1.53nm to a value of
7.27nm. Finally, the immersion in PBS results in a particularly enhanced roughness, namely
20.9nm, 36.2nm and 30.5nm for Au, Ag and Al, respectively.

a set of 3 fluorescent probes to quantify the number of attached cells, and the propor-
tion of those cells which are viable. The effect of the 3 fluorescent probes is summarized
in the drawing in Figure 4.23. Hoechst die labels DNA and as it is able to permeate
the cell and nuclear membranes of healthy and dead cells, it serves to indicate cells
regardless of their condition, and can be used to quantify cell adhesion.

The fluorescence assays carried out 24 and 48 h after cell plating revealed a particularly
low cell adhesion on PEI (Figure 4.24, middle panel) when compared to the positive
control sample on glass. All the electrode materials revealed similar levels of cell ad-
hesion, with the exception of ITO, where the cell density was still higher than the one
of PEI, but 30% lower than the control values. The next fluorescent die, Fluorescein
diacetate (FDA) is a non-fluorescing cell-permeant enzymatic substrate for esterases.
Upon hydrolysis by intracellular esterase enzymes that are present and functional in
healthy cells, FDA is converted to a fluorescent product which is excited and detected
to report on cell viability. After both 24 and 48 h, cell viability remained above 99% for
cells attached either on glass or on metal substrates as revealed by concurrent Hoechst
and hydrolyzed FDA signal (4.24, top panel). On the other hand, apart from the low

cell attachment, a propidium iodide signal was strongly detected after 48 h in cells
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Figure 4.22: Typical profiles of the materials measured over a Imm long line. The panels
on the left side are relative to the baseline measurement, which shows almost completely flat
surfaces without any wrinkling or cracks. A similar analysis performed on the samples with
SU-8 immersed in any medium for 672h show the formation of protuberances characterized
more than 1{m high.
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Figure 4.23: The cartoons represent the behavior of the three employed fluorescence assays:
Hoechst penetrates the nuclei of healthy and unhelthy cells, FDA is only fluorescent in Healthy
cells, while PI can only penetrate the membranes of unhelathy cells

grown on PEIL This final fluorescent reporter is not permeable to healthy cell mem-
branes, and as such serves to report on cell death, which has two common pathways,
apoptosis and necrosis. Necrotic cells are characterized by cell swelling and membrane
rupture. Necrotic cells do not show FDA signal, as the esterases required for hydrol-
ysis cannot be contained in the cytosol of the rupture cells. Apoptosis on the other
hand results in cell membrane blebbing, and the progressive loss of cell membrane to
apoptotic bodies. Besides the PEI, all groups presented levels of cell viability and
mortality comparable to that of glass, hinting to a good biocompatibility of the met-
als. The data from electrophysiological experiments reflected the same trend. Patch
clamp technique, a method commonly used to record potential or currents across a cell
membrane through a glass micropipette, is used in this case to evaluate the membrane
resting potential and its resistance. Significant differences in membrane resistance are
observed in HEK293 attached on PEIL. No such differences were found between glass
and gold, or glass and ITO. These data, taken together with the fluorescent assays
state quite clearly the biocompatibility of the chosen materials and finally assess their

usability as electrodes for bioelectronics.
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Figure 4.24: Top: time-course of FDA, PI, Hoescht viability assay on the various electrode
substrates. Middle: average number of attached cells per acquired image. Bottom: basic cell
membrane parameters (left: resting potential and right: input resistance) assessed by patch
clamp. Statistical analysis was performed using one-way ANOVA followed by the Dunnett’s
multiple comparison test versus glass controls

4.4 Adhesion Layers to Promote the Stability

4.4.1 Importance of SU-8 Crosslink

As the morphological analysis of the samples’ surface in previous section exposed, the
adhesion and the morphological stability of the metal electrodes over interlayers is
important and, at the same time, not granted. Particularly, although SU-8 seems to
be promising because of its many advantages as adhesion layer, it has a tendency to
develop wrinkles and cracks on the surface after prolonged periods of immersion in
culturing medium. In this section we show that the adhesion of Au on SU-8 may be
controlled by varying the amount of energy provided to the the polymer before the
evaporation of the gold layer and we identify an optimized protocol which maximizes
the uniformity of the surface. Furthermore we will show that the viability of neurons
grown on SU-8 is much greater than the one of neurons grown on chromium, implying
that any localized loss of the gold layer will be less harmful in the case of SU-8 with
respect to bare Chromium.

SU-8 is composed by a mixture of an epoxy-based monomer, a solvent and a pho-
tosensitive component. When the material is exposed to UV light, the photosensitive

component initiates a reaction which, eventually, yields to a cross-linked polymer. Mod-
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Figure 4.25: Step of deposition of gold on differentially photo-crosslinked SUS-2.

ifying the illumination dose and the curing time, the mechanical characteristics of the
film can be tuned, particularly, a longer or more intense exposure would yield a harder
film. The conventional process for the deposition of SU-8 involves the dispensing of
the material through spin- or spray-coating, afterwards the SU-8 is soft baked with
a temperature of &~ 65°C' and ramped to =~ 95°C' to let the excess solvent evaporate.
Prior to the exposure to UV light, the sample is let cool down to ambient temperature.
Once the exposure is performed, a second round of baking is set, utilizing the same tem-
perature ramps employed for the soft bake. Only at this point the metal is evaporated
and the sample is developed to remove the superfluous non cross-linked photoresist.
In the current case, however, using the process as it is, yields to an over-cross-linked
SU-8 which cracks and wrinkles after a long exposure to a liquid medium. The research
question then arising is whether the changing point when the gold is evaporated could
lead to an enhanced stability and adhesion of the SU-8/Au electrode or not. To find
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Figure 4.26: Stability of the transmittance spectra of SU8-A (a), SU8-B (b), SU8-C (c),
SU8-D (d) in culturing medium for one month. Panel (e) presents the respective optical
micrograph at the end of the experiment (bigger image) and at day zero (inset)

a possible solution to this question, four series of SU8 samples were fabricated with
varying degrees of cross-linking prior to gold deposition: the first series (A) was sub-
ject to the whole cross-linking protocol; in the second series (B), the hard baking was
performed only after the gold deposition; the third series (C) was prepared with the
evaporation of gold right after the soft bake and prior to the light exposure; finally, the
last set (D) was prepared evaporating the gold on the SU-8 after the the mildest part
of the soft-bake.

The schematic in Figure 4.25 summarizes the different preparation steps utilized for the
realization of the different samples. The UV dose was set to 100m.J/cm?, while all the
annealing steps were 5 minutes long. Since the energy provided to the system at the
moment of Au deposition, when passing from SU8-A to SU-D, reduced progressively,
the polymeric film passed from a fully cross-linked hard state to a soft and “sticky” non
cross-linked film.

In order to assess the suitability of SU-8 as a substrate material and its qualities
as adhesion layer, two sets of samples were prepared: a first set where the polymer
was deposited according to the above mentioned protocols, but not including the gold
evaporation, and a second which included the gold evaporation and the successive
preparation steps. Similarly to what already presented in the previous section, the

samples have been submerged in cellular medium for a timespan of one month, being
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temporarily removed at certain time points, in order to measure UV-Vis transmittance
and to take optical microscopy images. At the baseline, all samples appeared uniform
under an optical microscope and exhibited consistent transmission spectra with peaks
in the transmittances of above 90% in the wavelength range 400 1200 nm, as reported
in Figure 4.26 (a)-(d).

Nevertheless, the different cross-linking conditions led to different behavior over time
and significant differences are visible in both the transmission spectra and the optical
micrographs after 672 h. Specifically, the most cross-linked sample (A) presented the
insurgence of cracks and wrinkles on its surface, although this factor did not hinder its
transparency. The least cross-linked samples (C and D), on the other hand, present
a grainy look with the emergence of “bubbles” and the alternation of brigher spots
to darker spots. The transmittance is strongly affected by this phenomenon and it is
significantly reduced over the whole visible spectrum. Finally, only sample (B) seems
to be not affected at all, both in terms of transmittance and of the optical micro-
graphs. It is clear from this first set of experiments that the deposition of gold onto a
fully cross-linked SU-8 might lead to cracks and wrinkles (as reported in the previous
section), while the evaporation of gold onto a layer which has not been cross-linked
enough, might induce a good adhesion, but a reduction of the transmittance, due to

the presence of scattering sites.

4.4.2 Gold Stability

The relevant date of the second set of experiments is summarized in Figure 4.27. The
initial spectrum is the typical visible range transmittance of a gold thin film. Besides
SU8/Au-A, the spectra recorded at different time points are almost indistinguishable
from the base line, indicating that in terms of “average” behavior, the gold layer is
adhering fairly well to the underlying polymer. There is, however, a substantial differ-
ence in the transmittance of SU8/Au-A after 672 h, with respect to its baseline. In
addition to the recognizable Au spectrum, there is an oscillatory behavior, probably
due to interference originated by micro-delaminations of the film.

Panel (e) of Figure 4.27 shows one of these possible defects. At first, the defect is pre-
sented with the insurgence of parallel diagonal lines. The following week, the regular
shape has been distorted to a more circular pattern; finally, after 672 h, the tensile
stress due to the immersion in the medium breaks the film and leads to subsequent
delamination. It cannot be stated, from these images, whether the Au thin film is
peeling off from the underlying SU8 or the whole film is detaching from the glass sam-

ple, but the result is the formation of a microcavity which at the same time alters the
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Figure 4.27: Stability of the transmittance spectra of Au evaporated on SU8-A (a), SUS-B
(b), SU8-C (c), SU8-D (d) in culturing medium for one month. Panel (e) shows the optical
micrographs in transmittance and reflectance mode of the evolution of a typical defect on the
Au surface

transmittance and is an accumulation point for the insurgence of further defects.
Figure 4.28 shows full sample transmittance and reflectance analysis of each sample,
along with a magnification of typical defects on the surface, after 672 h of immersion
in the cellular medium. Observing the images it is possible to qualitatively state that
samples SU8/Au-A, SU8/Au-B and SU8/Au-D have undergone similar deterioration
processes. The main difference between the most and the least cross-linked ones, how-
ever, is size of the cracks and wrinkles: while samples A and B present small, numerous
and diffused defects, sample D presents a lower number of defects, with significantly
bigger dimensions. Remarkably, sample C seems to be largely unaffected by the sub-
mersion in cellular medium and its surface is as smooth and defect-free as it was at the
baseline.
Combining the results of these two experiments, strong indications for the choice of a
good protocol for the deposition of SU-8 can be extrapolated: the SU-8 film requires

enough cross-linking to be able to adhere to glass and retain its optical properties,
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Figure 4.28: Macro (Full Sample 25x25 mm2) and micro (microscope x10) imagery of
the gold thermally evaporated upon the differently processed SU8/AU after a month fully
immersed in cell culture media. SU8-A/AU; SU8-B/AU and SU8-D/AU partially delaminated
with cracks and wrinkles observed, while SU8-C/AU sustained perfectly smooth.

while too much cross-linking induces strais in the film, which, ultimately, leads to the
formation of defects.

The resilience of the SU8/Au films to mechanical disturbances was investigated using
peel testing. A strip of adhesive tape was applied to the surface of the gold and then
peeled from the gold film at a constant speed of 50 mm/s at an angle of 90° to the
surface. The process was repeated fifty times or until delamination of the gold film
occurred. Samples A and B, which were subject to the highest cross-linking energy
prior to the gold deposition, were severely delaminated after a single peeling step, in-
dicating that Au does not adhere strongly to heavily cross-linked SU8. Opposed to
these first two samples, the ones which underwent to a lower cross-linking priod to
gold deposition, experienced only minor delamination after 50 peeling steps.

The protocol labeled as SU8/Au-C, results then to be the one with the lowest amount
of cracking and wrinkling and at the same time one of the best performers at the peel-
ing off test. On the basis of this analysis, we can indicate the third protocol, i.e. gold
is evaporated after the soft-baking, but prior to UV-exposure, as the most reliable pro-
tocol for the fabrication of mechanically, optically and chemically stable Au electrodes

on glass substrates.
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Figure 4.29: (a) Photographs of the different Au-SU8 samples after a peel-off test. SU8-A
and SU8-B could bear only one cycle of peeling off, while their less cross-linked counterparts
could bear up to 50 cycles.

4.4.3 Biocompatibility

A prerequisite for applying any material in a biomedical device is an evaluation of its
biocompatibility. Since the effort of the doctoral thesis is the canalized to explore pos-
sibilities related to neuroelectronics, a consistent assessment of the biocompatibility of
the considered films was obtained by plating acutely prepared hippocampal neurons of
Sprague Dawley rats onto the adhesion layer films of evaporated chromium and spin
coated SU8-A. To enhance cell attachments, both surfaces were incubated overnight in
culturing medium, before further overnight incubation of PLL in borate buffer solutions.
Neurons were characterized by fluorescence-based assay of viability (7,14,21,28 DIV)
and electrophysiological characterization (14-18 DIV) similar to the ones described in
Section 4.3.

While neurons grown on SU-8 or glass showed no difference in esterase activity or pop-
ulation levels of propidium iodide permeable cells as compared to glass, the difference
from chromium at all time points assessed was significant, as presented in Figure 4.30,
Panel (b). Furthermore, panels (c) shows the results of patch clamp recordings carried
out after two weeks of culture incubation, which showed a slight but significant shift of
action potential threshold in neurons plated on chromium versus glass controls, while
no differences were found in firing rates for steps >75pA, or between neurons on SU-8
or glass. The bottom line of this analysis is the assessment of the full biocompatibility
of SU-8 layers, as opposed to the toxic behavior of Chromium. With this final confir-

mation, the choice of SU-8 as an adhesion layer for bioelectronics applications is now

99



Chapter 4. Materials Stability and Encapsulation

[ Healthy B Pyknotic [ No Esterase Activity

[
o

7 14 21 28 7 14 21 28 7 14 21 28
Glass sus Chromium

© time (davs)
Cc
— 15 45
N
<
[ S 50 }
® 104 £ I
o &

x .55
o oI AAm AUR REN B
‘=
=

) I o 0
0 T T iﬁ iﬁ T
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375

Current Injection (pA)

400 A a A a y'y I 100
300

200 { 80
100 X '] ) I §

0

Glass  SUS-A SUS-B  SUSC  SUS-D SUS-C-Au

Subsrate
Glass SUs-B g

Figure 4.30: Panel (a) shows an example of composite fluorescence image including Hoechst,
FDA and PI stains. The results of the analysis carried out on the glass, SU8-A and chromium
are summarized in panel (b). As a further viability assay, the firing rate of the neurons at
different injected currents is evaluated and reported in panel (c). Panel (d) is related to the
biocompatibility of differently cured SU-8, and shows the HEK-cell density (blue markers, left
hand scale) and the percentage of healthy cells (green markers, right hand scale), along with
typical examples of microscope images of the cells proliferating on the samples
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fully motivated.

