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Abstract

The performance of modern organic semiconductor devices is limited by non-ideal
effects which are not characterized by traditional models of transport. In this work, two
major problems that affect the behaviour of organic/polymeric transistors are studied:
contact effects and trapping de-trapping mechanisms. Moreover, if they are present si-
multaneously the analysis of the transistor is more complex.

A new compact model is developed for organic thin film transistors (OTFTs) by
incorporating the effects of the contacts on the transistor’s output characteristics. The
model is based on physically realistic expressions that describe charge flow in the vicinity
of the contacts and a previously developed drift model. The resulting new model main-
tains the compactness of the original drift-based model and is very suitable for circuit
simulations. For proper modelling, accurate model parameters are important. Therefore,
we also propose a modified method to extract the transistor’s parameters, including ones
related to the contact region.

The validity of the model is examined by applying it to experimental data obtai-
ned for OTFTs which used solution processed films of substituted zinc phthalocyanine
derivatives as an active layer between the gold contacts as the source and the drain
terminals. Both linear and non-linear responses in the low drain voltage regime of the
output characteristics of the transistors are analysed. The new parameter extraction
scheme provides a way to study the evolution with the gate voltage of the ratio of free
to total charge density in the low conductivity region close to the contact.

At the same time, the validity of the parameter extraction scheme is examined by
applying it to data obtained from a transistor which parameters are known. This tran-
sistor consists of an ideal transistor with added contact effects. All the parameters that
define the complete structure are known.

The other problem that deteriorates the performance of the organic devices is the

7



trapping and de-trapping mechanism. It can cause instabilities that produce hysteresis
in output or transfer characteristics of transistors. The combination of both contact
effects and hysteresis make the interpretation of experimental data more difficult. A
method to extract parameters in organic thin film transistors (OTFTs) showing contact
effects and hysteresis is presented. The method is based on the previously mentioned
compact model that reproduces the current voltage characteristics of OTFTs.

A suitable characterization technique for parameter extraction of mobility, threshold
voltage and the variation of trapped charge during a hysteresis cycle is provided. The
variation of the threshold voltage with trapped charges during voltage cycling and using
existing transistor models results in different sets of parameters needed to reproduce
the experimental data. However, not all of which have proper physical meanings. In or-
der to find a unique physical solution, the current-voltage curves at the contacts and
current voltage curves in the intrinsic transistor are extracted from the output charac-
teristics measured at the transistor terminals, and analysed separately. The subsequent
comparison of the evolution of the free charge density with the gate voltage, in both
the contact region and the intrinsic channel, allows for finding this unique solution. The
results of this method are compared with the results taken by other authors that employ
more elaborate experimental techniques, such as the four-terminal method or transient
experiments.

Finally, we compare different procedures to extract information about the trapping
processes that occur in organic thin film transistors (OTFTs) during hysteresis mecha-
nisms. The procedures are based on models that describe the transistor as the com-
bination of an intrinsic transistor and the contact regions. The models are used to fit
experimental output characteristics and to extract the current-voltage curves for the
intrinsic transistor. We show the importance of eliminating the effect of the contacts
completely, not only from fundamental parameters such as the mobility and the thres-
hold voltage or the drain—terminal voltage but also from the gate-terminal voltage. This
study aims to complement experimental procedures that also tend to eliminate contact
effects. The previously developed compact model for the OTFT is presented as the best
option to fulfil this objective.
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16 1. Introduction and background

1.1. Structure of the Thesis

During the last decades there has been an enormous interest in the development of
electronic devices based on polymers and organic films. Since the first fabrication of
polymeric and organic materials, characterized by their long and short lengths of their
molecules, respectively, many efforts have been devoted to realize inexpensive polymeric
and organic thin film transistors [1]. The molecular semiconductor based on carbon
chains has important advantages, such as the low cost processing and the possible use
in flexible substrates [2]. They can also be fabricated at low temperature [3]. These
advantages make the organic thin film transistors attractive to applications like electronic
tags or drivers in active matrix displays. However, there are disadvantages too that must
be solved. Many efforts are devoted to improve the performance of organic thin film
transistors by increasing the charge carrier mobility [4]. Others are devoted to treat the
effects associated to the contacts regions of the transistor. It has been reported that
a substantial part of the externally applied drain source voltage, Vp, drops across the
contact between the organic material and the source and drain metal electrodes, mainly
between the source and the organic material [5]. Thus, in addition to the limited drift in
the organic film, there is one more limit for the charge flow in OT F'T's owing to contact
effects.

