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Abstract

The area of Printed Electronics is relatively new, but promises to make a revolution
in several applications, particularly in smart cards and radio-frequency identification
devices (RFIDs). However, to achieve this goal is of fundamental importance to progress
towards printed transistors and complementary circuits. In this sense, this thesis aims
to advance the research on printing Organic Field-Effect Transistors (OFETs), both p-
type and n-type. The first step was to dominate the processing technique of thin films
composed by TIPS-Pentacene (a p-type molecule), as well as to adjust the parameters of
its solution to produce suitable electronic ink for inkjet printing. Other important step
was to treat the surface dielectric layer, which is as important as the semiconductor layer
for a good performance of an OFET. We choose poly(methyl metacrilate) (PMMA) as
the insulator material. A detailed study of the morphology of printed TIPS-Pentacene
was also carried out. After the deposition of the dielectric and the semiconductor layers,
which showed good crystallinity index, we characterized the p-OFET and built a pMOS
inverter, which shows to be promising in logical circuits. With these results in mind, the
next step is to build a CMOS inverter-TIPS Pentacene / P(NDI20OD-T2) and thus pave the

way for the manufacture of a complementary circuit.

Keywords: OFET, Inkjet, TIPS-Pentacene,Printed Electronics, SAM, HMDS
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Resumo

A area de Eletronica Impressa é relativamente nova, mas promete revolucionar varios
setores sobretudo o de cartdes inteligentes e de dispositivos de identificacao por radio
frequéncia (RFIDs — Radio Frequency Identifications). No entanto, para tal é de funda-
mental importancia o dominio da fabricagdo de transistores impressos e de circuitos com-
plementares. Neste sentido, esta tese tem como objetivo avangar nas pesquisas relativas
a impressao de transistores organicos por efeito de campo (OFETs — Organic Field-Effect
Transistors), tanto tipo p como tipo n. O primeiro passo foi dominar o processamento de
filmes finos compostos por TIPS-Pentaceno (molécula do tipo-p), assim como ajustar os
parametros da sua solu¢ao de modo a tornar-se numa tinta adequada a impressao pela
técnica Inkjet. Outro passo importante foi tratar a superficie da camada dielétrica, que
é tao importante quanto a camada semicondutora para o bom funcionamento de um
OFET. Usou-se o polimetracrilato de metila (PMMA) como material isolante. Um estudo
detalhado da morfologia do TIPS-Pentaceno impresso foi também realizado. Apos a de-
posicao do dielétrico e da camada semiconductora, que apresentou um bom indice de
cristalinidade , caracterizou-se o p-OFET e construiu-se um inversor pMOS, que demons-
tra ser um conceito promissor para os circuitos l6gicos. Tendo em conta os resultados, o
proximo passo € construir um inversor CMOS TIPS-Pentacene/P(NDI20D-T2) e assim

abrir caminho para a produgao de circuitos complementares.

Palavras-chave: OFET, Inkjet, TIPS-Pentaceno, Eletronica Impressa, SAM, HMDS
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Motivation

Organic semiconductor thin films have open a new branch in electronics that can be
named by “Wet Electronics”. This denomination, which sounds freak, defines precisely
the fact that organic electronics allows the manufacture of devices from an electronic
ink. This means that from an appropriate electronic ink it is possible to design and print
numerous electronic devices and circuits, by making use of several techniques that have
been developed recently. In our case an electronic ink is nothing more than a solution
of conjugated organic molecules in organic solvents. Important advantages are them de-
rived as their adaptability to low-temperature processing on flexible substrates, low cost
processing, amenability to high-speed fabrication, low consumption of inputs, and tun-
able electronic properties. Such features open possibilities for a variety of next-generation
electronic products, including circuits for smart cards, lowpower flexible displays, flexi-
ble radio frequency identification (RFID) tags, light panels, and printable sensors, among
many other applications [1-4]. The success of printed electronics depends on overcoming
the difficulties faced today in the control of printing techniques as well as in the creation
of new materials adequate to the preparation of electronic inks. In the specific case of
transistors, p-channel molecules are so far the leading class of organic semiconductors.
In contrast, n-type molecules are still relatively rare, but they are of great relevance for
the development of printed electronic devices such as OFETs. The scope of printed elec-
tronics includes a set of printing methods that has been developed to print electronic
and optoelectronic devices as well as circuitries on rigid and flexible substrates. The
most known techniques used for printed electronics are: screen printing, flexography,
rotogravure, offset lithography, and inkjet. Among them, one of the most suitable to print
devices in the micrometer scale is the Inkjet technique, mainly to print transistors and
complementary circuits [5, 6].

In this sense, this thesis intended to develop a work using inkjet printing to fabricate
organic field effect transistors (OFETs) with the objective to contribute to the printed
circuits area. We got this objective by the fabrication and characterization of p-OFETs
end with the first steps in the fabrication of n-OFETs.

XXV






CHAPTER 1

Introduction

1.1 The Organic Field Effect Transistor (OFET)

OFETs, having a thin film as active layer, are particularly interesting mainly because
their fabrication processing are much less complex when compared with conventional Si
technology. While Si-technology involves high-temperature and high-vacuum deposition
processes associated with sophisticated photolithographic patterning methods, organic
electronics can be processed by easy deposition techniques using ordinary organic so-
lutions. In addition, the mechanical flexibility of organic thin films makes them natu-
rally compatible with plastic substrates for lightweight and foldable products. Although
OFETs are not meant to replace conventional inorganic transistors — because of the upper
limit of their switching speed — they have great potential for a wide variety of applications,
especially for new products that rely on their unique characteristics, such as electronic
newspapers, inexpensive smart tags for inventory control, and large-area flexible displays.
Since the coinage of the first OFET in 1986 [7], the performance of this type of device
has greatly progressed, as has been shown by several papers and reviews [8-15].Several
applications based on OFETs have been then created and refined, for example: in Light-
Emitting Field-Effect Transistor [16, 17], Flexible circuits [18], Optical displays [19], gas
sensors [20], and bioelectronics [21].

