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INTRODUCTION

Inkjet printing is a nascent technology that is levg from text and graphic
printing into a major topic of scientific researmhd R&D, where it can be used as a
highly reproducible non-contact patterning techeigqo deposit liquid functional
materials at high speed on either small or larggasrof flexible and non-flexile
substrates. It is a low cost technique becausenmees the waste products and
reduces the process steps.

Nevertheless, the inkjet printing technology hasnaointrinsic limits, mainly
related to the drying process of the printed drioplle detail, during the drying
process the fast evaporation of the solvent atctrgact line induces an outward
convective flow of the solute to compensate thepexation losses and, in turn,
transports the suspending solute to the edge reglua effect is known as “coffee-
stain effect”.

Objective of this PhD thesis was to analyze thécati states of this deposition
method and to identify the working parameters fatimizing the deposition
conditions. The study on the ink formulation thrbutye definition of its chemico-
physical properties, on the wetting of the ink/dtdie system through the
employment of surface treatments, on the ink pogshrough the definition of the
printing parameters supplies the fundamental elésnéar controlling the droplet
drying and, hence, the quality of the printed mater

The printing parameters act differently on diffaremk/substrate systems.
Therefore, studying the optimization of the deponitfor different applications
allows to understand how the printing conditionSedently affect the working of

different devices. In particular, the researchvitgtipertains the employment of the




inkjet printing (IJP) technology for optical andeelronic applications, specifically
focusing on the realization of optical structurdése microstructuring and
microlenses, and organic electronic devices, slvdatile organic compounds
(VOCs) sensors, organic field effect transistors-E®s) and organic solar cells
(PSC).

The thesis is organized as follows.

In the first chapter, a brief introduction on tim&jet printing technique and on the
employment of the piezoelectric drop-on-demand netdgy for the organic
electronic is given. In particular, a study on tbenductor and semiconductor
properties of organic materials and on the opticatle polymer is also presented.

In the second chapter, a study on the printing siéipa conditions of a conducting
polymer nanocomposite material for sensing apptioat performed. The influence
of geometry and thickness of the sensing matemathe performances of VOC
chemiresistive sensor is discussed. Moreover, @ysta plasma treatments {@nd
CFy) to improve the wetting of the ink on differentostrates (glass, PET and glossy
paper) is also carried out. The reported analygsamed to correlate the uniformity
and morphology of the printed active films to the&nsing properties in presence of
organic vapours.

The third chapter is dedicated to optical applarai and, in particular, to the
realization of microlenses and the polymer mictagtiring by printing solvent or
solvent mixture onto a soluble polymer layer. Imstlast case, the effects of the
substrate temperature, the number of the printegletis and the chemico-physical
properties of the solvents on the geometrical patara of the microstructures are
analyzed. Concerning the microlenses realized lojtigsd deposition of a polymer
material, the effects of the ink viscosity and solts on the optical quality of the
microstructures is studied by interferometeric gsial based on a Mach-Zehnder
system.

The fourth chapter is focused on the realizationndf/pe organic field effect
transistors (OFETs) by printing Perylene Diimidengmnductor. The developed
study is aimed at optimizing the ink chemico-phgkiproperties and the printing
parameters in order to improve the uniformity angstalline structure of the printed
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layer. Moreover, the electrical characteristicsavanalyzed allowing to understand
as the control of the molecular organization cdecathe device performances.

The fifth chapter pertains the realization of origasolar cells by printing the active
layer P3HT:PCBM. The effects of the printing paréeng on the power conversion
efficiency of devices prepared with different soitee and solvent mixtures are
investigated through morphological and electricadlgses. The study on how the
printing parameters suitably combined with the titla properties of the solvents
influence the device electrical performances ioreggl. Moreover, the analysis that
shows how these working parameters affect the pbeparation between the two
components of the active blend is also discussed.







CHAPTER 1
INKJET PRINTING TECHNOLOGY
FOR THE ORGANIC ELECTRONICS

Inkjet printing is a very promising technology imetscientific research field for its
main characteristics such as high reproducibihigyn-contact patterning, high speed
and high quality deposition on both small and laagas.

This technique is a cost-effective and flexible moet for the deposition of
functional fluids, in the form of polymer solutioand pure solvents or solvent
mixtures, onto various surfaces and substrates. eSemamples of functional
materials include metal inks, conductive and sendcative polymers, surface
coating, proteins and nanoparticles. The versatibf the inkjet printing is
highlighted in several research areas such as chémmechanical, optical and life
sciences and in a wide range of applications likeeteonics, opto-electronics and
displays.

The present chapter provides a literature survalydbscribes the main features of
inkjet printing technique and a more deepened adeenon the inkjet printing
category used in this thesis research. Moreoventamduction to the methodologies
for the formulation of the ink and for the modifima of the ink/substrate wetting
are also mentioned. Finally, an outline on the pigalectronics and, in particular, a
comprehensive survey of conductor and semiconduwntderials, and optical grade
polymer are also provided.
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1 InKjet printing techniques

The inkjet technology can be divided in two maiassles: continuous inkjet (CIJ)
and drop on demand inkjet (DOD). These two maiegates can be further divided
into other subcategories as shown in Figure 1.&mdipg on the different techniques
for applying the ink to the substrate.

Continuous inkjet is often used in printers folgkiscale production that needs of
high-speed printing. The operating principle ofamtinuous inkjet system is based
on the continuous production of the drops durirg ghinting. There are three main
categories for this printing technique: Binary [2efion, Multi-Deflection and Hertz.

In the drop on demand technology, the dropletsoale generated when required.
Four types of drop on demand technologies are aail to create a drop:

Piezoelectric, Thermal, Electrostatic and Acousstiget.

[ INKJET TECHNOLOGY

[ Continuous I [ Drop-on-demand ]

!
[ | | |
Bi Multipl -
(ponany | [dutpte ] [ tertz ) [ wicrocot

Thermal PIEZD_' Elect_ro— Acoustic
electric static

Squeeze
mode

Side-

Roof-
shooter shooter

Bend Push Shear
mode mode made

Figure 1.1Diagram of the available inkjet printing technakesy[1].

The state-of-the-art about the printing technolagyl the main characteristics of

each technique are discussed as follows.
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1.1 Continuous Ink Jet printing techniques

Continuous inkjet (CIJ) designs are mainly usedigh volume applications, such
as industrial coding, marking and labelling markeds the name suggests, the
operation of CIJ requires a continuous generatiomlo stream from a pressurized

fluid reservoir.

1.1.1 Binary Continuous InKjet

In a Binary Deflection system, the ink drops at@es uncharged or charged by an
electrode after leaving the nozzle. The electramdrols the printing in the following
way: only uncharged drops reaches the substratée whe charged drops are
deflected by an electrical field in to a gutter fecirculation (Figure 1.2).

The working principle of this technique is scheralty shown in Figure 1.2.

I |
Drop Generator Charge -
electrode High voltage Gutter

deflection plate Substrate

Figure 1.2 Schematic illustration of a binary-deflection daobus inkjet system [1]

1.1.2 Multiple Deflection System

In the Multi-Deflection technique, the inkjet praat drops receive different charge,
so that as they pass through electric field theydmflected more or less in different
directions. In this way, it is possible to prinettroplets in different positions even if
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the substrate and the printhead are static. Th&imgof this system is schematically

illustrated in Figure 1.3.

—— i e
. S
Drop Generator Charge ' T ' Gutter

electrode High voﬁage
deflection plate

m
"

Substrate

Figure 1.3 Schematic illustration of a multiple-deflectionntimuous inkjet [1].

1.1.3 Hertz Continuous InKjet

In 1966, Hertz et al. proposed a method for achgpwiariable density of printed
spots in continuous inkjet printing using the alestatic dispersion of a charged
drop stream to modulate the number of drops whads phrough a small aperture. In
this method, the amount of ink deposited per pigelariable. This is achieved by
generating very small drops at the speed of abouh/4 with excitation frequencies
of over 1 MHz. The drops uncharged are collectedhygutter (Figure 1.4). The

printing drops are less charged to prevent meririigght.

“— R
[ ]
Drop Generator Charge L Gutter
electrode

High voltage

deflection plate Substrate

Figure 1.4 Schematic illustration of Hertz continuous inkjg}.|
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1.2 Drop on Demand InKjet printing techniques

Drop on Demand inkjet technology is used in theamtyj of printers. The smaller
drop size and the higher positioning accuracy ofDDi@kjet printers are their key
advantages for the direct printing of the inks. sTkapproach eliminates the
complexity of drop charging and deflection hardwa® well as the inherent
unreliability of ink recirculation systems required continuous inkjet technology.

The available DOD techniques can be classifiedive fmain types: Thermal,
Piezoelectric, Electrostatic, Focused Acoustic dPidzo-Acoustic DOD inkjet

printers.

1.2.1 Thermal InKjet printing

Thermal Inkjet is considered as the most commojeirikchnique and it dominates
the market for home users. In this technique, tlikedrops are ejected from a nozzle
by the growth and collapse of a vapour bubble enttip surface of a small heater
located near the nozzle. With a current pulse sd than a few microseconds through
the heater, the ink’s temperature rises to thecatitvalue for bubble nucleation.
When the nucleation occurs, a vapour bubble expearpidly to force the ink to form
a drop outside the nozzle. The whole process obleulormation and collapse takes
place in less than 1. The ink then refills back into the chamber dralfirocess is
ready to restart.

This process is schematically illustrated in Figl/e

Heater
‘N /D‘rl fice
B % -
= |
. Ly

Pressure
chamber

ok

Figure 1.5Schematic illustration of a thermal inkjet [1].
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As shown in Figure 1.6, there are two designs Hrat usually employed in
fabricating thermal inkjet printheads based on whbee heating element is located:
the roof-shooter design and the edge-shooter debiga roof shooter design, the
heating element is located on top of the nozzléeptarallel to the nozzle orifice,
whereas, in an edge shooter design, the heatimgeateis on the side of the fluid
chamber perpendicular to the nozzle orifice.

Roof Shooter Edge Shooter
Tt |

Heater element .
: |~ o
: /’/ J"_ ¢
- | _—Gas bubble e o

A _—
. .,

.

Ejection orifice

Figure 1.6 Schematic illustration of a roof-shooter desigrit(land edge-shooter
design (right) of a thermal inkjet device [1].

1.2.2 Piezoelectric InKjet printing

In a piezoelectric inkjet device, a piezoelectriatenial is used instead of a heating
element to produce the force necessary to ejeabplal. Piezoelectric materials
deform when a voltage is applied onto them. Inrikjet head, this deformation can
be used to displace volume in a fluid chamber faptt ejection. Unlike thermal
inkjet, the process is purely mechanical and tloeeefioes not present degradation
problem of the inks.

Piezoelectric inkjet operation can be categorizet ifour types, based on the
piezoelectric deformation mode: squeeze, sheah aog bend mode.

In squeeze mode (Figure 1.7a), the piezoelectystal surrounds a glass capillary-
nozzle system. Applying a short rise-time voltagdse the piezoelectric crystal
contracts and “squeezes” the liquid which causesnall amount of liquid to be

expelled from the orifice.

-10 -
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Figure 1.7 Schematidllustration of (a) squeeze mode, (b) shear modep(sh
mode and (d) bend mode of a piezoelectric inkjettimg [1].

In shear mode (Figure 1.7b), the applied voltageerpendicular to the polarization
of the piezoelectric material. The shear mode deslgforms the piezoelectric
against ink to eject the droplets. In this casepilezo becomes an active wall in the
ink chamber. Interaction between ink and piezogkechaterial is one of the key
parameters of a shear mode printhead design.

In both push mode (Figure 1.7c) and bend mode (Eigu/d), the applied voltage
is parallel to the polarization of the piezoelexrtriaterial.

In the push mode a piezoelectric rod is used td pus the ink. In practice a thin
membrane is placed between the rod and the inketeept undesirable interaction.

The bend mode inkjet has piezoceramic plates warehbonded to a diaphragm
forming an array of bilaminar electromechanicahs@ucers used to eject the ink
drops. By applying a voltage to the piezoelectriatgy the plate is contracted,
causing the diaphragm to flex into the pressurentiea. The diaphragm motion
pressurizes the printing liquid in the chamber &ordes a drop to be expelled from
the nozzle. The size of the drops is controlledhgyvoltage applied to the deflection

plate, the pulse duration and the nozzle diameter.

-11 -
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1.2.3 Electrostatic InKjet Printing

The basic principle of Electrostatic inkjet is tengrate an electric field between
the ink chamber and the substrate. Contrary tother techniques mentioned above,
where the ink drop is formed and ejected by presdine ink drop in electrostatic
inkjet is emitted using the electric field. There aeveral methods for doing this, e.g.
using the Taylor Effect or by using thermal effexichange viscosity as controlling
mechanism. Some of these methods are very advamtketias proven to be able to

produce very small drops [3].

1.2.4 Focused Acoustic InKjet Printing

In the Focused Acoustic Inkjet Printing, an acaugtave is focused onto a fluid
surface to eject droplets from the liquid. A pieeotric transducer is attached to one
end of a solid rod. On the other end of the rodaesustic lens focuses the acoustic
waves given out by an RF generator (Figure 1.8).

This techniqgue has the advantage of being poténtialaffected to clogging
because the ejection aperture is a large regioa Bbid surface defined by the
diameter of the focal spot. Another advantageespibssibility to vary the size of the
ejected drops shifting the distance between the find the transducer in order to

vary the focal spot diameter on the surface offltkid.

[ <——— Piezoelectric transducer

|_— Acoustic lens

Ultrasonic beam \
focused on surface i Aperture plate
of fluid meniscus ’

Figure 1.8 Schematic illustration of a Focused Acoustic Inijenter.

-12 -
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1.2.5 Piezo-Acoustic InKjet Printing

In scientific research the piezo-acoustic DoD ihkjstem is mainly used, because
of its ability to dispense a wide variety of solteand functional materials such as
conductive polymers and nanoparticles [4—6], sblrgaterials [7], cells [8], and
structural polymers [9].

In a Piezo-Acoustic inkjet printing technique, wheewoltage pulse is applied, the
piezoelectric actuator contracts and creates asmreswave which propagates
through the capillary tube into the liquid. In thezzle region the pressure wave
accelerates the liquid forming a droplet, if itaddic energy is sufficient to overcome
the surface energies and the viscous dissipation.

In this thesis work, piezo-acoustic inkjet printdeaproduced by MicroDrop
Technologies (MD-K-130 and AD-K-501 specifically)eve used. These inkjet
printers are based on apart of the squeeze-modet ipkinters described in the
previous section. In particular, the choice of tkilsd of technique is based on the
necessity to print liquids without heating the dlwvhich can cause the degradation of
the material properties.

The core of the Microdrop dispensing head (Figur@a)l consists of a glass
capillary (opening nozzle 20-100 um) which is sumded by a tubular piezo
actuator. The droplet volumes in flight are in taage of 20-500 pl corresponding to

nozzle diameters of 20-100 pum.

voltage supply .
i

piezo actuator . 4
liquid
supply

nozzle .
, glass capillary

(e (o)

Figure 1.9 (a) Schematic illustration of a Microdrop piezo-astic inkjet
printhead (b) picture of a AD-K-501 pipette; (cxfuire of a MD-K-
130 printhead with holder and reservoir.

-13 -
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Depending on the configuration, the system can dpgipped with the pipette
(Figure 1.9b) or the dispenser head (Figure 1.¢&fes. In the first case, the fluid is
directly aspirated through the nozzle tip into gtess capillary, while in the second
case the material is stored in a reservoir condewith the printhead. The pipettes
allow to print of all kinds of solvents and matésighat could be incompatible with
the silicon material that surrounds the printhead.

A rectangular voltage signal is sent to the piezcteic actuator for the drop
generation. Various signal parameters, like thegamplitude [30-255 V], the pulse
length [8-255us] and the frequency [1-12500 Hz], can be adjustedrder to
optimize the drop emission.

The printing system is equipped with a CCD (charggpled device) camera and a
stroboscopic LED (light emitting diode) placed opposite side underneath the
printer head outlet to visualize drops in flight different time. Through a visual
control, this system allows to determine the optadi piezo-voltage, pulse-duration
and frequency parameters to provide a reliable ldtagection and to avoid the
satellite drops.

The entire vision system of the inkjet printing goment used in this thesis work
includes other two units in addition to the aboventioned drop vision system: a
camera-assisted printing process system and a asamsisted alignment system.
The camera-assisted printing process is a horizoataera that allows to follow the
printhead during the printing process. The camssisted alignment system is a
vertically installed camera equipped with a micogse It allows the visualization of
the drop impact point enabling, in particular, petfalignment of the printed drops
with pre-structures.

The inkjet head controller generates a high-voltagignal to actuate the
piezoelectric inkjet printer head. In addition,sthinit provides a pressure control
system to regulate the pressure inside the reseavoi to supply the liquid in the
reservoir to the glass capillary. A negative pressespect to the ink outlet, in the
range of mbar, must be applied for pump the liguid the capillary and obtain
stable drop emission. The same unit can be usélll a0 empty the printer head for

cleaning purposes.

-14 -
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The provided user interface allows the adjustmehtth® printing control
parameters, namely the pulse amplitude, its duram frequency.

The high precision motorized stage enables thetippsig of the printhead on
substrates with micron range accuracy and with lEgeed (range 0.1-500mm/s;
standard working condition 1-5mm/s).

A CAD software is used to design the geometry @f phninting material on the
substrate.

The inkjet equipment used in this thesis work hasnbdesigned by Aurel S.p.A.
for printing inks on both rigid and flexible sulstes, in the form of reel or single
sheet. The inkjet printer located at the ENEA Rese&entre of Portici is shown in
Figure 1.10.

Figure 1.10Ilmage of the inkjet printing equipment at ENEA Fart

1.3 Fluid dynamic principles

In the inkjet printing technique, the liquid in thgdass capillary must fit the
physical and rheological requirements of fluid flawterms of viscosity and surface
tension in order to be successfully ejected. Fdixed geometry and initial fluid
characteristics, the analysis of the fluid mechsupimblem in a dimensionless form
is beneficial due to the reduction of the numbegmferning parameters. In order to
guantify and compare liquid properties, both igtii and upon impacting the

substrate, the dimensionless Reynolds and Webebensntan be introduced. The

-15 -
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Reynolds number (Re) highlights the importancehefihertia/kinematic forces with
respect to the viscous resistance forces in a #od it is defined as the ratio of the
inertial forces versus the viscous stress withendfoplet:

Re:ﬂ (eq11)

n

where p is the fluid density,d the nozzle diameterny the velocity andy the
viscosity of the in-flight droplet.

Another condition to be satisfied is that the kinenergy must be higher than the
surface tension of the drop. This is correlatechvaitdimensionless number, called
Weber number [10], which represents the ratio eftial forces versus the interfacial
stress:

odu? (eq.1.2)
14

We =

wherey is the surface tension of the liquid.

Both dimensionless numbers have a large influencehe droplet impact and
spreading [11-13]. Typically, for inkjet printinggeriments, both the Reynoldsd
Webernumbers are relatively low and in the order of 100, since the velocity and
the size of the droplets are relatively small. Thrsperties controls and usually
prevents splashing of the droplets upon impactiwegsurface.

Fromm’s dimensionlesZ-number is a particular combination of these two
dimensionless numbers and it is related to theggapon of the pressure wave and
its attenuation by viscous dissipation [14]:

. /pdyzﬁ (eq.1.3)

As predicted by Fromm, the drop formation in DoBteyns is only possible for
Z>2. Later, Derbyet al. [15] refined this prediction to 1 2 < 10, but this theoretical
condition seems to be valid only for concentrateak wr paraffin suspensionin
practice, however, the lower limit is determinedthg viscosity that dissipates the

pressure pulse, whereas the upper limit is cogeélad the formation of satellite
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droplets [16]. It is important to classify satelstand satellite-drops. Satellite-drops
are undesired drops generated besides the main trop DOD inkjet printer,
satellite-drops are usually generated when thetikirenergy is too high, so the
ejected liquid column breaks up into more than dr@p. In some cases satellite-
drops have the same trajectory as the main dropnaad collapse with it if their
velocity is higher than the speed of the main df@p.the contrary, the trajectory of
satellites is not well controlled.

1.4 InKk formulation

A crucial element for the inkjet printing technojoig the ink formulation. The first
and foremost consideration is the compatibilitytted fluid with the materials of the
printhead component parts. If the fluid chemicalyacts with the elements of the
printhead, the use of the pipette, where only thheggcapillary goes in contact with
the ink, is needed.

Moreover, specifically for DOD piezoelectric inkjgechnique, the chemico-
physical properties of the fluid that can be ejddig this printing system have very
narrow variability ranges. This depends on the Ipgaite weak mechanical force
generated by the piezoelectric crystal deformatonthe fluid. As a result, the
typical fluid must has sufficiently low viscosity tallow the ejection. By assuming
that all the used fluids exhibit Newtonian propesti the viscosityw is simply

described as:

T eq.l.4
u=t (eq.1.4)

y
whereTt is the shear stress, that is the required forceupi¢ area to produce the

fluid flow, and;'/ is the shear rate, that is the differential veipoof the fluid flow.

For the Microdrop printhead, the ideal fluid visitpsange is 0.5-40 cP. If the
fluid viscosity exceeds this values, the fluid abulot be ejected by the piezo
actuation. On the other hand, if the fluid viscp$# too low, the fluid can be idle in

or drip from the nozzle resulting, in this last €as poor jetting quality with the
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presence of filaments or satellites. The ink viggoss usually adjustable by
modifying the solvent or the material concentrafiothe fluid.

Although low viscous fluid are desirable for jegipurposes, the high viscosity
guarantee the reduced droplet spreading when tiak Idinds on the substrate. The
control of this parameter is critical since thepled condition strongly influences the
film uniformity. The viscosity range for the prirgad employed in this thesis work is
around 20-70 mN/m.