The contact regions can alter the output characteristics of the transistor making the
traditional crystalline MOS model unable to interpret the performance of the transis-
tor. In that sense, many efforts are also devoted to develop models aiming to reproduce
output characteristics in the transistor, and to develop methods of parameter extrac-
tion [2][5][6][7][8]. The development of accurate and computationally efficient models is
critical to reduce the cycle time between design, manufacturing and characterization.
Furthermore, to guide the design process and to explicitly show relationships between
material properties and device design and performance, physically-based compact T FT
models for emerging thin-film technologies are indispensable [9]. In Chapter 2, we work
with this idea. There, the main interrelated challenges of the thesis are presented (see
Fig. 1.1 ):

a) A proper model for the output characteristics I, — Vpp of a transistor,

b) A proper model for the current-voltage characteristic in the region close to the contact,
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A. Model for the I-V curve in the
region close to the contact.
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Figure 1.1: Scheme with the problems and challenges we can find when analysing organic
transistors with contact effects: the proposal of a good model for the contacts, the integration
of this model in transistor models, and finally the proposal of a technique that allows for the
extraction of the different parameters that appear in the model.

Ip — Vi, and its incorporation in the output characteristics model, and

¢) An extraction method of the I, — Vi curves at the contact and the rest of the model

parameters out of the resulting combined model.

The objective is to improve the theoretical modelling of organic thin film transistors by
the inclusion of the contact effects. The extraction procedure is initially applied to expe-
rimental data, taken by our collaborators in Brunel University, on Zinc Phthalocyanine
based OT FT's.

In Chapter 3, the method is checked with output characteristics of a transistor with

known parameters. One member of our team creates a set of output characteristics for a
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transistor which parameters this member only knows. Another member of the team has
to use the method developed in the previuos chapter to find the values of the parameters,
and thus, validate the method.

In Chapters 4 and 5, we add a new problem in the characterization of organic transis-
tors: the treatment of current voltage curves that show hysteresis phenomena and contact
effects. The origins of the hysteresis phenomenon are the trapping and de-trapping me-
chanisms that take place in the OT FT's. They can cause instabilities that can produce
changes in the carrier mobility and in the threshold voltage Vi of organic thin film
transistors [10]. The study of the hysteresis is important as it can provide information
about the trapped charge in the organic material. Subsequently, this information can be
related to technological parameters with the objective of finding a better device design.
Actually, one of the major problems that are pending the mass production of practical
OTFTs is to obtain the stability during the successive operation or in alternating sweep
directions. Hysteresis and V7 shift should be preferably minimized for many conventional
applications except nonvolatile memory applications of OTFTs [11][12].

The combination of both hysteresis and contact effects makes the characterization
task more difficult. There are some previous studies that characterize the hysteresis
in organic transistors from transfer and output characteristic. In some cases, contact
effects are not considered [13]. In other cases, contact effects are eliminated from the
experimental data by using elaborate experimental procedures, like the four-terminal
method, instead of the usual two-terminal one [14].

In Chapter 4, we propose a method to extract information of traps origin of the hys-
teresis mechanisms in current voltage curves obtained with the two-terminal procedure.
The method solves the difficulty of processing (Ip — Vp) curves where contact effects
are present. We analyse experimental current voltage curves taken from the literature
that show both contact effects and hysteresis [13][14]. Information is then extracted for
the trapped charge in the organic material. The results are compared with other values
reported in the literature. The accuracy of our method is checked by comparing our
results with the ones obtained from the four-terminal method, which also considers the
contact effects.

In Chapter 5, different ways to extract the variation of the trapped charge during
voltage cycling are compared in order to find the one that provides the most accurate

results. A graphical summary of Chapters 4 and 5 can be seen in Fig. 1.2.
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Figure 1.2: Scheme with the problems and challenges we can find when analysing organic
transistors with contact effects and hysteresis: the trapping effects in the structure must be
added to the problems detailed in the scheme of Fig. 1.1.