One last step could be taken, however, to make the analysis even more thorough: check-
ing whether the different SU-8 protocols lead to modifications in the cell viability and
density. Testing all the Su8 cross-linking methods with the aid of neurons is, neverthe-
less, very expensive in terms of time, and once the biocompatibility of a generic SU8
cross-linking strategy was assessed, the comparison between the differently cured SUS8
has been performed with the aid of HEK tumor line cells, as in Section 4.3. The re-
sults, summarized in Figure 4.30 (d), show that while each SU8 treatment is in essence
fully biocompatible (the percentage of healthy cells is close to 100%), the cell density is
remarkably different with different levels of cross-linking. Particularly, the samples sub-
ject to less intentional cross-link (namely, SU8-C and SUS8-D) presented an enhanced
cell density, which in the case of SU8-D is twice the density of the positive control on
glass. Albeit surprising at a first glance, the phenomenon can be explained in terms of
different adhesion forces.

When the SUS8 is not fully cross-linked, the polymer is still soft and “sticky” to the
touch, which might indicate stronger adhesion forces at the topmost interface. This
occurrence can be verified with means of Force Scanning Probe Microscopy. In this
technique, a probe (typically the cantilever of an atomic force microscope), is slowly
brought in contact with the surface of the sample under test. In a first phase, while
approaching, the deflection of the cantilever will be almost zero with respect to its
resting position. When the probe will get few tens of nm away from the sample, the
Van der Waals forces will be strong enough to abruptly attract the cantilever, which
will “jump on” to contact the sample. Only from this point on the deflection of the
cantilever will be proportional to the distance between the probe and the sample, be-
coming zero when the cantilever is completely horizontal. If the stage with the sample
is now retracted from the tip, the AFM probe will deflect linearly with the distance
and then, once the surface adhesive forces are compensated, “jump off” the surface and
assume its resting position once again.

Since the cantilever can be approximated as a spring-and-mass system, the force can
be evaluated through Hook’s law as a direct proportion to the deflection: as a result,
the deflection of the cantilever at the jump off can be directly related to the force
which is necessary to separate the tip from the sample, once they are in contact. This
procedure, summarized in the schematic in Figure 4.31 (a), can be seen as an operative
definition of adhesive force, it is easy to implement and has been previously reported
as a reliable method of investigation [138].

Figure 4.31 (b) presents the distributions of the adhesion forces obtained measuring a
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given sample in 1024 points showing that SU8-C and SU8-D present the highest aver-
age values of adhesion forces. It would have been reasonable to assume SU8S-D would
present an even higher adhesion force; however, it must be noted that it is impossible to
guarantee non-intentional exposure to light of the samples: as a result, SU8-D covered
glass slides might have been subject to partial cross-linking, which would justify the

lower-than-expected adhesion force.
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Figure 4.31: The drawing in Panel (a) shows the working principle of adhesion force mi-
croscopy, while panel (b) presents the distribution of adhesion forces over the differently
treated SU8 samples
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4.5 Summary

In this chapter we analyzed the several implications arising when Organic Photodetec-
tors and probes for bioelectronics are taken away from controlled environments such
as a glovebox and are implemented in the real world. First, we briefly enumerated
and discussed the causes of degradation in an organic semiconductor, then we partially
addressed the issue by clarifying the need for encapsulation. Given the absence of
precise benchmarks for the maximum allowed WVTR and OTR for OPDs, we defined
an operative benchmark oriented to our particular application. Afterwards, we showed
the possibility to obtain effective in-line thin film encapsulation processes, with the use
of materials and equipment compatible with the typical Organic Electronics devices
process flow

We subsequently described a scenario where an organic optoelectronic device, or a sim-
ple electrode, is immersed in a physiological medium in order to be put in contact
with cells or living tissues. We described the possible causes which might lead to a
malfunctioning of the devices, basing the analysis on the degradation of the electrode
materials over time, when immersed in biologically rich media. Since most of the met-
als are subject to sudden electro-optical changes and delamination, it was evident the
need of an adhesive interlayer, in order to retain over time the original characteristics
of the metals. Among the different possibilities, the commercially available photoresist
SU-8 was preferred to classical adhesive layers composed of oxidative metals such as
Chromium.

Although this choice led to an higher stability of the electro-optical characteristics of
the metals, optical inspections showed that the SU-8 wrinkled and cracked after a pro-
longed exposure in culturing medium. By fine tuning the deposition protocol, however,
it has been possible to find a combination of parameters which led to minimal deterio-
ration of the surface. This characterization has been carried through a long term study
of the stability of the transmittance spectrum and through full-sample imaging of the
samples. To further assess the goodness of the chosen deposition protocol, a peel-test
has been conducted, which confirmed the process choice.

Finally, the superior biocompatibility of SU-8 with respect to Chromium was demon-
strated with fluorescence and electrophysiological assays on neurons, while the cell
proliferation on the differently treated SU-8 samples was evaluated on HEK cells. This
last experiment, led to the remarkable result of a particularly high cell proliferation on
the least cross-linked samples, associated to higher adhesion forces measured through

Force Scanning Probe Microscopy.
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Chapter 5

Vertical Integration: In-Line

Cross-Polarization

Main leitmotiv of this chapter is what we define wvertical integration. This concept is
related to the monolithic integration of devices with different functions aiming to min-
imize the insertion losses, to reduce the need for external components and for bonding
techniques, and to optimize the general production process. The main objective of
our vertical integration will be the realization of optical devices capable of generat-
ing/collecting light, while contemporaneously filtering it.

The distinction of overlapping optical signals can be effectuated with different tech-
niques, some based on the time dependent amplitude of the optical wave, some on
their different color (wavelength) and some based on their polarization. The latter
class of methods has been attracting significant attention and now plays a crucial role
in many sensing systems, allowing for the distinction of signals radiated from different
sources in the same wavelength range. In the last 20 years, the exploitation of the po-
larization of light has been applied in many sectors of science and engineering, ranging
from remote sensing to night vision, from astronomy to life sciences [7], [139]-[142]. In
this Chapter we will first present some basic of Electromagnetic Field theory to intro-
duce some helpful concepts and definitions which will be used throughout the whole
chapter. Followingly, we will introduce an application in the field of bioelectronics
which benefits the most from the use of light polarizers.

These devices are, however, rarely built on thin, flexible foils and, at the best of our
knowledge, they were never embedded in organic optoelectronics. Whenever light polar-
izers are used in conjunction to OLEDs and/or OPDs, they are bond together through
glues or adhesives [7], [82], which leads to clumsy processes, to significant insertion

losses and a worse resolution.
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Hereby, we introduce a novel method to realize fully integrated polarized OPDs and
OLEDs (from now on also pOPD and pOLED) using two main solution processing
techniques: nanoimprint lithography and spray-deposition. First, we realize a theoret-
ical optimization of the structure with the aid of a multiphysics simulation software
(COMSOL): we compare two strategies for the realization of such light polarizers and
we simulate the performances with the use of three different metals. The polarizer is
then fabricated and characterized. Afterwards, we discuss some strategies for the inte-
gration of the fabricated structures in OPDs and we will implement the most promising
one. The JV characteristics of the obtained devices will be characterized and discussed.
The following step will be the realization of polarized OLEDs, where spray-deposition
process for a light emitting polymer will be optimized and the spray-deposited OLEDs
will be characterized. Once working spray-deposited OLEDs are obtained, the tech-
nique is applied to build pOLEDs, and the final devices are evaluated separately and
in conjunction with previously fabricated pOPDs.

These two novel devices are the fulfillment of the idea of vertical integration: summing
up the capabilities of light generation/collection and filtering, with a small complex-
ity added to the system, they indicate the direction to follow for the obtainment of

fully-automated and cost-effective processes for lab on a chip applications.

5.1 Cross-Polarization Technique for LoC

5.1.1 Field Polarization

Light, in its plane wave approximation, is not only characterized by its wavelength
and intensity, but also by another important quantity defined as “polarization”, which
is related to the geometrical orientation of the field oscillation. To understand this

concept, consider a plane wave propagating without attenuation in the z direction of a
Cartesian|143], [144] :

Aep +1Bey

B(z, t) = Ze“kz*m) = (ZZ + 2§Z) pilkz—wt) Ay + 1Bey pilkz—wt)
0

Apg + 1By

ﬁ(z,t) _ A gilkzwn) (fh . iﬁ)e“kz*m) = | A, + B, | et

0
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Where k£ = Q’TT” is the wavenumber and w = 27 f is the angular frequency. Consider

now the real part of the electric field (the considerations for the magnetic field will be
analogous):
(Z + Zﬁ) githe—en | — A cos(wt) — B sin(wt) (5.1)

e =R

Where, for simplicity of notation, A, and B, were substituted with A and B. The real

part of the electric field can then be rewritten as

e, = Aycos(wt) — Bysin(wt)
(5.2)
ey, = Aycos(wt) — Bysin(wt)

Multiplying the first line of Eq. 5.2 by A, and the second line by A, and performing
a member by member subtraction, and doing the same with B, and B,, respectively,

we can write

(es Ay —e,A;) = (ByA, — B, A,) sin(wt) (5.3)
(exBy —eyB,) = (A B, — Ay B,) cos(wt) (5.4)

By squaring both equation and summing the two members, it is possible to write the

following;:
(ex Ay, — eyAL)* + (e By — e,B.)* = (A, B, — A,B.)* = (5.5)
= (Af/ + B;)ei + (A2 + Bﬁ)ez —2(A,A, + B.B,)e, = (A,B, — A,B,)* = (5.6)
L4 ¢ 2(AB,+B,B,) . _ (4B, —AB.) (5.7
(A24+B2)?2  (A2+B2)? (A2+B})(A2+B2)"Y (A2+B})(A2+B2)

This equation, relating the x component to the y component of the electric field, de-
scribes an ellipse, as represented in Figure 5.1 (a). In this most general case, the EM
field is said to be elliptically polarized. If the real and imaginary part of the electric
field vector are orthogonal and equal in modulus (i.e. B, = A, and B, = —A,), the

third term of the first member cancels, and the equation semplifies to:

¢ .4 _ (AB-AB) 65)
(A2 + B2)2 ' (A2+ B2)? (A2 + B2)(A2 + B?) '

This equation corresponds to a circumference, as represented in Figure 5.1 (b), and the

field is said to be circularly polarized. Finally, in case the imaginary and real part of
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Figure 5.1: The figure represents the possible polarization states of a completely polarized,
single wavelength, plane wave. The most general polarization form is described by an ellipse
(a), which semplifies to a circumference when the real and imaginary part of the electric field
vector have equal modulus and their directions are orthogonal (b) or to a line when the real
and imaginary parts are in the same direction (c)

the electric field are parallel (i.e. B = az ), Eq. 5.7 can be rewritten as:
aA Ay — oA Ax
=
1+a?

A
A—Zex (5.10)

AleZ + AZel — 2A,Aye, = (5.9)

(exAy —e,A) =0=¢, =

This last equation describes a line, which is represented in Figure 5.1 (¢) and the field
is said to be linearly polarized.

It can be proved that a generic elliptically polarized field can be expressed as the linear
combination of two linearly polarized waves [143], hence, every problem of perfectly
polarized, single wavelength, electromagnetic field can be solved in terms of linear

polarization.

5.1.2 Field Polarizer

Given a linearly polarized wave, though, it could assume any orientation in the plane.
To define a coordinate frame, conventionally [143], [144], the concepts of transverse elec-
tric (TE) and transverse magnetic(TM) polarizations are introduced. Starting from
an impinging wave, we can define the incident plane as the plane which contains the
propagation vector before and after reflection/refraction at the surface of an object
(see Figure 5.2). If the oscillation of the electric field of the EM wave lies on the in-
cident plane, the wave will be said to be TM-polarized, while if the oscillation of the
electric field lies in a plane orthogonal to the incident plane, the wave will be said to
be TE-polarized.
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Incidence Plane

TE

Figure 5.2: In this figure we define the incidence plane and, accordingly, the vectorial
representation of a TM (left) and TE (right) plane wave

A generic wave is, in general, composed of a TE and a TM component (which in the
coordinate system defined in Figure 5.2, correspond to y and x components, respec-
tively). A linear field polarizer is defined a filter which, regardless from the input wave,
yields an output wave composed of only one of the two components. For example, the

functional definition of a TM field polarizer will be a vectorial operator such as:

= = Eou r me
Eouw = fpolarizer(Ein) = & (511)
Eouty =0

One of the possible physical descriptions of this mathematical function can be described
as a metamaterial with anisotropic permittivity. Such a material will have to behave
as an insulator in the x direction and as a perfect conductor in the y direction. To
better understand why, please consider the conditions on the tangential electric field

at an interface between two materials [143]:
G —
(El — EQ) XN = Js (512)

Where Ei is the electric field before the interface, E; is the electric field after the in-
terface and Z is the surface current density. If the material is an insulator, the right
hand side has to be zero and, consequently, the left hand side must be zero as well. As
a result, the tangential field components before and after the interface are equal, as

prescribed by the definition of linear field polarizer.
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Figure 5.3: Grid grating with respect to TE and TM mode

Vice versa, if the second medium is a conductor, given the definition of electrical con-
ductivity (o = %), the higher o, the lower the resulting electric field in the medium. As
a result, if the metamaterial we are considering behaves as a Perfect Electric Conductor
along the y-direction (i.e. ¢ — 400), the resulting “output” field will be zero.

For real linear field polarizers, where the conductivity is not infinitive and the extinc-
tion of the undesired mode is not complete, it is customary to define an Fxtintion Ratio
(ER), as the ratio of the Transmittance of the TM mode to the Transmittance of the
TE mode. The higher this figure of merit, the higher is the quality of the polarizer,
since it is characterized by high transparency of the desired mode and high dumping

of the unwanted one.

5.1.3 Wire Grid Polarizers

A good approximation of this theoretical principle can be obtained throughout the use
of wire-grid polarizers (WGPs) [145], [146]. Consider the structure depicted in Figure
5.3, where metallic lines are deposited on top of a dielectric flat medium. The TE
components of a generic field will be aligned to the metallic grid and will generate
a motion of electrons along that direction: the free electrons will impact against the
atoms of the lattice with a net energy transfer from the electromagnetic wave to the
metal, which will in turn heat up. The higher the conductivity of the metal associated
to excitations in a given wavelength, the more efficient is the energy transfer and the

least part of the electric field will pass through the metallic line.
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Figure 5.4: The figure schematically presents the concept of cross polarization. A unpolar-
ized light is emitted by an OLED and immediately filtered by an y-oriented polarizer. The
polarized wave excites fluorophores present in the reaction chamber, which, in turn, emit un-
polarized light. The optical signal is then filtered by an x-oriented polarizer: the OLED light
will be totally extinguished, while the y-oriented component of the light of the fluorophores
will reach the OPD

On the other hand, the electric field components aligned along the x-direction (TM)
cannot move the electrons far, since the metallic layer is interrupted after a distance
which is a fraction of the wavelength: if the carriers are not accelerated, the energy
transfer will be minimal (as in a dielectric) and the impinging EM wave can travel
through the material. [146]

First attempts to the realization of such devices were performed through costly and
complex lithography processes [145], but in the last years, the issue has been solved
with the employment of soft-lithography techniques such as nanoimprint lithography
[147]. WGPs fabricated with this procedure have very high extinction ratios (up to 4
orders of magnitude) and mechanical flexibility, since they can be fabricated directly

on foil and, for this reason, are particularly intriguing for the purposes of this work.