1.1.1 Basic OFET Operation

OFETs exhibit a similar architecture to the Field Effect Transistors (FETs), i. e. they have
three electrodes (source, drain and gate), a semiconductor channel between the source
and the drain (which is isolated from the gate by a dielectric layer) as shown in the Figure
1.1(a). Figure 1.1(b) depicts the correspondent electronic structure of an OFET. The basic
principle of a FET consists of the modulation of the electric current flowing between the

source and the drain by the gate voltage.

Organic Semiconductor

Transistor e =
Channel
=
[e]
Insulator © N
> Q
.h 2 &
B o
(]
&H"‘
Substract T " [
g -
©
Vg =2 ]
(a) (b)

Figure 1.1: (a) Scheme of an OFET type Bottom Gate-Top Contact;(b) Correspondent electronic
structure (adapted from [14])

OFET operates in the accumulation mode, as shown in Figure 1.2 (a). At low electric



CHAPTER 1. INTRODUCTION

fields, the transistor operates in an ohmic regime (Figure 1.2 (a)); however as the source-
drain voltage increases, the pinch-off phenomenon is reached (Figure 1.2 (b)), in which

the electrical characteristic changes from the linear regime to the saturation one (Figure

1.2 (c)).

(a) (c) VD => Vg - VT
J__ s De— VD << Vg - VT I S D.J
| — —
I I
Id Vg=VT (b) VD = Vg - VT Iq Vg=VT1
s o
1
|
Vg=VT

VD Id

VD

VD
Figure 1.2: Operation regimes of OFETs: (a) linear regime; (b) pinch-off e (c) saturation regime.

The ideal current-voltage curve of a FET in the nonsaturated region is given by the
equation:

WChoreT
Ip = =212 (Vg = Vi) Vo = V3 (1.1)

WhereV;; is the voltage between the electrodes gate and source, V, that between
the electrodes drain and source, and V;;, the threshold voltage. W is the width of the
transistor, L the lenght of the channel (see W and L in 1.1(a)), yopgr the charge carrier
mobility, and C the capacitance of the dielectric layer.[22] In the saturation regime, on
the other hand, the relation for V; > V};, is described by:

== (Vo = Vin)? (1.2)

It is important to remark that while the capacitance C and the charge carrier mobility
HoreT are essential parameters to govern the performance of the transistor, the W/L is
the geometric ratio that defines its current-voltage characteristic.

As in traditional inorganic semiconductors, organic materials can function either
as p-type or n-type. In p-type semiconductors the majority carriers are holes, while
in n-type the majority carriers are electrons. Until recently, the most widely studied
organic semiconductors have been p-type. However, the great effort carried out by organic
chemistry has created n-type semiconductor molecules, paving the way to built n-type

OFETs.[22] However, since the goal of this work is to develop a fabrication of OFETs
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making use of printing methods by specific technique known by Inkjet, we limit ourselves
to p-type transistors.

1.1.2 Carrier Transport Phenomenon

As already mentioned above OFETs are usually unipolar devices and operate in the ac-
cumulation regime, as shown in the sketches of Figure 1.2. It is important to note that
for a perfect operation, the source electrode has to be a blocking contact while the drain
electrode should collect the incoming charge carriers without any obstacle. In the linear

regime, along the channel, the Ohm’s law is obeyed, i. e.,

J=Eo (1.3)

where ] is the current density, o the conductivity and E the electric field established
between the source and drain electrodes. It is important to emphasize that the electric
field, even for the highest used voltages, does not exceed the value of 100 KV/cm, which
discards any effect of the field on the channel conductivity. In order to reach such value
the channel length would have a length below 1 ym. On the other hand, the channel
conductivity depends on the chemical features of the organic molecule and on the mor-
phological structure of the thin film.

Organic Semiconductors (OSCs) are carbon-based compounds that exhibit a special
configuration from which semiconducting properties are derived. Their backbone is
based on carbon-hydrogen and invariably presents an alternate sequence of single and
double bonds. The semiconductor properties are possible because carbon atoms can
form three sp? hybridized orbitals (one the molecular plan) and one unhybridized orbital,
which is commonly denoted as p, orbital (one the perpendicular plane to the sp? orbitals).
This type of hybridization allows the formation of three high energy o bonds (one per
each hybridized orbital) and two 7= bonds of low energy (one 7w bond and one antibond
7c*). This orbital configuration creates a large energy difference between the occupied
bond 7 or the Highest Occupied Molecular Orbital (HOMO), and the unoccupied bond
1c* or the Lowest Unoccupied Molecular Orbital (LUMO) (Figure 1.3(b)). Unhybridized
orbitals p, provide electron clouds above and below the molecular plain. The adjacent p,
orbitals overlap resulting in shared molecular orbitals that are often referred as extended
ri-system (see Figure 1.3(a)). Electrons on these orbitals are spatially delocalized, meaning
that they belong to the whole 7t-system, but not to specific carbon atoms. A 7t- system can

be extended over the entire organic molecule or just over a conjugated segment. [23-25]
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Figure 1.3: (a)Overlapping p, orbitals of the conjugated segment( Adapted from [23]); (b) Illus-
tration of bonding and antibonding interactions between HOMO and LUMO levels

1.2 Inkjet Printing

Inkjet printing technology encompasses a wide range of digitally controlled formation
of small liquid drops and its deposition on solid and flexible substrates. This technol-
ogy is usually classified as either Continuous Inkjet Printing (CIJ) or Drop on Demand
(DoD) printing: the two are distinguished by the physical process by which the drops are
generated.