Another important factor in the viability of inkegjtion is the size of the particles
in the fluid. Usually, particle diameter smalleath1 um in diameter is the right
dimension desirable for eject nanodispersion wha&nguDOD piezoelectric inkjet
printhead. Moreover, the time-stability of the seisgion is also a crucial parameter
for the printability of the fluid because the pelds in suspension should not
agglomerate for all the time of the printing praxes

In addition to the viscosity and time-stability pssties, the surface tension is
another important fluid characteristic that must dmnsidered. In general, high
surface tensions don’t allow the fluid separationforming single drops. On the
other hands, high surface tensions prevent thelatrgpread on the substrate so
promoting a spherical shape of the dried printexblet.

On the contrary, if the surface tension is too laws difficult to generate stable
droplets and the fluid element emerging from thedhe could show long continuous
tails along the flight path. Moreover, from the thed perspective, is undesirable to
have very low surface tension because of the wedezading on the target substrate
that makes difficult the realization of a well defd structure.

Therefore, a good ejecting quality is usually chteased by:

. no wetting of nozzle plate during ejection,

. compatibility with the printhead and the deliveggtem,

« small ejecting drop volume variation among the gateel droplets,
. uniform droplet velocity from droplet to droplet,

»  absence of satellite droplets,

. straight droplet trajectory along the nozzle/sudistdirection,

. long term ejecting stability, including during the/off cycles.

-18 -
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The optimization of the drop quality is performéuaugh a vision unit consisting
of a stroboscopic system focused on the nozzlee @Howing the observation of
drops in flight at different phases of generati®ome examples of images from
stroboscopic camera showing various ejecting guatinditions are shown in Figure
1.11.

(@) (b (c

Figure 1.11Drop images of a stable condition (a), formatiorfieiment (b) and
formation of satellite droplet (c).

1.5 Ink-substrate system

The non-contact nature of inkjet deposition makesvery versatile process being
applicable to a wide range of substrates. Theaotem between the deposited fluid
and the substrate surface is a crucial factor thmigpe the deposition process.
Another critical aspect of the inkjet printing tedfue for the quality of the printed
material is related to drop drying process whicltbasically controlled by the so-
known “coffee-stain” effect. During the processsollvent evaporation, a capillary
flow takes place inside the sessile drop from éstie towards the edges, where the
evaporation rate is higher, replenishing the evaipmm losses. As consequence, at
the end of the drying process the material resaitgely localized at the rim of the
printed droplet. Possible approaches to reducectifeee-stain’ effect are based on
the use of surface treatments,(@F,, silane, etc.) and mixtures of solvents with
different boiling points and surface tensions (“Bliagoni effect”) in order to modify
the surface energy of the substrate and the sutéaseon of the liquid, respectively.
In the following sections, more details on the wettproperties of the substrates and

on the coffee-stain and Marangoni effects are jolexli
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1.5.1 Wetting of the substrate

In the printing processes, the main ruling factothie spreading of the fluid droplet
on the substrate is the surface tensigrof components. In general, the molecules in
a fluid are subjected to the attraction of the @umding molecules. Insidée fluid,
the resultant of all the attraction forces is zavbijle on the surface these forces are
directed inwards. This effect of “compression” eg@nts the tendency of every
system to reach the minimum energy state. The ase surface of a liquid
corresponds to an increased energy and, in thes taes equilibrium is reached when
the liquid assume the minimum possible size (sphkshape).

The surface tension is defined as the energy tease the surface area of a unit.
Therefore, it quantifies the disruption of intermallar bonds that occurs when a
surface is created and its unit of measurementasgy for unit of area.

The wetting, which is the ability of a liquid to m#in contact with a solid
surface, is determined not only by the liquid sceféension, but even by the surface
energy of the solid and by the balance betweensadhé¢between molecules in the
liquid and solid) and cohesive forces (betweenrtiwdecules in the liquid) at the
interface (interfacial tension). Greater adhesivecd induces lower interfacial
tension.

In the fluid-substrate interaction, it is more useb treat the surface tensions as a
system which consists of liquid, solid and vapoueifaces. This approach takes into
account that, when a droplet forms on a surfagegtinterface tensions generate at

the solid-vapour interface(y,, ,)solid-liquid interface (y4 )and liquid-vapour

interface();, ) The base of this concept is schematically ilatsil in Figure 1.12.

2

[
IV

Figure 1.12Schema of droplet wetting on a solid surface.
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The contact angl® is determined by a balance of the surface tensainthe

interface in agreement with Young's equation [17]:

Yo = Vg TV, cOSE (eq.1.5)

For contact angles smaller than 90° the wettingthe surface is strongly
favourable and the fluid spreads over a large aféhe surface. For contact angles
greater than 90° the wetting of the surface iswmifgable and the fluid minimize the
contact with the surface and forms a compact ligaplet.

In order to modify the wetting, different surfacedtments are applied. Typically,
plasma and silane treatments are the commonly peegsses to modify the surface
energy of the substrate.

Concerning the plasma treatments, oxygen or fleogas are the most commonly
employed reactive species. A plasma is composed gfartially ionized gas
containing equal volume density of positive andatieg charges (ions and electrons,
respectively), and a different volume density obna¢ in the ground state and
excited-state. Inelastic collisions among electrangl gas molecules give rise to
reactive species (excited atoms, free radicalss amd electrons). Thus, the energy
gain from the electric field is used to create higheactive species without
significantly raising the temperature. This procesgerformed under vacuum in
order to create a plasma. The plasma treatmertteased for:

* inducing activation through the introduction of faae functional groups
containing oxygen,

e etchingin Ckg/ O,

» organic film deposition (plasma polymerization)imorganic (SiQ, SkNa,
etc.) one.

The electric field for generating the plasma cannhbedified by the working
frequency (DC, AC, RF, MW), the configuration ofetlelectrodes, inductive or
capacitive coupling depending on the applications.

Silanes are chemical compounds consisting of anabfabilicon atoms covalently
bonded to each other and to hydrogen atoms. Thexiergl formula is SiHzns2

resulting analogue to the alkane hydrocarbon, wiséieon is replaced by Carbon
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atoms. The silane treatment makes a surface hydbaplby means of its organic

substitution.

1.5.2 “Coffee-ring” effect

One of the crucial feature of the printing procisssorrelated to the droplet drying
process that basically induces a final printed Etowhich is characterized by the
presence of high ridges at drop edge. This effeglted “coffee-stain effect”, was
first explained by Deegan et al. in 1997 [18]. Tipsenomenon describes the
propensity of the solute to flow out towards theplet edge through a capillary flow
during drying. This occurs owing to the maximumntloé evaporation rate and to the
drop pinning at the three-phase contact line [18—21

During the evaporation of solvents incorporatea iprinted droplet, while solvent
molecules evaporating at the center of the droptetreadily reabsorbed, solvent
molecules from the edge can easily escape withoutreabsorbing process. This
phenomenon results in a larger evaporation rateingrahe edge. Such a fast
evaporation at the contact line induces an outwd#fdsive flow to compensate for
the liquid removed by evaporation and, in turnpns$gorts the suspending solute to
the edge region [22,23].

This effect is represented in figure 1.13.

Kgf‘Hff),

.\‘\‘\ —)) (=5 //;, | (\ q

Figure 1.13lllustration of “coffee-stain” effect. Evaporatioate (represented by
upward arrows) is highest at the edges of a pridteglet resulting
in an accumulation of the solute at the periphdrsha end of the
drying process.

For this reason, the coffee-stain effect causesa pniform distribution of the

printed material which, in general, degrades thalfdevice working.
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1.5.3 Marangoni effect

A possible strategy to reduce the “coffee-stairfe@fis based on the employment
of mixtures of solvents with different boiling ptsnand surface tensions. By mixing
appropriately two solvents with different chemidwypical properties (surface
tension, boiling point) along the sessile drop wadh concentration gradient of one
solvent is generated opposite to the concentrajradient of the other solvent. The
concentration gradients induce opposite solutelleapiflows along the drop radius
profile producing a distribution of the printed maal whose final profile depends
on the volume mixing ratio of the solvents suitatdynbined with their volatility and
surface tension properties. This happens becausedithplet drying process is
controlled by Marangoni effect [24,25] in addititm the “coffee-stain effect”. The
Marangoni flow is related to the temperature grnata# the sessile drop and, hence,
to the different surface tension at the dropletuitigair interface. While the
Marangoni effect is less dominant than the diffadilow in a single-solvent system,
the same becomes more significant in the case af-shlvent system in the
definition of the profile of printed droplet. Thilehaviour is schematically illustrated

in Figure 1.14.

---» Solvent evaporation

.m . — Diffusive flow
l.‘;\ f’J

| | Inward Marangoni flow

Figure 1.14lllustration of “Marangoni effect”. The diffusivédw (“coffee-stain”
effect) is directed from the centre to the edg¢hefprinted droplet.
If mixture of high- and low- boiling point solvents employed an
inward Marangoni flow can be generate, inducing aatce of
material at the centre of the dried droplet

The physical process responsible of the Marangtiacteis the following. Since
the solvent evaporation requires the consumptiodatEnt heat and the thermal
conduction path is longer at the top centre of sessile droplet, the surface
temperature is lower at the central region. Simeesurface tension is a function of
the temperature, the presence of a gradient ofuhface tension along a fluid-fluid

interface induces a Marangoni flow from regionshwidw surface tension (the film
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edges) to regions with high surface tension (tha fientre) [24]. In general, in a
single-solvent system, the temperature-gradienedri Marangoni flow is less
important in the evaporating droplet than the caotive flow. Conversely, when
using a mixture of low- and high boiling-point sehts (dual-solvent system), the
solvent composition at the contact line will shiftvards more to higher-boiling-
point solvent than that in the bulk due to the &astporation of the low-boiling-point
solvent at the edge, creating a compositional-graetiriven Marangoni flow
[9,26,27]. If the high-boiling-point solvent hashagher surface tension than that of
the low-boiling-point solvent, an outward Marangéoiv is induced from the centre
to the edge. In the opposite case, where the hagmy-point solvent has a lower
surface tension than that of the low-boiling-p@atvent, an inward flow is induced.

Therefore, in a dual-solvent system the Marangiom tan balance the convective
flow assuming a significant role in defining theapk of the printed droplet. In order
to realize a uniform layer with a reduced “cofféans’ effect, both the direction and
magnitude of each flow should be well-designedaisonward flow can be induced
or, in the same way, an outward flow can be sugpes

1.6 Organic electronics

Organic electronics is a branch of electronicsidgalith carbon-based materials
which are able to carry electric charges. These poumds can be in form of
polymers (macro-molecules) or oligomers (small rooles).

The discovery in 1977 of Shirakawa, MacDiarmid &hekger on the significant
electrical conduction of doped polymer materialsichs as polyacetylene or
polyaniline, exhibited a, promoted a general irdeie the study of these materials
[28,29].

Nowadays, organic electronics includes organic gotas, semiconductors,
dielectrics and light emitters. In general, sincgamic materials are lighter, more
flexible and less expensive than inorganic onesir thse in electronics is making
possible the introduction of new applications. lartgular, one of the most
interesting properties of organic materials reside$eir solubility in a wide variety
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of solvents, making them printable by low-tempematand low-cost techniques. This
specific feature is opening the way to the realrabf a broad range of products and
represents a considerable boost to the developmkrthe organic (“plastic”)
electronic technology based on the employment wévative industrial techniques
like inkjet printing.

In the last decades, most organic materials shoelegjrical conduction have been
classified as semiconductors. In particular, sendcgting polymers have increased
their potential application in low-cost electromiccuits which can be fabricated on
any substrate type, also having with flexibilityddor transparency properties [30].
Semiconductor polymers were applied as active alsnen a broad variety of
devices including light-emitting diodes, solar segllsensors, and field-effect
transistors (FETs) [31].

Recent researches are focusing also on the pagsitul dope polymers with
conductive metal nanoparticles, in order to notigaincrease their basic
conductivity up to values comparable to those ofvemtional inorganic metals. This
possibility enhances the perspective to fabricatghly-performing fully-organic
electronic devices in the next future.

In the following, after an introduction to the basnechanisms which rule the
charge transport phenomena in organic semicondjcgome specific technological
applications, relying on the employment of theseéemals and which are the subject

of the experimental work reported in this thesisl, me discussed.

1.6.1 Charge transport in organic semiconductors

According to the band theory of solids, there &red¢ categories of the materials:
conductors, semiconductors and insulators.

The continuum distribution of the energy levelsisolid material is called energy
band. The highest energy band that contains elecicalled the ‘valence band'.
The lowest band in which there are unoccupied statecalled ‘conduction band’.

The energy gap between these two bands is caltedi‘gap’(E) [32].
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In insulators, the electrons in the valence bardsaparated by a large gap, (E
>2eV) from the conduction band. In conductors hketals, instead, the valence band
overlaps the conduction band and electrons carlyeasve in response to an
external electrical field due to the presence oteasible energy states. In
semiconductors, there is a small gap, (El-2 eV) between the valence and
conduction bands, in such a way that thermal oerotimergy excitations can bridge
the gap (Figure 1.15). Furthermore, in presencauoh a small gap, the presence of

low percentages of a doping material can drasyidadrease the conductivity.

Insulator Semiconductor Conductor

A A

Conduction band

Conduction band

Band gap
Valence band

Band gap

Energy of electron

Valence band

Valence band

Figure 1.15Schematic representation of Energy bands for itstda
semiconductors and conductors.

Organic semiconductors, being based on Carbon stigmpresent fundamental
differences with the inorganic ones.
The electronic ground state of carbon (atomic numbes) is 18 2&° 2p” as

schematically reported in Figure 1.16.

Figure 1.16Electronic structure of carbon in its ground state.
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Carbon, is one of the most versatile elements erp#riodic table in terms of the
number of compounds it may form. From the groutadeselectron configuration,
the carbon has four valence electrons, two in theh2ll and two in the 2p shell. This
minimum energy condition requires the saturatiobaids which can occur in three
different configurations.

In the first configuration, carbon will form an eted state by promoting one of its
2s electrons into its empty 2p orbital and hybediBy forming this excited state,
carbon will be able to form four bonds with othetoras. The excited state

configuration is shown in Figure 1.7 and is cabgdhybridization.

I i
%23
Hls

Figure 1.17Electronic structure of the $pybridization.

The second carbon configuration is the sp hybrithra(Figure 1.18). In it the s
orbital and one of the p orbitals from carbon'soseicenergy level are combined
together to make two hybrid orbitals. Those hyloibitals arrange themselves in
three dimensional space to get as far apart asgpmsEhey are exactly opposite one
another from the center of the carbon atom. Bec#usetype of sp hybridization
only uses one of the p orbitals, there are stitl pworbitals which the carbon can use.

This kind of hybridization occurs when a carbomaise bonded to two other atoms.

Figure 1.18 Molecular orbitals of sp hybridization.
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The last configuration is the Spybridization, where three of the valence electrons
form the so-called $ghybridized orbitals, which are at an angle of 126th each
other and stay on the plane (xy). The fourth etegtmstead, resides in a so-called p
orbital which is orthogonal to the xy plane (Figdr&9a).

o bond (single bond)

p orbital

sp? orbital sp? orbital

i o bond n bond
sp? orbital (end-to-end (side-to-side
overlap) overlap)
A
(a) (b) Double bond

Figure 1.19(a) sp-hybridized orbital of a carbon atom; (b) molecudabitals of
two double bonded carbon atom formingonds and bonds.

Two of the sp-hybridized orbitals formp-type single bonds with two adjacent
atoms. The remaining $pybridized orbital and the,prbital form ac bond and a-
bond with another carbon atom. (Figure 1.19b). ldersystems of interacting, p
orbitals are called n-conjugated’ systems and characterize the semicodu
polymer structure. The $pconfiguration is associated with a highly locatize
electron density in the plane of the molecule whsctihe backbone of the conduction
mechanism in the organic semiconductor. The ovedip, electrons provide
conjugated polymers with desirable electronic proge allowing the transport of
charges.

There are two major classes of organic semicondsictow molecular weight
materials and polymers. An important differencewssin the two classes of
materials lies in the way how they are processetbitim thin films. Whereas the
small molecules are usually deposited from the phase by sublimation or
evaporation, the conjugated polymers can only loegesed from solution like by
spin-coating or printing techniques.

In general, the mechanisms ruling the charge ti@sp organic semiconductors

are basically different from those operating in tdo@ventional inorganic materials.
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For the small molecules, due to the weak van deal¥Vlaonding, many electronic
properties of these materials, like the energy lgetfveen the highest occupied and
lowest unoccupied molecular orbitals (HOMO and LUM&e determined by the
structure of an isolated molecule [33-35]. The wéatlermolecular overlap of
electronic orbitals results in narrow electroniaitia (a typical bandwidth, & 0.1
eV, is one order of magnitude smaller than thec&ilione), a low mobility of
carriers and strong electron-lattice coupling. Meex, this weak intermolecular
bonding gives consequences also in mechanical hadmbdynamic properties
inducing a reduced hardness and a lower meltingtpBurthermore, in the polymer
case the charge transport is somewhat differemmesine morphology of polymer
chains can lead to improved mechanical properfisvertheless, the electronic
interaction between adjacent chains is usually ajsite weak in this class of
materials.

Depending on the degree of order, the charge camamsport mechanism in
organic semiconductors can fall between two extrezases: band or hopping
transport [36].

Band transport is typically observed in moleculgystals (small molecules) at not
too high temperatures. However, since electronitocddization is weak the
bandwidth is small as compared to inorganic senaaotors (typically few eV at
room temperature). Therefore, room temperature Itiebi in molecular crystals
reach values in the range 1 - 10%¥s. As a typical feature of band transport the

temperature dependence follows a power law behaviou

uOT™" withn=1...3 (eq. 1.6)

upon going to lower temperature. However, in presenf traps significant
deviations from such a behaviour are observed.

In the case of polymeric materials, the transpericlharacterized by hopping
mechanism where the charge carriers, free to mloveya polymer, are responsible
of the conduction of charge in the polymer films the other hand, the disorder in
the film together with polymer defects should hoemevstop or reduce the

conductivity, if it wasn't for the assistance frgpmonons (lattice vibration). This
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phonon-assisted conduction is described by Mottdsable Range Hopping Theory
(VRH) [37,38]. Here interchain conduction is cadrieut by processes where a
charge can ‘jJump’ (tunnel) to a nearby site whésesnergy can be higher, thanks to
the help of phonons. The charge can then ‘jumpfuotiner to another chain or travel

along the present polymer chain. Phonons thus ermdlalrges to travel from one side
of a polymer film to the other and at higher tenapares, the more phonons are
available to provide electrons with the extra egeend, hence higher conductivity
and mobility are achieved increasing in temperaf883. The mobilities are much

lower then in the single crystal case (around® t@f/Vs) and are correlated to the

temperature and the applied filed (F) as follows:

_bE pVF (eq. 1.7)
UF,T)Oe KTe K

The solubility of the conjugated materials allows tlevelopment of organic inks
which can be processed with different printing noehlike inkjet, screen, offset and
gravure printing. In particular, the organic matsi differ from conventional
electronics in terms of structure, operation anttcfiwnality, which influence device,

circuit design and optimization.

1.7 Organic electronic applications

Currently, the printing technologies and, speclficahe inkjet printing technique
are very attractive for several applications ofamig electronics. Studying some
organic devices fabricated by means IJP allowsttetstand how the control of the
working parameters of this innovative depositionthmd can differently affect the
performances of the devices themselves. The présesis focuses on the following
inkjet printed organic devices: VOC sensors, optomponents, OFET and OPV.
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1.7.1 Conductive polymer materials for sensing
applications

Chemical sensors are devices sensitive to change ienvironment and are able
to convert the changes into signals, giving a ¢atale or a quantitative feedback.

The increased attention to pollution, health arfdtgdhave enhanced the need and
desire of monitoring the ambient conditions by nseahthese devices.

Specifically, for the vapour sensing many typeserfisors can be employed [40].
These include metal oxide sensors, optical senstastrochemical sensors, acoustic
wave sensors, intrinsically conducting polymer chiesistors and polymer
composite chemiresistors. In particular, for tlaisticlass of sensors the possibility to
mix together two materials having complementaryadvéburs have attracted much
attention for gas sensing applications.

Polymer composite sensors made from compositesonfiuctive carbon black
nanoparticles dispersed in thermoplastic polymerseeen developed and studied
extensively in literature. However, so far, theyvdabeen fabricated by using
traditional techniques like dip coating or spintoasg[40-42].

The possibility of having stable and well disperssaspensions allows the
employment of the inkjet printing as innovative heiue for the fabrication of
sensor devices. This new typology of depositionhmetis aimed to industrialize the
final products opening new perspectives in appboafields like food, fragrances,

environmental monitoring, medical diagnostics ahergical processing.

1.7.2 Optical grade polymers for optical structures

In the field of optical applications, the developrhef optical grade polymer based
inks allows the use of the inkjet printing techrgytofor manufacturing optical
structures. The patterning capability and the gy to use a single step process
makes this technique interesting for the realizatad microlenses and polymer

microstructuring useful for different optoelectromipplications.
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An increasingly used technique is inkjet etchingeve solvent or solvent mixture
droplets are deposited on soluble polymer surfueaigh an inkjet nozzle [43]. At
the end of the drying process, a concave- or coshaped surface topology can be
generated. The shape of the microstructure is d@asicontrolled by the surface
tension properties of the droplet acting at thedgkphase contact line. The ability to
fabricate small cavities onto solid surfaces irnesting for the development of
chemical, electrical or optical microdevices. Thaseictures can be used for the
fabrication of micro- and nano-pillars [44], miceokes [45], microholes [46], or for
removing interference effects in an optical cayty).

The additive deposition of solutions of optical dgapolymers allows the
realization of optical components, such as refvactinicrolenses, which can be
incorporated in many systems and commercial predUdtey are used, for example,
for focusing in detector arrays, fibre optics ardsors, for illumination in flat panel
displays, computers and for imaging in photocopéerd lithography [48].

Refractive microlenses are fabricated with différerprocesses like
photolithographic [49,50], electroforming [50], ey process [51] and inkjet
printing process [52-54]. In particular, the inkminting technique is suitable for
producing single lenses and large arrays of highicalp property refractive

microlenses using a very simple and flexible degpmsimethod.

1.7.3 Organic semiconductor for transistor applications

In the field of the organic electronics, the depet@nt of organic semiconductors
which are air stable and soluble in common solvelsvs the fabrication of organic
field effect transistors (OFETS) by printing teaiunes.