5.1.4 Cross-Polarization Technique

A very interesting use of the polarization in biological applications is for the separa-
tion of optical excitation and re-emitted signal in fluorescence based studies, where
the realization of compact, on-chip technologies would allow the development of many

point of care assays [7], [148|. The working principle is summarized in Figure 5.4: the
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light generated by a light source is immediately filtered by y oriented linear polarizer
and travels to the reaction chamber, where, in solution, there is a fluorophore. This
substance is excited by the (x-polarized) light and re-emits unpolarized light at a wave-
length slightly higher than the one of the exciting signal. The traveling optical wave
will now be composed of two parts: the x-polarized light of the light source and the un-
polarized light of the fluorophore. Installing another polarizer, this time oriented along
the x-direction, leads the elimination of the x component from both optical signals.
As a result, the original source signal is almost completely dimmed, while the light
emitted by the analyte will still present its strong y component and can be detected by
a photodetector. Effort has been put in the substitution of conventional sources and
photodetectors with their organic counterparts. As to now, OLEDs for the excitation
and OPDs for the detection of light have been already employed in cross-polarization
analytic applications for the detection of a wide number of analytes [7], [8], [82], [149].
The main drawback of this technique, at the current state, resides in the fairly low in-
tegration of the components. In works similar to the one of Pais et al.|7|, for instance,
the OPD and the OLED are produced (by small molecule evaporation) on separate
glass slides, they are mechanically bond to commercially available thin film polarizers
and the resulting “polarized OPD” and “polarized OLED” are used to sandwich the
microfluidic chip.

The ultimate goal we pursue in this work is the obtainment of fully-integrated struc-
tures, where the necessity of buying external components and bind them to the organic
devices and/or to the microfluidic chips is limited to the minimum. For this reason,
in this chapter we will design, simulate and fabricate monolithically integrated OPDs
and OLEDs with embedded WGPs, which act, contemporaneously, as polarizers and

as electrodes of the organic devices.

5.2 Wire Grid Polarizers (WGPs)

5.2.1 Simulations Background

In this section, we will simulate Wire Grid Polarizers with the aid of a Finite Element
Modeling multiphysics simulation software (COMSOL). The structures we keep into
consideration are based on the work of Ekinci et al. [145], and to the similar, successive
works of Yang et al. [150] and Wang et al. [151].

Although many other structures are possible, this section is mainly focused on the two
most simple ones, represented in Figure 5.5: a single layer WGP, in which metallic

lines are deposited on top of a dielectric layer and immersed in air, and a bilayer WGP,
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Figure 5.5: The sketches represent the two categories of wire grid polarizers we considered
in this work: single layer WGPs (a) and bilayer WGPs (b)

in which a metal is deposited on the peaks and the troughs of dielectric grid lines.
Through the whole section, both structures are simulated in terms of transmittance of
the single modes and extinction ratio. We perform parametric variations, changing the
pitch of the periodic cells, the utilized metal and the thickness of the metallic layer, in
order to find clear design directions.

The simulations are performed with means of COMSOL multiphysics and the MatLab
Link: MatLab has been used to evaluate the complex refractive index of the metals,
with formulas and parameters based on the work of Rakic et al. [152| and to generate
iteratively new geometries. The metals we simulated are Silver (Ag), Aluminum (Al)
and Gold (Au), because of their wide employment in established process for organic
and printed electronics [44], [45], [106].

To set up the problem, the basic geometry with parametrized dimension were defined
in the COMSOL user interface. Since the metallic grating is a periodic structure, it
is possible to define a “cell” with the basic system to be replicated an infinite number
of time. In these situations, the solution of the electromagnetic problem is periodic
as well, and it is possible to apply Floquet periodicity conditions to the boundaries.

The excitation and the output of the system are defined in terms of port scattering

b S S
1) _ 11 P12 ay (5.13)
by So1 Sz az
Where a; = Ef is the excitation field, by = Fj is the field at the output of the port (the

transmitted field), b; = F7 is the field which is backscattered and ay = 0, since in the

considered system there is only one excited port. Using the port scattering parameters

parameters, i.e.:

we are able to easily define the transmission and the reflection coefficients as:
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Figure 5.6: Reflectance of Ag, Al and Au in the optical range. The Plasmonic resonance
peak of Au (in the blue range) and Ag (in the UV) are clearly visible
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Once all the parameters are set, it is possible to perform some simple simulations: the
first application case is the evaluation of Transmittance and Reflectance on unstruc-
tured 100 nm thick metallic films. As expectable, the transmission through the metals
is negligible for every metal (data not shown), but the Reflectance plots are surprisingly
informative. Figure 5.6 presents the reflectance of Ag, Al and Au in the wavelength
range comprised between 300 and 1000 nm. The reflectance of Al is essentially flat,
with a value of circa 90%, on the whole spectrum, with oscillations below the 5% of the
average value. Ag, on the other hand, presents a sharp plasmonic resonance at a wave-
length of 320 nm, with its reflectance decreasing below 10%; however, for wavelengths
longer than 500 nm, Ag is able to reflect above 95% of the impinging light. Finally, Au
presents a wide plasmonic resonance in the short-wave part of the visible range and an
almost flat reflectance in the mid IR.

Starting from these considerations, some of the findings of the next subsections will in-
tuitively explainable: in the metamaterial approximation presented in Section 5.1, the
TE component of the plane waves is subject to boundary conditions proper of a bulk
metal. The simulations are carried out by solving the complete Maxwell’s equations

set on a sub-wavelength optical structure, which is physically and numerically different
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Figure 5.7: Panel (a) presents the geometry extracted from COMSOL with marks in corre-
spondence to the two main parameters. Panel (b) presents the extinction ratio of polarizers
obtained with a cell periodicity of 100 nm and a material thickness of 45 nm

from a flat metal layer. However, the results are, up to a certain extent, consistent with
the reflectance curves, which conceptually validate the simple metamaterial model we

proposed.

5.2.2 Single Layer Grid Polarizers

Starting from this last consideration, the first simulation we performed was a compari-
son between the three metals for a given material thickness and period of the structure.
Figure 5.7 (a) shows the unit cell employed in COMSOL with the important param-
eters highlighted, namely, the period of the structure (d = 100nm) and the thickness
(t = 45nm). Please note that we considered a duty cycle of 50% for the grid polarizers,
hence, the width of the material line will be kept equal to g, unless differently stated.
Panel (b) shows the simulation of the Extinction Ratios of the single layer WGPs with
the defined parameters.

Al presents a steadily increasing curve, with the the ER rising for longer wavelengths
and an absolute value comprised between 10 and 70 in the whole visible spectrum.
This values of ER are relatively low, but can still be acceptable for some applications.
Au and Ag, on the other hand, present curves which suffer from the presence of the
resonance peak we introduced in the previous subsection. The plasmonic resonance is
significant for both materials and the ER ratios are irregularly shaped (specially the
one of Ag) and with very low absolute values. Only in the Near Infrared these two

metals start to present behaviors more associable to linear polarizers, since the ER is
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Figure 5.8: Panels (a) - (c¢) show the Extinction Ratios of single layer WGPs, while panels
(d) - (f) present the transmission of the TM modes (solid lines) and TE modes (dashed lines)
for different thicknesses and of Ag, Al and Au, respectively. The period of the cell is set to
100 nm.

rising, reaching a maximum value of 5.5 and 4.7 for Ag and Au, respectively. These val-
ues are very low for any practical application [149], rendering these last two materials,
in this configuration, hardly usable as field polarizer. However, changing the thickness
of the metal (t) or the period of the structure (d) might lead different results.

To verify this hypothesis, we first performed a thickness sweep, with values ranging
from 15nm to 45nm, fixing d = 100nm, and compared the results obtained with the
different materials. The upper bound for the thickness of the metal layer was kept to
45 nm, since it is the maximum experimentally feasible thickness for this kind of nanos-
tructures. The ER (a)-(c) and the transmission of TE and TM components (d)-(f) can
be observed in Figure 5.8.

A common component to all the plots is that very thin metallic layers (i.e. 15 nm) re-
sult in a significant redshift of the plasmonic resonance for the TM transmission: when
the thickness decreases, the trough for Ag shifts from 400nm towards 490nm, while for
Au, it is shifted from 590nm towards 550nm. Remarkably, even Al, with a thickness
of 15nm, presents a very low transmission for the TM mode in the short wavelength
range. The transmittance of the TM mode is one of the most important characteristics

for a polarizing filter: the output TM field should be identical to the input one, or, in
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Figure 5.9: Panels (a) - (c) show the Extinction Ratios of single layer WGPs, while panels
(d) - (f) present the transmission of the TM modes (solid lines) and TE modes (dashed lines)
for different periods of the cells and for Ag, Al and Au, respectively. The thickness of the
metallic layer is set to 45 nm

other words, the transmittance of the TM mode should be as close as possible to 1 and
as constant as possible on the whole spectrum. This goal is achieved only by Al, which
presents, for almost any thickness, a transmittance of the TM mode above 75%.
Concerning the extinction ratios, they are strongly affected by the plasmonic resonance
of the TE mode, which is in correspondence to the resonance of the bulk material: Ag,
especially in thin layers is almost translucent for TE polarized UV light, and a similar
phenomenon is encountered for Au in the region around 550nm. With these trends
for the transmission of the TE modes, the effects on the ER are not surprising. The
thinner the layer, the lower the extinction ratios in the longer wavelength region and
the smaller is the effect of the plasmonic resonance.

Since the maximum thickness yielded the best results, the sweep on the pitch size was
performed keeping the thickness constant to 45nm, and varying the period of the struc-
ture from 60nm to 140nm, with steps of 20nm.

In Figure 5.9 it is possible to find the ER (a)-(c) and the transmission of TE and TM
components (d)-(f) for different periods of the cell. In every material system, decreas-
ing the pitch brings to the slight reduction of the TE transmission and to a significant

amelioration of the transmittance of the TM mode. The effects are more accentuated
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in Al with respect to Ag and Au, where the concurrent decrease in the transmission
of TE and increase in the transmission of TM lead the ER to double on the whole
spectrum, while passing from a period of 140nm to a period of 60nm.

The two trends analyzed so far, hence, give important design indications: in order to
achieve better TM transmissions and higher ER, the pitch of the cell should be as small
as possible and the thickness of the material should be as high as possible. However,
also for a very narrow pitch of 60nm and a 45nm thick metal layer, the ER can barely
be higher than 100.
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Figure 5.10: Panel (a) presents the geometry extracted from COMSOL with marks in cor-
respondence to the parameters. Panel (b) presents the extinction ratio of polarizers obtained
with a cell periodicity of 100 nm and a material thickness of 45 nm

5.2.3 Bilayer Grid Polarizers

The second strategy we investigated is the realization of bilayer WGPs. This kind of
polarizers, although conceptually more complex, given the multilayered structure, are
of much simpler practical implementation [151]. Indeed, while the single layer WGPs
are normally realized with means of complex photolithography [145], the realization of
bilayer WGPs is typically performed through soft lithography, as will be discussed in
the next section.

Figure 5.10 (a) presents the geometry designed in the COMSOL user interface with
the labels on the important parameters. The two metallic layers are, at least in this
phase, always considered to be equal in thickness, in order to reduce the number of
degrees of freedom. Furthermore, we set the total height of the pillar upon which the
uppermost metal is formed equal to 80nm. Such height has been chosen, as it is the
typical depth of the tranches obtainable with our facilities. Figure 5.10 (b) presents the
comparison between the extinction ratios of bilayer WGPs fabricated with a thickness
of the metallic layer t = 45nm and for the three different materials. The shape of the
ERs for this new kind of polarizers is, besides the appearance of some minor shoulders,
very similar to what presented in Figure 5.7 for the single layer WGPs. The magnitude
of the extinction, nevertheless, is strikingly different: while the maximum theoretical
ER for Al was slightly below 100 in a single layer WGP, a bilayer WGP reaches ER
higher than 3000 in the red and near infrared parts of the spectrum. Even a polarizer

made of Ag presents now extinction ratios higher than 60.
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Figure 5.11: Panels (a) - (c) show the Extinction Ratios of double layer WGPs, while panels
(d) - (f) present the transmission of the TM modes (solid lines) and TE modes (dashed lines)
for different thicknesses and of Ag, Al and Au, respectively. The period of the cell is set to
100 nm.

As observed by Ekinci and coworkers [145], and easy to confirm using the results of
our simulations, the ERs of bilayer grid polarizers are higher than the ERs obtainable
by simply putting in tandem configuration two single layer WGPs. This is due to the
insurgence of coupled modes between the two polarization layers, which are separated
by distance smaller than the wavelength [153]. Once more, in order to find the correct
design strategy, we carried out simulations for the three metals, by keeping the cell
pitch constant to d = 100nm and varying the thickness of the metal lines between
15nm and 45nm.

The results of this simulations are summarized in Figure 5.11 and are remarkably
different from the results presented for the single layer grid polarizers. As previously
stated, the shape of the ER curves is similar, but for each material, the maximum
extinction ratio in the IR region increased of up to two orders of magnitude.

For instance, the AI-WGP with the thinnest metal grids (15nm) has a peak extinction
ratio higher than the 45nm thick single layer grid polarizer. Increasing the metal

thickness, the polarization efficiency increases with a dramatic rate: considering once
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more the Al case, each parametrical step involved a one order of magnitude rise of the
ER.
Moving the attention to Au and Ag, it is possible to observe a very similar effect, in
addition to even stronger redshift of the ER trough for thinner layers. As the ER is
calculated from the TE and TM transmittance rates, the lower panels of Figure 5.11
can give some further insight regarding this phenomenon: the plasmonic transparency
induced in Ag, for instance, is even more marked than in the single layer WGP. The
45mm thick polarizer has now a very sharp peak which resembles even more closely the
peak observable in the reflectance curve. A similar behavior is observed in Au-based
WGPs, while Al, as now customary, is characterized by different features: although
the transmittance of the TM mode is still high in most of the visible spectrum, in
bilayer configuration, Al WGPs start to present cut-off behaviors in the UV region,
particularly for very thin layers. The effect, however, is still negligible in the visible
range, since the transmittance of the TM mode for wavelengths longer than 400nm is
well above 50% an reaches a peak of 80% around \ = 550nm.

Adding up all the information gathered through these simulations, it is possible to
finally give some ultimate indications for the design and fabrication of a well-performing
WGP:

e Al is the best material for WGPs in the visible range. Bilayer WGPs made of Ag

or Au might perform well in the IR range

e The thicker the metal layer, the more the structure will be similar to a bulk metal
to the TE mode

e The narrower the pitch, the more the structure will be similar to a perfect dielec-
tric to the TM mode

e Bilayer WGPs promote the ER by substantially dumping the transmission of the
TE mode (up to 2 orders of magnitude, for a given thickness), at the cost of
slightly sacrificing the transmission of the TM mode (Transmittance 10% lower

than single layers)

We will use these indications for the design of the optimal WGP realizable with the
available technology and we will compare the experimental results to the theoretical

findings presented so far.
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Figure 5.12: The schematic represents the process for the realization of a bilayer WGP. The
process starts by replicating a master fabricated with conventional lithographic techniques in
a Silicon wafer. An UV curable polymer is first poured onto the master (a) and then pressed
down by a carrier substrate and exposed to light (b). The replica is peeled off (¢) in order to
be used as substrate for the WGP. As a last step (d), metal is thermally evaporated on top
of the structure, and the two off-plane grid-lines are ready.