Prior to all this study, we enumerate the main objectives and the overall methodo-
logy followed in the work; although specific methods are detailed in each chapter. Some
concepts related to different topics treated in this Thesis are also introduced in the rest

of this chapter.

1.2. Objectives

1. To develop a compact model that describes the output characteristics of orga-
nic/polymeric transistors and includes the effect of the contacts. After the incor-
poration of the contact effects, the model must have parameters that can be charac-
terized relatively easily, or even guessed, preventing unnecessary phenomenological

fitting parameters.
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1.3.

. To propose a characterization method that extracts the parameters of the model

(mobility, threshold voltage and the new contact parameters) by comparing the

experimental data with the theoretical results.
To apply the method to experimental data taken by us or by other authors.
To propose a test to verify the validity of the model.

To adapt the characterization method to experimental data that show both contact
effects and hysteresis, overcoming the problem of working with a variable threshold

voltage.

To characterize the presence of traps in the transistor by determining the variation

of the trapped charge that occurs during voltage cycling.

To analyse different ways to determine the variation of the trapped charge and to

compare the results.

To find a physical connection between the mechanisms that take place in the contact

region and in the intrinsic channel of the transistor.

Methodology

The method to fulfil all these objectives is based on these main steps:

1.

4.

The study of the state-of-the-art of compact modelling of organic thin film tran-

sistors.

The proposal of simple mathematical models or modification of existing ones that

describe the output characteristics of the transistor.

The development of a procedure to extract the parameters of the proposed model
based on the analysis of experimental data. The experimental data can be taken

by some of our collaborators or extracted from other authors’ experiments.

The implementation in computing programs of such models and procedures.

The specific methods followed to treat the different topics of this Thesis are detailed

in each chapter.
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1.4. Basic concepts

1.4.1. Organic materials

Organic materials present in electronic devices can be classified into permanent con-
ductors and insulators, semiconductors, and materials with added functionality, such as

chemical recognition, piezoelectricity, and hysteresis.

Conductive polymers are preferred materials for leads and contacts in organic devices
because of their suitability for printing. There are three main classes of conductive poly-
mers used for printed electronics: polythiophenes (and related polypyrroles), polyanilines,

and insulating polymers filled with conductive nanostructures.

The most prominent role for insulating polymers in organic devices involves the gate
dielectric for organic field-effect transistors (OFETs). Many common polymers can be
used, including poly(methyl methacrylate), poly(vinyl phenol) and other polystyrenes,

polyvinyl alcohol, polyimides, silicone network polymers, and parylene.

Transistors, diodes, sensors, transducers, and memory elements can incorporate semi-
conductors consisting of organic molecular solids and/or semiconducting polymers (or-
ganic semiconductors, (OSC's)). Applications of these devices can be found in circuits
of moderate complexity, such as display drivers, radio-frequency identification (RFID)

tags, or pressure mapping elements.

The lowest unoccupied molecular orbital (LUMO) energy levels of most conjugated
organic compounds lie outside the preferred ranges for electron transport. This is the
reason why there are considerably fewer molecular structures that have been identified
as preferentially electron-carrying (n-channel) transistor semiconductors in comparison
with the hole-transporting ( p-channel) semiconductors. The amount of holes in the
semiconductor is determined by the highest occupied molecular orbital (HOMO) energy
levels relative to contact work functions and environmental quenchers.