Organic field-effect transistors (OFETS) are 3-teahdevices in which the charge
carrier density in the channel between source aaith dontacts can be controlled by
the applied gate voltage across a thin dielecthigure 1.20). In the organic
semiconductor the charge transport takes place lynainthe interface between

organic semiconductor and a gate dielectric witlpeet to the bulk.
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Figure 1.20Schema of organic field effect transistor.

Recent developments of OFETs are aimed at diffeagmiications as organic
displays [55], complementary circuits [56] and@lymer integrated circuits [57].

In particular, the solution processing of organiatenials for OFET applications is
suited for low-cost fabrication, roll to roll deptien and easy patterning of the
electronic structures.

In Figure 1.21 some examples of the most commoséy rganic semiconductors
(polymers or small molecules) are reported. Fohbwetype (electron transporting)
and p-type (hole transporting) semiconductors assible to observe the presence
of aromatic rings, corresponding #ebonds of atoms which are alternately single-
and double-bonded to another one.

1Ot oo

poly(p-phenylene) pentacene
mh m}
@) polypyrrole polythiophene (b) Perylene Diimide

Figure 1.21Examples of chemical structure of (a) p-type anch¢bype conjugated polymer
semiconductors.
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1.6.5 Polymer blend for solar cell applications

An emerging application field of the organic eledics is represented by the
organic photovoltaic (OPV), a possible answer ® ieed of clean and renewable
energy.

Despite the expanding use of inorganic semicondsctothe organic
semiconductors enable the fabrication of solar resdwith several potential
advantages, including light-weight, flexibility, Mecost manufacturing and
possibility of creating large-area devices. Whilegamic low-molecular-weigh
semiconductors are generally deposited by evaporgbrocess, the conjugated
polymers are usually deposited from solution bygsivet processing techniques like
dip-coating, spin-coating, inkjet printing, doctdslading and others. These
techniques represent an interesting way for pradu€@PV cells because they can be
performed under ambient conditions (temperature pregsure) and scaled up to
large area with minimized loss of material.

At present bulk heterojunction structures, basedlends of polymer donors and
highly soluble fullerene-derivative acceptors, aerrently the most efficient

architecture for polymer solar cells.
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CHAPTER 2
SENSORS

Chemical sensor research represents a rich fieglualy utilizing a wide array of
technologies and materials to accomplish the difffitask of converting sensory
information into quantifiable chemical, optical efectrical signals. The need to
extract increasing amounts of sensory informati@mf our environment fuels the
development of sensors that are easier to manuéaatapable of miniaturization,
and more sensitive to vapours that excite greatégrast. Recently, polymer
nanocomposites, whose two component materials Bgvergic or complementary
behaviours, have attracted much attention in aiffeof device applications, such as
gas sensors. The possibility to obtain stable aalll dispersed suspensions allows
the employment of inkjet printing technique for ttealization of the sensor devices
in a very cheap way. Moreover, this class of vaguhase sensors has the advantage
of using a non-destructive and non-invasive daetaeatnethod, suitable for green and
food applications.

The present chapter is focused on the fabricatrah related characterization of
chemical sensors by printing a specific polymeratamposite based on polystyrene
(PS) polymer and Carbon Black (CB) as conductilterfiA study on the sensing
properties of this material to volatile organic gwunds (VOCs) and on the
influence of the printing parameters and the gedoatpatterning on the sensing
performances is carried out. Moreover, a study ditoethe optimization of the ink

deposition on different flexible and non-flexiblgbstrates is also performed.
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2.1 Conductive polymer nanocomposites

In recent years, volatile organic compounds (VOGChemical sensors are
increasingly relying on the use of polymer nanocosmges (PNCs) as sensing
materials. Nanosized conductive inorganic fillerspdrsed in insulating polymeric
matrices belong to the broader category of the PND® conductivity and
mechanical-stability properties of nanoparticlesmbomed with the simple
processability of polymers, the low cost of botloquction and materials, the
possibility of easy and cheap manufacture of langa devices and the possibility of
varying the polymer composition and, hence, theeries of the organic materials,
make the resultant hybrid system attractive in d@ewange of polymer-based devices
such as light emitting diodes [1-3], photodiodefs $blar cells [5], magnetic storage
materials [6] and gas sensors [7].

Conductive sensing films from composites of congactCarbon Black (CB)
nanoparticles dispersed in thermoplastic polymersetheen developed and studied
extensively by Lewis [8-11], Ho [12-14] and oth§t5-18].

2.1.1 Swelling mechanism

The working mechanism of these sensors is basdteoproperties of absorption
of the polymer matrix upon exposure to vapour make This mechanism produces
an increase of the polymer matrix volume, also kmdswelling process”. The
presence of conductive fillers dispersed in theymelr generates the transduction
mechanism, based on the change of the electricalumivity. Indeed, an increase of
the polymer volume corresponds to a reduction efdbnductive filler volumetric
fraction determining a disruption of the conductipaths and a change in
electrophysical characteristics of the composit®-28]. Upon organic vapors
exposure this class of sensors undergoes a releeckidnge in electrical resistance.

The physical mechanism is schematically illustrateBigure 2.1.
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Figure 2.1 Analyte detection: (a) the electrical current floacross the conductive
film; (b) the absorption of VOCs into the polymeauses the swelling
and the breaking of conductive pathways, so inangathe electrical
resistance (c) the analyte is removed and theta@sis returns to initial
value through a reversible process.

2.2 Geometry role in the sensor performances

Recently, the ink jet printing technology (IJP) waeven to be an useful technique
in the deposition of PNCs films up to now prepabsdtechniques such as spin-
coating or drop-casting [29-32], spray [33]. Thevautages of the IJP over the
aforementioned techniques lie in its potential pointing on both nonflexible and
flexible substrates, the efficient use of materiéitie reduced waste products, low
cost of the process, low processing temperaturetarghtterning capability. As for
this last item, the 1JP technology assumes a klkeyinothe feasibility of modifying
the sensitive material geometry in controlled arttegnely easy manner in order to
optimize the sensor response. A deep study of #msos properties, such as
sensitivity, response time and limit of detecti@s, function of the geometrical
configuration and of the printed layer number isfukfor the optimization of the gas

sensor device performances.
2.2.1 Sensing film: ink formulation and characterizations

The sensing material chosen for the thesis actigitg polystyrene (PS)/carbon
black (CB) composite. The atactic polystyrene (Sightdrich, weight average
molecular mass Mw = 25000) was chosen for its sgngrroperty to different

organic chemical compounds (acetone, ethanol, nelubenzene, ...). The Carbon
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Black (CB), used as conductive filler in prepamatiof composites, was Carbon
Black Pearls 2000 (Cabot Co.). This is a furnaabara black material with 1500
m?/g specific surface area, 12 nm average partizke and with 150 g/L density. The
PS matrix (80 mg) was dissolved in n-Methyl-2-pjidone (NMP) and the CB
nanoparticles (20 mg) were dispersed in the poligrsaiution (0.5 wt. %) by means
of ultrasonic bath for 90 minutes at room tempertdhe PS/CB suspension was
finally filtered using a 0.2um filter (PTFE) in order to remove bigger agglonesa

The schematic ink preparation is reported in Figuge

Ty

Lé, + - i
e
Polymeric solution Conducting Filler PS/CB in NMP
(Polystyrene + (Carbon Black) (0.4 wt.%)

N- Methyl Pyrrolidone)

Figure 2.2Ink preparation: the polystyrene was dissolved MMNand the Carbon
Black was dispersed in the polymeric solution.

The employed substrates (5x5 Mmwere made of alumina (Euroacciai S.R.L) with
which interdigitated Au electrodes which were poenly e-beam evaporated and
subjected to a standard lift-off photolithographpcocess. The interdigitated
electrodes are characterized by the following geooa parameters: the finger
length (Linger) is equal to 70Qum, the finger width (Whge) is 100 um, the gap
distance between two adjacent fingergy(lis 100pm and the number of fingers
(Nfinger) is 10. The alumina substrate was chosen for ot®ys and sliver-shaped
surface promoting a good adhesion of the ink onstiiestrate so assuring a wide
sensitive surface.

The functional PS/CB ink was characterized throwgndiic Laser Scattering
(DLS) analysis using a HPPS 3.1 (Malvern Instrummetd determine the average
particle size and size distribution of filler inspension and the dispersion stability in
the solutions. Therefore, the inks were charaatdrizy DLS at different aging times.

In Figure 2.3 are reported the results of DLS asialyA typical distribution curve of
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the CB particle size in the dispersion presenteakpcentered at about 200 nm
(Figure 2.3a) and polydispersity index values (Piahge between 0.12 and 0.18
(Figure 2.3a). These results confirmed the goodityuat dispersion process. These
parameters resulted roughly constant for an observaime of about 2 years
indicating a good time stability for the dispersi@hgure 2.3b). The results of this
analysis, combined with the viscosity (2.42 mPaxs] surface tension (46 mN/m)
properties of the suspension, indicated that tlspettsion can be employed as ink
[34]. Indeed, crucial elements of a dispersion éadispensed by an inkjet printhead
are both the time-stability and the particle sizguspension, which must be less than
1/100 of the nozzle diameter, to prevent cloggind blockage of the nozzle itself
and the entire capillary. Therefore, these pararm@teicate that the prepared PS/CB

suspension can be suitably processed by the ipkjaing system.
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Figure 2.3 @) Distribution curve of the CB particles size f28/CB dispersion; (b)
nanoparticles average size (square) and PDI (fimkasured in the
aging time from 0 to 600 days by DLS analysis.

2.2.2 Sensor device assembly

The processed dispersion was used as ink and grioteo 50 °C heated
electrodes/substrate system. The inkjet equipmenplayed for the device
realization was already described in Chapter 1.NMlloeodrop printhead has a {n
opening nozzle corresponding to ~268 pL dropleun®. The driving parameters
are the following: pulse width = 7fs and a driver voltage = 46V. The sensing
material geometries consist of one or more linesated by overlapped droplet
sequences (50 % overlap degree, 0.5 Hz drop emidsemuency, 0.05 mm/s
printhead speed), differently orientated with respe the transducer fingers.
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The layers were deposited by IJ printing the sensimaterial in five different
geometries. Each geometry consists of one or nioes parallel or transverse to the
fingers of the interdigitated electrodes; the fifghometry is a cross. Moreover, two
different configurations were fabricated with threed penta-overlapped layers for
each pattern with the aim of investigating the kha&ss effect on the sensor
performances. The optical micrographs (Polyvar MEeichert-Jung) of the samples
with different geometries are shown in Figure 2¥he gold electrodes are
represented by the most bright part of the images.

Before investigating the sensor device working, tie@phological analysis of the
printed layers was carried out in order to get wis@fformation on the sensor
behaviour. In Figure 2.5 the SEM (SEM, LEO 1530ag® of a three-layer sample is
shown as comparison with the simple substrate asedference. The printed PS/CB
distribution on the alumina substrate (Figure 2.%&)characterized by wide
uncovered areas and by a clearly porous structutteegprinted ink which permit a
good interaction between the gas and the polymaocanposite material. The SEM
image of the substrate surface is reported asemterin Figure 2.5b. This analysis
showed that multiple layers are necessary to cokerporous structure of the

substrate and to obtain a conductive continuous fil

(cy

Figure 2.4 Optical micrographs of printed devices with differegeometries: (a)
transverse single-line, (b) transverse double-Jiieks parallel single-
line, (d) parallel three-lines, (e) cross.
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Figure 2.5SEM images of (a) PS/CB printed on alumina sulesti@) alumina.

The SEM analysis is further supported by the AFMestigations (Veeco,
Dimension Digital Instruments Nanoscope V) perfedron the same samples. In
particular, in Figure 2.6 the AFM phase images ioleth by scanning 1xjm?
surfaces of a three-layers sample in different g@re reported. The images acquired
at the printed line centre are in agreement withSEM analysis results concerning
the non-uniformity of the deposited nanocompositeleed, the printed material
distributes differently on the substrate as pointedl by pictures related to three
typical configurations characterized by low (Fig@&éa), partial (Figure 2.6b), and
complete (Figure 2.6¢) covering of the substratéheynanocomposite.

However, if on the one hand the high roughnes®falumina substrate (average
roughness about 800 nm) and its sliver-shaped tateidanduce a not uniform
distribution of the printed material, on the otlmand it assures a good adhesion of

the inkjet printed ink.

Figure 2.6 AFM phase images of printed PS/CB sample in diffemones of the
substrate with (a) low (b) partial and (c) completevering by the
nanocomposite.
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2.2.3 Electrical characterization under analyte vapours

A volt-amperometric technique, at constant biass weaployed for sensor dc
electrical characterization. The sensor responsg mvaasured upon exposure to
acetone vapours at different concentrations (6@8012500, and 5000 ppm) in a
Gas Sensor Characterization System (Kenosiste@mgut) that allows to monitor

and control pressure, flow rate, actual gas conipasihumidity and environment

temperature. The test chamber at ENEA Portici tsv&al in Figure 2.7.

||‘\11'|'|\'|'| |

—
i
—
-_—
—
—
—

Thermostatic box

Figure 2.7 Gas sensor characterization system for electritallyais under different
organic vapours.

In such a system the device was placed in a stairgeel test chamber placed in a
thermostatic box at controlled temperature (20 a&J humidity (30%). A constant
flow rate (500 cn¥min) of the gas carrier (nitrogen) crosses thé ¢ceamber. The
carrier can be properly humidified through a wdiebbler placed in a thermostatic
bath.

In this environment, characterized by controllechperature and humidity, the
resistance value of the device in its equilibriuiaites is firstly measured (baseline);
after that, an intentional disruption of the edwilim state is produced by
introducing a controlled amount of VOC analyte &ydnixing it with the gas carrier
for a time step of 3000 s. To validate and morntiter gas mixture, a thermo Antaris

IGS FTIR analyzer is placed at the gas output mheoito measure the chemical
compounds concentration in the test chamber wisalution of ppm.
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Hardware and software, implemented on a work statalow to control and
record environmental parameters, device bias amgubsgignal, making possible to
perform customizable automated tests on deviceghrmeasurement of sensor
parameters such as sensitivity, response timee razid limit-of-detection (LoD). In

detail, the sensitivity is expressed in terms of tielative differential response

R- : : : : :
Ro , Wwhere R, is the sensor baseline resistance &ds the sensor resistance

upon exposure to solvent vapours. Moreover, the li®Dlefined as the analyte
concentration at which a sensor response correspmngignal-to-noise ratio (S/N)
equal to 3, in according with the conventional digbn by IUPAC [32]. The
response time is defined as the time requiredHersignal to change from 10 % to
90 %.

The electrical sensor response upon exposure tol@30, 2500, and 5000 ppm of
acetone vapours for three-layers and penta-lay@mnees are reported in Figure 2.8a

and Figure 2.8Db, respectively.

5000 ppm 5000ppm

—— Cross 2 lines transverse
—— 2 lines transverse ; —— 1 line transverse
—— 1 line transverse 3 lines parallel

| © 4 |—— 3 lines parallel h 1 line parallel
1 lin parallel

2500ppm

1250ppm

T T T T T T T T
0 8000 16000 24000 0 5000 10000 15000 20000 25000

(a) Time [s] (b) Time [s]

Figure 2.8 (a) Three-layers and (b) penta-layers sensorsriglgictresponses to
acetone vapours.

The parameters that characterized the three-lagaisor performances are
summarized in
Table 2.1, while the ones for the penta-layergeperted in Table 2.2.
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Morphology Resistance  Sensitivity Limit-of- Noise Response
[KOhm] [1/ppm] Detection [ppm] time [s]

Cross 13.3 1.34*E-6 100 0.94*E-4 100

2 lines transverse 38.5 1.83*E-6 150 0.88*E-4 100

Single line transverse 57.6 1.07*E-6 180 1.2*E-4 100

3 lines parallel 95.7 0.81*E-6 560 2.1*E-4 100

Single line parallel 1000 4.43*E-7 560 3.5*E-4 100

Table 2.1 Resistance, sensitivity, limit of detection andpasse time of 3-layers sensors to
acetone vapours.

Morphology Resistance  Sensitivity Limit-of- Noise Response
[KOhm] [1/ppm] Detection [ppm] time [s]

2 lines transverse 8,6 2,43*E-6 60 1.0*E-4 >3000

Single line transverse 8,9 2.18*E-6 75 1.3*E-4 >3000

3 lines parallel 50 1.74*E-6 200 1.4*E-4 >3000

Single line parallel 175 1.05*E-6 300 1.5*E-4 >3000

Table 2.2 Resistance, sensitivity, limit of detection andpasse time of 5-layers sensors to
acetone vapours.

The results indicated that, for whatever invesédageometry, the three-layers
sensors were all faster than penta-layers deviodeed, the response time for the
three-layers devices was equal to 100 s, one ofdaagnitude lower than the one of
penta-layers devices (>3000 s). In this last ddwereal time response value couldn’t
be estimated because the sensor response didoh tha saturation level in the
investigated exposure time for each analyte conaton. This behaviour can be
attributed to the physisorption mechanism of the g@lecules in the polymer
matrix. At the nanoscale, the solvent molecules wany quickly enter in the free
volumes of the amorphous phase and modify the Cwnanteraction by
adsorption. The inability of the penta-layer seasto achieve the saturation
condition can be attributed to the reduced surfate/me ratios with respect to the
three-layer configuration because of the higherenmt quantity. Moreover, for all
the investigated samples, when the analyte is rethothe resistance drop back to
the initial values, revealing the complete desorptf the solvent molecules from
the polymer matrix and full reversibility of the\dees.

The correlation between the base resistance arsitisép is confirmed in the case
of penta-layers devices (see Table 2.2), whichchi@acterized by a lower base

resistance than the three-layers ones. Indeedgreeihnumber of layers of sensing
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material increases the amount of the sensing mhteducing the highest relative
differential responses.

However, generally the dynamic responses of sengtiigdifferent geometries are
strongly influenced by the base resistance ROadh by comparing the different
geometries of the three-layers configuration, teggymances of the devices with
‘transverse’ geometry are better than the onebeofgarallel’ geometry devices in
terms of the sensitivity, noise and the limit-otelgion (LoD) (see

Table 2.1). Both the increase of VOC sensitivitg #ime decrease of LoD and noise
indicate an improvement of the performances cooedipg to a lower base
resistance of the devices. This behaviour can biyesxplained by comparing the
single-line geometries. Indeed, since the equitaldrcuit of the ‘transverse’
geometry is composed by multiple resistors placed parallel, the device
transduction effect in this geometry is enhanceth wespect to the ‘parallel’
geometry. The multiple-lines geometries are rulgdhe same mechanism, even if in
a more complex manner.

The different geometries were realized taking sxtoount the transducer geometry
and the minimum dimension of the printed sensingemal line width. In particular,
the cross geometry was projected in order to irserélae sensing surface with respect
to the ‘transverse’ single-line. The dynamic reg®of the cross device effectively
showed an improvement with respect to the ‘trarse/esingle-line in terms of both
sensitivity and LoD, but in a less significant mannf compared with the
‘transverse’ two-lines geometry. This behavioueasily explained since the printed
material along the ‘parallel’ direction and not qmmsed between two contiguous
fingers weakly influences the electrical responsec¢nd order effects). This
statement is confirmed by the dynamic responséiseofparallel’ geometries (single-
and three-lines) which showed the worst performance

In Figure 2.9 the calibration curves of both theeéhlayers configurations (Figure
2.9a) and penta-layers (Figure 2.9b) are reporidéak reported data for all the
geometries are interpolated by linear fits. Thabcation curves analysis allows to
determine both the sensitivity (the angular coedfit of the calibration curve) and
LoD parameters. The results indicated that thetetat response varies linearly as
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the analyte concentration increases for all theufesatured chemical sensors in all

the investigated concentration range (600, 125002&nd 5000 ppm).
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Figure 2.9 Calibration curves of the (a) three-layers andp@mta-layers sensors for
all the different geometries.

2.3 Flexible substrates for sensor device fabrication

The study reported in the previous paragraph inescahat the geometry with
printed line ‘transverse’ to interdigitated congagtves the best sensor performances
in terms of sensitivity and limit of detection. Maver, the three-lines configuration
is preferred thanks to its faster response witlpeeisto the penta-layers. These
sensors were fabricated on alumina substrates wdanohbe replaced with flexible
ones. The feasibility of processing material solusi on flexible substrates replacing
the rigid ones is a key role of the emerging inkjenting technique.

The interaction ink/substrate system has fundarhenté®e in the device
performances since it induces different morpholegiethe printed material. In this
thesis activity, glass, PET (polyethylene tereplatied and glossy paper (Epson)
were employed as substrates for the inkjet printlegosition. The effect of the
substrate morphology on the printed film qualitydarhence, on the device
performances upon exposure to acetone and ethapmuvs were investigated.
Furthermore, a comparison with the alumina sulesirets performed.

The sensible material (PS/CB) was printed with thEimized geometry on
alumina substrate such as with lines ‘transvers¢hé interdigitated contacts in the
configuration of overlapped 3-layers. It was neagg$o optimize the deposition for

PET and glass substrates by means of chemico-@thygicface treatments such as
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oxygen plasma (&) or carbon tetrafluoromethane plasma {CHhese treatments
allow to modify the wetting of the ink/substratessgm and the surface roughness of

the substrate in order to obtain continuous prititess.

2.3.1 Printing optimization by surface treatments

Overlapped drops of nanocomposite based ink wepginfed on patterned PET,
glass and glossy paper substrates. For glass andsH#istrates the spreading of the
sensing material resulted not optimized for thespnee of empty regions in the
printed material in the case of PET substrate {@@ul0a) and for a not uniform and
not controllable deposition in the case of glaskeswate (Figure 2.10b). For the
glossy paper substrate, thanks to its surface ctaaistic, the ink deposition was
optimized without the application of any chemicoypical treatment (Figure 2.10c).