5.3 Fabrication of Visible Light Polarizers

5.3.1 Fabrication Steps of Bilayer WGPs

The fabrication of WGPs is performed in four main different stages, represented in the
drawings of Figure 5.12. First an UV curable polymer is poured on a silicon master
with the desired line pitch. In our case, as molding material we chose Ormostamp,
because of its high transparent and its ability to conform to sub-100 nm features [154].
On top of the polymer is placed glass or PEN (from now on also carrier substrate)
which will help the spreading of the polymer and will provide additional mechanical
stability during the subsequent processing steps. The polymer is then exposed to an
UV light dose, eventually thermally cured and peeled off from the silicon master. After
peeling off, a negative replica of the master is ready. Since a negative replica of a
grid-line structure with 50% duty cycle is identical to the original, there is no need to
create a positive replica, reducing the number of process steps with respect to what
introduced by Wang et al. [147].

Finally, although the Ormostamp replica is circa 50um thick and is robust enough to be

used as a stand-alone substrate, we preferred to keep the carrier material, to guarantee
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Figure 5.13: The figure shows SEM images of the surface of an evaporated Al film when
the evaporation rate is (a) 1A /sec and (b) 10A/sec.

more stability. The last step of the process is the direct physical vapor deposition of
the target material: the metal will be deposited both on the peaks of the grid structure
and in the valleys, naturally generating a bilayer grid.

The process is remarkable for many reasons: it is clean, does not need any dry or wet
etch, the structure is self-assembled, there is no waste of material. There is, however,
one major caveat, related to low-than-expected ERs, which will be evident in the next
subsection. For the fabrication of our bilayer WGPs we used grid-lines with a period
of 100nm, a pillar height of 80nm and we evaporated 45nm of Al, in order to respect
all the guidelines for the fabrication of a well-performing WGP we formulated at the
end of Section 5.2.

5.3.2 Influence of the Evaporation Rate

Although the apparently simple fabrication process, the first attempts at the realiza-
tion of WGPs were not entirely successful. It was possible to observe and measure a
difference in the transmission of TM modes with respect to TE modes, but the ERs
were in the order of few units. However, observing the evaporated metals at the Atomic
Force Microscope (AFM) and at the Scanning Electron Microscope (SEM) gave some
important insights.

The first information, deducible at a very first glance, was the big Al grain size. Figure

5.13 (a) presents the typical surface of an evaporated Al layer on Ormostamp, with
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Figure 5.14: The plots show the measured ERs for WGPs produced with the methods
described in this section and with different evaporation rates.

evaporation rate of 1 A/ sec: the circles indicate some representative particles, and do
not mean to have any analytical indication. The average particle size has been, however,
evaluated with means of the image-analysis software ImagelJ, applied on SEM scans
taken in different parts of the sample: with these processing conditions, the average
particle size is found to be circa 58nm. This grain size is clearly unacceptable: since
the pitch of the periodic structure is 100nm, the width of the troughs of the stamp will
be 50nm in best case (i.e. in the case of a perfect replica). The big metal grains led to
the formation of inhomogeneous lines and to an almost continuous Al film, more than
an alternation of two separated grid lines.

One of the reasons behind this phenomenon is the evaporation rate at which the
process is performed: if the rate is too slow, the heat emitted by the PVD crucible
enhances the surface energy of the sample and promotes the formation of big agglomer-
ations [58]. To avoid this issue, we tried different evaporation rates (namely, 1 A /sec, 2
A/sec, 5 A/sec, 10 A /sec), in order to find an optimal value which would yield smooth
samples, but still guarantee accuracy on the metal thickness.

The best result, shown in Figure 5.13, was obtained with 10 A /sec, which yielded an
average grain size of 29nm. To this evaporation rate, it is associated the best ER for
a bilayer WGP produced within this work, as inferable from the plots in Figure 5.14:
for increased evaporation rate, the quality of the grid polarizer steadily increases and
almost saturates when passing from 5A /sec to 10A/sec, and the ER of the latter grid

polarizer exceeds 100.

124



100 nm EHT = 5.00 kV Signal A = InLens StageatT=-00°
WD = 54 mm Mag = 150.00 KX Tilt Corm. = Off = 45.0°

Figure 5.15: The plots show the extinction ratio of the fabricated bilayer WGPs as a function
of the evaporation rate of Al

Nevertheless, although this value is good enough for analytical applications [7], it is al-
most two order of magnitude lower than the values estimated through the simulations,

and no light has been yet shed on the causes of this strong divergence.

5.3.3 Simulation of Real Grid Polarizers

One of the reasons behind this significant difference between the simulations and the
measured ER values resides in the non accurate reproduction of the geometrical con-
straints we set. Observing the lines fabricated with different evaporation rates, shown
in Figure 5.15, it is possible to see how the duty cycle is never 50%, as simulated, but
always above 65%. One more reason lies in the fact that the profile of the evaporated
metal is not rectangular and is not as thick as 45nm everywhere. As pointed out by
Ekinci and coworkers [145], the evaporation on top of the grids will assume a “mush-
room shape” and will shield the grooves from receiving further metal. As a result, the
bottom layer must be considered thinner than the nominal 45nm.

Softwares based on the numerical solution of the Maxwell equations have very few con-
straints on the geometry of the structures to simulate. Exploiting this advantage, we
took in account all the considerations developed so far: the duty cycle of the structure
was increased to 68%, the thickness of the bottom layer reduced to 30nm and the
profile of the Al on top of the grid lines was considered semi-elliptical. The only real

constraint we were subject to is on the shape of the bottom metal layer, which needs
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Figure 5.16: The diagram in panel (a) is the geometry of the simulated structure, as built
in the User Interface of COMSOL. The plot in panel (b) shows the experimental curve of the
fabricated WGP and the simulated spectrum after including the discussed changes

to be kept rectangular to avoid singularities of the EM field at the periodic boundary.
Figure 5.16 presents the single cell, as it has been drawn in the COMSOL interface
and a plot with the simulated value and the experimental values reported for a WGP
fabricated with Al evaporated at 10A /sec. It should be noted that the curves were
not “fitted”, since the simulation we defined and performed does not have any fitting
parameter; the similarities between the curves are due to the experimental observations
and to the intrinsic nature of the devices.
The experimental and the theoretical curves, however, diverge for wavelengths longer
than 670nm and the difference becomes very significant (more than one order of mag-
nitude) in the near infrared. We believe the behavior of the curve in that spectral
region should be attributed to experimental limitations of the set-up used for the mea-
surement, more than to real phenomena happening in the fabricated WGP. This is due
to the fact that the commercial polarizer used to select between TE and TM mode

becomes much less effective in the wavelength region around 700nm [155].

5.4 Integration of Polarizers with OPDs

5.4.1 Integration of Grid Polarizers with OPDs

We have so far hypothesized and proved the realizability of thin film polarizers by using
a very simple soft lithography process and Al, a material totally compatible with the

common processes used in Organic and Printed Electronics. The goal of the following
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Figure 5.17: Description of the three most promising geometries for the integration of WGPs
and OPDs. Geometry 1 uses the backside of the Ormostamp as a substrate to build the OPD;
geometry 2 involves the nano-imprint of the PSHT:PCBM blend and the use of Al as a cathode;
geometry 3 is based on the work-function modification of the Al with PEDOT:PSS to use it
as an anode

part of this chapter is to demonstrate the possibility of the vertical integration of such
structures, as well as integrating a light polarizer into a photodetector, is the most
intuitive concept.

There are, however, several strategies to perform this kind of integration, which Figure
5.17 presents. In the first geometry we propose, the backside of the Ormostamp is used
as a substrate for the fabrication of direct-structure OPD. The biggest advantage of this
method is the simplicity of fabrication: the OPD can be produced with the procedures
described in Chapter 3. Nevertheless, a number of drawbacks occur. The first, and
most evident one, is that the Al layer is exposed to the environmental agents (or to
culturing medium, in case of LoC applications). As extensively seen in Section 4.3, Al
layers, when not encapsulated, are prone to oxidation and delamination. Additionally,
building the polarizer on the opposite side with respect to the OPD, allows, diffused,
unpolarized light to penetrate from the sides of the structures. This signals would be
detected, constituting a source of noise, or, in some cases, even induce false positives.
The second geometry we propose is based on very different idea: the PSHT:PCBM
blend can be patterned with means of nano-imprint lithography (as previously shown
by Schmidt et al. [156]), and the Al lines could be evaporated directly on top of the
evaporated blend. The main advantages of this techniques are the direct integration

of the OPD and the polarizer, without any insertion loss. The use of Al as a cathode,
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without the need of any interlayer to adjust its work-function. However, the process
is quite complex, delicate and sensitive to temperature. Furthermore, in order to
be properly patterned, the blend must be as flat as possible, and the use of spray-
deposition for the realization of the photoactive layer would be inhibited. Thus, it
would be difficult to produce the thick blend layers needed to keep a low dark current
143)

Finally, the third geometry we propose is based on a hybrid approach: the WGP is
fabricated on one side of the Ormostamp, just as described in the previous section, and
the OPD is built on top of the polarizer. Through the spray-deposition of a layer of
PEDOT:PSS it is possible to adapt the work-function of Al. To enhance the electrical
conductivity of the polarizing film, in order to effectively use it as an anode electrode.
Subsequently, the active layer is spray-deposited and the cathode electrode is composed
by a PVD-formed LiF /Al layer, as in Section 3.3. This geometry does not present any

evident drawback, while the advantages are manifold:

e the polarizer is in direct contact with the OPD: it acts as filter and electrode.
e it is to fabricate (through standard spray-deposition technique).

e the Al layer is encased on the one side by the photodiode and on the others by
a thick Ormostamp layer. This leads to an enhanced barrier against water and

oxygen (As shown in section 4.2).

The most important parameter for the choice of one geometry over the other, how-
ever, is how effectively the integrated WGP is able to block the TE mode and transmit
the TE mode. Indeed, given the different combinations of refractive indexes, it is not
safe to assume that the ERs of the three strategies will be the same. Thus, before
opting for one of it, we simulated the transmission through the structures to have fur-
ther ground for decision. However, as Ormostamp, PSHT:PCBM an PEDOT:PSS are
not standard materials in the COMSOL library, it was necessary to extrapolate their
characteristics from literature.

Ormostamp was considered to be a lossless medium with a refractive index extracted
by the producer’s data sheet, and its absolute value in the visible range is comprised
between 1.525 and 1.49. Regarding PSHT and PCBM, they are widely studied materi-
als in optics and electronics, hence both the real and imaginary part of the refractive
indexes could be extracted from previous literature [157]-[161]. The blended material
was obtained through the simple arithmetic average between the values of P3HT and
PCBM, with a “virtual” semiconductor approach [162]. Finally, although PEDOT:PSS
has been studied and employed in many applications during the last years [77|, [117],
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Figure 5.18: The left hand side panel (a) shows a comparison between simulated and exper-
imentally measured transmittance of PEDOT:PSS layers. The plots on the right (b) show a
comparison of the ERs obtained simulating the three geometries described in Figure 5.17. The
transmission of TE and TM mode are influenced by the combinations of different refractive
indexes

[163], the use of different ink formulations or post treatments can significantly influence
its optical properties [164].

For these reasons, in order to ensure reasonable simulation results, basic parameters
for this material were extracted from the work of Pettersson and coworkers [163], but
they were modified to better fit our experimental results. Figure 5.18 (a) presents
the measured (markers) and simulated (solid lines) transmittance curves for 300nm,
400nm and 500nm thick PEDOT:PSS layers.

Figure 5.18 (b) shows the comparison between the ERs of all the considered geometries.
The first geometry is, in essence, the case we saw at the end of the previous section,
and outperforms the other two geometries. It has ER about twice the value of Geom-
etry 2 and about three times the value of Geometry 3. On the other hand, the third
geometry has a very similar shape, and ERs above 50 in the entire visible range, while
the second geometry presents a wide trough in the central part of the spectrum, due
to the interaction with the photoactive blend.

Besides these main differences, all the alternatives here proposed are valid approaches
for the fabrication of integrated polarizers, although Geometry 1 and Geometry 3
present higher ERs in the region which is interesting for our OPDs applications. Be-
tween these two, Geometry 3 is the one which is entirely novel and presents more
benefits, and it is our designated choice for the fabrication of polarized OPDs (pOPDs).
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5.4.2 Fabrication and Characterization of pOPDs

The production of a pOPD, then, articulates as follow: after fabricating the WGP with
means of soft lithography, a 200nm thick layer of PEDOT:PSS is spray deposited on
top of the Al layers (Figure 5.19 (b)), followed by a 650nm thick layer of PSBHT:PCBM
(Figure 5.19 (c)). The device is then annealed at 120°C' for 10 minutes and the PVD
of a LiF /Al cathode electrode is performed on top. Microscope observations at each
step show the strong difference between the reflected light in TE and TM mode, and
prove that the performance of the WGP do not degrade during the production process.
Once the devices are fabricated, they are ready to be characterized, and we evaluated
their performances in terms of JV characteristics (in dark and under 1 sun TE and
TM polarized) and EQE (monochromatic light TE and TM polarized). Figure 5.20 (c)
and (d) show photographs of a complete device, acquired utilizing a camera polarizer
aligned along the TE and TM direction, respectively. Remarkably, the use of the filter
shows the creation of an optical window inside the Al electrode line, which confirms the
intuitive idea of light polarizers we structured in Section 5.11: if the light is oriented
orthogonally to the grid lines (d), the metamaterial will be optically equivalent to an
Ormostamp window, while if the light is perpendicular to the grid lines (c) it will be
equivalent to a reflective metallic layer.

Furthermore, Figure 5.20 shows in panels (a) and (b) the JV characteristics and the
external quantum efficiencies of a typical pOPD. The dark current of the device is
in line with other devices we showed throughout this work, and the illuminated TE
and TM currents are discernibly different. The photocurrent is, however, one order of
magnitude lower than the diodes we presented in previous sections, since most of the
blue and part of the green light are cut off by the polarizer. This can be understood
looking at the EQE in panel (b): instead of the classical high and flat response of the
photodiode to light with wavelength comprised between 400nm and 600nm, EQE has
a rising profile, which follows the trend of the pristine WPG and reaches a peak around
600nm, where both the TM light transmitted by the WGP and the EQE of a thick
P3HT:PCBM photodiode are maximum.