The operation of an inkjet printer is composed by several steps. The process is initiated
by the digitally controlled ejection of tiny drops by a print head onto a substrate. In the
case of DoD technology, which is used in this thesis, the drops are formed by the creation
of a pressure pulse that can be, in some printers, given by a piezoelectric system. In the
Autodrop printer used in this work (Figure 3.3), the operation core is composed by a glass
capillary with a nozzle at one end and surrounded by a piezoelectric tube. The capillary
is filled with liquid ink. Applying a voltage pulse to the electrodes of the piezo actuator
makes it contract and creates the shock wave in the liquid. In general, the nozzle size can
be set between 30 and 100 pm.[26]

Surface tension and viscosity are two important parameters that play key essential
roles in the formation and behaviour of liquid jets and drops. The flow of a jet emerging
from a nozzle is related to the value of the Ohnesorge Number (Oh), which depends on
the physico-chemical properties of the liquid and the size scale of the ejected drops and

given by the equation:

4

Vayp

where v is the viscosity of the fluid, y is the surface tension, p is the mass density, and

Oh =

(1.4)

d is a characteristic value related to the diameter of the drop. [27]

Since in our work is required the overlapping of droplets to form a continuous pattern
characteristic, we need to obtain uniform printed lines. Figure 1.4 exhibits five of the
most common five patterns obtained in DoD printing. Certainly, our challenge is to print
lines having uniform shape. This is possible by directly controlling the nature of the

interaction between the ink and substrate. [28]
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l |
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Figure 1.4: Printable lines: (a) individual drops, (b) scalloped, (c) uniform, (d) with bumps
(bulges), and (e) stacked coins.(Adapted from [28])

150 um

1.2.1 Drying Process

Carrier transport in organic electronic devices is tightly related to the morphology of thin
films, which are the active layer of the most part of such devices. Thereby, crystalline
microstructures embedded in disordered structures determine the electric properties and
therefore the devices performance. Similar situation is faced by printed circuits, in which
the final structure of the printed thin film is established by interactions between the
organic molecules with the substrate and also depends on the evaporation rate of the
solvent. Therefore, the substrate surface energy and the solvent volatibility are impor-
tant parameters to be defined with precision. In the case of printing devices by inkjet
technique, one should also take into account the jetting parameters, which are specific
for each type of machine. In conclusion, to print an organic transistor several steps have

to be followed with great accuracy to achieve an adequate dried film.
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Figure 1.5: Solvent evaporation during the drying process (Inspired by [29])

As the evaporation behavior during the drying process plays an important function in
controlling the film morphology, the distribution of droplets in ink-jet printed is of crucial
importance to determine the film uniformity. Crystalline structures can be produced
using ink-jet printing as a result of the recirculation flows in printed droplets, being
induced by the Marangoni flow in a direction counter to the convective flow.

At the beginning the contact line is pinned. Evaporation occurs over the entire drop
surface, but its strength has a downwards trend from the edge to the center, as shown
in figure 1.5. The Marangoni flow is directed from the edge to the center to compen-
sate for the loss of volume. This drop drying process may give rise to coffee-ring effect.
Therefore, one approach to improving the homogeneity of ink-jet-printed deposits in-
volves a high control of all parameters of this technique that play a central role to device

performance.[27, 29]
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Materials

2.1 Organic Semiconductor-TIPS-Pentacene

Pentacene is an organic semiconductor small molecule consisting of five linearly-fused
benzene rings, as shown in Figure 2.1(a), and it has been extensively used in organic
electronic devices, mainly in OFETs [32].Although Pentacene is the most commonly used
material in organic electronic devices, this compound has two great disadvantages:: (i)
a poor overlap between HOMO orbitals, which results in relatively low charge carrier
mobility; ii) it is insoluble in many common organic solvents, and when in solution is
subject to photo-dimerization. The low mobility comes from the fact that it forms a
herringbone crystal structure in which each acene backbone is positioned nearly per-
pendicular to its neighbor pentacene (Figure 2.1(c) )). Due to their low solubility in
solution as well as its poor environmental stability when in solid phase, their practical
application is hindered [33-36] In order to solve the problems presented by this organic
semiconductor, the Anthony group realized that these could be lessened by replacing
the central ring of the pentacene’s molecule [36]. This study compared the performance
and stability of a solution-processed Organic Thin Film Transistor (OTFT) using 6,13-
Bis(triisopropylsilylethynyl)pentacene (TIPS-Pentacene) - shown in Figure 2.1(b) - as
active layer and vapor deposited Pentacene-OTFTs, and concluded that functional groups
6 and 13 of the TIPS-Pentacene prevent the oxidation of the molecule, making it more
stable in atmospheric conditions, in terms of mobility. Thereby, the increase in the solu-
bility of the molecule in organic solutions decreases most of dimerization reactions, and

produces devices that exhibit a better carrier mobility. Another possible reason for the
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Figure 2.1: Molecular and stacking structure of pentacene (a and c) and of TIPS-Pentacene (b and
d, respectively). This figure has adapted from [30, 31]
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improvement stability of mobility, and also the Ion/Ippr ratio, is the 2-dimensional -
stacking (Figure 2.1(c)). This stacking herringbone is more compact for TIPS-Pentacene
than for pentacene, as shown in a 2D structure (2.1(d)). This difference on crystal struc-
ture may allow moisture or oxygen to diffuse more easily in pentacene, resulting in poorer
stability [35-37]. With the addition of TIPS groups onto pentacene the overlap of HOMO
orbitals is not optimized, although the flatness of the crystal structure leads to better
electrical properties. In this ordered arrangement, the functional groups force the crystal
structure and the acene backbones to stack on top of one another [35]. As it is discussed
in section 4.2.1, the molecular packing at the semiconductor-dielectric interface plays
an important role on the field effect charge carrier mobility in OFETs. That is, it is de-
sired to have long-range order and alignment of the semiconductor material close to the
dielectric-interface. For planar devices such as OFETs, materials with two-dimensional
n-stacking interactions are good candidates for active layer because they provide the
best devices performance and the most uniform films. Thereby, we use TIPS-Pentacene
as the organic semiconductor p-type, and it shows to be quite efficient for applications
in printed electronics. TIPS-Pentacene thin film can be grown in the OFET channel by
using inkjet printing as a consequence of the fusion of ejected droplets in the transistor
structure. It is important to note that to produce thin films of TIPS-Pentacene the best
solvent was tetralin, as will be seen later, in a concentration 19.4 mg/ml which resulted in
a viscosity of 2.1 mPa.s, and for TIPS-Pentacene/anisole solution tested, the concentration

used was 19,9 mg/ml which resulted in a viscosity of 1.4 mPa.s.
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Experimental

3.1 Devices Fabrication
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Figure 3.1: Schematic showing the process to obtain a OFET from a glass substrate previously
clean (a), following to thermal evaporation of the gate (b), spin-coated dielectric film (c) leading
to its surface treatment with UVO Radiation (d) and spontaneous evaporation of SAM (e), deposi-
tion of the TIPS-Pentacene by Inkjet Printer(f), and thermal evaporation of the source and drain
contacts (g) respectively.