For PET and glass substrates, surface treatments mgquired to modify the
wetting of the ink/substrate system. Oxygen plag®® and fluorine plasma (G
treatments were employed to modify the surfacegnef the substrates. A contact
angle instrument (OCA20, Dataphysics) was used tldero to evaluate the
hydrophobicity and hydrofilicity of the surfaces bytiming the disperse and polar
components of the surface energy. The measuremamts made by dispensing on

the substrates drops of water, as polar solverd, diohloromethane, as apolar

solvent, and by fitting the results with the OweNendt, Rabel and Kaelble
(OWRK) method [35].

|

Figure 2.10Optical images of the printed line on PET (a), gléls) and glossy
paper (c) substrates.
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This measurement gives indication on the wettingtha ink/substrate system
considering the measured value of the surfacedensi the PS/CB equal to= 56
mN/m.

In Figure 2.11 are reported thepl water droplets dispensed with the contact

angle instrument on untreated and,CBnd Q-plasma treated PET and glass

substrates.
Untreated CF, Plasma O, Plasma
w d i) w
Glass o ———
¥ , - L
PET

Figure 2.11Water droplets on untreated and,Gihd Q plasma treated glass and
PET substrates

For PET substrate, GFplasma treatment makes the substrate more hydoapho
(contact angle greater than 90°) while @eatment makes it more hydrophilic
(contact angle lower than 90°). Concerning the gglsbstrate, both GFand Q-
plasmas make the substrate hydrophilic. Thereforthe case of polymer substrate,
the CR plasma treatment results in the formation of a thiorinated layer making
the substrate surface hydrophobic, while for tlesglsubstrate this kind of treatment
performs a double action, cleaning and etchingresming the substrate surface
energy making it more hydrophilic [36]. The anadysif the results of the contact

angle measurements are summarized in Table 2.3.

Morphology Substrates Rq [nm] 8pol [°] Bdisp [] | Surface Energy
[MN/m]
Untreated GF’,'E?S o0 285 55 a1
CF, plasma %lzﬁ—s 4(,). 37 ?)4,14-,7 133558 163995
0, plasma C:E?S 20, 57 3?572 543'3 875..71

Table 2.3 Summary of the substrate characteristics before adtet plasma treatments: means
roughness (Rq), polar componeBp¢l) and disperse componefi®disp) of the surface
energy.

-52 -



2. Sensors

In detail, for glass substrate the plasma treatsmeln’'t modify the surface
roughness but considerably increase the surfacgyen€aking into account that a
good wetting condition is obtained when the substsarface energy is grater than
the ink surface tension, the action of @flasma on the glass surface consists in
increasing its surface energy up tu 77 mN/m, comsetly inducing the splashing of
the ink on the target substrate. On the contrdmy,GF plasma allows to reach an
intermediate surface energy value (SE = 60.5 mNZorjesponds to an optimal
deposition condition.

For PET substrate the ¢plasma treatment involves an increase of the sarfa
roughness and a more significant decrease of the pomponent of the surface
energy than the apolar one, so making the substrate hydrophobic. Despite the
surface energy is lower than the surface tensi@nhigher roughness guarantees the
formation of a continuous line by pinning the pedtdroplets. On the contrary, after
the Q treatment, the higher surface energy of the satestdoesn’t allow the
formation of a continuous line and produce a natoam condition with a splashing

and not controllable deposition.

2.3.2 Sensor device fabrication

As showed in the previous paragraph the surfacatnents can modify the
roughness and the surface energy of the substiatggrticular, the CkFplasma
optimizes the ink deposition for both glass and Rbbstrates. In Figure 2.12 are
reported the printed line transverse to interdigdecontacts with a continuous and a
well defined profile, as expected.

(@) (b)

Figure 2.12 Optical images of the printed line on PET substi@e and glass
substrate (b) after Gplasma treatment.
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For the glossy paper substrate no treatment isenefat reaching a uniform and
controllable printing. Indeed, this kind of substraspecifically designed for the
production of photographs, has a polyethylene |dydfer covering on one side of
the paper because an even porosity is requireduoteract the spreading of the ink.

The realized sensors on glass, PET and glossy zajpstrates are illustrated in
Figure 2.13.

(@)

Figure 2.13Picture of sensor devices on (a) glass, (b) PET(englossy paper.

The morphology of the PS/CB printed on the différenbstrates was deeply
investigated by means of Scanning Electron Micrpgd®EM) in order to correlate
the sensitive material distribution with the degigeerformances.

The SEM images for glass, PET and glossy papeltrsids are reported in Figure
2.14.

Figure 2.14 SEM images of PS/CB nanocomposite based ink priate¢h) glass,
(b) PET and (c) glossy paper substrates. The mderbar is equal to 2
pm.
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The SEM analysis shows the presence of percolatates of the conductive filler

in the polymer matrix for all the substrates. Mareo for PET and, in particular, for

glossy paper (Figure 2.14b,c) the CB distributisnmore uniform than the glass

substrate (Figure 2.14a), where empty regionsrated to a more concentrated

areas are present. The morphology of the PS/CBegrion all the substrates is

completely different from that observed on the ahanone (Figure 2.5). The last

one, which is the most commonly employed in literatfor its sensor performances,

have a characteristic sliver morphology that insesathe adhesion and the surface

active area of the sensitive material. The diffen@orphology observed on glass,

PET and glossy paper can affect the adsorptiomeforganic vapours and, hence,

the sensing performance of the devices.

2.3.3 Electrical characterization to acetone vapours

The devices electrical responses of the three dagevices to acetone vapors are

shown in Figure 2.15 (a),(b),(c) for glass, PET agldssy paper substrates,

respectively.
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Figure 2.15Electrical responses of 3-layers sensors on gigs$ET (b) and glossy
paper (c) in presence of acetone vapours.
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The parameters that characterize the sensor pexfmes, such as base resistance,
sensitivity, limit of detection (LoD) and respons®me, are summarized in Table 2.4

for each substrate.

Substrate Resistance Sensitivity Limit-of- Noise Response
[KOhm] [1/ppm] Detection [ppm] time [s]
Glass 300 3.13 e-6 350 52e4 200
PET 135 3.67 e-6 50 lle4 >3000
Glossy paper 8,8 8.50 e-7 30 1.0e-4 100

Table 2.4 Base resistance, sensitivity, limit of detectiord arsponse time of 3-layers sensors
printed on glass, PET and glossy paper substrat@sstone vapours.

As showed in the dynamic response, the devicesingotaon glass and PET
substrates don’t reach the saturation conditiorafiothe analyte concentration. This
effect could be due to the presence of printed edbere the large amount of
sensitive material makes the adsorption of the esdlvmore difficult. On the
contrary, the device on glossy paper showed thedeesor performances in terms of
both response time and limit of detection, withpexg to the other substrates and
also alumina one thanks to the better ink-substrégeaction that indices to a better

distribution of the CB filler in the polymer matrptinted on this substrate.

2] = Glass
2x10 A

Glossy paper

T T T T T
0 1000 2000 3000 4000 5000
Concentration [ppm]

Figure 2.16 Calibration curves of the three-layers sensors segboto acetone
vapours fabricated on glass (square), PET (cirale) glossy paper
(triangle).

In Figure 2.16 the calibration curves for the sesdabricated on glass, PET and
glossy paper are reported. The data reported ierdacdcompare all the devices are
interpolated by linear fits. For each substrate, électrical response varies linearly

as the analyte concentration increases from 66000 ppm.
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2.3.4 Electrical characterization to ethanol vapours

All the fabricated sensors on the different sulbegravere characterized also under

ethanol vapours. The exposition

selectivity of the sensing material

The electrical responses to 600,

to this vapours wasle in order to study the

to differenabes.
1250, 2500 an@ ppm of ethanol for the sensor

realized on glass, PET and glossy paper substiega®ported in Figure 2.17.
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Figure 2.17Electrical responses of 3-layers sensors on gis$ET (b) and glossy
paper (c) to ethanol vapours.

In Table 2.5 the parameters

vapours are summarized.

that characterize lineetsensors under ethanol

Substrate Resistance Sensitivity Limit-of- Noise Response
[KOhm] [1/ppm] Detection [ppm] time [s]
Glass 300 8,6 e-7 400 3le4 500
PET 135 7,8 e-7 150 19e4 >3000
Glossy paper 8,8 6,0 e-7 100 1.0e4 100

Table 2.5Base resistance, sensitivity, limit of detectiord aesponse time of 3-layers sensors
printed on glass, PET and glossy paper substratethanol vapours.

As highlighted in the electrical responses, bothsgland PET substrates don't

reach the saturation condition neither at lowerceotrations. On the contrary, the
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sensor realized on glossy paper shows the bestdirdietection and response time
characteristics and reaches the saturation conditiato 2500 ppm in about 100 s.

In Figure 2.18, the calibration curves of the sert®vices in presence of ethanol
vapours are reported. Even if the device on glabstete shows the best sensitivity,
the sensor on glossy paper has the lowest LoDerawid response time thanks to the
morphology induced by the suitable ink/substrateraction which is confirmed by a
very low base resistance.

In any case, the electrical response of all the@mnto ethanol vapours are worst
of about one order of magnitude with respect tdcaee The worst performances
could be explained considering that the ethanohase polar than the acetone one.
Because the polystyrene molecule, for its intrindh@mical structure, has higher
affinity to non-polar molecules, its sensitivity &hanol vapour is lower than to

acetone.

= Glass
e PET
Glossy paper

T T T T T
0 1000 2000 3000 4000 5000
Concentration [ppm]

Figura 2.18 Calibration curves of the three-layers sensorslassgPET and glossy
paper exposed to ethanol vapours.

2.4 Summary

The second chapter of the thesis activity involvéte manufacture and
characterization of nanocomposite based chemicedoss on different, flexible and
not flexible, substrates and investigated how theinformances are related to printed
film quality induced by the ink-substrate systerteractions. The sensing material
was deposited by means of ink-jet printing techaigun alumina, glass, PET and
glossy paper substrates. The sensing material rologh was characterized by
means of SEM and AFM analysis. The sensor respons&ge measured upon
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exposure to organic vapours (acetone, ethanol) aalyzed in terms of base
resistance, limit of detection, sensitivity andp@sse time.

Concerning the alumina substrate, the relation eetwthe device performances
and the sensing material geometry and thickness wmasstigated. Different
geometries, with one or more lines differently otaded with respect to the
transducer fingers, were realized. To this aim, itiiget printing technology was
employed to deposit the sensing material selegtiteking advantage by the
patterning capability of this deposition method adifferent geometries were
realized in extremely easy and controlled mannesrddver for each geometry, the
effect of thickness on sensor performances wasstigaged by fabricating sensing
film with different thickness of the sensing filny mverlapping three- and penta-
layers.

The results pointed out that the sensing matezalized with less number of layers
improves the device performances in terms of respdmme thanks to a suitable
surface/volume ratio. Moreover, the PNCs based awarsensors fabricated by I1J
printing lines ‘transverse’ to the fingers of theerdigitated electrodes showed the
best sensitivity and limit-of-detection. Hence stloptimized configuration was used
for the sensors realized on glass, PET and glossgrsubstrates.

For glass and PET substrates surface treatments employed in order to
optimize the wetting of each ink-substrate systdm.particular, CE plasma
treatment allows to obtain a continuous and motiéoum printing condition of the
PS/CB ink on both the substrates. The glossy papbstrate doesn’t require any
surface treatment because the deposition is alrejiiiyized.

All the sensors realized showed good electricafoperances to acetone and
ethanol vapours. The inkjet printed sensors on sglogaper showed the best
performances to the different analytes in termsredponse time and limit of
detection.

The employment of the glossy paper as substratesdnsing applications opens
new perspectives in organic electronics being tiégerial environmentally friendly
and particularly adapt to application fields likeofl distribution, electronics and

textile industry.
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CHAPTER 3
OPTICAL STRUCTURES

Photonics is one of the six key enabling techn@sgiKets) identified by the

European Commission as essential to realize that greallenges of the future in a
competitive way. Within the world of photonics, tBelid State Lighting (SSL) has
held great interest especially thanks to the mapplieations arising from the
possible use of the inkjet printing technology.
In recent years, the inkjet printing technique tisaating more and more interest in
the framework of optical structures fabrication.emoming the drawbacks of the
traditional techniques which usually require mud#ipcomplex processing steps
making the fabrication costly.

Inkjet printing technique is generally used as timolpositioning small quantities
of a liquid material on a target substrate. Fos tt@iason it can be used as a direct
method for the fabrication of high-quality and higtecision optical microstructures
(i.e. microlenses, microholes, polymer texturingwijh the great advantage to be
extremely versatile in definition of the pattern§ microstructures and in the
employed polymer materials.

An interesting application of the inkjet printing the so called ‘inkjet etching’
(IJE) that consists in depositing drops of solva@nsolvent mixtures onto a soluble
polymer layer. This technique allows to structure polymer film with the profile

that can have concave or convex shape by varymgiRing ratio of the solvents.
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In this chapter, the structuring of some polymelayers (polyimide and
polystyrene) by solvents (N-Methyl-2-pyrrolidone MIR), toluene (TOL)) and
solvent mixture (TOL:NMP) at different volume migjmatios were studied and the
effect of the printing parameters on the microgtree profile was investigated.

Moreover, optical microstructures were also falieda by inkjet additive
deposition of Poly(methyl methacrylate) (PMMA) sbus dissolved in different
solvents (NMP, TOL) and the effects of the printpayameters on the shape and the
geometry and, hence, on the optical characterigifcshe microstructures were
studied.
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3.1 Introduction to polymer microstructuring

The structuring of materials is employed for difflet applications such as
realization of biochips and micropatterned celbgsr[1,2], patterning for building
‘bank’ structures [3], fabrication of microlens ayr[4,5] and texturing of surfaces
[6] in order to improve the efficiency of OLED (@mgic light-emitting diode) and
photovoltaic devices [7,8]. Several methods are ppsed for polymer
microstructuring and normally they use costly andtiple process steps. One of the
most innovative method is the inkjet etching (IJB) application of the inkjet
printing (IJP) technology. The IJE, a single-praceschnique, consists in depositing
pure solvent or mixture of solvents onto a solulplelymer layer, creating
microstructures whose shape is function of the ingjxatio.

In general, when a single-solvent drop is prineedrater-shaped microstructure is
created on the polymer surface. Indeed, when tlversiodrop hits the polymer layer,
the polymer is locally dissolved, carried from 8essile drop centre to the edges and
deposited there. This phenomenon occurs owingegartaximum of the evaporation
rate and to the drop pinning at the three-phastacbhne [9-13]. The motion of this
convective flow inside the drop and directed towgaitd rim leads to a not uniform
solute deposition with an accumulation of mateatlthe edges, at the end of the
drying process [14,15]. This phenomenon is knowftafee-stain effect” [9,13,16].

Additionally, the redistribution of the polymer daved by a single-solvent drop
also depends on the contribution of the Marangtmw fut in less significant way
than the diffusive flow. The Marangoni flow is ridd to the temperature gradient of
the sessile drop, and, hence, to the differentasarfensions at the droplet liquid-air
interface, and generates a solute motion from dtopin to the centre [17]. The
contribution of the Marangoni flow becomes more amtant in the definition of the
final profile of the polymer when a dual-solventstggm formed by solvents with
different evaporation rates is employed. By usingigture of high- and low-boiling
point solvents, a concentration gradient of on@esdl opposite to the concentration
gradient of the other solvent is generated alomgs#ssile drop radius. In this case,
the solvent volatility and the surface tension jertips combined with the mixing
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ratio allow to control the capillary flows insidénet droplet and to vary the
microstructure shape from concave to convex.

Moreover, by changing the number of the drops efgbre solvent or the solvent
mixture, the morphological properties and the geoynaf the structures also change
[13].

3.2 InKjet etching of polymer surface

The polymer substrates employed for the IJE proeesm® polyimide (PI) and
poly(styrene) (PS), chosen for their good opticgainsmission properties in the
spectral range and thermo-mechanical properties.

Commercial glass substrates purchased from Scherg wleaned by sonication
with deionised water, acetone and isopropanolddsigh nitrogen and finally placed
in oven at 130 °C for 1 hour.

After cleaning process, the Pl and PS polymerimdilwere deposited on glass
substrates by means of a Brewer Science Model gidOcsater. The PI film, um
thick, was spun at 5000 rpm for 30 s employingml2volume of the commercial
solution (Pl 2556) purchased from HD Microsysteifise PS sample was deposited
by employing 2 mL of a solution of the commercié@ PAldrich, average Mw ~
350,000) dissolved in chlorobenzene at 90 °C fon® with a concentration of 15
% (w/w). The PS film thickness was fu by spin-coating at 500 rpm for 20 s.

All the polymeric samples were placed on a hotgp#t100 °C for 15 min in order
to completely remove the solvent.

N-methyl-2-pyrrolidon (NMP) and Toluene (TOL) wermhosen as solvents
because they dissolve the investigated polymershawve good chemico-physical
properties for the inkjet printing process. Drop&®P and TOL were inkjet printed
onto the Pl and PS layers, respectively. Moreawer structuring of the PS film was
performed also by printing TOL:NMP mixtures at di#nt mixing ratios (1:1, 1.5:1,
1.8:1, 2:1, 2.3:1, 3:1). NMP was chosen for thestRlcturing because the precursor
monomers of the purchased Pl are dissolved in st.féx the PS structuring, the

choice of using TOL as single-solvent system and. Tdhd NMP as mixture
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components arises from the fact that both disstheePS layer and are miscible
together. Furthermore, these solvents have diftevetatility and surface tension
properties (TOL: T=110.6 °Cy = 28.53 mN/m; NMP: §= 202 °C,y = 40 mN/m)
and their evaporation rates are suitable for inggetting processing.

The droplet depositions were performed by meanbteinkjet equipment already
described in the chapter 1 of this thesis, emppypninthead with 50 or 7@um
opening nozzle corresponding to 90 or 180 pL drtoghdume.

For the PS layer, sequences of TOL and TOL:NMP ldtspvere printed by means
of the 50um opening nozzle printhead at the 6.7 Hz drop @omsequency and 1
mm/s printhead speed with a spacing between thaletsoof 160um so creating a
square array of microstructures on the polymerrlaye

Similarly, for the PI layer, sequences of NMP datplwere printed by means of
the 70um opening nozzle printhead at the 5 Hz drop emmsBEguency and 2 mm/s
printhead speed with a spacing between the dropfetéOum.

After the structuring, only Pl samples were thetynakated with a curing process

at 200 °C for 30 min in air and at 300 °C for 1 hunitrogen atmosphere.

3.2.1 PI structured by NMP

The inkjet etching process using a single solvgstesn was employed onto Pl
film. By inkjet printing NMP drops on the polymerayer, crater-shaped
microstructures form on polymer surface at the ehthe solvent evaporation. The
typical 2-dimensional profile of the microstructuras a central spherically shaped
cavity and two lateral humps as shown in Figure 3.1

In Figure 3.1 the structural parameters that chiarae the microcrater profile are
also reported: Wis the width at cavity bottom (W= O in the case represented in
Figure 3.1), W the internal diameter, Wthe diameter at the cavity top,Mhe
external diameter, § the total depth of the cavity, and, finally, AInd H are the
edge height and the cavity depth with referencéounstructured external polymer
surface, respectively. These geometrical parametees pointed in order to

quantitatively monitor as the microstructure p@fidhanges by varying the printing
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conditions. The profilometric analysis employed determine the profile and its
structural parameters was also used to investitaoot-mean-square roughness
inside the cavity which resulted of about 10-15 rivtoreover, this investigation
showed that no cracks are on the microstructurdghmes surface indicating that,
combined with the roughness information, the stmext polymer can be used in
good quality optical applications.
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Figure 3.1Profile of microcavity manufactured by printing &R drop on PI film and its
geometrical parameters.

Furthermore, the profile reported in Figure 3.loadhows that the depth of the
microcavity realized by printing the single drophig far less than the thickness of
the PI film (1pum).

In order to investigate the effect of the numbertha printed drops () on the
microstructure geometry, single and multiple dregse deposited on the polymer
layer. The profiles of the manufactured microstuetby printing one, two and three
NMP drops on the PI film are reported in Figurea3.2s the number of the inkjet
printed droplets increases, the microcavity geoicetparameters also increase. The
Figure 3.2b and Figure 3.2c report the values ef rtlicrostructure parameters as
function of Nb. It can be observed that the external diametereases less
significantly than the total depth as Mcreases. This can be explained as follows.
With the exception of the first inkjet printed diepthat hits a uniform polymer
surface, the next droplets, deposited with the sapheme and in the same place of
the first one after a certain delay, meet the gasitaped polymer surface and
converge towards its bottom. Thus, the multipleptets remove the polymer mainly

from the cavity bottom rather than from its edgepraciably modifying the total
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depth (47 % percentage variation) and leaving tReereal diameter almost

invariable (9 % percentage variation).
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Figure 3.2 (a) Profiles of the PI microstructures manufactubgdprinting 1, 2
and 3 drops of NMP. Geometrical parameters of ezality, (b)
diameter and (c) depth, as functions of the nurobdrops.

The flat bottom of the microcavity manufactured inijet printing three NMP
drops indicates that the volume amount of the dégmbssolvent is enough for
dissolving and completely removing the polymer glal the thickness, so reaching
the substrate.

The effect of the substrate temperature on the asircture profile was also
investigated. In Figure 3.3 is reported the profifehe PI microstructure fabricated
by printing the single NMP droplet on the polymaydr and keeping the substrate at
50 °C as comparison with the microstructure martufad at ambient temperature.
Moreover, the profiles of samples manufacturechizn game temperature conditions
and depositing two NMP droplets were also charemsdr and the geometrical
parameter values are shown in Figure 3.4. The testilFigure 3.3 and Figure 3.4
indicate that the higher temperature induces atavameter decrease and a depth
increase due to the fact that it makes the polyswdter and, in addition, the

deposited droplet, evaporating more quickly, wetsmaller polymer surface. It is
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important to highlight that T = 50 °C is lower théme requested temperature for
inducing the PI curing process. The effect of thdtiple drops on the geometrical
parameters at higher temperature is the same asvelsat T, Furthermore, the

polymer film temperature appears as the printingampeter that influences the

microstructure profile in more significant manner.
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Figure 3.3 Profiles of the Pl microstructures manufactured gointing NMP
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printed NMP drops.