The process could be further optimized: the reduction of line pitch of the WGP is
a possible path, since the feasibility of lines with a pitch of 60nm has been already
demonstrated [154]. Furthermore, the presence of a very high serial resistance indicates
either interface problems or that one of the electrodes (realistically, the anode) has a
relatively low conductivity, and a consequently increased resistance. As a result, a
general optimization in the fabrication of the WGP could bring ameliorations in every

component of the device: the polarizing part and the diode.
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Figure 5.19: Microscope images acquired in reflection mode with a linear polarizer oriented
in TE and TM mode at the different process steps. Panel (a) shows the WGP as evaporated,
(b) shows the same sample after the spray-deposition of PEDOT:PSS, while (c) shows the
result after the evaporation of a very thin layer of PBHT:PCBM (thicker layers would hide
the underlying WGP)

nonetheless, above 50, which is still a remarkable result. To the best of our knowledge,
what we report here is the first self-polarizing Organic Photodiode. We believe it paves
the way to an entire new class of applications, and simultaneously, it is the realization
of the objectives we defined at the beginning of the chapter.

This device, is the first example of a system which completely embraces the philosophy

of vertical integration.

5.5 Integration of Polarizers with OLEDs

5.5.1 Process for Fully Spray-Deposited OLEDs

To complete a vertically integrated system, the ideal combination of a self polarized
photodetector is the realization of a self polarized light source. In this direction, the
most natural choice is the realization, in analogy to the pOPD, of a pOLED. The main
difficulty resides in the implementation of a reliable and reproducible deposition pro-
cess, usable for the realization of the very thin polymeric layers (< 100nm) needed for

a well-performing OLED.
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Figure 5.20: (a) JV characteristics and EQE (b) for a typical pOPD, under illumination
with light polarized in TE and TM mode. For the JV characteristics, the illumination is 1
sun AM1.5G, while the EQE is measured with means of a monochromator. Panels (c) and
(d) show a photograph taken with a polarization filter (in TE and TM mode, respectively) of
the pOPD under ambient light.

Spray-deposition is once more the ideal candidate for the process defined above: via tun-
ing of the ink formulation, we showed, in Section 3.4, the possibility of spray-depositing
polymeric layers with thickness even lower than 20nm. Furthermore, the deposition
must be confined to a very small area of the sample and must be carried out onto a
relatively rough surface (as the AI-WGP). Since the optimization of a spray-deposition
process for OLEDs lies beyond the goals of the thesis, the obtainment of acceptable
process conditions was conducted following a very simple procedure with relatively
few iterations. For a given value of atomization pressure, we found the parameters
which yielded a spray-deposited layer in the “intermediate" regime. We then swept the
deposition time, in order to find the relationship between deposition time and layer
thickness for a selected set of parameters.As presented in Figure 5.21, by using 1 bar of
atomization pressure and 15 sec of deposition time, it was possible to achieve a 7T0nm
thick layer with relatively low roughness.

The stack of a simple OLED is very similar to the stack used for OPDs: a semi-
transparent electrode, PEDOT:PSS as work-function modifier, active layer, evaporated
cathode. We first fabricated a control OLED, in which the PEDOT:PSS layer and
the light emitting polymer (Super Yellow, PDY-132) were spin-coated on top of a

pre-patterned I'TO sample. Subsequently, we used the spray deposition parameters we
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Figure 5.21: On the left hand side (a), there is a plot of the thickness and the roughness
(error bars) of spray-deposited layers with different deposition parameters, as a function of
time. On the right hand side, there are optical micrographs of films of different quality: too
sparse (a), uniform (¢ ~ 30nm) (b), uniform (¢ ~ 70nm) (c), uniform (¢ ~ 120nm) (d). The
scale bar is 50um for every picture.
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Figure 5.22: Current Density-Voltage characteristics (a) and the Luminance-Voltage char-
acteristics (b) of three OLEDs categories: fully spin-coated on ITO electrodes, spin coated
PDY-132 on spray-deposited PEDOT:PSS, fully spray-deposited
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have developed to fabricate two set of OLEDs. The first one, features a spray-deposited
conductive PEDOT:PSS electrode and spin-coated PDY-132, while the second one is
fully sprayed. This last class of devices, if working, can be directly replicated on top
ot the AI-WGP to obtain eventual pOLEDs. For every kind of OLED, the cathode
was obtained by PVD deposition of a LiF /Al electrode, as previously described for the
OPDs.

Figure 5.22 presents the Current Density-Voltage characteristics (a) and the Luminance-
Voltage characteristics (b) of such devices. The control OLED presents a much higher
current density with respect to the ones with spray-deposited electrodes, with a steeper
growth in the low voltage region. This effect is direct derivation of the increased se-
rial resistance due to the employment of PEDOT:PSS instead of ITO. Although this
peculiarity of the PEDOT:PSS electrodes does not constitute a significant problem
for OPDs, it represents a major drawback for OLEDs, where the efficient injection of
charge is an important prerogative. The lower current is also reflected in the luminance
characteristics, since this quantity is reduced to a third of the maximum value obtained
by the control sample.

The introduction of spray-deposition for the active layer, does not significantly af-
fect the current injection, but has dramatic influence on the emission of light. The
most likely explanation to this phenomenon resides in the lower quality of the spray-
deposited sample with respect to the spin-coated one. Droplet boundaries and surface
irregularities influence the emission of light and might entirely hinder the functionality
of the OLED [165]. As the goal of this section is to obtain OLEDs performing well
enough to be integrated with WGPs, we applied the obtained process for the fabrica-
tion of pOLEDs, and since the final devices function properly, as we will shortly see,

the further optimization of the deposition process is postponed to other works.

5.5.2 Fabrication and Characterization of pOLEDs

The processes developed so far were finally used for the realization of a self polarized
OLED. First, the WGP has been fabricated as reported in Section 5.3, followed by the
immediate deposition of a PEDOT:PSS work-fuction adaptation layer, the photoactive
polymer PDY-132 and the evaporation of a LiF /Al cathode. The devices were encapsu-
lated with epoxy glue and a thin glass lid, to prevent excessive deterioration during the
characterization. Once the devices were complete their performances were evaluated in
terms of JV and LV characteristics (data not shown) and spectral emission. Figure 5.23
(a) presents this latter feature of the pPOLEDs: a commercial Glen-Thompson polarizer

was placed on top of the OLED and positioned parallel to the polarization axis of the
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Figure 5.23: Panel (a) presents the emission spectrum recorded for a fabricated pOLED
when a TM oriented and a TE oriented linear filter is placed on top of the device. Panels (b)
and (c) show an optical micrograph at the intersection between the WGP and the cathode
line (left hand side pictures) and a photo of the full device in the dark under 10V bias (right
hand side pictures), with a TE and TM photographic filter, respectively

WGP. The emission light was examined with means of a CCD spectrometer. From the
spectral characteristics, the polarizing nature of the devices is immediately evident: in
the peak region, the TM emission is up to 15 times stronger than the TE, and the
dichroism is very strong on the whole spectrum. Panels (b) and (c¢) show an optical
micrograph and a full-sample photo (in the dark) of the samples, using a linearly po-
larizing photographic filter. Particularly interesting are the optical micrographs (left
hand side). The images have been acquired in the point where the WGP is built and
the top cathode ideally intersects the anode.

As noticed for the pOPDs, the rotation of the polarizer, opens an “optical window” in
the aluminum line which would otherwise be almost fully reflective. Furthermore, the
image helps to assess one of the most critical parts of the process: the alignment be-
tween the top and the bottom electrode. In this case, the alignment was good enough
to consent a working device, nonetheless, in the points where the WGP is not perfectly
aligned, there is the formation of hot spots of non-polarized light, as the one identifiable
in the bottom right corner of the full-sample photographs.

One last remarkable observation is the following: the emission peak of the PDY-132-
pOLED is almost exactly in correspondence of the of the EQE peak of the PSHT:PCBM
pOPD. To exploit this advantage and to attain a full vertical integration (OLED / Po-
larizer / Polarizer / OPD), the devices were tested in conjunction.

The pOLED, placed at a distance of 1lem from the pOPD was excited with a square
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Figure 5.24: Response of the pOPD stimulated by the yellow emission of the pOLED at an
AC frequency of 1kHz. The difference between TM-polarized and TE-polarized excitation is
significant and discernible.

wave, and the current of the pOPD was amplified with a transimpedence amplifier
and recorded with means of an oscilloscope. A typical time-current plot under parallel
and orthogonal polarization is presented in Figure 5.24. Strikingly, when the pOLED’s
polarization axis is parallel to the one of the pOPD, the S/N ratio is circa 45, while
when the polarization axis is orthogonal to the pOPD, it was measured to be circa 2.
The rise time of the electrical signal is estimated to be circa 150us, suggesting that
the cutoff frequency is not far from the one measured for the fully-solution processable
OPDs presented in Chapter 3.

5.6 Summary

In this chapter we showed the feasibility of an approach based on the vertical integra-
tion of thin film components. The goal was to realize organic optoelectronic devices
(OLEDs and OPDs) with embedded polarizers, and was achieved through a sequence
of successive steps. First, we carried out multiphysics simulations of grid polarizers
(WGPs) in single layer and bilayer configuration, comparing the quality of polarizers
obtained with Ag, Al and Au. We found out, consistently with the specialized liter-
ature, that the thicker the metal layer and the narrower the pitch of the structure,
the better the polarizer is. Al resulted to be the best material for the production of
polarizers in the visible range, while bilayer WGPs were demonstrated to be up to two
orders of magnitude more effective than their single layer counter parts.

Subsequently, we fabricated and characterized a soft-lithography made WGP, obtaining

ERs much lower than the simulated ones. Investigating this issue with means of SEM
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scans, we identified the non-idealities of the real structure and we used the acquired
knowledge to perform more realistic simulations.

The optimized WGPs were then embedded in OPDs and OLEDs, where they were
employed as both field polarizers and anode electrode. The obtained devices were then
characterized separately and in conjunction, showing good performances: the TM to
TE ratio of the photocurrent induced in a polarized OPD (pOPD) by a polarized OLED
(pOLED) was bigger than 20, and the two signals were perfectly discernible.

The devices are largely perfectible in the single parts. Nevertheless, the final outcome
is a full vertically integrated system, with polarized OLEDs and OPDs, where every sin-
gle part has been realized using simple and conventional production techniques. This
proof of concept, then, lays the first stone for the reduction of the number of external
devices needed for Lab-on-a-Chip applications and, if further improved, can provide a

valid alternative to bulky polarizer in any polarimetric measurement system.
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Chapter 6

Horizontal Integration: 3D printing

and Organic Electronics

As natural complement to the concept of Vertical Integration described in Chapter 5,
here we introduce the concept of Horizontal Integration. With this term, within the
frame of this work, we define the idea of embedding several components in the same
horizontal plane. In the field of bioelectronics, this concept is fully embraced by the
Lab-on-a-Chip technology, which is a complex mix of readout electronics, sensors, ac-
tuators, micromechanics and microfluidics.

The fascinating objective we will try to pursue in this chapter is the realization of
procedure to integrate organic electronic devices, meaning both sensors and actuators,
directly onto microfluidic chips and to design an apparatus able to attain this goal with
the maximal automation.

In order to understand why the current fabrication techniques are not suitable for this
purpose, it is necessary to understand which are their real limitations. The first in-
formation to take in account of, is that the most widely used material for building
microfluidic chips has been for a long time PolyDiMethylSiloxane (PDMS) [166], be-
cause of its proven biocompatibility [167], [168], mechanical flexibility [169] and the
numerous techniques developed to bond it with a large set of materials [170].

One of the known drawbacks of this material, however, is the difficulty of direct pat-
terning, because of its high viscous nature and the pronounced hydrophobicity. Among
the most effective attempt to the develop a technique for the immediate patterning of
this material is a work of Garra et al. [171], where a fluorine-based RIE process is de-
veloped to obtain the anisotropic etching of the material, which can be rendered very
spatially selective with the aid of a stencil mask. This approach, although significantly

better than the previously reported wet etching techniques in terms of precision and
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Figure 6.1: The diagrams show the classical steps needed in a soft lithography process: 1.
Spin coating of the negative-tone photoresist, 2. UV light exposure 3. Photoresist development
4. Pouring of the elastometer (typically PDMS), 5. Cutting into shape and punching the inlets
and outlets. Image taken from the work of Qi et al. [174]

accuracy, is extremely cumbersome, time consuming, and requires the use of expen-
sive equipment. Although cleaner and more accurate techniques such as bond detatch
lithography have been proposed in more recent times [172|, the simplest and more of-
ten used technique for micropatterning of PDMS is the so-called soft lithography [173].
This approach relies on the remarkable property of PDMS to be able to reproduce
micrometer-size features: when poured on a sample, PDMS fills the underlying micro-
gaps and, if subject to proper curing, will retain the shape after the solvent dried up.
Based on this principle, it was possible to develop the soft lithography technique [175],
where a PDMS microfluidic channel is fabricated, starting from a CAD file in a defined
sequence of steps. Very detailed protocols can be found in literature [176], but the in-
depth analysis of this technique lies out of the purpose of this work. The basic process
stages, however, are summarized in Figure 6.1, extracted from an interesting work by

Qi et al [174]. First, a photolithographyc mask is created with the desired microfluidic
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structure and is impressed via UV light onto a negative-tone photoresist, previously
spun on a silicon wafer. Once the film is crosslinked, it can be developed and cleaned:
at the end of this delicate process, a master stamp, similar to the one used in Chapter
5 for the realization of the polarizers, is obtained. Afterwards, PDMS is poured on the
master stamp, is degased and cured. Once the solved is dried up, it is possible to cut
the PDMS chip in the wanted shape, peel it off and transfer it to a carrier substrate.
However, although this method leads to good and reproducible results, it is inherently
slow and difficult to automate. Furthermore, a small change in the design requires
a big effort and a long preparation time before it can be applied into finite products.
The realization of multilayered chips is also limited by the use of this technology, since
fabricating multiple levels made of a flexible material as PDMS avoiding the collapse of
the channels is not easy to achieve. In addition, once the microfluidics chip is obtained,
it needs to be connected to all the separate parts which compose a lab-on-a-chip sys-
tem (inlets, outlets, pumps, electronics, heaters) and, while holes and cavities must be
externally created to insert the components, the sealing of the channels must still be
guaranteed to prevent the contamination of the experiments or, eventually, biohazard
[166].

Finally, given the strong hydrophobicity of PDMS, the direct fabrication of solution
processable electronic devices on a PDMS chip might be extremely challenging.

For these reasons, mostly related to the flexibility in design and the possibility of re-
alizing arbitrary changes, there is the need of new technologies able to take over the
old-fashioned, limited soft lithography approach. One of the most promising techniques
in this field is the so called 3D printing, part of the larger class of additive manufac-
turing technologies [173], [177].

In this chapter we will first make some general considerations on additive manufactur-
ing as a consumer product and as a fabrication method for research and industry, then
we will describe the three main 3D-Printing technologies. Afterwards, we will select
one of these technologies and use it to fabricate a centimeter sized perfusion well with
an integrated semi-transparent heater. The heater is produced with means of the in-
tegration of spray-deposition and 3D printing and it is a proof of concept which paves
the way to an entire new class of devices for both consumer electronics and biosciences,
where the electronic components do not need to be externally attached to the object,

but they are fabricated in the object.
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Figure 6.2: The plot on the left shows the relative interest in the keyword "3D Printing"
according to google.com (Google Trends). Starting from early May 2012, the interest in the
keyword has been steadily rising, reaching an apparent peak in mid 2015. In the right hand
side, an heat-map of the world is presented: the darker the blue, the highest the research
interest in a given country.