However, there is a particular need for n-channel (electron conducting) organic semi-
conductors with performance comparable to p-channel (hole conducting) materials, in
order for organic electronics to realize the benefits of complementary circuit design. In
complementary circuits, both positive and negative gate voltages are used to switch tran-
sistors, resulting in simpler circuits and lower power consumption than if only p-channel

or n-channel devices are employed. In the last several years there has been increased at-
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Figure 1.3: Some p — channel semiconductors.

tention to n-channel TFT materials with corresponding improvements in the field effect
mobility, the on-to-off current ratio, and the threshold voltage [15][16][17][18][19][20][21].
Still, the performance of the best n-channel materials is not quite as good as the best
p-channel materials, such as pentacene,[22] which is the current benchmark organic se-
miconductor for OTFT applications. The main classes of hole-carrying molecular solid
OSCs include fused rings (such as the mentioned pentacene or thienothiophene, benzo-
dithiophene, dithienoanthracene, and tetracene), short oligomeric chains of rings (various
combinations of thiophenes, phenylenes, thiazoles, and pyrroles), ethylene and ethynylene

groups, and selenophenes. A few such structures are shown in Fig. 1.3.

1.4.2. Organic Field-Effect Transistors

An OFET is an electronic device which structure turns around a capacitor-like struc-

ture. It is formed by a metallic gate, a dielectric, and semiconductor layers. Two metal
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Figure 1.4: Typical structures for (OFETs): (a) Top contact configuration; and (b) bottom
contact configuration.

contacts, the source and drain electrodes, are connected electrically to the semiconduc-
tor film, as shown schematically in Fig. 1.4. The position of these electrodes at the top
of the structure or embedded between the semiconductor and the insulator define the
top-contact and bottom-contact configurations, respectively. This structure was initially
developed for amorphous silicon transistors [23][24]. The conductive gate electrode is
also used as substrate, providing mechanical support to the structure. Insulating oxide
or polymeric insulators coated on the gate, with or without surface treatment, act as
dielectric layers. Without applied gate voltage Vgg, the intrinsic conductivity of most
0SC's is low; when a voltage Vpg is applied between drain and source, very little current
can flow through the thin semiconductor film, and the device is in the OFF-state. When
a gate voltage Vg is applied on the gate, the electric field existing across the capacitor
structure attracts charges towards the dielectric-semiconductor interface. These accumu-
lated charges are mostly mobile and give rise to a conducting channel between source
and drain. These mobile charges can move in response to the applied Vpg. The transistor
is working in the ON-state or accumulation mode.

There is a threshold voltage, Vi, above which the conducting channel is formed.
The value of this threshold voltage depends on different internal mechanisms of the
structure. Most OSCs are not intentionally doped so that charges are actually injected
and extracted from source and drain electrodes. For most cases, there is a mismatch
between the Fermi level of metal electrodes and the HOMO (LUMO) of the p-channel
(n-channel) semiconductors, which induces charge injection barriers. A non zero Vg is

required to shift the molecular orbital energy levels of semiconductors up or down so
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that the molecular orbitals become resonant with the Fermi level of metal electrodes
and reduce the charge injection barriers. In addition, there are always trap states in
the semiconductor film that are induced from impurities and defects (including grain
boundaries), as well as molecules like H,O and O, adsorbed from the environment. A
non zero Vg must be applied to fill these trap states before mobile charges can be
transported along the conducting channel. The threshold voltage V; was defined to
account for all those effects.

The experimental current-voltage curves of the OFET are very similar to the MOS-
FET. This is the reason why the OFFETs have extensively been described with the

classical equations that describe the MOS transistor:

’LU,UOC' VD2S]

Ip = 7 “[(Vas — Vr)Vps — =521, Vps < Vas — Vi (1.1)
w oCi
Ip = gL [(Vas — Vr)?), Vs > Vas — Vr

where C} is the gate insulator capacitance per unit area, V7 is the threshold voltage, u,
is the carrier mobility and w and L are the channel width and length, respectively.

There are some aspects that need special consideration and make the OTFTs to se-
parate from the ideal MOS model: The injection of charge from the contacts [25][26], the
transport of charge in the organic semiconductor [3][8][27] and the instabilities created
by the charge build-up in the structure [28][25][8]. They are summarized in Fig. 1.5. The
charge injection from the source electrode limits the carrier number that can enter into
the polymer material per unit time, while the effective mobility of charge hopping in the
polymer determines the drift of the carriers toward the drain electrode [29]. The separa-
tion of electrical charge in a polymer material into mobile and trapped parts has already
been proposed in [29], and the trapped charge is extensively used as an explanation of
the hysteresis [30] in Ip—Vis measurements and the non-stationary behaviour [8] of the
threshold voltage Vr.