After structuring, the PI film was thermally cured turning completely insoluble
to NMP solvent. Indeed, the cure heating cycle2@ °C for 30 min in air and at
300 °C for 1 hour in nitrogen atmosphere) convénts precursor film (polyamic
acid) to insoluble polyimide and dries out the desi solvent. The heat treatment of

the precursor film causes a drastic change in #okbbne structures toward stiffer

and more planar chain structures inducing drameltianges in the mechanical

properties. In confirmation, tests of printing oMR drops on the treated polymer
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film demonstrated that no polymer surface struotygan be performed and so no

microstructure can be created further on.

3.2.2 PS structured by TOL

Preliminary printing tests were performed by defogiseveral solvents (toluene,
N-Methyl-2-pyrrolidone, n-Butyl acetate, tetrahyfin@n, benzene) on the PS
polymer film in order to define the process pararetuseful to create repeatable
structures. For whatever solvent, it was obsertead 50 °C substrate temperature
was the necessary condition for the repeatabilitghe microstructuring process.
Since the solvent droplet deposited on heated peiyayer evaporates more rapidly,
the drying process and the polymer redistributicnso fast that fewer variables are
involved in the structuring process allowing a éettontrol of the microstructure
profiles. Therefore, all the prints on the PS layrscribed in the following, were
carried out with the heated substrate (50 °C).

The microstructure profile obtained by printing thiegle TOL drop on the PS
layer, shown in Figure 3.5, is crater-shaped, w@myjlar to that performed on the Pl
film structured by NMP. The influence of the numloérthe printed droplets on the
microcavity geometrical parameters was analyzedHm solvent-polymer system,
too. As in the study of PI structured by NMP it waemonstrated that the effect of
the multiple droplets is more dominant on the gawepth rather than on the
diameter, same behaviour was registered with the-FS system. By focusing the
attention on the depth parameters, namely the yca@pth and the edge height in
reference to the unstructured external polymeraserf(Y1l and Y2 in Figure 3.5,

respectively), they linearly increase as functibiNg as shown in Figure 3.6.
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Figure 3.5Profile of microcavity manufactured by printing &I drop on the PS
film and its geometrical parameters.
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Figure 3.6 PS microcavity geometrical parameters (Y1, cavégtt, and Y2,
edge height) as function of the number of TOL drops

3.2.3 PS structured by TOL NMP

Successively, PS structuring was carried out byleynmpy a dual-solvent system.
The profiles of the manufactured structures on R layer by depositing single
drops of mixtures of TOL and NMP at different volematios and keeping the
heated substrate (50 °C) are shown in Figure 3hé do-presence of different
solvents in the droplet induces a polymer redistidn, after its dissolution, that
basically depends on the chemico-physical properieeach solvent and also on
volume ratio in the mixture. In detail, after thaxtare drop deposition, the fast
evaporation at the sessile drop rim leaves thehngglaer concentration of the less
volatile component (NMP) that, in this case, hag thigher surface tension

promoting a Marangoni flow from the centre to tldge By increasing the more
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volatile component content (TOL), most of the digsd polymer piles up in the
centre as it is clear in Figure 3.7 for the TOL:NMiiXing ratios ranged from 1.8:1
to 2.3:1. Further increasing of the TOL contenttle mixture (TOL:NMP 3:1)
modifies the microstructure generating a compleapshwith a crater on the pile top.
This is the consequence of the created compositgraaient which generates an
additional flow from the outer to the centre, atheaisible in the profile related to
the 1:1 mixing ratio shown in Figure 3.7. Indeetde trim of this profile is
characterized by two humps on the same side, maderd if compared to the
profile of the microstructure realized by the psmdvent drop (Figure 3.5), and the
internal one, in particular, is just due to thenfldirected towards the inside.

TOL : NMP)
H .
3:1
) 2,31

2x10* 4

Height [A]

T T T T T T u T
50 100 150 200 250

Width [um]

Figure 3.7PS microstructure profiles realized by printing T&hd NMP mixture
drops at different mixing ratios.

Moreover, by printing multiple drops onto the polmlayer the microstructure
profile was also varied. In Figure 3.8 are showa phofiles obtained by depositing
one, three and five droplets for 1:1, 1.5:1, 2.8atl 3:1 mixing ratio. The reported
profiles are shifted along the height axis for ityain the reading. It appears that a
higher number of drops modifies mainly the deptd &eight with respect to the
diameter leaving the shape almost unchanged. licpkar, the diameter varies in
less significant manner with respect to the heightthe microstructure. This
behaviour is understandable because, with the @recepf the first printed droplet
which meets the flat polymer surface, the next l#tsphit a structured surface that
holds them limiting the further spreading. As autgsthe dissolved polymer was

mainly removed from the bottom of the cavity as T@L:NMP mixing ratios of 1:1
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and 1.5:1, otherwise it largely piled up in thetceras for TOL:NMP mixing ratios
of 2.3:1 and 3:1. In these last cases, the polymierostructures can be used as

microlenses in optical structures.
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Figure 3.8 Profilesof the PS microstructures manufactured by printin§ and 5
drops of TOL:NMP mixtures at volume mixing rati@g (:1, (b) 1.5:1,
(c) 2.3:1, and (d) 3:1.

3.2.3.1 Optical  characterization wvia  Mach-Zehnder
interferometer

The convex-shaped microstructures were opticallyestigated by means of a
Mach-Zehnder system in confocal configuration. AdWaZehnder interferometer is
employed because this system introduces a smalureraent error being a single-
path interferometer [18]. Indeed, in general thaglks-path interferometer is
preferable to that double-path one (for exampleyman—Green system) to analyze
optical components that have to be utilized ingnaission mode and to reduce the
measurement errors in evaluating the microlensratiens.

The Mach-Zehnder interferometer is schematicallpwsh in Figure 3.9 and
described in the following. The unpolarized liglwmang from a He-Ne laser (534
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nm) passes through a beam-expander; the emerged b&ar reflecting by a mirror
(M1), is divided in amplitude by a polarized beapliteer (PBS1) where the p-
polarized component is transmitted into the tesh pad the s-polarized component
is reflected into the reference path. The referamaee, deflected by a mirror driven
by a piezoelectric stage, passes through a halewdate (HWP1) to rotate its
polarized state, then through a neutral densitgrfiind, finally, is recombined with
the test wave at a beam splitter (BS2). The temtnbegasses through a neutral density
to adapt the intensities of the test wave and ¢fierénce wave in order to optimize
the interferogram contrast. The test wave is fodusethe under-test microstructure
by a microscope objective (MO1) in confocal positioThe emerging wave is
expanded by a microscope objective (MO2), placselfiin a confocal position with
a lens (L1) and recombined with the reference wawveBS2. Finally, the light
emerging from the interferometer is collected dyrgher lens (L2) and sent into the

camera.

Hehle
[543nm)

Figure 3.9 Schemeof the Mach-Zehnder interferometer system.

Since, as reported in the previous paragraph,tthetsre generated by five drops
of the 2.3:1 TOL:NMP mixture had the highest vatfiehe ratio between the central
peak height and its diameter at the bottom, therfietometric analysis relative to this

specific microstructure is reported as example.
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In Figure 3.10 is reported the three-dimensionafiler of the microlens obtained
printing five drops of the 2.3:1 TOL:NMP mixture.n& measurements of the
geometrical parameters by the profilometric analydlowed to estimate the focal
length by using the following equation:

R
f=—- 3.1
— (eq.3.1)

wheren is the refractive index of the material aRds the radius of curvature and
is defined as:

h . r?
R=—7+_— 3.
2 " on, (eq.3.2)

whereh, is the height and is the radius of the microlens.

For the microlenses obtained by printing five dropthe 2.3:1 TOL:NMP mixture
the focal property was equal to 1.76 mm resultingagreement with the value
subsequently measured with the interferometricesygt9].

In order to have a clear interpretation of opttest results, it is usually convenient
to express wavefront data in polynomial form. Zkenpolynomials are often used
for this purpose since this component terms haeesime form as the types of
aberrations usually observed in optical tests. igufe 3.11 are shown the tilted
interferometric fringes image and the wavefrontoeranalysis in terms of the
Zernike polynomial without the first four terms tfe polynomial series for this
structure under investigation. The root-mean-sqBIMS) wavefront error, which
gives information on the area over which the wasmfrerror is occurring, and the
peak-to-valley (P-V) wavefront aberration, namédig tmaximum departure of the
actual wavefront from the desired wavefront in bodisitive and negative directions,
were estimated equal to 1/5.08 waves and to 1l/taves, respectively. These
results indicate that the central region of thelyamea structure has spherical
symmetry with low aberrations. Moreover, the lateegion of the structure having
toroidal shape also contributes to the light foegffect but in less significant way
with respect to the central structure. Therefdre,ibterferometric analysis indicated
that the manufactured convex-shaped structuresbeaeamployed as good optical

quality microlenses with negligible defects.
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Figure 3.103-D profile of the microlens obtained printing fideops of the 2.3:1
TOL:NMP mixture.
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Figure 3.11(a) tilted interferometric fringes image and (b)wfont error (@\=
550 nm) of the microlens obtained printing five psaf the 2.3:1
TOL:NMP mixture.

3.3 Applications of polymer microstructures to
optoelectronic devices

The concave- and convex-shaped microstructures weaesufactured and
characterized for different optical applicationsinty focused on the improvement
of the OLED device efficiency. The application &ach realized microstructure will

be detailed in the following paragraphs.
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3.3.1 PI structured by NMP in mould applications

The structured PI layer was employed as a temptat@nother polymer which
models itself acquiring a complementary shape. @mhployed polymer solution was
commercial Sylgard 184 Silicone Elastomer (Dow Qugn USA) mixed with a
curing agent and, after being placed into vacuuander for removing the bubbles,
spin-coated on the microstructured Pl layer at 501@ for 60 sec performing a
thickness of about im. Successively, after a curing process at 1000tCH min,
the elastomeric silicone polymer was removed from Pl mould resulting with a
convex-shaped structuring on top of its surfacat ihthe complementary form with

respect to the profile of Figure 3.1.

3.3.2 PS structured by TOL as textured substrates in
OLED applications

The PS structuring with the profile shown in FigBté was employed as texturing
of the substrate of an OLED (organic light-emittoigdes) device. A detailed study
was developed demonstrating that this kind of stining performed on a polymeric
underlayer of a bottom-emitting OLED device allowes destroy the interference
effects generated by OLED resonator cavity [20]thia following paragraph a brief
introduction on OLEDs and on the interference affegenerated in the emission

spectrum was performed.

3.3.2.1 OLEDs: introduction and improvements

OLEDs are attractive for fabricating high qualiglectroluminescent large area
displays and because of the potential low cost.[ZT]e conventional OLED
structures can differ by the architectures oppaiyndeveloped to enhance
optoelectronic device performances, lowering thectelcal and optical threshold
voltages, improving the device efficiency and imgiag the lifetime [22]. For
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whatever architecture, OLEDs can be classifiednia tategories, bottom emitting
(BE) and top emitting (TE) [23], and in both thesices the light generated in the
emissive layer propagates through the device lagei is emitted outside. Anyway,
more than half of the generated light is trapped tamally wasted inside the stack
due to the total internal reflections at the irdeds between layers with different
refractive-index [24]. Since the thickness of sdmers of the device can be of the
same order of magnitude of the wavelength of optrealiation, interference
phenomena take place. These phenomena that praduakeration of the emission
spectrum can be attributed to microcavity effeesegated by the device that acts as
optical cavity [23,25]. In some encapsulated striteg, the interference effects occur
due to the air gap between the device and the apass [26].

Another crucial factor that compromises OLED lunmioa efficiency is the surface
roughness of anode contact, leading to the formaifadark spots, degradation, and
hence to failure of the device working. Many effoltave been made to improve
OLED performances modifying the anodic layer swfabrough chemical and
physical treatments [27], or introducing a polyrtagrer directly under the electrode
[28]. As concerning this last approach, the righoice of the polymer material to
realize the under-layer allows of optimizing thsible light transmittance, matching
the refractive indices of adjacent layers, and enimg the device stability [28,29].

In this thesis work, BE OLED devices fabricatedaoatpolymer layer spin-coated
on glass substrate. The polymer film smoothes thed@a surface reducing its
roughness. Anyway, as the polymer under-layer is, timterference effects take
place modifying the OLED emission spectrum. In orde eliminate this
phenomenon a method based on the structuring gfm@ul under-layer surface by

means of the inkjet printing technology is proposed

3.3.2.2 OLED device fabrication

The PS layer is introduced in OLED devices as wtaggr in order to improve the
roughness of the anodic electrode so enhancing dhextroluminescence

performances.
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ZnO (zinc oxide) films were sputtered onto PS/glagstem and, as comparison,
directly on glass. The morphology of the conductims were analyzed by an
atomic force microscopy (AFM) (Veeco, Dimension ifay Instruments Nanoscope
IV) and reported in Figure 3.12. The 3D-topogramages and the related mean
roughness values indicated that the polymer redtloeesoughness degree of the
oxide film deposited on it. Hence, the insertiontledé PS layer improves the ZnO

electrode morphological properties for OLED applimas.

um
m
W 0.5
0.5 0.4
0.4 0.3
0.3 0.2
2 0.1
0.1 (@) Ra=0.56 nm (b) Ra=1.05nm

Figure 3.12 AFM images (scan size 0.5x01Bn2, z scale 10 nm) of ZnO films
sputtered on PS/glass (a) and directly on glassRa)is the average
roughness value.

Successively, the double-layer OLED device with Z¥ERD (N,N-Di-[(1-
naphthalenyl)-N,N-diphenyl]-1,1-biphenyl-4,4-diara)iAlqg; (tris 8-
hydroxyquinoline aluminium salt)/Al (aluminium) gtiture was manufactured on PS
film. The ZnO anodic contact (240 nm, 2&¥square, pho = 1.89 @A = 500 nm)
was deposited in a MRC643 system (4 mTorr, 2.2 \Rydy RF sputtering (13.56
MHz) from a ALOs; doped ZnO target in Ar-plasma atmosphere. NPDAlgg, 40
nm and 60 nm thick, respectively, were depositedhgymal evaporation without
breaking vacuum conditions (IGnbar base pressure). The aluminium cathode (200
nm) was evaporated as a final layer. The activécdearea was 0.56 nfm

In Figure 3.13 is reported a schematic image ofihace stack.
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Figure 3.13Schematisectionof OLED stack manufactured on a polymeric under-
layer.

3.3.2.3 Interference effects in an optical cavity

The electroluminescence (EL) spectra emitted byréladized OLED devices was
detected employing a CCD-telescope to collect amthdsthe light to a
spectroradiometer through optical fibre (Optronlcsboratories OL770 system).
These measurements were performed also at diffaregies by holding the OLED
device on a goniometric system and placing it anfrof the CCD. OLED emission

spectra detected at different angles are showiguré 3.14.
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Figure 3.14Emissionspectra of OLED on the unstructured PS under-layer
different view angles. The inset curves are obthsubtracting the
spectra interpolation to detected EL profiles.

Interference effects occur at different wavelendtrseach investigated angle and
can give many information about the PS layer ardpttoperties of the light source.
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This phenomenon is due to the thickness of PS |#lyar in this case can be
considered as a Fabry-Pérot cavity. Indeed, framrterference minima or maxima
positions detected in the emission spectrum ibssible to infer the layer thickness

through the following relation [26,30]:

— /11/]2
2nPS (/]2 - /]1)

(eq.3.3)
where A; and A, are the shorter and longer wavelengths correspbmoletwo
contiguous maxima or minima of the interferencectpen andn.s = 1.58 is PS
refractive index. The calculated thickness valus & + 0.3um, comparable to the
measured value of 5(8n.
As the spectral profile of OLED source is approxXieha Gaussian with FWHM
(full width at half maximum) of about 100 nm, thieserved interference effects have

been analyzed in the space-frequency domain acaptdithe following law [30]
S() 0'S, v)[L+|4 cod aar )| (€q.3.4)

whereSy(V) is the source emission spectrum. The second témmecequation 3.2
is the interference contribution to the spectralfifg where }{ is the modulus of the
spectral degree of coherence and represents tréeneince efficiency of the spectral
interference. Moreover, 8 |({ < 1, also known as visibility of spectral interfecen
is related to the coherence length and to the appath difference (OPD) of the
waves that interfere. Finally,

VAr
L Av

C

fbr =

(eq.3.5)

where Ar =2n,.,dcosd,, ... represents OPD of a Fabry-Pérot caviflfiena IS

related to experimental view angle through Snédivg, and
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(eq.3.6)

is the coherence length of a light source. In tkear@ned case, the emission peak

wavelength ﬁ) is centered at 525 nm withA =100nmandL results equal to 0.77
um. By using the parameters that characterizeseahkized Fabry-Pérot cavity, the
theoretical calculations giveq|~ 0.1. This low value ofi] explains the reduced
visibility of the interference effect in spectrabfile of the OLED source.

The interference effect was more evident in thefigaration with the device
placed in front of the detector with respect to tleer angular positions as pointed
out by the emission profiles showed in the insetFajure 3.14 and obtained
subtracting the interpolation of EL profile to tkhetected spectrum for each view
angle. As the detection angle increases, OPD deeseand the fringes broaden and
their intensity reduces.

Anyhow, the interference effect still visible at°3@as observed also at higher
angles depending on the particular realized FalergtPcavity, and, hence, on the
structure geometry and on the materials opticgbenties.

All the reported results show that the PS undeeddnas good optical properties in
visible range, reduces the roughness degree ddribdic electrode deposited on it,
nevertheless introduces an interference phenomenodifying the OLED emission
spectrum. A structuring of PS was used in ordeotge this phenomenon.

For this reason, a square array of microcavities fadricated by printing TOL
multiple drops on the PS film and than the OLEDidewas fabricated on the top of
structured PS layer. The related schematic sechioth optical micrograph are
reported in Figure 3.15.
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Figure 3.15(a) Schematic section and (b) optical micrograph BfS microcavities
array. (c) Schematic section of OLED stack manufact on
structured polymer underlayer

The structured OLED emission spectra at differeenangles are shown in Figure
3.16.

The emission profile clearly exhibits a stronglgueed, almost absent interference
effect upon the under-layer structuring. This canatiributed to the locally reduced
thickness of the textured polymer layer and toitiberface shape that randomizes the
lightpath. The inset of Figure 3.16 points out tbaly a slight interference effect is
still visible in the structured OLED EL profile due the presence of untextured
areas of PS layer. Indeed, the distance betweercewtiguous cavities of the array
is about 1Qum.

The polymer structuring allows to ensure the molpdical benefits of the anodic
contact that retains a local low roughness andhatsame time, to assure that the
emitted spectrum is only function of the emittirmusce and is not affected by the

presence of the polymer under-layer.
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Figure 3.16 Structured OLED emission spectra for different dete angles. The
measured EL profile minus the spectrum interpofaisodetailed in the
inset for each angle.

3.3.3 PS structured by TOL:NMP as microlenses OLED

applications

The convex-shaped microstructures manufactured thghTOL:NMP-PS system
can be used as microlenses in order to reducdebga@uminescence (EL) radiation
losses due to the total internal reflection in &rED device.

To cover the entire area of the OLED device, a sgjaaray of microlenses was
fabricated with a 5x5 mfrsurface by printing one, three and five dropshef 2.3:1
TOL:NMP on the PS layer. In Figure 3.17 the sch&ms¢ction and the optical

micrograph of the PS microlens array are illusttate

S R P P P

PS
Glass
(a) (b)
Figure 3.17Schematic section (a) and optical micrograph (kg BfS microlens

array.

-85 -



3. Optical structures

In Figure 3.18a is illustrated the schematic sectbthe OLED stack coupled to
the microlens array which was fabricated on theosfip side of the substrate. The
current-tension characteristic illustrated in FegB8.18b was the typical electrical
response measured for all the manufactured dewbodis,coupled and not coupled to
microlenses. The OLEDs showed good electrical perdmces (Wn ~ 3 V) and
good detected reproducibility which was crucial simdy the functioning of the
microlenses and to compare the efficiencies ofdifferent arrays. To this end, in
Figure 3.19 are reported the curves of the photlicurrent as function of the
electrical current for the OLEDs coupled to difigremicrolens arrays and, as
comparison, for the unlensed OLED, namely the demanufactured with the same
stack and with an unstructured PS layer on the sifpaide of the substrate. The
results pointed out that the OLED electrolumineseeefficiency was enhanced by
applying the microlenses. In detail, by tuning tiember of drops the curvature
radius of the microlenses was controlled and so isir focal length. By coupling
these lens systems to the OLED, the device effigiemas improved by a factor
ranging from 2.2 % to 5 %. The lenses manufactirgdive drops provided the
highest EL efficiency, nevertheless this enhances we@ak with respect to the
efficiency detected for the device without lenseg do the lens geometry, i.e. the
ratio between the microstructure height and itsngieer as low as 1.62 %, that means
long focal length. However, although the maximumaoted electroluminescence
efficiency enhance was not significantly high, st worth noting the trend of the
increase of the EL efficiency as the ratio betwtenheight (of the central peak) and
the diameter (at the bottom) increases.
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Figure 3.18(a) Schematic section of the OLED stack coupletti¢omicrolens array
and (b) typical I-V curve of all the manufacturesltes.
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Figure 3.19Photodiode current vs. electrical current for OLEDspled to arrays
of microlenses manufactured by printing 1, 3 armtdps of the 2.3:1
TOL:NMP mixture and, as comparison, for the unlen®ED.