6.1 Additive Manufacturing

6.1.1 3D Printing

With the generic term 3D printing, or additive manufacturing, have been designated
all those technologies aiming at the fabrication of solid objects through the deposition
of a material, starting from a computer-based 3D model. This technology has recently
attracted a paramount interest of research, industry and consumers. In the academia,
the advancements in additive manufacturing led to the attainment of important results
in the fields of bio-engineering [178| [179] [180], electronics [181] [182] [183] and struc-
tural engineering [184]. Figure 6.2 shows the trend in the interest for the keyword “3D
Printing” according to the volume of researcher on the search engine google.com.

The extraction of the data has been performed through the instrument Google Trends
and shows the global interest in the keyword and an heatmap with the distribution of
the interest in the world. The interest in the topic started rising very recently, and was
subject to a steady increase, leading to the reach of a peak in mid May 2015. Even
more interestingly, the heatmap in the right hand side of Figure 6.2 shows how the
interest is very well spread throughout most of the industrialized nations, including 18
of the 19 individually represented countries in the G20.

Given the current stunning interest and significance of the technology, however, it

might be surprising to know that the first registered patent related to a 3D printing
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machine dates back to 1986 [185]. Instead of quickly moving towards the production
of small consumer oriented machines, the 3D printers manufacturers only produced
bulky, high-definition, high through-put machines commercialized until mid of the first
decade of the 2000s, relegating these apparatuses to the fast prototyping and research
in the big enterprise business.

The motivations behind this phenomenon are numerous but they are mostly related
to the high prices of the printing apparatuses and materials and the “user unfriendly”
modeling software tools [186]. One of the causes for the high prices of the equipment
is the complex system behind the classic approaches for the additive manufacturing,
namely the Stereolithography (SLA) and the Selective Laser Sintering (SLS). As we
will see in the next subsection, both methods rely on techniques which are difficult to
scale down, such as motorized high power light sources. A totally different approach to
the production of 3D printed objects is constituted by the so-called Fused Deposition
Modeling (FDM). An apparatus based on this newer, lower quality technology, can
now be bought as a finite product or in form of a mountable kit for less than €500
[186].

The objective of this chapter is to show how to integrate additive manufacturing tech-
niques with existing organic electronics processing methodologies, aiming at the fabri-
cation of fully integrated smart objects. The main trade-off to solve is the one between
the quality of the 3D-printed objects per se and the possibility of integrating the print-
ing technique with other deposition methods.

Hence, in the next subsection we will briefly describe the most utilized different tech-
niques for 3D printing, listing their advantages and drawbacks and we will motivate
the choice of FDM as the most relevant technique for the work conducted in this thesis.

Afterwards, we will focus in the obtainment of the proposed goal.

6.1.2 3D Printing Techniques
Selective Laser Sintering (SLS)

Figure 6.3 shows a conceptual drawing of a Selective Laser Sintering (SLS) machine.
These apparatus are composed of to main cavities, where the material cartridge and the
object holder are positioned. The working principle is based on the direct solidification
of a powder with means of an high power laser pulse, and depending on the intensity of
the laser, different material densities can be obtained, approaching, for very powerful
lasers, 100%, i.e. the density of the bulk material from which the powder was obtained.

The deposition happens in several steps: first, the material (which can be originated
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Figure 6.3: The diagram represents a typical SLS setup, with labels indicating the most
important parts, namely the powder reservoir, the squegee, the scanning laser and the movable
platform.

by plastics, resins or even metals) is spread on the movable platform by a squeegee;
afterwards, a scanning pulsed laser performs the sintering, illuminating only the powder
onto an accurately defined pattern. At this stage, there will be a part of the powder
(the one exposed to light) which has been sintered and it is solidified, while all the
remaining part will be unchanged, and could in principle be re-utilized. Once a first
layer is completed, the movable platform will move down of the chosen z resolution
(which can be as low as 10um) and the process starts again. By doing so, at the end of
the printing process there will be a solid form immersed in a powder bed: the object
can be simply removed from the container and washed over to be complete.

The biggest advantages of this technique reside in the possibility of obtaining extremely
smooth finish, very high resolutions in every direction and the wide choice of materials.
All these advantages, however, come at a cost: since both the mechanical and the
optical parts have to be extremely accurated, SLS printers are the most expensive on
the consumer market, starting, in the moment of writing, at €5000 for the most basic
models. Furthermore, their complexity maxes them not prone to easy integration with
other systems, and albeit perfect for the fabrication of stand-alone objects, cannot be

employed for the purposes of this work.

Stereolithography (SLA)

Figure 6.4 shows a conceptual drawing of a Stereolithography (SLA) machine. These
apparatus are conceptually similar to SLS, but simpler and with lower energetic de-
mands, since they are based on photosensitive resins, rather than sinterable powders.

In SLA printing, the movable platform is immersed into a photoactive resin; as in SLS
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Figure 6.4: SLA setups are, as a matter of principle, very similar to SLS setups, although
they rely on a substantially different physical principle. In this diagram we present the most
important parts of an SLA apparatus, which are essentially the xy scanning laser and the
movable z platform.

a laser is canned over the material to cross-link it in the desired pattern and once one
layer is completed, the moving platform is shifted downwards of the selected z-step.
Fresh material will be exposed on the surface of the reservoir and the exposure can be
iterated for the fabrication of the successive layers. Although the functioning mech-
anism of SLA is similar to the one of SLS, the physical principles involved are very
different: the former is based on the cross-linking of light curable polymers or resins (a
low intensity process), the latter is based on the re-solidification of a powder (a high
intensity process). The implications are contrasting: on the one hand SLA machines
are simpler, lighter and less expensive (in the moment of writing, it the most basic
models are priced around €3000), on the other hand the availability of the materials
is poor. The choice of “cartridges” is limited and the prices are elevated. Furthermore,
albeit SLA machines are simpler than SLS, they are still very delicate and integrated,

factor which represents a major limitation for their implementation in in-line processes.

Fused Deposition Modeling (FDM)

Figure 6.5 shows a conceptual drawing of a Fused Deposition Modeling (FDM) ma-
chine. These apparatus are composed of a heated bed capable of moving in the X and
Y directions and a crossbar able to move in the z direction, where the printing head
is mounted. The printing process happens feeding a plastic filament into a heating
element set at the melting temperature of the material. The liquid material is then
pushed through a nozzle and reduced to a thinner filament. Moving the printing head,

the nozzle scans a certain pattern and it is able to draw the desired shape on the heated
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Figure 6.5: FDM is the simplest of the 3D printing methodologies. In this diagram is
possible to observe the most important parts of an FDM printer, namely the extruder, the
moving crossbar, the moving hotplate and the material spool.

bed.

The two main drawbacks of this technology are the low resolutions achievable (both
in the lateral and the vertical directions), which are limited by the size of the orifice:
a smaller orifice will be able to produce thinner lines, but will be more prone to clog-
ging and failure. Furthermore, since each layer is obtained by the juxtaposition of
polymeric lines, the possibilities to obtain flat layers and smooth finish are strongly
hindered, and the typical surface will have a wavy profile, with oscillations in the range
of the hundreds of microns. However, this technology presents some key advantages
over the other two we presented in this section. Primarily, the choice of materials is
wider than the one for SLA, the materials are cost-effective, easy to find and easy to
self-synthesize. Furthermore, these printers are simply built and can be easily modified
to be integrated into complex processes. Finally, they are inexpensive, rendering them

a prime choice for small laboratories and the consumer user.

6.2 Integration of 3D-Printing and Spray-Deposition

6.2.1 Concept

The examples briefly introduced in Section 6.1 demonstrate how in a few years 3D-
printing has become a mature technology and how the integration with discrete elec-
tronics is steadily progressing. However, albeit the technology is in an advanced state

and the ability to produce layers as thin as few tens of microns has been achieved, the
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Figure 6.6: Proposed schematic for multi-technology integration. The substrate is first
printed with means of FDM technology (a). A functional layer is then deposited through a
conventional deposition technique, such as spray-deposition (b), and, finally,(c) the remaining
parts of the 3D-printed structure are built above the spray-coated thin film. [187]

integration with existing organic electronic fabrication techniques is still poor. Tech-
nologies such as ink-jet printing, spin coating or spray deposition could, in principle
be integrated in the printing apparatus in order to realize organic electronic devices
embedded in the object. The drawings in Figure 6.6 present the concept of a similar
process: an arbitrary substrate could be printed, then, with means of the chosen fabrica-
tion method, the functional layers could be produced and, as last step, the mechanical
structure of the object could be completed. This procedure could then be iterated and
used for the construction of more complex structures. Furthermore, with the correct
choice of materials, the obtained device could be encapsulated and packaged, leading

to a fully-integrated production system.

FDM seems to be the most natural choice to realize this kind of complex systems,
given the simplicity of its mechanics and the wide choice of materials, although it
presents a major caveat which has prevented so far the obtainment of such solutions.
Differently from SLA and SLS, where the direct sintering or curing of the materials
leads to smooth finish and elevated features accuracy, FDM relies on the juxtaposition
and overlapping of few-hundred micron wide extruded lines, which renders wavy and
rough structures [182], [183|. Such uneven substrates are not suitable for conventional
deposition techniques (e.g. spin-coating), but the employment of more robust and
conformal deposition methods, such as spray-deposition, could overcome this barrier.
Besides the applications already cited in the previous parts of this thesis, this technique
has been used in the last years for the realization of thin film devices with arbitrary

shapes [74], on various substrates, ranging from conventional plastic foil [43] to the end
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Figure 6.7: (a) Optical micrograph of an as-fabricated 3D printed sample, with a nominal
thickness of 0.5mm and composed of two overlapping layers. The inset shows a photograph
of the fabricated sample. (b) Surface profile of the typical surface of the same sample.

of an optical fiber [188] to cutlery [165].

The objective of this part of the thesis is to demonstrate the full integration of spray-
deposition and 3D printing, by first overcoming the practical challenges imposed by
the materials and the current technology and then designing and building a machine
able to create fully printed objects.

The substrate designed to start the experiments is a 25 x 25mm? square sample,
conceived to be comparable to the glass substrates used in the first part of the thesis
work.The effective thickness of the sample is 0.5 mm and it is obtained by the over-
lapping of two polymeric layers, arranged in a criss-cross pattern, which, as expected,
led to a high surface roughness. Figure 6.7 (a) shows an optical micrograph and a
photograph of a typical sample made of a commercially available, semi-transparent
ABS derivative (Bendlays), while Figure 6.7 (b) shows the surface profile. In order to
evaluate the RMS roughness, we employed a mechanical profilometer whose stylus was
scanned in a direction orthogonal to the topmost polymeric lines. The evaluated RMS

roughness is circa 15um, while the peak-to-trough difference can range between 50um.

6.2.2 Reduction of Surface Roughness

This surface roughness is prohibitive for the realization of any thin film device. As a
reference, the typical length of commercially available CNTs rarely exceeds bum [189],
and the high roughness of the sample would render the reach of a percolation threshold
rather troublesome. To reduce the film roughness, three approaches based on previous
literature have been elaborated and tested, and all of them exhibit the potential of being

integrated in an in-line automated process. The three methods, presented graphically
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Figure 6.8: Three different approaches proposed for the planarization of the 3D printed
structure. (a) Represents the use of a high power microwave oxygen plasma exposure for
a prolonged time (b) Represents the use of mechanical force combined with thermal energy
in order to partially melt the upper features and render them conformal to a flat mold (c)
Represents the positioning of the sample in a solvent saturated atmosphere. Panels (d), (e)
and (f) report a typical profile measured with the three different planarization approaches.

Figure 6.8, represent three main surface modification categories: a non-contact phys-
ical modification, a mechanical physical modification, and a chemical modification.
From the first class of procedures, the use of a high power plasma treatment has been
selected. The sample was placed in a remote microwave plasma chamber, where the
plasma power was set to 200W and the process was conducted for variable durations
comprised between 30 s and 300 s. Observing Figure 6.8 (d) can be inferred that the
effect of the plasma treatment only minimally affects the film roughness and profile.
With this method, the RMS roughness was reduced from an initial value of 14.6 {m to
10.4 tm, while the peak-to-trough amplitude was decreased from 51.85um to 40.93um.
The change is significant (both quantities were diminished by more than 20%), but the
absolute values are still to high to be employed in the targeted application.

The second planarization technique employed led to significantly better results. The
utilized concept is the following: bringing the plastic sample close to its melting point,
the application of a well regulated pressure on its surface through a flat mold would

yield the juxtaposed lines to collapse and form a smooth surface. To this purpose, the
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sample was heated up to 250°C and a flat mold was held on the top of the structure for
5 minutes with a constant pressure of 2.5 kPa. This particular pressure was the mini-
mum sufficient to achieve a planarizing effect and it was chosen to be as low as possible
to avoid any damage to the sample. What we observed with higher pressures and/or
temperatures was the complete deformation of the sample, or in some extreme case, its
perforation. With the optimized conditions, though, the results obtained through this
process are of special appeal.Figure 6.8 (e) shows the mechanical profilometer scan of
the surface, denoting a mostly flat finish and merged adjacent lines. The caveat lies in
the fact that some among the widest troughs are not filled by the molten lines. This
phenomenon keeps the RMS roughness and the peak-to-trough amplitude relatively
high, with values of 6.5um and a of 21.20um, respectively.

The last planarization technique considered in this part, which proved to be effective
in previous studies [190], consists in the exposure of the sample to a saturated atmo-
sphere of Acetone. A glass support is placed in a container with liquid Acetone and the
sampled is laid on it. Afterwards, the container is covered with a glass lid and heated
up to 100°C' in order promote the evaporation of the solvent. Once acetone starts to
evaporate, it chemically etches the exposed surface of the sample, at the same time
reducing the height of the lines and softening the 3D-printed object. If the polymer
is exposed to the Acetone gas for too long, it liquefies. Once re-solidified, the original
shape, geometry and dimensions were not kept, rendering this planarization method
too destructive. However, once more it was possible to find a compromise duration of
the process, identified with a 300 s lapse. After this time frame, the RMS roughness
is remarkably reduced, with values almost comparable to the ones obtained with the
second treatment class (7.5um), while, as evident in Figure 6.8) (f) the peak-to-trough
amplitude is still in the range of 30um. The RMS roughness obtained through the
methods presented so far, are summarized in Figure 6.9 (a) and are consistent with
values reported by the specialized literature for similar approaches [190], [191]. Fur-
thermore, optical inspection of the substrates led to a remarkable finding: the sampled
exposed to any planarization technique were more transparent and less hazy than their
untreated counterparts. To quantify this effect, we evaluated the transmittance in the
visible spectrum, estimating a 35% increase of the average transmittance for the ther-
mally treated sample, 23% for the chemically treated one, while the plasma treated
ones were not significantly modified. The improvement of the transmittance seems to
be closely related to the amelioration of the surface roughness, and a further enhance-

ment is expected as a result of a better planarization.
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Figure 6.9: (a) RMS Roughness and Peak-to-Trough for the samples treated with different
approaches. The best results are obtained for the thermal/mechanical method (b) Relative
transmittance change with respect to the as-printed sample. The thermal treatment improves
the average transmittance in the visible range of 35%.