In the previous experimental preparation, essential to execute the experiments, several
procedure steps were used to prepare the substrate and to built part of the transistors.
These first stages of the research are worth mentioning in order to completely understand
the development of the work described in this thesis. The device substrate, apart from
providing mechanical support to the device, can affect the properties of the overlying de-
posited layers, and thereby plays a functional role in the final operation of the fabricated
device. This section presents the procedure used, step by step, from the choice and the
cleaning procedure of the substrate up to the deposition of the semiconductor layer by
Inkjet Printing. Figure 3.1 shows (a) the a glass slide substrate that was cleaned by and
ultrasonic bath with KOH and deionized water, then by a bath of boiling acetone and
finally by an isopropanol bath. Next, in (b) the substrate has evaporated a 70 nm silver
layer under vacuum to form the gate electrode, and in (c) it is depicted the dielectric
layer (Poly(methyl methacrylate) (PMMA)) which was deposited by spin-coating tech-
nique from a solution having Butyl acrylate (nBA) as solvent, in a concentration of 70
mg/ml, inside a glovebox. Then, the dielectric was exposed to Ultraviolet Ozone (UVO)
light (light-soaking) to remove eventual charged impurities[38] (d), and in an attempt
to further improve the properties of the dielectric interface with the semiconductor, a
self assembly monolayer of Hexamethyldisilazane (HMDS) was evaporated [38] onto the
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PMMA surface (e). In (f) is shown the most important procedure of this work, which is
the deposition of the organic semiconductor TIPS-Pentacene by inkjet printing. Finally,
in (g) the manufacture of the transistor is completed by vacuum deposition of gold to
form the source and the drain electrodes.

Gate and source/drain contacts were manufac-
turated using the shadow masks shown in Figure 3.1

thus enabling rapid production devices and the use

of any desired architecture. The ratio W/L is 20 and

in each sample are 9 transistors (T1 to T9) and one Figure 3.2: shadow masks used
capacitor (C). for evaporation of the contacts
source/drain (left) and gate (right)

3.2 Inkjet

Printing Semiconductor Process

The Autodrop printer from the company Microdrop Technologies (see figure 3.3)[39] was
used for this production step. The printing system is composed by a glass recipient (1)
where ink is placed, and the dispensing system (2) with an orifice diameter of 70 pm. To
print TIPS-Pentacene through this equipment was essential to prepare a low viscosity
solution and capable of forming a continuous film (can sen on the section 4.3.2 the lines
printed by the Microdrop).Furthermore, the solution must be filtered with a 45 um filter
to not clog the capillary.

To begin printing the following steps were necessary: (i) fill the print head with the
solution, (ii) adjust dispensing parameters to trigger the drop formation (Figure3.3 c)),
(iii) adjust grid parameters for attaching the drops and then to form a continuous film,
and (iv) set the speed for the x-axis and the y-axis with sliding tools during the "In Flight
Dosing" (see table 4.1). Once the printing optimization parameters were established
the TIPS Pentacene were deposited between the source and the drain in a way to avoid
solution waste. The substrate was heated to a temperature of 36 and 46°C so as to control

the rate of solvent evaporation.

microdrop

Figure 3.3: Printer Autodrop. Printer Overview (a) and expansion of the area highlighted in green
showing printing system (b) Drop Formation of the TIPS Pentacene (c)
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Analyse of the Dielectric and Active Layer

4.1 Device’s Architecture

As previously mentioned, the purpose of this study is to optimize the semiconductor
active layer printing with the objective to improve the technology of printed OFETs.
Previous studies of various aspects are then crucial steps to achieve this goal with success.
The first definition we need to establish is the type of architecture of our transistor. It is
well reported in the literature that Bottom Gate/Top Contact (BG/TC) structure exhibits
relatively high field effect mobility for certain p-type small molecules, as TIPS-Pentacene
[40-42].The reason for the good electric performance is often explained by the reduced
value of the contact resistance on the interface electrodes/OSC, which would be caused
by an increase in the area for charge injection [43]. In addition, it has been observed that
in case of bottom contact, the semiconductor film patterned around source and drain

leads to contacts that present a poor morphology. [44].

4.2 Dielectric Layer

The choice of dielectric is also another important step, whose dielectric properties and
processing strongly influence to the final characteristics of the printed device. The func-
tion of this layer is not only to electrically isolate the gate electrode from the source and
drain electrodes, but mainly from the semiconductor channel. An ideal dielectric layer
forms a capacitor where one electrode is the gate, and its function is to establish an elec-
tric field in the dielectric / semiconductor interface . The role of this electric field is to
control the current along the channel, both in the linear and in the saturation regimes.
In this sense, not only the bulk properties of the dielectric film are essential for the good
performance of the BG/TC, but also the roughness and the superficial energy of the di-
electric surface are extremely relevant to avoid any negative effect on the charge carrier
transport along the semiconductor layer. It has already been shown that the dielectric
interface plays a non negligible role in the molecular organization of the OSC film, which
is formed onto the dielectric layer, mainly in the molecular packing and in the crystal-
lization process [44]. Today there is a great effort of research in order to find an organic
dielectric material that has high electrical resistivity, high-value dielectric constant and
that is chemically orthogonal with the best solvents used for conjugated molecules. De-
spite the advantageous properties of Poly(vinylpyrrolidinone) (PVP), the adherence of
the semiconductor layer on PVP was very poor, which results in a non uniform and non-
crystalline deposited film. After testing other dielectrics, we decided to use the classic
PMMA. This is because, after studying different surface treatment processes and tests of
wettability, PMMA showed up as the most suitable, although their dielectric constant is
still low for a good performance as dielectric layer of an OFET. However, we believe that

it is worth insisting on PVP processing study as an alternative to PMMA. Perfilometry

11
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measurements carried out with several PMMA layers showed that it exhibits an average
thickness of 540 nm.