In addition, the normalized EL intensity of 5-drojesised device driven at | = 1
mA at different viewing angles was measured and payed to that one of the
unlensed device. As depicted in Figure 3.20, theasmeed emission from the
unlensed device matched very well with the caledatambertian pattern. The
angular-dependent EL intensity of the device whle ticrolens array showed a

similar behaviour with an enhanced luminance atVv@wing angles.
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Figure 3.20Relative EL intensities at different viewing angfeslensed and
unlensed devices and, as comparison, calculated&dian pattern
curve.
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3.4 Microlens fabrication via additive method

The previously described technique (IJE) provideedhod for fabricating polymer
microstructures that were employed as microlense3LED devices. Anyway, this
technique doesn’t allow to significantly vary thatio between the height and the
diameter of the microstructures. Therefore, ano#dpproach based on the additive
deposition of optical grade polymer materials wallotved in order to realize
refractive microlenses which can be more efficier@pplied in several application
fields such as communications, display systemsgingasensors, photodetectors.
Therefore, many methods have been developed toicébr these optical
components. Traditional fabrication techniques psetolithography [31], resist
processing [32], reactive ion etching [33], laseadiation [34] while other, more
recent techniques are based on microjet printirig, [Birect laser [36] or e-beam
writing [37], laser ablation [38], photopolymerization [39All these methods
produce optical quality microlenses, namely chamoed by low aberration and
good uniformity of the focal length. However, ordgme of these techniques are
suitable for rapid prototyping of microlenses withriable focal length, generally
those ones that don’t need to employ masks, raguléiss complex and short time-
consuming processes which, hence, allow to recheeroduction costs.

The inkjet printing is one of the techniques thatiy these requirements;
moreover, it offers also other advantages sucth@xérsatility in definition of the
patterns and in the employable substrates anddtemipality to be introduced in roll-
to-roll processes. The employment of the 1JP teldgyoto fabricate optical elements
was essentially promoted by the development ottapgrade polymers with suitable
thermal and mechanical properties [19,40]. On tiherohand, the right combination
of using these materials with a low-cost technolaggs further supported for
manufacturing less expensive and more lightweightmonents.

Among the most commonly used polymers for the tation of optical
components, poly(methyl methacrylate) (PMMA) is @ptical grade polymer with
good mechanical and thermal properties. In padiguhis polymer was employed to
manufacture microlenses through printing method4,42], nevertheless no

systematic study is reported about the effecthefahemico-physical properties of
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the PMMA based ink on the shape of the inkjet pdntmicrolens and so on its
optical and physical properties.

Microlenses by inkjet printing PMMA solutions prepd with different solvents
(toluene -TOL-, N-Methyl-2-pyrrolidone -NMP-, chlobenzene -CB-, ortho-
dichlorobenzene -0-DCB-) and with different solventixtures (NMP:TOL,
CB:NMP, CB:0-DCB, 0-DCB:TOL, NMP:0-DCB) on glasshksitrates covered by a
transparent, hydrophobic tetraethylorthosilicateiHj2H,2H-
Perfluorodecyltriethoxysilane (TEOS/PFTEQS) filmrevdabricated. The effects of
both the solvent mixing ratios and the polymer @mation on the profile and the
geometry of the microstructures were investigatbdough profilometric and
interferometric analyses by means of a Mach-Zehndgstem in confocal
configuration evaluating the wave aberrations asaaly described in the previous

paragraphs [18,43].

3.4.1 Microlens fabrication

Commercial glass purchased from Schott was emplagesubstrate and cleaned
with a standard procedure applying in sequencedhéation with deionised water,
acetone and isopropanol, drying with nitrogen flawd finally in oven at 130 °C for
1h.

In order to prepare a hydrophobic surface on whieh microstructures will be
successively fabricated, a TEOS/PFTEOS film wasodiégpd on glass substrate. A
sol-gel solution was prepared by mixing TEOS, PFBE@thanol, deionized water
and concentrated hydrochloric acid (HCI). Before tteposition, the solution was
diluted with fluoropropanol and then filtered. THieoropropanol was added to
enhance the wetting of the solution-substrate sysi@ improving the adhesion.

The prepared solution was spin-coated (1000 rpn3@os) by means of a Brewer
Science Model 100 spin coater, followed by 30 mat-plate bake at 100 °C to
remove the residual solvent and gradually heatech fi10 °C to 150 °C for the
thermal curing. The film was kept at 150 °C for anght and the thickness was 280

nm.
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Successively, the polymeric inks were preparedibyalving 5 mg/mL of PMMA
in different solvents, such as TOL, NMP, CB and DGBd in different solvent
mixtures, such as NMP:TOL, CB:NMP, CB:DCB, DCB:TQ@ind NMP:DCB. All
the solvent mixture systems were investigated atmwe mixing ratios of 20:80 and
80:20. Additionally, solutions of PMMA (40 mg/mL ipure NMP and NMP:TOL
mixture (80:20) were also investigated. All the sk solvents are suitable to
dissolve the polymer and have right volatility asdrface tension properties for
inkjet printing processing (TOL:pl= 110.6 °Cy = 28.53 mN/m; NMP: §= 202 °C,

y = 40 mN/m; CB: T = 132 °C,y = 33.6 mN/m; DCB: § = 180 °C,y = 26.84
mN/m).

Polymeric microstructures were fabricated by pnigtsingle drops of the PMMA
based inks on the hydrophobic surface of the TEGBHDS film in order to freeze
the drop on the substrate so minimizing the spreadi

The droplet depositions were performed by usingrdtioop printhead with 3im
opening nozzle corresponding to 20 pL droplet vaduluring the printing process,
the substrate temperature was kept at 17 °C by snafaa Peltier cell and monitored
by a thermocouple. The prints were carried outldt Bz drop emission frequency
and 10 mm/s printhead speed.

After printing, the PMMA microstructures were ledt 17 °C for 30 min for
completing the polymer drying.

A surface profilometer (KLA Tencor P-10 Surface fiten) was used to detect the
profile and the geometry of the manufactured micuzsures while a Mach-Zehnder
interferometer was employed to evaluate the waeerabons [44].

3.4.2 Microlens characterization

The profiles of the PMMA microstructures realizeg émploying five different
solvent mixtures, each one with two mixing rati@®:80 and 80:20), are shown in

Figure 3.21 and compared with those obtained byptine component solvents.
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Figure 3.21 Two-dimensional profiles of the PMMA microstructaremploying
different mixtures (volume mixing ratios 20:80 ar@D:20) in
comparison with those obtained by the pure composelvents: (a)
NMP:TOL, (b) NMP:CB, (c) 0-DCB:CB, (d) o-DCB:TOL dn(e)
NMP:0-DCB (5 mg/mL concentration).

The profilometric analysis of the structures obeairby the different inks shows
that the chemico-physical ink parameters, suchodsf point and surface tension,
have a key role in the definition of the microsture shape. For the ink dissolved in
NMP, high-boiling point solvent with high surfacgnsion, the Marangoni flow from
the edge towards the center of the sessile drdpnsnant so inducing a solute pile

in the center (Figure 3.21a,b,e). Indeed, the swaporation of the solvent is useful
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so that the Marangoni flow diffuses from regionshalow surface tension to regions
with high surface tension, these last ones locatednd the top center of the droplet.
For all the other investigated solvents with lovieiling point and lower surface
tension lower than those ones of NMP, the dryiraress is mainly ruled by the flow
of the “coffee-stain effect” and the final profilese characterized by a flat central
portion and two lateral humps. In particular, DQi#her-boiling point solvent than
TOL and CB, induces a partial inward flow. Indeémst, DCB the ratio between the
lateral hump height and the flat central portionghtis lower if compared with
those of TOL and CB.

By employing the solvent mixtures, at the end @& thrying process the PMMA
microstructure profile is similar to that inducey the component solvent which is
present in the mixture with higher concentratioly. &amining case by case, the
DCB:CB mixture in both the volume mixing ratios 80:and 20:80 (Figure 3.21c)
doesn’t modify the profile obtained by DCB in sificant manner being the
chemico-physical properties of the component sdb/eaimost similar. For the
DCB:TOL mixture with 80:20 mixing ratio (Figure 3.8), the microstructure profile
shows a larger accumulation at the centre witheetsihe profiles by pure DCB and
pure TOL. This behaviour is expected since the arept solvent with higher
boiling-point (0-DCB) with respect to the solvenitimower boiling-point (TOL) has
also got a lower surface tension than the other soeinducing an inward flow.
Finally, by analyzing the NMP:TOL, NMP:CB and NMPXCB mixtures at 80:20
mixing ratio (Figure 3.21a,b,e), the presence efgshlvent with lower boiling point
in comparison NMP lightly enhances the outward fldwe to “coffee-stain effect”
making the central pile, which is evident in theofe generated by NMP, less
pronounced.

This analysis showed that the solvent in whichgbmer is dissolved allows to
control the microstructure profile. In particulamong all the investigated solvent
systems both the pure NMP solvent and the NMP: T®{ture (80:20) are the most
suitable to perform convex-shaped microstructuresbé employed as optical
components.

In order to investigate if it is possible to impeothe spherical symmetry of the

structures, the effect of the ink viscosity on th&rostructure shape was studied.
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The attention was focused on the solutions obtathiesblving PMMA in pure NMP
and in NMP:TOL mixture (80:20) and prepared thesitly increasing the polymer
concentration from 5 mg/mL to 40 mg/mL. The 2-disienal profiles of the
microstructures obtained by printing the singlepdfar both these inks are shown in
Figure 3.22. By comparing these results with thafiles of the same inks prepared
at lower PMMA concentration (Figure 3.21b,c), itpeprs that the higher
concentration improves the spherical shape of therostructures for both the
investigated systems. Moreover, the effect of tikeviscosity on the microstructure
profile is more significant than the volume mixirgtio so resulting a fundamental
parameter to manufacture structures that have @royed as microlenses.
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Figure 3.22 Two-dimensional profiles obtained by printing PMMiissolved in
pure NMP and NMP:TOL mixture (80:20) (40 mg/mL centration)

(&), pure NMP at 50 and 200mg/mL (b) and NMP:TOL280at 50
and 200 mg/mL(c).

By profilometric analysis of the microlenses marmtidiaed at higher concentration,
the geometrical parameters, namely diameter anghtevere evaluated, and the
focal length was calculated[19]. The focal lengitere extimated equal to §an
and 442um for pure NMP and NMP:TOL mixture, respectively.
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These microstructures were also analyzed by meladvtach-Zehnder system in
confocal configuration as described in 3.2.3.1 ieact The results of the
interferometric analysis are reported in Figureé33&@ pure NMP and in Figure 3.24
for NMP:TOL mixture.

—]
— 02
— 016
012
008
004
0

Figure 3.23 (a) 3-D image, (b) tilted interferometric fringesndge and (c)
wavefront error of the microlens by printing PMM4ssolved in pure
NMP (40 mg/mL concentration).

(b)

Figure 3.24 (a) 3-D image, (b) tilted interferometric fringesndge and (c)
wavefront error of the microlens by printing PMMAssolved in
NMP:TOL mixture (80:20) (40 mg/mL concentration).

These figures illustrate the 3-D profiles (Figure23&, Figure 3.24a), tilted
interferometric fringes images (Figure 3.23b, FegBr24b) and the wavefront error
analysis in terms of the Zernike polynomial withdbe first four terms of the
polynomial series (Figure 3.23c, Figure 3.24c). gksviously explained, Zernike
polynomials are used to describe the aberrationgrsfes with respect to an ideal
spherical shape in terms of RMS wavefront error peak-to-valley (P-V) wavefront
aberration [44]. For microlens by pure NMP, the RM8&vefront error was 1/5.18
waves and peak-to-valley (P-V) wavefront aberratiesulted 1/4.55 waves. For
microlens by NMP:TOL mixture (80:20), the RMS waneeft error was 1/15.1
waves and peak-to-valley (P-V) wavefront aberratwoas 1/3.011 waves. These
results obtained for the microstructure by pure NBH#OwW high optical quality.
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Finally, the focal lengths measured through thesrfietometric system are in

agreement with the estimated ones by the profilamanalysis.

3.5 Summary

In the chapter of this thesis the feasibility topdoy the inkjet etching to perform
polymer microstructures and the additive printiog the realization of microlenses
was investigated.

Concerning the polymer microstructuring, concavel aonvex profiles can be
obtained by using pure solvent and solvents mistwéh suitable mixing ratios,
respectively. The geometrical parameters of thectires can also be modified by
changing the substrate temperature and/or the rnumbehe printed droplets.
Profilometric and interferometric analyses were f@ened on these structures
evaluating the geometrical and optical parameters.

Moreover, some applications of these polymer micoatures by IJE were
described.

As example, the structured PI layer was employethasld for another polymer
which models itself acquiring a complementary shape

A cavity-shaped microstructure array realized bintprg pure solvent (TOL) on a
PS layer was used to drastically reduce the imemfe effects in the
electroluminescent spectrum profile in a bottomteng OLED. This devices were
fabricated onto a polymer layer which smoothesahede surface so reducing its
roughness. Anyway, as the polymer under-layerirg thacts like Fabry-Pérot cavity
producing interference effects. The microcavitisayamanufactured on the polymer
surface modifies the incidence angle of the ligtdiation at anode/polymer interface
locally changing the polymer thickness so destrgyihe resonator effect of the
optical cavity.

By printing single and multiple droplets of the TOIMP mixture at an optimized
volume mixing ratio on the PS layer, convex-shaptdictures with spherical
symmetry were realized. Through the interferometmalysis the aberrations of
these structures with respect to an ideal sphesitape were evaluated proving that
the manufactured microstructures can work as r@feacoptical components.

Additionally, by coupling an array of these microstures to an OLED device, their
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functioning as microlenses was specifically invgestied. It was observed an increase
of the electroluminescence efficiency of the lensllices as the focal length
decreased, up to a maximum of 5 % with respedbéounlensed device. Moreover,
the analysis of the angular-dependent EL intersditywed that the devices with and
without lenses had a Lambertian behavior with angased light focalizing effect by
the lensed device at low viewing angles.

The last part of this chapter was focused on thézation and characterization of
microlenses obtained by means additive printin@MA droplet on a hydrophobic
substrate. The microstructure profile was contbldg employing pure solvents and
solvent mixtures with different mixing ratios. Thdluence of the chemico-physical
parameters of the ink, such as boiling point andase tension, on the structure
shape was investigated as responsible parametensrefor less significant “coffee-
stain effect” with respect to the Marangoni effebtoreover, the effect of the
polymer viscosity on the microstructure profile waadied: the results showed that
the ink prepared with higher concentration of tlodymer improves the spherical
shape of the microstructures for both the pureesdhand solvent mixture systems.
Additionally, the interferometric analysis allowéal evaluate the aberrations of the
realized microlenses with respect to an ideal spalkershape and the results
demonstrated that the right choice of the solvert the polymer concentration in

preparing the ink lead to high optical quality noiemses.
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CHAPTER 4
ORGANIC FIELD EFFECT TRANSISTOR

Organic Field Effect Transistors (OFETs) based alut®n processable
semiconducting small molecules have obtained ingdresimprovements in their
performances during recent years. These deviceslheen developed to realize low-
cost, large-area electronic products. Indeed, thed gsolubility in common organic
solvents opens the way to the fabrication of OFB¥ slirect printing methods, like
the inkjet technology, which are able to guarantemy advantages including low
costs, low material wastage, selective depositibnmaterials and non-contact
patterning.

Recently, the research in the field of OFETs wasi$ed on n-type semiconductors
due to low air stability and limited processing &hitity of the organic materials
reported in literature. To this purpose, the masnpsing n-channel candidates are
the Cyanated Perylene Carboxylic Diimide derivaiverhich combine good
solubility in organic solvents and good and stadllectrical properties in ambient
conditions.

In the present chapter, a study on the optimizatiche methodology based on the
employment of solvent mixtures suitably combinedhwthe printing parameters for
the inkjet deposition of N,N’-bis(n-octyl)-1,6-diagoperylene-3,4:9,10-
bis(dicarboximide) (PDI-8C}, used as semiconductor in hybrid organic/inorgani

OFET structure, is reported.
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4.1 Introduction of OFETs

The transistor was probably the most important mtie® of the 20th Century and
the story behind its invention is one of clashigg®and top secret research.

The transistor was invented in 1947 at Bell Teleghbaboratories by a team led
by physicists John Bardeen, Walter Brattain andlisivil Shockley. At first, few
scientists saw in them the seeds of a technoloaly ith few decades, would come to
permeate almost every sphere of human life. Thesistors became the building
block for all modern electronics and have been npoated into cars, cellular
telephones, display screens, computers and an expanding list of other
applications.

The possibility to expand the research field txifie substrates and to reduce the
fabrication costs of this electronic componentifsruse in inexpensive applications
has driven the scientific research towards the ldpweent of Organic Field Effect
Transistors (OFETS). In these devices, organic aamiliuctors replace traditional
inorganic semiconductors, such as amorphous sjligonrealizing the active
channels. These materials can be solution procebgedaneans of innovative
techniques like spin-coating, spray-coating andeinlprinting. Furthermore, they
require very low annealing temperatures (less t&h °C) and can be processed in

atmospheric conditions.

4.2 Current-voltage characteristics of OFETs

The first functional polymer OFET was first intrazhd by Tsumura 1986 [1]. This
structure is particularly suitable to be used imbmation with low conductivity
materials and organic transistors belonged to th& family. In general, the main
component of a TFT is a parallel plate capacitdierg a conducting electrode, the
gate electrode (G), is electrically separated frithh semiconducting layer by an
insulating dielectric layer. Two other electrodesurce (S) and drain (D), are
contacted to the semiconductor layer to providectiegge carrier injection.
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In Figure 4.1, the three most common device comdigons used in OFET are
illustrated: bottom-gate bottom-contacts (BGBC)ittvm-gate top-contacts (BGTC)
and top-gate bottom-contacts (TGBC).

Semiconductor > s G

D s Semiconductor Dielgc'rric
Dielectric Dielectric Semiconductor
G 6 5 .
(a) Stbsirate (b) Substrate (C) Substrate

Figure 4.1Common OFET configurations: bottom-gate bottom-aots (a),
bottom-gate top-contacts(b) and top-gate bottontamis (c).

By applying a positive gate voltage £y, for n-type semiconductor, charge
carriers are electrostatically accumulated in tbisonductor at the interface with
insulating barrier. When the gate electrode isdmasegatively the channel region is
depleted of carriers and the semiconductor opeilatéise depletion mode. Due to
this field-effect, the charge carrier density ie temiconductor can be modulated in
reversible way. Hence, the resistivity of the semducting channel comprised
between the source and drain is a function g§ VThis means that the curremt|
through the semiconductor (upon application of arse-drain field \bs) can be
varied over many orders of magnitude [2]. SinceTtR& can be switched between a
conducting and a non-conducting state, it is widedgd as the basic building block
of binary logic circuits.

One of the most important physical parameter dedirthe quality of the OFET
electrical response is the field-effect mobility[2—6], which is the drift velocity of
the charge carriers flowing through the semiconaluethen a unit electric field is
applied. This parameter strongly affects the opamagpeed of the transistor and has
a fundamental importance when fast logic circuiesdesired.

Two different and complementary methods are comgnoemployed to
characterize the electrical response of TFTs: eithg is kept constant andp¥ is
swept (output curves, Figure 4.2a) ass\s held constant andg¥ is swept (transfer
characteristics, Figure 4.2b).

The electrical characteristic of a transistor candivided into two regions: linear

and saturation regime. The transistor is told terage in linear regime when the
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drain (\pbs) biases are much lower the gatep§)/voltages. Instead, the saturation
regime takes place whenpy becomes higher thang¥ In the linear regime the
current flowing between drain and source throughdtannel follows the Ohm’s law
being proportional to the drain and gate voltagls. the \bs increases and
approaches the gate voltagepc\rops to zero and the pinch-off of the channel
occurs. At this point the, becomes independent of the drain bias.

Linear regime Saturation regime
\ _ D >
,':\ I \\‘ I()N
I Il DS“
(Z)I,ﬁ" v
‘\ l:' I ]
\ ' OFF
IOFP\\-.- ; 5
\~§l'/' V , E
(@) DS )y °  Vm Vs

Figure 4.2Plots of output curve (a) and transfer curve ¢n)af n-type TFT.

Another important parameter is the threshold vetfgr,), defined as the gate
voltage beyond which the conducting channel forfnguasi-universal method used
in OFETs to extract this parameter consists oftipigtthe square root of the
saturation current as a function of the gate veltdggure 4.2b). The intercept of the
extrapolated linear curve with the gate-voltagedefines the threshold voltage.

In linear regime Vs <Vss —Vo,), Ibs increases linearly with 35 and is described
by the following equation:

W V2 (eq. 4.1)
I ps = HC, — (VGS —Vn, )\/DS -2

L 2
where L is channel length, W is the channel widhis the capacitance per unit

area of the insulating layer, 1y is the threshold voltage. The mobility can be
determined in linear regime from the transcondwzan

_ 0l o _ w (eq. 4.2)
On UG —Vps
aVGS Vps=cost L
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by plotting bs versus \s at constant low ¥s with Vps < ( Ves — Vmn ) and
equating the value of the slope of this plotito g

For Vs >V —Vy,, Ibs tends to saturate (saturation regime) due to thehpoff

the accumulation layer, and is modelled by theofeihg equation:
1 W (eq. 4.3)
lps = E/’CI T(VGS _VTh)2

In the saturation regime, can be determined from the slope of the plot/of

vs. Vgs Although it is expected that mobility values extied from linear and
saturation transfer-curves are very similar, teisiot always the case for OFETI[3].
Indeed, source and drain contact resistances (veremot taken into account in the
previous equations) can strongly influence thetetad behaviour of the organic
transistors.

The ratio of the current in the accumulation moderdhe current in the depletion
mode is referred to asN/lorr= The bn/lorr ratio measures the efficiency of the

device switch.