6.2.3 Spray-Deposition of the Planarization Layer

Although the approaches presented so far were effective in planarizing the samples up
to a certain extent, they present a main further limitation which is not due to the pro-
cess outcome. The totality of the methods are difficult to implement into an integrated
machine able to 3D-Print, planarize and spray-deposit the wanted material. Only the
thermal one could be implemented with a relatively easy design, which would include
the realization of ad hoc robotic arms, nonetheless.

An alternative could, however, be based on spray-deposition itself. As a matter of prin-
ciple, an insulating material, deposited in a thick layer, could be used to fill the gaps
between the adjacent lines without interfering with the subsequent functional layer.
Moreover, the solvents utilized for the solution of the polymer, might lead to a milder
version of the planarizing effect of Acetone. The range of materials possibly employ-
able for this application is extremely wide, since any insulating material could be used,
however our choice was guided by a non-technical resolution. During the 3D printing
of the prototypes, many samples were disposed, because they had been destroyed by
some harsh treatment or simply they were not needed anymore, which led to a relevant
waste of material. However, since both ABS and Bendlay are soluble in organic sol-
vents, the most straightforward solution to both issue (material waste and insulator for
the planarization), was the choice of the substrate material as planarization polymer.

Bendlays was found to be well soluble in organic solvents such as Toluene (Tol) and
1,2-Dichlorobenzene (DCB), which have been shown to be reliable and easy-to-control
solvents for spray deposition [43], [73]. Moreover, their boiling points and vapor pres-

sures are significantly different [192|, which leads to two completely dissimilar behaviors
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during spray-deposition and to the necessity to define two separated processes.

As usual, the process optimization is based on the modification of some major pa-
rameters: nozzle-to-substrate distance, temperature, pressure and material flow rate.
Contextually changing these quantities leads to different droplet size, film thickness
and to different deposition regimes. The choice of the parameters should be performed
in order to guarantee uniform layers, with an accurate thickness control. These last
two prerogatives are essential for the spray-deposition of functional layers, although
they assume special importance in the realization of planarization layers as well. The
uniformity is directly related to the roughness of the film, while the deposition time,
which regulates the thickness of the layer, is also responsible of the chemical etching
effect.

Figure 6.10 presents the measured surface profiles of film spray-deposited on glass start-
ing from 1% wt solutions of Bendlayé in Tol (a) and DCB (b), at the end of the tuning
process. In case of DCB, a flat solid layer with a thickness of circa 1um is obtained
with a spraying duration of 10s, while the optimization process for the Toluene solution
did not yield the desired result. This can be attributed to the lower boiling point and
significantly higher vapor pressure of Toluene [192], which renders it less prone to a
wet deposition regime and to a fine control of the spray-cone.

The regulation of the deposition time, moreover, also plays an important role. Figure
6.10 (c) presents the surface profile of layers obtained with a spraying time of 10 s, 30
s and 50 s.
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Figure 6.10: Profiles of spray-coated Bendlay on a glass sample when dissolved in (a) Toluene
and (b) 1-2,Dichlorobenzene. (c) Surface profiles of spray-deposited Bendlay planarization
layers on 3D-printed samples

In the first case, the substrates are not exposed to the deposited material and etch-
ing agent long enough to have a robust covering and a strong planarization. The layer
is rippled and irregular, although much smoother than the as-prepared film. On the
other extreme, 50 s of spraying time, the sample is over-etched and loses it consistency,
leading to a melting and successive re-solidification, with a consequent increase in the
surface roughness. In some trials, for this long spray duration, holes were generated,
hence hindering the practical applicability of the method. The roughness values and
the peak-to-trough amplitudes are reported in Table 6.1, along with the values obtained
for the previous planarization methods. Finally, in analogy to what presented for the
other planarization methods, Figure 6.10 (d) reports the transmittance spectra for the
different deposition durations, with improvements quantifiable between 10% and 50%
of the original value.

Finally, panels (a) and (b) of Figure 6.11 are Scanning Electron Microscope (SEM)
scans of the edge of the spray-deposited regions, for 10s and 30s of spray time, re-

spectively, and give a visual validation of the analytical data extrapolated from the
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Figure 6.11: SEM scans at the border of the planarized area on a 3D-printed substrate for
10s and 30s of spraying duration, respectively.

As Plasma Thermal Acetone 10s 30s 50s
Printed Spray Spray Spray
RMS 14.6 10.4 6.5 7.5 2.4 0.39 3.01
Rough-
ness (um)
Peak-to- 51.8 40.9 21.2 29.4 13.3 1.4 8.35
Trough
(pm)

Table 6.1: Summary of RMS roughness and peak-to-trough amplitude for all the considered
planarization methods

profilometer. In addition to this, it is evident from the SEM image how the separation
between non-planarized and planarized part, when the spray-time is extended, becomes
more abrupt, which hints to a strong etching behavior in addition to the deposition of

material.

6.2.4 Spray-Deposited Conductive Films on 3D Printed sub-

strate

The effectiveness of the planarization methods, must, however, be validated through the
application to a practical case. To this purpose, we chose to deposit conductive nano-
materials on the planarized samples and to measure their sheet resistance as a figure
of merit to define the quality of the layer. The first chosen material was a Sodium Do-
decyl Sulfate of single walled carbon nanotubes (SDS-CNTs) and was spray-deposited
first onto a non-planarized substrate. The resistance of this film (5684Q2/0) is used

as a benchmark for the others, to quantify the improvement due to the planarization.
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Figure 6.12: Sheet resistance of the spray-coated CNT films onto planarized 3D-printed
samples, normalized to the sheet resistance value of the as printed substrate.

The plot in 6.12 presents the normalized sheet resistance of SDS-CNTs for the differ-
ent planarization methods and shows how the film quality is significantly increased by
the utilization of the different planarization techniques. The spray-deposition method
resulted to be the most effective one, with an amelioration of the sheet resistance value

above 60%, although all the other methods were comparably effective.

Since this approach resulted to function particularly well, it has been employed to
show the feasibility of the spray-deposition of two other nanomaterials, namely PE-
DOT:PSS and Silver Nanowires (AgNW).Table 6.2, summarizes the results obtained
with all the conductive nanomaterials and further assesses the effectiveness of the cho-
sen method. Indeed, the planarizing effect leads to a reduction of the sheet resistance

of one order of magnitude, approaching values described in literature for thin layers of
PEDOT:PSS and AgNW on glass [109], [117]

6.2.5 Integrated Printer

The previous stages demonstrated the viability of the deposition of thin conductive
films on 3D-printed structures which have been properly planarized. A final step to-
wards the assessment of the technology proposed in this chapter is the realization of
a complete system able to integrate the three functions (3D printing, planarization,

spray-deposition of the active layer) and obtain the concept depicted in Figure 6.6.
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Spraying Average R,(Q2/0)
Time

CNTs PEDOT:PSS AgNW
0s 5684 1401 475
10 s 2671 137 49
30 s 2541 123 48
Glass Ref 1444 105 25

Table 6.2: Average sheet resistance of CNTs, PEDOT:PSS and AgNW deposited on spray-
planarized layers with different deposition times.

The starting point for the realization of such apparatus, was the purchase of a low-cost
3D printer kit. The Velleman-Kit K8200, produced by the belgian electronics whole-
saler Velleman has an open source design, the parts are fully detailed and documented
and is based on rigid extrusion profiles. Added up, all these characteristics make the
printer fairly easy to assemble and prone to be tweaked, while, at the same time, the
choice of a 3D printer in kit contains the overall cost of the equipment (which was lower
than 500 €).

The assembled 3D printer is composed of an X-Y heatable stage, a crossbar motorized
on the z axis where the FDM extruder is located and an Arduino-based control unit.
In order to attach the spray-deposition gun, we designed an adapter able to attach
to the crossbar and we printed it with the Velleman K8200 printer itself. With the
printed adapter, it was possible to position the spray-gun right behind the FDM ex-
truder in order to optimize the allocated space, obtaining the system presented by the
photograph in Figure 6.13.

The commands provided to the printer, particularly the ones related to heating up of
the extrusion nozzle, selection of the hot plate temperature and every detail related to
the movement, are managed via an open source protocol (G-Code). Using this protocol,
it is possible to write a sequence of instructions which the 3D printer uses, for instance,
to move the heated plate and define a pattern.

The most widely used patterns for the realization of spray-deposited layers with a
moving gun (or, in this case, with a moving plate) are based on a criss-cross path,
organized in such a way the coverage of the sample is as uniform as possible. As a re-
sult, in addition to the parameters we considered so far, for the development of a large
area spray-deposition process there will be the need of optimizing at least two more
parameters: the distance between two parallel passes (which will define how spatially

uniform will the layer be) and the velocity of the pass. In order to be able to perform
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Figure 6.13: The photograph shows the integrated setup composed of the X-Y moving
hotplate, an FDM extruder and a spray-deposition gun. The temperature can be set up to
80°C, the z distance can be modified between 0 and 15 cm and the X-Y motors can be used
contemporaneously to describe any arbitrary spray pattern

quick trials finalized at the process optimization, we developed a Matlab script, which,
when prompted the input parameters (bed temperature, z crossbar positioning, sample
size, pass pitch, velocity of the pass) would develop a diagram with the proposed path
and a G-Code to send to the printer. An example of such an automatically generated
pattern, optimized for the spray-deposition of PEDOT:PSS, on a 6 x 6em? substrate

is shown in Figure 6.14

6.3 Fabrication of a Fully-Printed Perfusion Chamber

6.3.1 Fabrication of a 3D-Printed Semitransparent Heater

A good example which embraces the capability of this approach and which can be
built with a single conducting film is a semi-transparent thin-film heater [193], [194].
In these devices, the conducting film is only used for the transmission of heat through
Joule effect, and are can be used for defrosting LCD panels and vehicle windows. Their
integration into 3D-printed objects, however, could pave the way to the realization of
self-heated and semi-transparent reaction chambers, which could turn to be particularly
useful for lab-on-a-chip and life science applications [23], [195], and were considered to
be of strong pertinence to the work carried out in this thesis. The heating chamber
structure is summarized in 6.15 (a), and made of an inner chamber which is going to be

planarized and where the heater is going to be spray-deposited, two round apertures
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Spray pattern

0 20 40 60 80 100 120 140 160

(mm)
Figure 6.14: Criss-cross pattern generated via a Matlab code and associated to a G-Code
to perform a uniform spray-deposition on a large area. The distance within the lines, the

number of passes, the speed of the platform are all parameters which can be regulated and
automatically set.

to allow the electric wires to reach the conductive thin film and a bigger rectangular
aperture, designed to accommodate a commercial temperature sensor.

Figure 6.15 shows a photo of the complete device produced in-situ. Liquid silver has
been successively added to the leads to enhance the electrical contact and the mechan-
ical stability. To provide a comparison and to further show the need of planarization,
two kind of devices were fabricated: a spray-planarized one (spray-planarization de-
position time of 30 s), and an as-printed sample. For both classes of devices, first, a
25 x 25mm?, 0.5 mm thick substrate has been fabricated, in analogy with what re-
ported in Section 6.2. Then, without removing the sample from the 3D-printer, the
spray-planarization and the spray-deposition of the conducting material are performed
in a sequence. The conducting material of choice we opted for is PEDOT:PSS, which
provides lower sheet resistance than the CNT films and a better adhesion than AgNW|
which are subject to delamination [23]. Finally, the process is completed through the
printing of the overlying structure, which includes the sidewalls, with the vias for the
leads and the housing of the commercial temperature sensor. The characterization of
the heater has been performed by applying a cyclical voltage sweep to the devices, while
the real-time temperature was recorded through a commercial sensor and the temper-
ature distribution was obtained with means of a thermal IR-camera. Figure 6.16 (a)

presents the temperature curves obtained for the planarized and the non-planarized

158



(a) (b)

Figure 6.15: (a) 3D schematic of the heating chamber with two round vias used to feed the
electric wires to the conducting film and a slot for the housing of a commercial temperature
sensor (b) the actual device, where silver paint has been added to enhance the electrical
contact between the wires and the conducting film.

samples with respect to the voltage ramp. Remarkably, the temperature measured
by the commercial sensor for the non-planarized sample is higher than the measured
value for the planarized one, reaching 55°C' and 50°C, respectively. The IR-camera
images, however, is more informative and provides an easy interpretation of the results.
In the non-planarized sample, the heating is limited to a small area, which is aligned
to the printing direction of the topmost layer. The conduction path lies within the
few diagonal lines which connect the left silver paste pad to the right silver paste pad,
symptom of a very limited conduction in the direction orthogonal to the 3D-printing
pattern. The results for the planarized sample are strikingly different. The thermal
camera shows a uniform heating throughout the whole sample and no preferred path
is observable, finally affirming the successful planarization and deposition of the con-
ductive layer.

To compare the dynamic results to literature, both class of devices were modeled
through RC thermal equivalent circuits, differently tailored to take into account the
structural differences between planarized and the non-planarized devices. The latter
is, indeed, composed by only one thermal interface (PEDOT:PSS/3D-printed sam-
ple), while the former presents two (PEDOT:PSS/Planarization film and Planarization
film /3D-printed sample). Although the non-planarized sample can be modeled through
a simple first order model, the planarized one introduces some complexity and needs to
be modeled through a second order model. One of the transient solutions for a circuit

with two capacitors and shunt resistors is the linear combination of two exponentials,
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Figure 6.16: (a) Spot temperature curves measured on the heater for different voltages (b
Thermal IR-image of the non-planarized and the planarized sample (c) when 0V are apphed
(left hand side) and when 7.5V are applied (right hand side)
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or in formulas:
Tt)=Ta(l—e 7a)+Tg(l—e 75) (6.1)

The numerical fitting, however, provides a negligible value of T4, suggesting that a
single pole approximation could be used. With means of this simplification, the com-
parison between these two classes of devices and the literature can be straightforwardly
performed by evaluating the characteristic time constants. The non-planarized system
and the planarized one, yielded time constants are 23.3 s and 29.5 s, respectively. The
slower response of the planarized device is attributable to the larger effective area of the
conductive layer and to the combination of the two interfaces, which leads to an overall
higher thermal resistance and, hence, to a higher time constant. The response times
for both the devices result slightly higher than what previously reported in literature
for CNTs and AgNW on PET foil [193], [194], [196], [197]. This, however, is believed
to be due the significantly lower thermal conductivity of PEDOT:PSS with respect to
the aforementioned nanomaterials and to the thicker substrate, not to the employed

fabrication process [198].

6.3.2 Concept of a Fully Printed Perfusion Chamber

These results show how the integration between 3D printing and thin film spray-
deposition it is feasible and pave the way for the realization of more complex, albeit
technologically similar, systems.