4.2.1 Dielectric/semiconductor Interface Treatment

As mentioned throughout the text, the interface semiconductor/dielectric plays a crucial
role in the performance of an OFET, and this subject has been extensively investigated in
the last years due to the direct impact caused on the semiconductor morphology and/or
on the generation of trap-defect at the interface causing the decrease of the charge carrier
mobility. Two aspects are determinant in the choice of the dielectric: their structural
and dielectric properties and its chemical compatibility with adequate solvents. Once
deposited the dielectric film, i. e. overcame the difficulties of the film deposition, the next
step is to eliminate the deleterious effects of electrostatic origin, which act against the
transport properties of the active layer. Thereby, in order to improve the characteristics
of the PMMA /TIPS-Pentacene interface we carried out the following procedure: i) the
PMMA was treated with UVO radiation to increase reactive groups present on its surface;
ii) a self-assembled monolayer of HMDS was evaporated on the UVO-treated PMMA
surface. This treatment improved considerably the roughness of the PMMA surface and
the wettability of the semiconductor over the dielectric layer, having as a consequence
improvement of threshold voltage and the charge carrier mobility. It was also observed
by other authors that the work function of source and drain contacts was also positively
affected [45].

12
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Figure 4.1: RMS roughness of PMMA (a) without treatment; (b) with 7s UVO treatment

Figure 4.1 shows the AFM images of PMMA without (a) and with the UV-treatment (b),
which changed the root mean square (RMS) of the roughness. The RMS value increased
from approximately 0.75 nm (wihtout treatment) to 3.2 nm (with treatment). Despite the
increase in the roughness, we observed from Figure 4.1 that the UV-treatment induced an
increase in the film’s uniformity. We also studied the effect of the HMDS monolayer on
the cristallization of the TIPS pentacene film, as shown in Figure 4.2. From the analysis of
the reflection due to the (001) orientation obtained from X-Ray Diffraction spectra (XRD)
we can infer that this treatment enhanced substantially the crystallinity degree of the
deposited semiconductor films, irrespective whether the solvent for the TIPS-Pentacene

was Anaysol or Tetralin.

13
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Figure 4.2: The results of XRD spectroscopy of different TIPS-Pentacene solvents with (b and d)
and whithout (a and ¢) HMDS monolayer

4.3 Semiconductor Layer
First we invested in manufacturing a transistor p-type, which we use as organic semicon-
ductor TIPS-pentacene molecule because it exhibits good electronic properties, and also

superior solubility and stability when compared with other conjugated organic molecules.

4.3.1 Semiconductor Solvent

After a previous choice with the help of the literature and taking into account the sol-
vent’s orthogonality, we choose two solvents for TIPS-pentacene. The first solvent used
was 1,2,3,4-tetrahydronaphthalene (tetralin), which is a hydrocarbon molecule whose
chemical structure is shown in Figure 4.3 a), having a formula C;yH;,. The second was
methoxybenzene, whose formula is CH;OC¢Hs, and the structure is shown in Figure 4.3

b).
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OCHg3

Figure 4.3: Structural formula of: (a) tetralin, and (b) anisole

In theory these two solvents fulfill the basic requirements to prepare a printable
ink-TIPS Pentacene, i. e. high solubility, provided by the aromatic structure, as well as
adequate boiling point and viscosity [40, 42, 46, 47]. Aromatic solvents are suitable for
this application because their molecules solvate the m-electron of conjugated molecule,
improving the nt-stacking, and hence the electrical conductivity of the formed film.
4.3.2 Printed Parameters for Semiconductor Layer
Since the Microdrop printer can control a multitude of printing parameters, we per-
formed a detailed study to determine the best parameters for each TIPS Pentacene-
solution, i. e. different solutions varying the solvent (tetralin or anisole) and the con-
centration. The obtained results are shown in table 4.1.

Table 4.1: Parameters used to optimize the printing TIPS-Pentacene/Tetralin and TIPS-
Pentacene/Anisole

Parameters Tetralin Solvent Anisole Solvent
Voltage 75-80 V 70-75V
. Pulse Width 30-35 ps 30-35 ps
Drop Formation Frequency 500Hz 500Hz
Pressure -15mbar -15mbar
Grid Parameters Grid Pattern Pattern 2 Pattern 2
Grid Distance 330 ym 250 ym
"In Flight Dosing" Speed for the axes 2 mm/s 1 mm/s

It should be noted that the Grid Distance parameter, for example, for obtaining the
best results in printing multiple lines, exhibited different values of spacing drops for
tetralin and anisole. Figure 4.4 shows images for printed TIPS-Pentacene/Anisole lines
obtained using an optical microscope Olympus BX 41. From the images one can observe
that the line is formed when the spacing drop is below 350 ym, and that separated drops
are printed for spacing of drops of 400 pm and above. More specifically, for spacing drops
below and equal to 290 ym we can ensure a good line formation, i. e. lines having a good
parallelism between the lateral edges. Above 290 pm the printed lines exhibit a periodic
sinusoidal profile. Similar results were obtained for solutions of TIPS-Pentacene/Tetralin,

in which the limit between line and separated drops formation was 330 ym.
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Figure 4.4: Printed TIPS-Pentacene/Anisole lines with different values of spacing drops

As already mentioned above, an undesirable effect difficult to be avoided during the
drop printing is the formation of the Coffee Ring effect, as shown in Figure 4.5. This effect
is caused during the solvent evaporation, which is more intense at the drop’s edges. This
evaporation asymmetry stimulates the flows of mass from the drop center to the edge,
resulting in a higher accumulation of molecules in the edges in comparison to the center
of the drop. According to Tekin et al. [48] a way to alleviate this problem, and to get more
homogeneous films is to use a mixture of solvents having high and low boiling points. In
such mixture, the solvent with a lower boiling point would evaporate more slowly, and
then gradually decreasing the flows of mass. A suggestion for the continuity of this work
is to find a good solvent for the TIPS-Pentacene that has a

lower boiling point in comparison to tetralin
(207°C) or anisole (154°C).