4.3 n-type OFETs based on Perylene Diimide
derivatives

Organic Thin Film Transistors have received mucdhraion for the fabrication of
low cost, flexible and large area electronic citgui[7]. Both p-type and n-type
OFETs are required for the development of orgamimmementary metal oxide
semiconductor (CMOS) circuits [8-10], which are ealdb provide electronic
components with superior performances in termsoef $tatic power consumption
and higher noise margins. Different from p-charseghiconductors which have been
widely studied for more than 20 years and exhibicedlent field-effect
characteristics [11,12], today n-channel semicotatac are less commonly
employed because of the low air stability and lediprocessing capability. Indeed,
despite many experimental works carried out overphst few years, nowadays the
number of n-channel compounds able to operate ibiearh conditions with good

charge mobility i) remains very limited. Among them, Cyanated Pewle
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Carboxylic Diimide derivatives are certainly the shopromising n-channel
candidates owing to the highvalues (0.1 - 1 cAV s) [13,14], low sensitivity to
oxygen and moisture [15,16], remarkable environ@erdtability [17], good
solubility in common organic solvents such as toki€TOL), chloroform (CF) and
o-dichlorobenzene (DCB). In particular, this lasiature opens the way to the
fabrication of OFETs by direct printing methodelithe inkjet technology, which
are able to guarantee many advantages includingctists, low material wastage,
selective deposition of materials and non-contaatepning [18]. In electrically-
active organic devices, the semiconductor morpholptays a crucial role in
determining the final performances given the widelgmonstrated correlation
between the crystalline microstructure of the orgdayer and the corresponding
charge transport properties [19]. This issue isx@were critical if the semiconductor
is deposited by inkjet printing, since the dropidgyprocess drastically modifies the
morphology of the deposited material and can styorajfect also its overall
uniformity [20]. The poor uniformity of inkjet pried films is mainly caused by the
so called ‘coffee-stain’ effect. This phenomenonruted by the convective flow
occurring inside the sessile drop from its centvevards the edges, where the
evaporation rate is higher, for replenishing theapmration losses [21]. As a
consequence, at the end of the drying processpi@nic semiconductor results
largely localized at the rim of the printed dropl&tpossible approach to reduce the
“coffee-stain” effect is based on the use of migtuof solvents with different boiling
points and surface tensions. By mixing suitablénhand low-boiling point solvents,
indeed, temperature and surface tension gradiearisbe generated producing a
Marangoni flow from droplet rim to the centre [2242This capillary flow balances
the ‘coffee-stain’ effect providing an appropriagpatial redistribution of the
material. In this way, morphology and uniformity thie printed films and, more in
general, the performances of the final devices lmanmproved by choosing the
appropriate component solvents, with particulaedar their volatility and surface

tension properties, and their mixing ratio [23,24].
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4.3.1 OFETs fabrication

In this thesis work, N,N’-bis(n-octyl)-1,6-dicyaneqylene-3,4:9,10-
bis(dicarboximide) (PDI-8C} films were deposited by inkjet printing on
Si(gate)/bare Si@ (dielectric)/Au (contacts) substrates for the iedion of n-
channel organic transistors. PDI-8&ikl a molecule characterized by a rigid core ad

by the presence of cyanated groups which makeubko(Figure 4.3).

Figure 4.3 Perylene PDI-8CN molecule. The circles inside the five core
hexagons indicate conjugated bonds with delocalizexbitals.

Inkjet printed bottom-gate bottom-contact OFETSs evéabricated on substrates
consisting of a 50@m thick highly doped Silicon (5i) layer, thin (200 nm) Si©
dielectric barrierand pairs of interdigitated gold source-drain etsb¢s with 3-5 nm
of chromium employed as primer to improve the agtiresThe schema of the
structure of the transistor is reported in Figuda4

The active channels of the manufactured transistave two possible lengths: L =
20 um (Type | devices, FET3,4) and L = 44n (Type Il devices, FET1,2) (Figure
4.4b). For all devices, however, the ratio betwesdth (W) and length (L) of the
active channels is fixed at 550. Taking into acd¢adiine size of the interdigitated
electrodes, the overall area printed was about B85 for Type | devices and 1.65
mn¥ for Type Il devices.
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(€)

Figure 4.4(@) Schema of the OFET structure, (b) test pati®yaut with source
and drain gold contacts and (c) magnification of thterdigitated
electrode/channel structure.

Before printing of the semiconductor, the bare #malss were cleaned in sequence
in ultrasonic baths of acetone and isopropanol @meld with pure nitrogen (N
flow. PDI-8CN, (Polyera Activink N1200, Polyera Corporation) wassdlved at 6
mg/mL concentration in mixtures of o-dichlorobeneeand chloroform at different
mixing volume ratios (DCB:CF 1:0, 4:1, 3:2, 1:4)arder to investigate the effect of
solvents and their mixtures on the printing qualithe possibility to use the single-
solvent system (0:1 DCB:CF) was not considered¢esi€F low boiling point
prevents to get the stable drop emission condifitve. chosen solvents are the most
suitable to dissolve the semiconductor material laaneke right volatility and surface
tension properties for the inkjet printing procegs{DCB: T, = 180 °C,y = 26.84
mN/m; CF: T, = 61 °C,y = 27.5 mN/m).

The prepared solutions were used as inks aftarifif by means of a 0.2m
PTFE filter in order to remove possible agglomesafehe organic semiconductor
based inks were deposited by means of the inkj@petent already described in the
chapter 1. The piezoelectric Drop on Demand (DoDicrdirop printhead is
characterized by a 3Qm opening nozzle which corresponds to 20 pL droplet
volume. Moreover, the system allows to control sidstrate temperature from the
ambient conditions (zhp up to 100 °C. Sequences of droplets were priatelD Hz
drop emission frequency and at printhead speed.®fafd 0.5 mm/s. During the
printing process, the substrate temperature wasnzgtd for each mixing ratio in

order to prevent coalescence of the droplets pfiatethe target substrate.
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4.3.2 Morphological characterization

Morphological characterization were performed ore tiprinted PDI-8CRM

semiconductor films in order to analyze the effeftthe mixing ratio of the solvents
and printing parameters (drop overlapping degrelestsate temperature) on the film
quality.

In Figure 4.5 are reported the polarized opticatrogcopy images (Polyvar MET
Reichert-Jung) and the corresponding profilomedrialyses (Tencor P10) of printed
PDI-8CN, droplets.

This figure shows that the single-solvent systeth[DCB:CF generates an uneven
deposition of the material due to the “coffee-stafiect. Hence, a ring like profile,
with lateral humps at the droplet rim and a thinlagrer in the centre, is observed in

both the optical image (Figure 4.5a) and the cpoeding 2D profile (Figure 4.5e).
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Figure 4.5 Polarized optical images and corresponding 2D jeoff PDI-SBCN
drops on bare SiQOsubstrates. The drops are inkjet printed by using
DCB:CF mixtures at different volume mixing ratiosmda substrate

temperatures: a,e) 1.0 @ T=90°C; b,f) 4.1 @ T=90@) 3.2 @
T=90°C; d,h) 1:4 @ T=35°C.

On the other hand, by increasing the CF contenigtwhas a lower boiling point
and a higher surface tension than DCB, an inwardakigoni flow was generated
during the droplet drying process in such a wasettuce the height of the humps at
the droplet rim. This phenomenon is clearly obselevan the 2D profiles of the

investigated mixtures, as depicted in Figure 4,Bf,dn particular, Figure 4.5f
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outlines how the CF presence reduces the ratiodstvhe lateral hump height and
the height of the droplet centre. Moreover, it i@snd that the film uniformity can
be further improved if a suitable mixing ratio dfiet component solvents is
considered. Thus, the optical images and the kklptefilometric analyses reveal
that the best condition is achieved using 3:2 DBndixture (Figure 4.5c,g). At this
condition, the substrate region on which the sirdjiep was printed appears fully
covered by the material, without the presence optgraones. Finally, the further
increase of the CF content (1:4 DCB:CF, Figure ¥léads to the formation of small
crystallites spread over the printed drop regioth separated each other with marked
empty regions.

Organic thin film transistors were fabricated bigjet printing PDI-8CN films on
Si"™*/SiO, substrates with interdigitated gold source-draiecteodes. Films were
obtained by printing overlapped lines (50% overlagpdegree), each one realized
by the sequence of overlapped drops. The lines vedrmained with a drop
overlapping degree of 50% and 70%, neverthelessallothe mixing ratios the
optimal condition for forming uniform printed layeresulted 50%. The devices were
realized with all the analyzed mixing ratios in erdo investigate the effect of the
drop overlapping on the printed film uniformity gritence, on the performances of
the final transistors.

In Figure 4.6 the polarized optical images anddbwesponding SEM (LEO 1530)
analyses of the printed PDI-8GNIms are reported for each mixing ratio. For the
mixing ratios 1:0, 4:1 and 3:2 DCB:CF, where thatabution of the higher boiling
point solvent was greater, the substrate temperatas kept at 90 °C in order to
reduce the coalescence of the printed droplets1EoDCB:CF mixing ratio, where
the concentration of the lower boiling point soliveis higher, the substrate
temperature was optimized at T = 35 °C in ordeavoid nozzle clogging that could
be thermally induced by higher temperatures for gheximity effect between the
printhead and substrate.

Despite the occurrence of the “coffee-stain” pheaonam for the printed single-
drops by using pure DCB as solvent (1:0 DCB:CFp(Fe 4.5a), the overlapping
effect induces the formation of an almost uniforim f(Figure 4.6a). In this case, the

morphology of PDI-8CR film is characterized by the presence of largedigrains
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induced by the slow crystallization process duethhe DCB high boiling point,
similarly to the observed structure at the rimhad printed single-drop (Figure 4.5a).
On the contrary, as represented in Figure 4.6ktloedincreasing content of the lower
boiling point solvent causes the fast precipitatadnPDI-8CN, generating a more

and more pronounced concentration of smaller diitstgrains.

Figure 4.6 Polarized optical images and corresponding SEMyaea for PDI-
8CN2 films printed transverse to interdigitatedgéns by different
DCB:CF mixtures: (a,e) 1:0; (b,f) 4:1; (c,g) 3:8;K) 1:4.

The results of the optical analysis were furtheppsuted by the SEM images
showing the presence of a large grain structurénf@rsample obtained by the single
solvent system (Figure 4.6e), a more uniform stm&ctformed of larger grain
domains (average size 1bn) intercalated with smaller crystallites (with sage
size 2um), mostly oriented along the printing directioartsverse to interdigitated
fingers, for the DCB:CF mixing ratio equal to 3:Riqure 4.6g), and, finally, an
uneven configuration with small crystallites alteted to empty regions for the 1:4
DCB:CF (Figure 4.6h). In the last case, a wide misp of the crystallite orientation
is observed with a non uniform and random distidutwith respect to the
interdigitated contacts. Moreover, for these deyjite order to take into account the
incomplete coverage of the active channels, therétieal W/L ratios were corrected
after a careful inspection by the optical microseop

A more detailed view of the film morphology in thegions where large and small

sized crystallites coexist is shown in Figure 407 which are reported the atomic
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force microscopy (AFM, XE100 Park instruments) &irthe mixing ratio analyzed.
AFM characterization was carried out in non-contacde amplitude modulation by
using a silicon nitride cantilever from Nanosensor.

The analysis of 30x3@m? AFM images showed that for the DCB:CF mixing
ratios of 1:0 and 3:2 (Figure 4.7a,c) the root meaumare roughness {Rwas about
100 nm with the presence of film regions charazegtiby the presence of peaked
zones with height up to 200 nm. For the optimized3CB:CF mixture it is possible
to observe the presence of large crystallite (l@shdd line in Figure 4.7c) where the
film surface appears flatter and the surface roeghris about 40 nm. The AFM
images for the 4:1 and 1:4 DCB:CF mixtures (Figui&,d) gave a higher roughness
value of about 150 nm due to the presence of peated intercalated by disordered
crystallites. In particular, considering the mixwvith higher presence of CF solvent
(which have the lower boiling point and surfacesten properties) (Figure 4.7d), the
morphology was characterized by the presence gétasrystallite intercalated with

empty zones which could make the charge transpore miifficult.
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Figure 4.7 AFM images 30x30 pfmand a magnification of 10x10 |frof printed
PDI-8CN, films employing mixing ration DCB:CF (a) 1:0; (#)1; (c)

3:2 and (d) 1:4.
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4.4.3 Electrical characterization

The electrical response of the fabricated OFETs imasstigated through the
output and transfer-curves. All electrical measwgrts were carried out in vacuum
(10* mbar) and in dark by using Janis Cryogenic Pi8tation system connected to
a Keithley 2612A Dual-Channel source-meter instmime

Figure 4.8a shows the typical output-curves reabride the inkjet printed PDI-
8CN, transistors. These measurements refer to a ddaioecated by the 3:2
DCB:CF mixture, however, the main qualitative featuof these curves were found
common to all the analyzed devices independentiynfthe solvent mixture. In
particular, the electrical response of all deviees characterized by the presence of
not negligible contact resistancescjPetween the source-drain electrodes and the
organic layer. This occurrence is specifically egemted by the well evident sub-
linear behavior of the output curves in the lowighsource (\4s) voltage region. At
this stage, the physical origin of the contact stasices is not clear and further
experiments are required for the better understanadi this issue. It is likely,
however, that the main contribution tq: Ran be ascribed to the charge injection
process from the gold source electrode to the désed semiconductor, which is
energetically characterized by a wide distributiddhocalized states close to the PDI-
8CN, LUMO level.

On the other hand, the output curves (Figure 4r8ag¢al that the manufactured
transistors are able to carry significant currgiighe range ofiA) even if no gate-
source (\&s) voltage is applied. This feature should be manahated to the large
electron affinity of Cyanated Perylene derivativekich, interacting with the
chemical species (carbonyl and silanol groups)giresn the Si@surface, give rise
to an unintentional doping process providing a iicgnt density of free charge
carriers. In this way, these transistors can besidened as “normally on” and could

be operated both in accumulation and depletion sode
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Figure 4.8 Electrical response of inkjet printed PDI-8CNFETSs: a) 3:2 DCB:CF
output curves; b) transfer-curves in saturationmeg(Vps = 50 V) of
OFETs printed by employing different DCB:CF mixtsir@n the inset
the same curves are reported in semi-log scale).

In order to gain a straight comparison among thectatal performances of
transistors fabricated starting from different DCB: mixtures, the corresponding
transfer-curves measured in saturation regimg 50 V) are shown in Figure 4.8b.
These curves were recorded for Type | devices Wwith20 um. The ability of the
devices to exhibit a significant conductance alsoabsence of ¥s is further
confirmed by these measurements. The values dbribet voltage (M,), defined as
the voltage where the currengsistarts to increase in the semi-log plot, are i th
range between -30 V and -40 V (inset of Figure ¥%.Blo clear correlation was found

between \, values and the composition of the solvent mixture.
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Figure 4.9 Mobility values evaluated from the transfer-cuniasthe saturation
regime for inkjet printed PDI-8CN2 OFETs as a fimctof CF
volume percentage in DCB: CF mixtures.

On the contrary, concerning both the maximum cureerd mobility values, the
best performances were found for transistors fabed@ by 1:0 and 3:2 DCB:CF
mixtures. In particular, Figure 4.9 reports thetpbthe mobility values, calculated
in the saturation regime by using the standard MBEISEquations, as function of the
chloroform percentage contained in the solvent ngxatios. Mobility (1) values are
given for both Type | (square symbols) and Typéciicle symbols) devices. This
analysis shows that for transistors with channabtle L = 20um, the electrical
performances of 3:2 DCB:CF devices are similar (0.0035 crfiV*s) to the single-
solvent samples obtained by employing pure DCB.s&hmobility values, much
lower than the maximum mobility values (about Om?&/*s) reported in literature
for PDI-8CN, transistors [13,14], can be attributable to botte ttransistor
configuration (bottom-gate bottom-contact) and tmecific deposition process
(inkjet printing). In detail, it should be mentiahethat PDI-8CN transistors
fabricated by evaporation on the same substrate ($@gSiQ/Au) display maximum
mobility values ranging between 0.02 and 0.03/sfts [15]. Hence, the mobility
reduction by one order of magnitude, observed Ffar inkjet printed PDI-8CN
active layers, can be ascribed solely to the sjgecifaracteristics of the deposition
method in good agreement with other results regawefported in literature (see in

particular ref. [14] and Table 1 therein).
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Figure 4.9 also reveals that, when devices with 40fim are considered, the 3:2
DCB:CF OFETs exhibit higher mobility values in coanigon with the pure DCB
solvent devices. In particular, it is possible wnp out that, even if the mobility
decrease between L= 40m and L= 20um devices is common to all the solvent
mixing ratios, the reduction factor is smaller tharwhen 3: 2 DCB:CF solvent
mixture is considered, while it exceeds 4 for ttansistors deposited from the pure
DCB solvent. This finding seems to confirm that sodvent mixture approach, with
the optimized mixing ratio of 3:2 DCB:CF, is able better ensure the film
uniformity and to limit the degradation of the dewiperformances when larger
printed areas are considered. Finally, it can bi&ced how, in agreement with the
optical analysis, the worst transistor performaneese found for 1:4 DCB:CF

devices.

4.5 Summary

In this fourth chapter of this thesis activity tfadbrication of n-channel Cyanated
Perylene (PDI-8CP organic thin film transistors using the inkjetch@ique as
method for printing the semiconductor layers isf@@ned. In order to improve the
uniformity of the printed films, an approach basedthe employment of solvent
mixtures, with different boiling points and surfaimsions, was followed. For each
mixture composition, the printing parameters, sastsubstrate temperature and drop
overlapping degree, were optimized to improve #maducibility of the deposition
process and the structural quality of the finahél

The competing effect of the convective and inwarardhgoni flows on the
crystalline microstructure of PDI-8GNvas studied through morphological analyses
by means of polarized optical microscopy, scanmiegtron microscopy (SEM) and
atomic force microscopy (AFM).

The choice of an optimized ink composition was desti@ated to induce a specific
morphology of PDI-8CM films where larger grain domains are intercalatgth
smaller crystallites mostly oriented along the pnig direction. The analysis of the

electrical responses indicates that devices faedcdy the optimized solvent
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mixture (3:2 DCB:CF) can retain good electricalfpgnances even when the size of
the active channel is significantly increased. @halysis of the results showed that
the performances of the OFETs depends criticallpogerstanding and controlling
the organic material's molecular organization atefifaces gold/semiconductor.
These results confirm that the solvent mixture apph is an interesting route to
better address the uniformity issue in the inkjghtphg technique applied to the

development of organic electronic circuitry.
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CHAPTER 5
ORGANIC SOLAR CELLS

Recently, great interest has been devoted to dfesttiee alternative energy
sources such as organic solar cells due to thectmtvof fabrication, the mechanical
flexibility and the versatility of chemical structus from advances in organic
chemistry and ease of processing. As concernirg l#ist point, the possibility of
organic materials processing by solutions at lowngeratures makes them
employable for fabricating printed solar cells tsng inkjet printing technology.

Polymer solar cells were manufactured by inkjentomg the regioregular poly(3-
hexylthiophene) (P3HT):[6,6]-phenyl-C61-butyric danethyl ester (PCBM) blend
dissolved in pure solvents or solvent mixtures.

The influence of the chemico-physical propertiek tbe solvents on the
morphology of the active layer was investigatedotigh morphological and

electrical analyses.
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5.1 Introduction of OPV

For the past two hundred years, global economiwirdias been fuelled almost
exclusively by conventional energy sources suchoihscoal and natural gas.
Unfortunately, this fossil fuels are finite energgurces that are rapidly depleting.
Moreover, greenhouse gas emissions from the udessil fuel have been widely
agreed as one of the major contributor to man-nditeate change. Considering
these challenges, a more sustainable energy ssureguired as a long term solution
to the energy needs.

One of the most attractive method for the genemadibelectricity is based on the
photovoltaic (PV) technology. To date, silicon kiwselar cells are the most
employed photovoltaic devices but, recently, irgesare involving in polymer solar
cells (PSC) based on organic semiconductors. Tass ©f materials permits to meet
the electricity demand as well as offer secondangefits such as the extension of the
applications fields. In particular, this PSC can bsed for laptop-recharging
briefcases, window tinting, put into tents, umkas)lawnings and others.

The solubility of the organic semiconductor and theocessability at low
temperatures allow their printability and, hendee txtension of the deposition
methods for fabrication of organic solar cells tanping technologies which

guarantee high production rate and low costs.

5.2 Photovoltaic worKing principle

The photovoltaic effect was discovered in 1839 bynknd Becquerel by using an
electrolytic cell made up of two metal electrodBscquerel observed that certain
materials produced small amounts of electric curdren exposed to light. In 1905,
Einstein explained the photoelectric effect, which the theoretical base for
understanding the photovoltaic effect. When phoibasinate a metal surface, free
electrons can escape from the metal surface duextdation energy from the
incident light. In most cases, the absorbed phopamsp ground state electrons to the
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excited state. In photovoltaic devices, the excékxttrons and the produced hole in
the ground state can be collected separately ugspower.
In order to convert sunlight into electricity, alarocell devices should absorb as

much light as possible in the solar spectrum rgfggure 5.1).
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Figure 5.1AMO and AM 1.5s0lar spectra.

The organic photovoltaic process, schematicallyorgg in Figure 5.2, is
composed of four steps: light absorption, chargeegsion, charge transport, and
charge collection [1].

The first step is the light absorption which depeod the bandgap energy)Bf
the semiconducting material and its intrinsic eotion coefficient. The second step
is the charge generation due to sunlight photonstwbring the electrons from the
HOMO level (highest occupied molecular orbitaletcited state in the LUMO level
(lowest unoccupied molecular orbital). The excigectrons slightly relax and then
form an exciton, a bounded electron-hole pair. €Reiton can diffuse inside the
organic semiconductor with a characteristic diffusiength of about 10-20 nm.
Because the exciton dissociation occurs only airttesface between the donor and
the acceptor, if excitons don’t reach the interfatteey can recombine and the
absorbed energy is dissipated without generatingtqaiirrent [2]. Therefore, in
order to realize a good organic solar cell an effit dissociation of excitons is
needed. The third step is the charge transporegeowhich involves the transport of
the dissociated charges towards the electrodesndtine charge pathways, if the

transporting medium has defects such as charge tnaparriers that hinder charge
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transport, the cell performance decreases. Therefororder to increase the cell
performance it is necessary to optimize the trariggocess by reducing the losses.
The fourth step is the charge collection, whichussavhen the transported charges

from the semiconductor to the cathode or anodedaltected at the interface.

Lumo LUMO &
| — e
HOMO HOMO i
ITO  Hole Electron Al
transporting transporting
Layer Layer
Light Absorption Excitation Exciton Formation
LuMG: == * LuMo LUMO
HOMO ——— HOMO —— HOMO @———
Exciton Diffusion Exciton Dissociation Charge Transport

and Collection

Figure 5.20PV working principle.

The electrical performance of an OPV cell is chmazed by a current density-

voltage curve (J-V), schematically reported in FFegh.3a.