1.4.3. Carrier mobility

The transfer of charge is directly related to the charge mobility. Charge mobility u de-
fines the relation between the velocity acquired by the charge carriers under the effect of

an electric field. The mobility is usually a function of the gate voltage. Although the char-
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Figure 1.5: Mechanisms that make the OTFT separate from the ideal crystalline MOS model
[29].

ge transport mechanism in OSCSs is still under continued research, several models have
been developed to interpret the gate voltage dependence of mobility [31][32][33][34][24].
In general, there are traps distributed in OSC's. When gate voltage is increased, mo-
re traps are filled by the injected charges, leaving fewer traps retarding the movement
of charges. Hence, charges move faster at higher gate voltage, which is consistent with
the fact that mobility usually increases with increased gate voltage for most OF ET's

reported.

1.4.4. Contact effects

In cases in which mobility does not seem to increase with increased gate voltage,
contact resistance may have a relatively stronger effect on output currents at higher
gate voltages, diminishing the apparent mobility. The contact regions of the organic
transistor require a different study. Fig. 1.6 shows a scheme of a transistor where the
low conductivity regions close to the drain and source regions are highlighted. There are
experimental evidences that prove the existence of these regions. The first one is obvious
because of the nature of the different material that constitute the contacts. We can find
a second reason in surface micro-graphs of these regions. They show how the density of

molecules in the organic material are not the same just at the metallurgical contact or
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Figure 1.6: Organic transistor showing the low conductivity regions regions close to the con-
tacts.

far from it [8]. A third reason is found in scanning potentiometer measurements. These
measurements can monitor the voltage drop between source and drain. In many cases,
they show a larger voltage drop between the source-contact (injecting contact) than in
the drain contact (collecting contact) [35]. In this situation, we can neglect the voltage
drop between drain and the intrinsic channel (Fig. 1.7).

We can find many works devoted to find the best contacts that favour the injection
or extraction of charge from a metal contact to an organic semiconductor [36][37][38][39].
We can cite works where a thin layer is introduced between these two materials in order
to modulate the energy barrier height at the contact [38]. Our concern in this work is to

find a proper model for the contact region to be incorporated in the transistor model.

1.4.5. Hysteresis phenomena in OTFTs

Hysteresis in OTFTs is attributed to defects or traps in either the gate dielectric or the
semiconductor material [10][40][41]. The study of current voltage curves with hysteresis
can provide information about the defects and traps present in the organic transistor.
The characterization of these traps can subsequently be used to achieve a better device

design.
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Figure 1.7: Schematics of a potential profile that can be observed along the channel of an
OTFT showing a low conductivity region at the contacts. The contacts effects on the drain
contact are neglected according to [35].

Hysteresis is shown as a cycle in transfer characteristics (Ip— V) or in output charac-
teristics (Ip —Vp) where Ip depends on the sweep direction of Vi or V. These reversible
electrical bi-stabilities are frequently observed in organic field effect transistors. Depen-
ding on the microscopic origin, the localization of the traps and defects, the hysteresis
can result in a back sweep (BS) current (the sweep from on to off) that is either higher
or lower than the forward sweep (FS) current (the sweep from off to on) [40].

Hysteresis can be divided into two classes: permanent and dynamic hysteresis [42].
Permanent hysteresis (no significant threshold voltage change over time) may be useful
for applying to non-volatile memory devices (i.e., ferroelectric field effect transistors) but
dynamic or volatile hysteresis causes a major problem against designing stable or reliable
integrated circuits. There have been different explanations to discuss the origins of such
dynamic hysteresis or instabilities. These explanations can be grouped into three general

mechanisms, as shown in Fig. 1.8:



28 1. Introduction and background
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Figure 1.8: Illustration of hysteresis mechanisms: (i) channel/ dielectric interface-induced, (ii)
slow polarization-induced, and (iii) gate charge injection-induced hystereses.

(i) channel/dielectric interface-induced effect,

(ii) residual dipole-induced effect (caused by slow polarization in the bulk organic die-

lectric), and
(iii) the effects of charges injected from gate electrode.