Once the parameters that optimize the TIPS-
pentacene printing were defined, and from the anal-
ysis of the best printed lines, both in using Tetralin
or Anisole as solvent (Figure 4.4), we reached some

important remarks. First, the TIPS-Pentacene printed

line (in anisole) presented na undesirable result aris-
ing from the Coffe Ring effect (Figure 4.6(a)). Second,
crystalline structures were formed in printed lines (in Figure 4.5: Coffee Ring Effect
tetralin), which is crucial for a good performance of

the charge transport along the semiconductor channel, as already described in Section
1.5. This crystallinity is clearly shown in Figure 4.6(b), which also indicates that the
long crystallites were arranged in an organized manner forming a herringbone structure.
The conclusion obtained from these two points is that the printed line of TIPS-pentacene
dissolved in tetralin, despite its highest boiling point, is more efficient to built a semi-
conductor channel for an OFET. This can be explained by the fact that the substrate was
heated during the printing procedure.
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(a) (b)

Figure 4.6: Crystalline structures formed in printed (a) TIPS-Pentacene/Anisole lines to 250 ym
spacing drops and (b) TIPS-Pentacene/Tetralin lines to 330 ym spacing drops

The organization of the crystals shown in Figure 4.6 raised interest,thus a study to
further characterize these formations via X Ray Diffraction (XRD) and Scanning Electron
Microscope (SEM) was conducted.

4.4 Structure and Morphology of the Printed Layers

4.4.1 Images of Scanning Electron Microscope

SEM images shown in Figure 4.7 reinforce that the TIPS-Pentacene dissolved in tetralin
(Figure 4.7(b)) results in higher crystalline films when compared to the solution of anisole
(Figure 4.7(a) ). These images are captured from films formed by drop-casting technique,
in which TIPS-pentacene dissolved in tretralin shows long and oriented crystallites with
circa of 20 ym of length in drop-casting films. In Figure 4.8, similar SEM images of inkjet
printed TIPS-pentacene films are shown; again with anisole and tetralin. From these
last images we can observe that there is failure in the formation of TIPS-pentacene film
when dissolved in anisole, i.e. the printed lines do not merge, avoiding the formation of
uniform films. This undesirable result most probably is a consequence of the Coffee Ring
effect shown in Figure 4.5. On the other hand, the printed films formed from pentacene-
tetralin solution showed good uniformity and a high degree of crystallinity in a well
defined orientation (Figure 4.8(b)).
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(a) of TIPS-Pentacene/Anisole (b) of TIPS-Pentacene/Tetralin

Figure 4.7: Analyzed SEM image and crystalization of an thin films formed by drop casting
technique

(a) of TIPS-Pentacene/Anisole (b) of TIPS-Pentacene/Tetralin

Figure 4.8: Analyzed SEM image and crystalization of an thin films formed by inkjet printing

4.4.2 Wide-Angle X-ray Diffraction

Wide-Angle X-ray Diffraction (WAXD) patterns of TIPS-pentacene films were obtained by
a Rigaku Rotaflex RU 200B instrument (Cu Ka radiation, A = 1.5418 A), operating with
40 kV and 80 mA. The films were deposited onto a PMMA previously functionalized
with HMDS, supported by a glass substrate. Figures 4.9(a) and 4.9(b) show, respectively,
the X-ray diffraction pattern of the nude substrate (glass) and that of the substrate coated
with a thin film of functionalized PMMA. The amorphous characteristic is evidenced by
the broad peak centered 26 equal to 24°. When a printed thin film of TIPS-Pentacene is
deposited on the top of the HMDS-PMMA (that whose WAXD is shown in Figure 4.9(b)),
the new recorded X-ray diffractogram is completely different, as shown in Figure 4.10(a).
This diffractogram confirms the high crystallinity degree of the printed TIPS-pentacene
from a tetralin solution. Just for comparison, we present a diffraction pattern obtained
from a thick film of TIPS-Pentacene (Figure 4.10(b)), also from a tetralin solution, which
shows the same diffraction peaks displayed in Figure 4.10(a).
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Figure 4.9: WAXD obtained from: a) nude glass substrate; and b) the same substrate coated with
PMMA functionalized with HMDS.

Anthony et al. [49] Single-crystal TIPS-Pentacene has a triclinic structure with unit
cell parameters a = 7.5650A, b = 7.7500A, ¢ = 16.835A, a = 89.15°, B =92.713° and
¥y = 83.63°. The peak observed at about 5.2° corresponds to intermolecular spacing of
16.8A, indicating preferential orientation of (001)-axis normal to the surface. The peaks
that appeared at 10.4° and 15.8° were identified with the (002) and (003) orientation,

respectively.

x10°3 LL *043 A ]
30 50

10 20

Figure 4.10: WADX obtained from TIPS-pentacene film deposited by: a)inkjet printing on the
substrate coated with PMMA functionalized with HMDS; b)drop casting
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CHAPTER D

OFETs and Inverter

Since the purpose of this work is to take the first steps for printing logic circuits made
with organic semiconductors, the first and important step is to master the printing of
the active layer of an organic transistor. This chapter shows the results obtained with a
p-type OFET and the application in a p-MOS inverter. In the last section we present the
first results with a n-OFET. The continuity of research in these two transistors, n and p
types, will open numerous possibilities in the area of printed organic circuits, especially
from the printing of an organic complementary circuit.

5.0.1 OFETs: Drain current (Ip) versus source-drain voltage (V)

The quality of inkjet printed TIPS-Pentacene films as active layer in the p-OFET channel
is directly affected by the solvent used in the electronic ink, as shown in Figure 5.1. Figure
5.1(a) shows that the drain current (Ip) versus source-drain voltage (Vp), having different
gate voltages, when anisole was used as solvent presented a significant leakage current.
On the other hand, I, x V, responses obtained with similar transistor now using TIPS-
Pentacene dissolved in tetralin, not only eliminated the undesirable leakage current, but
also exhibited higher drain current (almost one order of magnitude higher), as shown
in Figure 5.1(b). This improvement is a direct consequence of the better printed film
as discussed in the previous section when tetralin is used as the solvent. This solution
produced more uniform and crystalline films. It is important to remark that the relatively
high values for the operation voltage are due to the low dielectric constant of the PMMA.
In this research area the search for better organic materials to be used as a dielectric layer

for OFETs is the challenge to be overcome currently.
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Figure 5.1: Drain current vs Drain-source voltage of p-OFETs: a) TIPS-pentacene dissolved in
Anisole; b) TIPS-pentacene dissolved in Tetraline
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CHAPTER 5. OFETS AND INVERTER

5.1 p-OFETs-tetralin

Since tetralin showed to be a superior solvent for TIPS-pentacene, we seek to optimize
the performance of the printed transistors by varying the rate of solvent evaporation. To
do this, the substrate was heated during the deposition of TIPS-pentacene into transistor
channel. This was possible due to heating feature available in the Microdrop printer.
Figure 5.2 shows experiments carried out with a transistor (A1) whose substrate was
heated at 36°C. In addition to the I, — V, curve (5.2a), experimental results of Ip — Vg
transfer characteristic (5.2b), and the curves (Ip.L/W)? x Vi and Log(Ip.L/W) x Vi (5.2¢),
were also analyzed. From these experimental curves it was possible, as shown in the
Appendix, to obtain values for the charge carrier mobility (poppr), the Ion/Iopr ratio,
and the value for the subthreshold swing (S = dV;/d(loglp)).