Bias (V)
z v A y photons Rs
o [T
Sy Y Zra v
N
Jsc Jmax -Vmax -
@ FF= T JscVoc (b) °

Figure 5.3(a) Typical current density—voltage curve of an Ggdlar cell and (b) schema
of the equivalent circuit of a solar cell.
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The main parameters that quantitatively charaaehz working of a OPV cell are
the short circuit current {J, open circuit voltage (3, fill factor (FF), and power
conversion efficiency (PCE).

Figure 5.3a shows that the current-voltage prodachegative and the cell
generates power when the voltage is between 0 andAY V<O, the illuminated
device acts as a photodetector, consuming powgemnerate a photocurrent that is
light dependent but bias independent. At \\gz\the device again consumes power.
This is the region where light emitting diodes @ter

The fill factor (FF) is defined as the ratio of thraximum obtainable power to the

product of the open circuit voltage and short agircurrent:

FF - ‘Jmaxvmax (eq' 5'1)
'JSCVOC
With this, the power conversion efficienay)(can be written as:
,7 — I:)max — ‘Jmaxvmax — FF‘JSJVOC (eq 52)
PR, EA  EIA

where J . is the maximum current density, .. is the maximum voltagé is the

input light irradiance (in W/f) andAc is the surface area of the solar cell.

In the real cell, power is dissipated through tksistance of the contacts and
through leakage currents. These effects are aatiiriequivalent to two parasitic
resistances placed in serié&)(and in parallel Ry,) as reported in Figure 5.3b. The
series resistance arises from the resistance afelhenaterial to current flow, mainly
through the front surface to the contacts. Thellghrar shunt resistance arises from
leakage of current through the cell. Since serie$ shunt resistances reduce fill
factor, smallelRs and largelRy, values are required in order to fabricate an ieffic
OPV cell.
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5.3 OPYV solar cells based on P3HT:PCBM blend

Polymer solar cells (PSC) are evolved as a prompisost-effective alternative to
silicon-based solar cells for their main advantagesh as low cost of fabrication,
very high speed and easiness of processing, megdiaxibility and versatility of
chemical structure in organic chemistry [3—6].

Concerning the last item, the most exploited actimaterial for photovoltaic
devices is the regioregular poly(3-hexylthiophe®3HT), p-type conjugated
polymer, blended with [6,6]-phenyl-C61-butyric acitkthyl ester (PCBM), n-type
material [7,8] (Figure 5.4).

PCBM

Figure 5.4 Chemical structures of P3HT and PCBM.

The high efficiency and the solubility of this tweaterials in organic solvents, like
dichlorobenzene (DCB), chlorobenzene (CB) and cftom (CF), allow the
employment of industrial deposition methods likgjéh printing for the fabrication
of large area organic solar cells. Among the variptinting methods of functional
materials for PSC applications, the inkjet printi(igP) technology is particularly
suited to realize patterned structures allowinge#itient use of the material, that
means a reduction of the waste products and theepsing steps and, hence, a
reduction of the processing costs [5,9-13].

In organic solar cells, the active layer morphologhays a crucial role in
determining the final device performances becatus&angly influences the charge
transport properties [14]. In particular, this isss8 even more critical if the active
material is deposited by inkjet printing due to theffee-stain” effect that governs

the drop drying process [15]. This phenomenon detexs an inhomogeneity of the
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printed material that can be reduced by using mesgwf solvents with different
boiling points and surface tensions so that a M@manflow is generated [16—18].
Therefore, the right formulation and processinghef ink through the control of the
ink chemico-physical properties, the wetting of th&/substrate system and the
definition of the printing parameters, are fundatakrlements in organic solar cell

fabrication in order to improve the quality of thented layers [11,15].

5.3.1 OPY fabrication

In the present work, the influence of single sotser,2-dichlorobenzene (DCB)
and chlorobenzene (CB), and their mixtures on tleephology and uniformity of
P3HT:PCBM films, which were deposited by inkjetnimmg on glass substrates for
the fabrication of polymer solar cells, was invgated. After optimizing the printing
parameters (printhead speed, drop emission frequaamt substrate temperature), the
effect of the solvents on the morphology of P3HTBRClayer was analyzed through
optical microscopy, scanning electron microscopyNI$ and profilometric analysis.
Organic  photovoltaic cells were manufactured withTOIPEDOT:PSS/
P3HT:PCBM/Ca/Al stack according to bulk heterojumct(BHJ) structure, currently
the most efficient architecture for polymer solatls, where the active layer was
sandwiched between two electrodes with differentkwianctions. The schematic of
the device stack is shown in Figure 5.5.

[7_ fan
.

ITO

Figure 5.5Schematic device structure of the manufacturedrpetifullerene bulk
heterojunction solar cell.
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ITO-coated commercial coated glass was used asratédosThe employed ITO on
Corning®1737 glass (120 nm thick, sheet resistancEX)/square) was cleaned
through standard process with detergent, subsdgueith acetone and isopropanol
in ultrasonic bath, and, finally, drying in oven.

For PSC cell fabrication, ITO patterning was catrieut through conventional
photolithography to define the front electrode getm

A 50 nm thick film of poly(3,4-ethylenedioxythiophe) (PEDOT) doped with
poly(styrenesulfonate) [(PEDOT:PSS), Baytron P H@r&k] was spin-coated from
a watery solution at 5000 rpm for 60 sec onto thtesgates, after filtering through a
0.45um filter. The PEDOT:PSS films were then dried a0 P& for 10 min under
nitrogen.

The active material, consisting of a blend of P3htl PCBM, was then deposited
onto the hole transport layer (PEDOT:PSS) usingldiire technique. Regioregular
P3HT (Plextronics), electron donating material y{pe), and PCBM (Solenne BV),
electron accepting material (n-type), were useceasived. The blend was prepared
by employing P3HT (6 mg/mL) and PCBM (4.8 mg/mL}hvmixing ratio of 1:0.8
by weight and dissolving in two different singlelsmts, DCB (Tb = 180 °Cy=
26.84 mN/m) and CB (Tb = 131 °@,= 33.4 mN/m), and in DCB:CB mixture at
volume mixing ratios 1:4, 1:1 and 4:1. The solveBSB and CB were chosen
because they dissolve well the photoactive matena have right volatility and
surface tension properties for inkjet printing mssing. All the solutions were
stirred on hotplate at 50 °C for 48 h.

The prints were carried out by means of the inggipment already described in
the chapter 1 using Microdrop printhead with 30 opening nozzle. Solar cells with
34 mnf active area were fabricated by printing the activaterial on the
PEDOT:PSS/ITO bottom electrode. The printing patanse were 5 Hz drop
emission frequency and 0.4 mm/s printhead spedd® overlapping degree. The
substrate temperature was optimized for each irdedier to prevent the coalescence
of the droplets printed on the target substrate taneach the best film uniformity
condition.

The thickness of the P3HT:PCBM layer were analybgdmeans of a surface

profilometer (KLA Tencor P-10 Surface Profiler). @al micrograph, scanning
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electronic microscopy (SEM, LEO 1530) and atomrcéomicroscopy (AFM, Veeco
Nanoscope IV) analyses were carried out to invattighe morphology of the
printed films.

The devices were completed depositing Ca/Al topcteddes by thermal
evaporation in ultra-high vacuum (L@nbar) through shadow mask.

The devices were annealed on hotplate at 150 °@G@omin in a nitrogen filled
glow box and then electrically characterized thiowgxternal quantum efficiency
(EQE) and current-voltage (I-V) measurements peréat under simulated AM 1.5G
illumination. I-V measurements were carried outabifeithley 236 source measure
unit (Keithley Instruments Inc., Cleveland, USA)papng a voltage ramp rate of 10
mV/s from positive to negative potential. A Spestro® Solar Simulator (X25,
MARK II-Spectrolab USA) equipped with a AM1.5G @it was employed to provide
the simulated AM 1.5G white light illumination, wé® intensity was calibrated with
an unfiltered mono-Si cell SC80 (certified by Frhafer ISE) for 1 sunlight intensity
of 100 mW/cni. All the photovoltaic characterizations were parfed in air at room

temperature.

5.3.2 Morphological characterization

Optical micrograph images and the profilometric Igses of the printed
P3HT:PCBM films by dissolving the blend in pure GBd DCB solvents and

DCB:CB solvent mixtures are reported in Figure&n@ Figure 5.7, respectively.
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Figure 5.6 Optical images and corresponding 2D-profiles ahéilof P3HT:PCBM dissolved in
(a, b) CB, (c, d) DCB.
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Figure 5.7 Optical images and corresponding 2D-profiles ahéilof P3HT:PCBM dissolved in
DCB:CB @ (a, b) 1:4, (c, d) 1:1 and (e,f) 4:1 miimatios.

For all the printed films, the analyses showed apinology characterized by the
presence of the solute accumulation at the prilededges. This effect is related to
the solute diffusion from the droplet centre tovgarthe rim due to the higher
evaporation rate at the edge of the droplet. Thenpmenon, known as “coffee-stain
effect”, induces an inhomogenity in the profile tae end of the drying process
clearly observable in the Figure 5.6b,d and Figui,d,f. Although the chemico-
physical properties of each ink (vapour pressuoding, surface tension) induced a
different wetting of the ink-substrate system, firefile features were almost the
same for all the printed films obtained from diéfat investigated solutions. This was
the result of the optimization of the printing paweters performed for each ink in
order to obtain continuous and uniform films.

The thicknesses of the printed films were estimaredind 150 nm.

In Figure 5.8, the SEM analyses of the printed pasfullerene films are
reported. The images showed the typical surfacélgmreviously observed both in
optical and profilometric analyses. Additionallyhig analysis highlighted the
presence of some structures (circle in Figure B)3greferentially close to the
printed line edges. These structures could beekat the phase demixing at the film

surface.
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Figure 5.8 SEM images of the inkjet printed films of P3HT:PCRli4solved in (a) CB, (b)
DCB, and DCB:CB @ (c) 1:4, (d) 1:1, (e) 4:1 mixiragios.

In order to investigate the influence of the gyabf the active material films on
the solar cells performances, the devices were et with Ca/Al cathode and

characterized immediately after the annealing ece

5.3.3 Electrical characterization

The current density versus voltage (J-V) curvesttiermanufactured solar cell by

using pure solvents and the DCB:CB 4:1, are showkigure 5.9.

4

8 ' —— 0-DCB
—=— 0-DCB:CB

Current Density [mA/cmz]

02 00 02 04 06
Voltage [V]

Figure 5.9 J-V light curves for photovoltaic devices realizbg inkjet printing a blend of
P3HT:PCBM dissolved in CB (circle), DCB (squarefld»CB:CB (4:1) (star).
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The corresponding parameters extracted from J-Wesufor all the investigated
devices, such asyV J fill factor (FF) and power conversion efficienfy) of the

devices are summarized in Table 5.1.

Solvent n [%] FF[%] J sc[mA/cm?] Voc [mV]
CB 1.0 28 6.1 594
DCB 0.3 20 35 412
DCB:CB 1:4 1.2 35 7.5 465
DCB:CB 1:1 2.2 53 7.1 568
DCB:CB 4:1 2.4 51 8.0 602

Table 5.1Summary of the characteristics of the photovoltigices showing the power conversion
efficiency f)),the fill factor FF, the short circuit currenjcand the open circuit voltage
VOC .

The electrical analysis showed that the use of gshlvent mixture strongly
enhances the device performances. This can bbw#d to the improvement of the
homogeneity of the active material film as previgusbserved and also to a suitable
phase separation induced from the solvent mixture.

In particular, on the solar cell realized by usib@B:CB 4:1 which showed the

best electrical performances, AFM analysis wasgoeréd (Figure 5.10).

40.0 °

Figure 5.10AFM images (topography (left) and phase(right)jtef P3HT:PCBM blend
printed by using DCB:CB 4:1 as solvent mixture.

The results of this analysis showed that for théindped mixing ratio the
morphology of the printed active layer is almostifenm with a clear phase
separation between P3HT and PCBM. This phase depans characterized by
domains with average size of about 20 nm. This isesult of polymer self

organization that leads to an increase in devieegpaonversion efficiency.
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5.4 Summary

In this fifth chapter the fabrication of P3HT:PCBbased solar cells using the
inkjet printing technique as method for deposititigg active material layer is
reported. In order to improve the uniformity of thented films, an approach based
on the employment of solvent mixtures, with dififg@réoiling points and surface
tensions, was followed. The best polymer solar i@glized by using a DCB:CB 4:1
volume mixing ratio has a power conversion efficienof 2.4%. This higher
electrical performance can be attributed to an awed film uniformity and
morphology. Indeed, the analyses showed that ttieeamaterial is characterized by
a clear phase separation between the P3HT and P@iMlonor and the acceptor,
respectively) thanks to an optimized polymer orgation which induces an higher

conversion efficiency.
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CONCLUSIONS

The present thesis work concerns the realizatiah draracterization of organic
electronic devices fabricated by means of inkjattprg technique. The experimental
results pointed out that the characteristics af technology makes it versatile for the
manufacturing of different devices like sensomsldfieffect transistors, solar cells and
optical structures.

The focus of this research is the feasibility stodythe control of the morphology
and the uniformity of printed materials acting ohetink chemico-physical
parameters (solvent composition, viscosity), onntprg parameters (substrate
temperature, drop emission frequency, drop oventepmegree, number of the
overlapped layers) and on substrate propertiestifetsurface energy, roughness).
The methodology for optimizing the working paramgtes studied for each
manufactured device since these parameters acifferetit way on the various
ink/substrate systems. The right combination o$¢hgarameters allows to obtain the
more appropriate morphology for each applicatioomeatimes inducing also
microstructural modifications, which are the maesponsible of the final device
working.

For the realization of the sensor devices, a potynaocomposite (PNC) was
used as sensing material for fabricating VOCs (ilelaorganic compounds)
chemiresistive sensors. The polystyrene (PS)/caftiack (CB) based ink was
printed on different substrates, non-flexible (aio@) glass) and flexible (PET
(polyethylene terephthalate), glossy paper). Byod#mg one or more lines of PNC
based ink, differently orientated with respect ke tfingers of the interdigitated

electrodes, the relation between the sensing raatgeometry and the device
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performances was studied. The results pointed loait the PNC based chemical
sensors fabricated by 1J printing lines ‘transveteehe transducer fingers showed
the best electrical performances when exposed danac vapours. This optimized
configuration was used for studying the effect lué substrate morphology on the
printed film quality and, hence, on the device perfances. The substrates
employed were glass, PET and glossy paper andwkey used untreated and after
plasma treatments ¢OCF,). The optimized condition to obtain a continuous a
uniform deposition of the sensing material was hhedcby CEk surface treatment. By
combining this condition with the optimization oé@metry and thickness of the
printed layer, it was possible to improve the segsnaterial morphology and, hence,
to enhance the sensor performances. All the sensaliged showed good electrical
responses to acetone and ethanol vapours. Inylartithe sensors inkjet printed on
glossy paper showed the best electrical respomsésetdifferent analytes opening
new perspectives for food distribution, electroraesl textile industry applications.
The study developed in the sensor field highligttesipeculiarity of this innovative
technology in performing patterns which are exalef this deposition method and
which allow to realize optimized architectures fa@nhancing the device
performances. Moreover, the analysis on the suti@agments pointed out that the
chemico-physical properties of the substrate hakeyarole in printing process since
these parameters control the wetting and so thiet iglhesion of the sensing
material.

The research activity related to the optical appions was focused on the
realization of microlenses by additive depositidra@ptical grade polymer material
and on the structuring of polymer layers by meahdngjet etching (IJE), an
application of 1IJP technology. The IJE techniquasisis in depositing drops of
solvents or solvent mixtures onto a soluble polyrteer, inducing the local
dissolution of the polymer with a final redistribat whose shape depends on the
surface tension properties of the solvent mixtu@sncave- and convex- shaped
microstructures were realized by using single sulve(N-Methyl-2-pyrrolidone
(NMP), toluene (TOL)) and solvent mixture (TOL:NMRgspectively. The effects
of the substrate temperature and the number of pitneted droplets on the

geometrical parameters of the microstructures werestigated. As application, the
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concave-shaped structures were employed as tegtofippolymer under-layer of
OLED devices in order to destroy the interferenffecés observable in the device
emission spectrum. The convex-shaped microstructurere used as microlenses
coupled to OLED devices in order to improve the OL&ut-coupling efficiency.

Concerning the optical structures realized by agelileposition, microlenses were
fabricated by inkjet printing drops of PMMA (Polyéthyl methacrylate)) dissolved
in different solvents (toluene -TOL-, N-Methyl-24pglidone -NMP-, chlorobenzene
-CB-, ortho-dichlorobenzene -DCB-) and their migsir(NMP:TOL, CB:NMP,
CB:DCB, DCB:TOL, NMP:DCB). The substrate was glaesered by a transparent
hydrophobic film with the aim to freeze the printgplet. During the printing, the
substrate temperature was kept at 17 °C in orddndmease the drying time so
improving the microstructure quality. The effectdhee ink viscosity and solvents on
the optical quality of the structures were investiggl by profilometric and optical
analyses. In particular, the results pointed oat the surface tensions properties of
the solvents and the viscosity of the solutionsrnaaén responsibles of the shape and
of the spherical symmetry of the microlenses. Tipical properties of such
microlenses were analyzed through a Mach—-Zehnderfénometer in confocal
configuration. This analysis allowed to evaluate Wave aberrations of the realized
microlenses with respect to an ideal spherical slzaqul the results demonstrated that
the right choice of the solvent and the polymerocsmrration in preparing the ink can
enhance the optical quality of the microlenses. Huotivity related to optical
application pointed out that the chemico-physicdl properties, which can suitably
modified by formulating the ink by means of thehtigolvents, strongly influences
the optical quality of microstructures manufacturéy highly reproducible
deposition method.

The research activity about OFETs was focused eridimulation and processing
of a n-type semiconductor material based on Cydnaaylene Carboxylic Diimide
derivative, soluble in organic solvents and wittodaelectrical properties and air
stability. This study pertained the definition dketink chemico-physical properties
combined with the printing parameters in ordemipriove the quality of the printed
layer. Films of N,N’-bis(n-octyl)-1,6-dicyanoperyle-3,4:9,10-bis(dicarboximide)
(PDI-8CN2) were printed by solution prepared withfedent solvent mixtures
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(dichlorobenzene (DCB), chloroform (CF)) on Si @#bare SiQ (dielectric)/Au
(contacts) substrates for the fabrication of n-clehrorganic transistors. For each
mixture composition the printing parameters, susls@bstrate temperature and drop
overlapping degree, were optimized to define theagucibility condition of the
deposition process and to improve the structuralityuof the films. Morphological
analyses were performed by means of polarized aptiicroscopy, scanning
electron microscopy (SEM) and atomic force micr@gc@AFM). The identification
of the optimized ink composition was demonstratethtiuce a specific morphology
of PDI-BCN: films where larger grain domains are intercalatedh smaller
crystallites mostly oriented along the printingedition. The analysis of the electrical
responses indicated that the devices fabricateth&®yptimized solvent mixture of
DCB:CF have higher electrical performances, dependn the improved molecular
organization at the interfaces between gold anathanic semiconductor.

The research activity related to the OPV was foduse the realization of solar
cells by printing P3HT:PCBM blend as active materidne study was focused on
the optimization of the device performances by e@yiplg different solvents and
solvent mixtures to dissolve the blend. The effeftthe working parameters on the
electrical performances of devices were investijaty means of optical and
morphological analyses. The results indicated that employment of the right
solvent mixture greatly influence the film morphgyo and the solar cell
performances. Such behaviour was due to optimuragpbeparation of the two blend
components, improved light absorption properties @duced recombination losses
that are attributed to an improved morphology anarge transport. Both OFET and
OPV activities highlighted that the control of thek and printing parameters is
crucial for the morphological and, mainly, struetdirquality of the printed active

material.
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GLOSSARY

Symbol Full expression Unit

Latin letters

d Nozzle diameter m
E Energy eV
f Frequency s-1
h Height m
L Channel Length m
n Refractive index -
Muw Molecular Mass -

R Resistance Q
Re Reynolds number -
SE Surface Energy mN T
T Temperature °C
Th Boiling temperature °C
Vv Tension V
W Channel width m
We Weber number -
Z Fromm number -

GreeK letters

n Viscosity Pas
n Power conversion efficincy

M Mobility cm?Vvist
y Surface tension N th
0 Contact angle °

p Density Kg
T Shear stress Pa

. Shear rate §

4

Abbreviations

AFM Atomic Force Microscopy

Au Gold

BE Bottom Emitting

BHJ Bulk heterojunction

CB Chlorobenzene

CB Carbon black

CF Chloroform
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CK

Cr

CulJ
DCB
DLS
DoD
EL
HOMO
IJE
IJP
LoD
LUMO
NMP
O,
OFET
OLED
OPD
OoPV
P3HT
PCBM
PDI
PDI-8CN,
PEDOT:PSS
PET

Pl
PMMA
PNC
ppm
PS
PSC
P-v
RMS
RF
SEM
Si

SiO,
SizN4
TE

TEOS/PFTEOS

TOL
VOC
VRH
Zn0O

Carbon tetrafluoromethane plasma

Chromium

Continuous Inkjte

Dichlorobenzene

Dynamic Laser Scattering

Drop on Demand

Electroluminescence

Highest occupied molecular orbital

Inkjet etching

Inkjet printing

Limit-of-detection

Lowest unoccupied molecular orbital

N-Methyl Pirrolidone

Oxygen plasma

Organic Field Effect Transistor

Organic Light Emitting Diode

Optical path difference

Organic photovoltaic

poly(3-hexylthiophene)

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

Polydispersity index

n-type organic semiconductor
Poly(3,4-ethylenedioxythiophene):polyéstgsulfonate)

Polyethylene terephthalate

Polyimmide

Polymethyl methacrylate

Polymer Nanocomposite

Parts per million

Polystyrene

Polymer solar cell

peak-to-valley

root-mean-square

Radio Frequency

Scanning Electron Microscopy

Silicon

Silicon Oxide

Silicon Nitride

Top Emitting

Hydrophobic layer

Toluene

Volatile Organic Compounds

Variable Range Hopping Theory

Zinc Oxide
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