Figure 6.18 introduces one of these novel concepts: a fully-printed perfusion cham-
ber. The microfluidic structure is 3D printed with means of FDM technology. After
the fabrication of the first physical substrate, it is possible to spray-deposit an Or-
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Figure 6.17: Experimental data (black circles) and typical theoretical fit to the proposed
RC model

Figure 6.18: Section and 3D view of a concept for a fully printed perfusion chamber with
in-sito heating and fluorescence viability control through OPD/OLED coupling
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ganic Photodiode, by only changing the material in the reservoir of the spray gun: the
techniques developed in Section 3.4, allow us to produce fully spray deposited OPDs,
which is a consistent advantage in this process line. The encapsulation can be per-
formed through the inline method developed in Section 4.2, while the heater can be
produced as we just described. To complete the structure, it is possible to design and
print a lid, necessary on the one hand to close the chamber, and, on the other hand as
a support for the OLED. In case the excitation and fluorescence spectrum overlap too
much, it would be possible to prepare polarization filters on foil and laminate them on
the OLED and the OPD [147], or directly integrate them in the devices, as we discussed
in Chapter 5. Everything described so far, is realizable utilizing only the technology
developed and described in this work, without need of further assistance.
Nevertheless, given the inherent additive nature of the processes involved, it is possible
to design stacked devices and, throughout the use of the pertinent stencils, it would be
possible to fabricate even more complex structures in the perfusion chamber or at its
inlets/outlets. Still employing spray technology only, for instance, it could be possible
to integrate a C'O, gas sensor [199], [200], along with a temperature sensor [201], to
provide a feedback of the phenomena taking place in the chamber. On the outlet, it
could be possible to integrate a spray-deposited pH sensor [16], in order to have more
data to monitor the development of the cells and complement the fluorescence study.
The main issues related to the realization of a realistic design of the chamber, currently
in progress, are related to the optimization of the dynamics of fluids: the chamber must
be fed with nutrition medium, and the flow must be smooth and regular, in order to
avoid cells rupture or delamination. The accurate choice of pumps and actuators is
not enough to guarantee this kind of stability over a prolonged time lapse and for this
reason, the need to find mechanicals solutions able to break the medium droplets and

slow them down before arriving to the incubation chamber must be found.
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6.4 Summary

After briefly introducing the state of the art in the production of microfluidic and Lab-
on-a-Chip devices with conventional techniques such as photolithography and PDMS
bonding, we introduced 3D printing as a promising technique to solve some of the
major issues related to the classical processing. We postulated that 3D-Printing can
be employed for a new generation of electronic and biotechnological devices and we
defined a road map for the realization of 3D printed smart objects and biochips. To
realize some of the points of this road map, we first showed how it is possible to
spray-deposit thin conducting films on top of 3D printed structures. However, given
the roughness of the 3D printed samples, we analyzed the necessity of planarization
and compare three classical techniques presented in literature to a novel technique we
implemented. This novel approach is based on the spray-deposition of a planarizing
layer on top of the 3D printed sample and has some major qualities: it is remarkably
effective, cost-effective, “green” (since it helps to recycle the byproducts of 3D printing)
and easy to integrate in preexistent systems.

To prove this latter point, we developed a fully integrated printer able to perform
3D-printing, spray planarization and spray deposition of the desired material. This
apparatus was then used for the fabrication of a fully printed heating chamber, obtained
in one process run. This last finding paves the way to the realization of even more
complex structures in the field of smart objects, but also in the intriguing field ob

bioelectronics.
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Chapter 7
Conclusion and Outlook

The main goal of this thesis was, as stated in the title, on the one hand, the design
and the implementation of printed devices and objects for neuroelectronics, and, on
the other hand, the development and optimization of processing techniques to facilitate
(or enable) their fabrication.

In order to clarify the framework in which this thesis was set, we first gave a brief
overview about the phenomena behind organic electronics and the peculiarities of this
field of electronics, with its advantages and drawbacks. We described the main three
fabrication techniques utilized throughout the work and then presented two applica-
tions where the use of organic and printed materials has been successfully employed to
realize system not obtainable with conventional, rigid electronics.

Once the working principle and the potential of Organic Electronics was introduced, we
focused, in the rest of the work, on realizing processes for the reliable implementation
of devices to be employed in smart objects and in neuroelectronics. In the first experi-
mental chapter of this dissertation (Chapter 3), we demonstrate the feasibility of OPDs
employing spray-deposited CNT electrodes. The fabrication process presented several
issues connected to the roughness and poor wettability of CNT networks, which were
solved by analyzing the CNT /PEDOT:PSS interface and modifying the formulation of
the PEDOT:PSS ink. At this stage, however, albeit the OPDs had solution processable
anodes, the cathodes were still produced with means of PVD. To bypass this bottle-
neck, we developed a process for fully spray-deposited OPDs featuring PEDOT:PSS
electrodes as both anode and cathode, and where, for the latter, the work-function has
been modified through the spray-deposition of an ultrathin PEI layer. This methodol-
ogy was finally applied for the realization of OPDs on printed Ag nanoparticles stripes,
integrated into a complex system with a printed folded dipole antenna and an RFID

chip.
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In Chapter 4, we faced one of the major issues related to Organic Electronics: the
poor durability of the devices. This issue is commonly solved with the usage of thick,
rigid encapsulating barriers, which are stable and reliable, but hinder the flexibility of
the substrates. To have have good encapsulations and at the same time retain this
latter characteristic, we developed and tested a method based on the in line deposition
of oxide barriers and spray-deposited polymers. The hybrid encapsulators, composed
of eight alternated oxides and a thick polymeric film, allowed the OPDs to keep 40%
of their original photocurrent one month after their fabrication.

In the second part of the chapter, we investigated in more detail the stability of one
particular element common to almost any Organic Electronic device: one of the elec-
trodes. We exposed some classical electrode materials (Ag, Al, Au and ITO) to cul-
turing medium and characterized the modifications of conductivity, transmittance and
work function over time. The prolonged immersion in a liquid medium, however, led to
evident surface modifications, involving oxidation and delamination of the metal lay-
ers, which would be a significant problem in a real life application. To overcome this
barrier, we employed a photocurable polymer (SU-8) as adhesion layer and we showed
how, modifying the cross-linking procedure, it is possible to influence the stability of
the polymer/metal system. Evaporating the metal layer on a partially cross-linked
polymer resulted in much more stable layers with respect to the deposition on a fully
cross-linked one, and the electro-optical properties of the thin film were not discernibly
altered after 672 hours of immersion in culturing medium. To be able to use this solu-
tion in bioelectronics, however, the biocompatibility of SU-8 needed to be assessed, and
this task was assolved through fluorescent and electrphysiologic assays. The results of
these tests indicate that SU-8, processed with any protocol we tried, is as biocompati-
ble as the glass control, with both HEK cells and neurons, confirming the potential of
the introduced methodology as simple and effective alternative to oxidative metals as

adhesion layers for Au or Ag.

Chapter 5 introduced the idea of vertical integration, and, as a proof of concept,
wire grid polarizers were embedded in OPDs and OLEDs for the realization of self-
polarized organic optoelectronic devices. To achieve this goal, the WGP structures were
first simulated, fabricated and characterized. The results of the simulations, however,
although in line with the results reported by similar works, were significantly discordant
with the measurements of the practical devices, yielding Extinction Ratios up to two
orders of magnitude higher than the experimental data. The reasons for it reside in
the assumptions on the geometrical and physical structure of the simulated devices:

the duty cycle of the grid was considered to be equal to 50%, and the thickness of
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the top and bottom layers were supposed to be equal. Literature research and SEM
investigations showed how both assumptions were flawed, and by simple integration of
more realistic parameters, the results of the simulations become strikingly similar to the
measured devices. The fabricated WGPs were then employed as semi-transparent and
polarization sensitive electrodes for OPDs and OLEDs, which were characterized both
as stand-alone devices and in an OPD/OLED cross-polarization system, demonstrating
how vertical integration can result in the reduction of the needed external components,
with a limited trade-off on the performances.

The devices we introduced, defined pOLED and pOPD, at the best of our knowledge,
have never been developed by any other research group, and as they are a proof of
concept, they can be subject to major improvements. The main weak point of the
developed process resides in the sub-optimal practical implementation of the WGPs:
this aspect is reflected in both the relatively low polarization efficiency and the very
high serial resistance presented by the pOPDs. A future optimization effort could be
put onto the realization of smoother Al layers and sharper grid lines, which would lead
to a contemporaneous amelioration of the grid lines performances as polarizers and as

electrodes, improving the pOPD and pOLED devices as a whole.

Vertical integration is, however, not the only integration concept we developed. In

Chapter 6 we introduced 3D printing as a viable technique for the realization of smart
objects, through the horizontal integration of different devices and functionalities. We
demonstrated that through a newly developed planarization method, it is possible to
transform some areas of rough 3D printed objects in smooth surfaces ready for the
deposition of organic thin films. In order to assess the technique, we spray-deposited
thin conductive layers of CNTs, PEDOT:PSS and AgN'W on top of non-planarized and
planarized samples and measured the sheet resistance: the latter films presented an
improvement in this figure of merit up to one order of magnitude, which we attribute
to the shorter average conductive path on planarized samples.
Subsequently, we designed a system able to 3D-print and spray-deposit arbitrary ma-
terials, and we employed it for the fabrication of a fully-printed heating chamber. The
structure is composed by a thin 3D-printed substrate, which is first planarized and then
covered with a conductive layer of PEDOT:PSS; when this first layer is completed, the
structure is ultimated via the composition of side-walls, which include holes for the
contacting of the PEDOT:PSS film. By applying a DC voltage to the conductive layer,
the current flow heats up the chamber due to Joule dissipation, and we proved how the
planarization of the substrate substantially modifies the uniformity of the heater.

This proof of concept is a gateway for a number of possible novel applications: smart ob-
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Chapter 7. Conclusion and Outlook

jects with embedded organic electronic devices might be widely employed in consumer
electronics, but the concept of a semitransparent heated chamber can be directly ap-
plied to neurosciences. For instance, as a possible (and advisable) development of this
technology, we propose the realization of a fully-printed perfusion chamber, where cells
could be grown independently and out from the incubator and directly analyzed with
means of fluorescence imaging performed with an OLED /OPD combination. The per-
fusion chamber might integrate pH, RH and temperature sensing capabilities, realized
with means of solution processable electronics, along with energy harvesting compo-
nents and printed antennas. The complexity of realizable systems is only bounded by
the space which can be allocated on a single chip, in the horizontal plane or the vertical
one and by the intrinsic limits of the spray-deposition technique.

This last observation hints to the final advice we give to a willing, interested reader.
The limits of conventional processes, the boundaries of established technologies and the
functionalities of existing devices are not where your research work stumbles, dwindles

and stops. They are, in fact, where everything starts.
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Appendix A

Materials and Methods

A.1 Fabrication

Preparation of CNTs

For the dispersion of CN'Ts in aqueous solution, SDS or CMC are solved in DI water in
a weight ratio of 0.5 wt %. The CMC solution is stirred overnight for at least 12 h at
room temperature, while the SDS solution only needs 1 h stirring. When the solutions
are uniform, 0.05 wt % of SWNTs (Hanwha Nanotech) is added and the CMC and
SDS solutions are sonicated with a horn sonicator for 30 minutes. Solutions are finally
centrifuged at 15 000 rpm for 90 min, and the top 80% of material in each vial is

utilized for the deposition.

Organic Material Solutions

The bulk heterojunction blend is obtained dissolving solid-phase regioregular poly(3-
hexylthiophene-2,5-diyl) (Rieke Metals Inc.) and [6,6]-phenyl C61 butyric acid methyl
ester (PCBM) (Solenne B.V.) in o-DCB (Sigma-Aldrich) with a 1 wt %:1 wt % ratio
and stirred overnight (>12 h) at 60 ¥C. The PEDOT:PSS (CLEVIOS P VP CH 8000)
solutions were sprayed in a dilution of either 1:3 with DI water or 1:3 in isopropyl alcohol
(Sigma-Aldrich). The highly conductive PEDOT:PSS utilized for the top electrodes was
a mixture of PEDOT:PSS (CLEVIOS PH 1000) and Ethylene Glycol.

Spray-Deposition of OPDs

Table A.1 summarizes the most important parameters employed in the deposition of

the materials: spray atomization temperature, nozzle-to-sample distance, hot-plate
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Appendix A. Materials and Methods

Material Pressure (bar) Temperature Distance (cm)
(")

PEDOT:PSS 0.5 45 15

(HCL)

PEDOT:PSS 1 120 25

(Electrode)

PEI 1 40 15

P3HT:PCBM 1 120 15

Bendlay (Pla- 1 80 15

narization)

Table A.1: Spray-deposition parameters for PEDOT:PSS (HCL and Electrode), PEI,
P3HT:PCBM and planarization layer

temperature. Concerning the evaporation of the cathodic material, when performed,
it was composed of a 1nm thick LiF layer, followed by an 120nm thick Al one. The

evaporation rates were 0.1 Aand 1 A, respectively.

Ormostamp Replica Fabrication

The Ormostamp replicas were obtained with a process similar to what described by
Nagel et al [154]. The resin is poured onto the original stamp, and a carrier sample
(either glass or plastic foil) is placed on the material. Gravity and capillary forces
make the resin spread and fill the master’s nanometric features. Once the resin is
fully spread, it is exposed to UV light dose of 1000m.Jem?. Afterwards, the carrier
substrate together with the cured polymer can be peeled off from the master by lifting
the glass with tweezers and a scalpel. The replica is then thermally cured at 130°C' for

30 minutes and slowly ramped down to ambient temperature.

A.2 Characterization

Thin Film characterization

The sheet resistance was measured with a custom-made four-points probe and a Keith-
ley 4200 semiconductor parameter analyzer. The topography, average thickness and
uniformity of all the spray-coated layers (PEDOT:PSS, highly conductive PEDOT:PSS,
PEI and P3HT:PCBM) were evaluated with means of an AFM (JEOL JSPM-5200),

a mechanical profilometer (Veeco Dektak 150) and a white light interferometer (Veeco
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NT9080). To perform this last measurement, a thin Al layer (15 nm) was evaporated
on the deposited material, to enhance the reflection of white light. The work-function
was measured with respect to a highly ordered pyrolytic graphite (HOPG) through a
Kelvin Probe with a golden reference electrode (KP Technology Ltd., KP020).

OPDs characterization

The transmittance of the single films and the EQE of the fabricated OPDs were eval-
uated using a 300W xenon arc lamp choppered at 210 Hz, passing through an Oriel
Cornerstone 260 }lm monochromator and a calibrated photodetector. The output sig-
nal was connected to a transimpedence amplifier and fed to a lock-in amplifier. The
JV-characterization of the OPDs were performed by means of a Keithley 2602 sourceme-
ter, under a sun simulator with AM1.5G illumination or in a dark current box. Finally,
the cut-off frequency was evaluated by extracting the amplitude of the photocurrent

induced by a square wave green emission.
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