0.15
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@ v o V. () (c) Ve (V)

Figure 5.2: Characteristic curves of a p-OFET printed at 36°C: (a) Ip — Vp curve; (b) Ip — Vg
transfer characteristic; and (c) (Ip.L/W)? x V and Log(Ip.L/W) x Vg curves.

Table 5.1 exhibits the characteristics values for three similar transistors, all of them
heated at 36°C during the printing procedure, added by the calculated values for the
capacitance C of the dielectric layer and the threshold voltage V7j. From such results we
can infer that we need to optimize the fabrication procedure to improve the transistor’s
performance and the reproducibility.

Table 5.1: Parameters obtained for p-OFETs (TIPS-Pentacene with tetralin) heated at 36°C during
the printing procedure.

. C Vry porer  lon/Iorr S
Transistors F/cm? A\ cm?/V.s V/dec.
Al 3.7E-9 -26.58 0.00209 134 27.03
A2 3.8E-9 -11.51 0.00727 434 13.28
A3 3.3E-9 -14.68 0.03005 376 12.88

Similar procedure was carried out with transistor in which the substrate was heated

at 46°C. The results are shown in Fig5.3. The parameters are displayed at Table 5.2.
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5.2. INVERTER CHARACTERIZATION
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Figure 5.3: Characteristic curves of a p-OFET printed at 46°C: (a) Ip — Vp curve; (b) Ip — Vg
transfer characteristic; and (c) (Ip.L/W)? x Vi and Log(Ip.L/W) x Vi curves.

Table 5.2: Parameters obtained for p-OFETs (TIPS-Pentacene with tetralin) heated at 46°C during
the printing procedure.

. Vi porer  lon/Iorr S
Transistors 2 v om?/vs V/dec.
B1 9.77E-10 -14.89 0.17066 10110 498
B2 9.77E-10 -20.44 0.30274 7672 6.81
B3 1.55E-8 -22.43 0.01823 52950 1.68

We observed that the capacitance did not change significantly from one transistor to
another, at least for those heated at 36°C. For those heated at 46°C, only the transistor B3
showed a different value for the capacitance. On the other hand, the threshold voltage was
more uniform for the transistors heated at 46°C, and also they presented higher values

for the mobility, Ion/Ippr ratio and subthreshold swing S.

5.2 Inverter Characterization

The main function of an inverter circuit is to invert the applied input signal. A simple
inverter can be constructed by using a single p-OFET coupled with a resistor, as depicted
in Figure 5.4, in which the load resistance is in series with the drain electrode and the
source is grounded. The opposite side of the resistor is connected to the to the supply
voltage (Vpp), and when V;;, = 0 (logic 0), the transistor is off and no current flows through
the resistor, and V,,; = 1. However, for V;,, = Vpp (logic 1), it results in V,,; = 0 (Table
5.3).

Voo

Ru

Vout

Vm4

Figure 5.4: PMOS inverter with a resistor load
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CHAPTER 5. OFETS AND INVERTER

Table 5.3: Truth Table
Vi Vout
0 1
1 0
For our experiment we used a resistor-transistor inverter circuit first with a Vpp = 60

V, and varied the R; from 50 to 300 MQ), sweeping the V;,, from -60 V to zero. The result
is shown in Figure 5.5a. Figure 5.5b show similar V,,; X V;,, curve for a R; = 300 MQ), for
different values of Vpp (from 20 to 60 V); amd Figure 5.5¢ shows the gain curve of this

circuit for Vpp = 60 V and R; = 300 MQ).
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Figure 5.5: Curves of voltage transfer characteristics of the digital inverter. (a) Effect of resistance
for Vpp = 60V; (b) Effect of variation of tension for R=300MQ; (c) VTC curve with drive voltage

Vout (V)

gain for Vpp = 60V and R=300MQ)

5.3 n-OFET

Here we present preliminary results on n-OFET manufacturing by inkjet printing. The
structure chosen for the n-OFET was also BG / TC, and the semiconductor was the conju-
gated molecule P(NDI20D-T2) (ActiveInk™N2200), shown in Figure 5.6 This molecule
was dissolved in p-xylene in a concentration of 3 mg/ml, and after printing it in the
channel, the transistor was annealed at 200°C during 30 minutes.
Figure 5.7 displays results of the same experiments as carried out with p-OFETs, i. e
the Ip-Vp curve (5.7a), the ID-VG transfer characteristic (5.7b), and the curves (Ip.L/W)?
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5.3. N-OFET

x Vg and Log(Ip.L/W) x Vg (5.7¢).
C1oH21
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! N\ s
OORA"Y
@) N @]
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Figure 5.6: Molecular structure of P(NDI20OD-T?2)

1.0

o ; ; : J ) : -8
Y, W] %™ o

= a = #n 4 T
ralls o5 % ;' E
""ﬂ g ! -0 2
i : \"\_(/ i

-l -1

10" :D 0.04 &
T T T T T T T -12
40 60 -40 -20 0 20 40 60 -40 -20 0 20 40 60
(a) M (V) (b) vV, V) (c) Y. V)

Figure 5.7: Characteristic curves of a n-OFET: (a) Ip — V) curve; (b) Ip — Vi transfer characteristic;
and (c) (Ip.L/W)? x V and Log(Ip.L/W) x Vg curves.)

Table 5.4: Parameters obtained for n-OFETs

. Vi porer  lon/Iorr S
Transistors 2 v o2V V/dec.
C1 8.59E-9 10.13 1.35E-4 21 10.99
C2 8.59E-9 9.67 0.00138 474 3.28
C3 8.59E-9 -21.50 3.26E-4 0.17 56.31

Despite the Field-effect operation shown by the family of curves displayed in Figure
5.7a, the parameters extracted from three first fabricated transistors are still very poor
and need improvements. However, being these results the first, they are promising. With
the improvement of the performance of n and p OFETs, it will be possible in a near future

to build printed complementary organic circuits.
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CHAaPTER O

Conclusions and Final Remarks

Printed electronics is a new branch inside processing and novel materials for electronics.
This area is growing fast and is revealing a promising and huge market in the near future.
Several printing techniques for electronics have been developed in the last years, as offset
lithography, flexography, rotogravure, serigraphy, and Inkjet. In this scenario, this thesis
proposes to use inkjet printing technique to deposit organic films as the semiconductor
layer in the channel of OFETs. First we use the TIPS-Pentacene, which is an p-type
organic semiconductor, to conduct a study of the best solvent for having the adequate
fluidic parameters to achieve good printed thin films in the channel. We identified the
tetralin as an organic solvent that fits well the required printing conditions. We used an
Autrodrop model of Microdrop company as the printer, which uses a Drop-on-Demand
system via a piezoelectric ejector. The organic film was printed over a thin film of PMMA,
which played the role of the dielectric layer in the transistor. In order to optimize the
printing process of TIPS-Pentacene thin-films applied on OFET Technology, an extensive
study boarding several parameters was performed:

(i) BG/TC architecture was chosen due to the high field effect mobility present by the
devices. This architecture presents a low contact area for charge injection, which leads to
areduced contact resistance. The combination of these two parameters originated devices
with a good electrical performance;

(ii) The choice of polymeric material used as insulator between the gate electrode and
the semiconductor channel was limited to a few materials. PMMA was choised due to it
excellent properties as electrical insulator. However, PMMA has a low dielectric constant.
Today, new polymers with higher values of dielectric constant are emerging in the market,
which should improve the performance of organic transistors, especially in lowering its
operating voltage;

(iii) Since the morphology of the dielectric/semiconductor interface is a crucial param-
eter for the device’s performance, a surface treatment consisting of UV-Ozone radiation
followed by a deposition of a HMDS monolayer was applied to this interface. AFM results
show that the roughness’s RMS suffered an increase after the applied treatment (0.75 to
3.2 nm), consequence of the added functional groups that result from the UVO treatment.
As for the XRD spectra (with and without HMDS), we can conclude that the crystallinity
of TIPS-Pentacene is increased when HMDS is added to the interface;

(iv) The TIPS-Pentacene film’s morphology has a strong dependence on the chosen
solvent. In order to achieve the most suitable morphology, a detailed study to the TIPS-
Pentacene was carried out using microscopy techniques and WAXD. Besides providing
a better structural morphology with desired electrical properties, the used solvent needs
to be an orthogonal solvent for the dielectric layer (PMMA). We found that the solvent
tetralin provided well organized TIPS-Pentacene films with a high crystallinity degree,
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CHAPTER 6. CONCLUSIONS AND FINAL REMARKS

making this the most suitable solvent;

(v) The transistors were fabricated with two different substrate temperatures (36 and
46°C) and further characterize be means of Drain current vs Drain-source voltage, I
V¢ transfer characteristic,(Ip.L/W)? x Vi and Log(Ip.L/W) x Vg curves. The transistors
presented higher values of mobility and Ipy/Iopr ratio at 46°C than at 36°C. The obtained
mobility and values Ion/IorF ratio are in concordance with the ones described in the
literature. Interestingly, the subthreshold voltage (S) suffered a significant increase (-
1073 to 1 V/dec), which is not good for the performance of the transistors, since higher
values of S result in higher gate voltages required to improve the drain current in one
decade.

Using the most suitable parameters determined in the previous studies, we were able
to fabricate a p-OFET in an resistor-transistor inverter with a gain of 5.3.

The literature is abundant in organic semiconductor of p-type, but only recently good
and processable n-type organic molecules have been synthesized. What we intend for the
continuity of this work is to build p-OFETs and n-OFETS with similar characteristics, so to
pave the way for the fabrication of a complementary organic circuits, a CMOS type. With
this in mind, we obtained the first results of a printed n-OFETs using the P(NDI2OD-T2)
molecule as semiconductor. We succedded in keeping the same geometric architecture
used for the p-OFET (BG/TC), since we can use the same mask and the same substrate
for printing both the p and n OFET side by side.

These preliminary results showed that we are in the right direction, and for future
developments the aim is to dominate the fabrication of a printed n-OFET that matches
the characteristics of a p-OFET, so that the fabrication of a complementary organic circuit

can be achieved.
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AppreEnDIX A

Electrical Characterization of OFETs

The characterization of an OFET can be carried out by different electrical measurements.
We can fix the gate voltage (V) and measure the drain-current (Ip) by sweeping the
source-drain voltage (Vp). We can also fix a value for Vp, in the linear regime and to trace
the curve of I vs Vg, or to do the same for a drain voltage in the saturation regime. These
curves are depicted in Figure A.1.

From the semilog plot (Figure A.1b) (in the linear regime) it is possible to extract the
value for the subthreshold swing (S), which is an important parameter of an OFET, given
by

5= Ve (A.1)
d(loglp)

The subthreshold swing indicates how many gate volts are necessary to improve the
drain current in one decade. From the I vs V; curve one also can obtain the Ion/IopF
ratio, whose value corresponds to the performance of the transistor; i. e. higher the ratio,
better the transistor will be. From the transfer characteristics in the saturation regime, on
the other hand, one can extract the threshold voltage V};,. This value is directly obtained
by extrapolating the linear dependence of the square root of the drain current with the
gate voltage. Finally, as was mentioned in the section 1.1.1, we can calculate the value for

the charge carrier mobility, in the saturation regime, by making use of the expression:

2L (a\/E)z

OFET = 7o~ (A.2)
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Figure A.1: Representative current-voltage characterisctics of an p-channel organic field-effect
transistor. (a) output characteristics;(b) transfer characteristics in the linear regime indicating
the onset voltage V,,, when drain current increases suddenly; (c) transfer characteristics in the
saturation regime indicating the threshold voltage V};,. This figure has adapted of the [50]
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