Mechanism (i) is often associated with the electrons trapped to hydroxyl groups (OH)
at channel/dielectric interface [43][44][45]. Mechanism (ii) is related to dipole groups in-
side polymer dielectric materials, such as hydroxyl groups, which can be slowly reorien-
ted by an applied electric field [42][44][46][47][45][48]. Mechanism (iii) attributes to the
electrons which can be injected from gate electrode to a vulnerable dielectric and then
trapped inside the dielectric [49][50]

Unfortunately, all the effects that make the transistor to separate from the ideal
behaviour do not show alone, but combined among themselves. Fig. 1.9 shows an scheme
of output characteristics with hysteresis and contact effects, and how our objective is to

separate the contact effects from what occurs in the intrinsic channel of the transistor.
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Figure 1.9: Graphical summary of the thesis. The figure at the top shows the model of a
OTFT with a contact region. The figure at the bottom left shows current voltage curves of
OTFTs with hysteresis and contact phenomena. The use of a compact model for the output
characteristics of OTFTs allows for the separation of current voltage curves at the contact and
in the intrinsic channel. The study of these separated curves allows for the determination of
the charge density in the intrinsic channel and in the contact (bottom right). This finally leads
to the determination of the variation of trapped charge during voltage cycling.

The figure at the top shows the model of a OTFT with a contact region. The figure
at the bottom left shows current voltage curves of OTFTs with hysteresis and contact
phenomena. The use of a compact model for the output characteristics of OTFTs allows
for the separation of current voltage curves at the contact and in the intrinsic channel.
The study of these separated curves allows for the determination of the charge density in
the intrinsic channel and in the contact (bottom right). This finally leads to the deter-
mination of the variation of trapped charge during voltage cycling. The main objective

of this thesis is to carry on a study where all these effects are present simultaneously.
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2.1. Introduction

The field of organic/polymeric thin film transistors has been attracting increased at-
tention because they can be used as drive transistors in organic/polymeric light emitting
diodes for large area displays, as sensors, and because of their very low-cost manufac-
turing. While they possess important advantages for low-cost, large-area electronics,
displays and sensors, an important limitation is their degraded performance characteris-
tics due to contact effects. In particular, part of drain (and also gate) voltage applied
between the drain (or gate) and source terminals of a thin film transistor is lost due
to a low conductivity region near the contacts, especially near the source contact re-
gion [35]. Many efforts have been devoted in the past to shed light on this phenomenon:
to locate the region where the voltage drops near the contact, to relate its effects to
physical variables in the transistor, and to introduce its effects in transistor models
[37][51][52][53][54][55][56][57][58].

The development of accurate and computationally efficient models is critical to reduce
the cycle time between design, manufacturing and characterization. Furthermore, to
guide the design process and to explicitly show relationships between material properties
and device design and performance, physically-based compact T'F'T" models for emerging
thin-film technologies are indispensable [9]. The main interrelated challenges that are
studied in this chapter are the following: (a) a proper model for the output characteristics
Ip — Vpg of a transistor, (b) a proper model for the current-voltage characteristic in the
region close to the contact, Ip — Vi, and its incorporation in the output characteristics
model, and (c) an extraction method of the Ip — Vi curves at the contact and the rest

of the model parameters out of the resulting combined model.

In this chapter, we analyse tetrasubstituted zinc phthalocyanine (ZnPc) based or-
ganic thin film transistors in which contact effects are present. Based on experimental
data measured on these transistors and from other authors’ measurements, we critically
evaluate some of the most important previous efforts in modelling OT F'T's. The results
of extracting the voltage drop at the contacts from these models are compared. Some
of them are mainly useful when transistors with different channel lengths are available
[59][60][61]. Others are strictly valid for linear current-voltage (Ip — V) responses in the
contact [3]. Others, although valid to interpret nonlinear contact effect, offer an exclusive

circuit vision of the problem [62].
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We incorporate a model for the I, — Vo curves at the contact [4][63] in a recently
proposed generic F'ET model [9]. We propose a method to extract the voltage drop at
the contact (Ip — Vi curves) for single length transistors showing both linear and non-
linear responses in the low drain-voltage regime of their output characteristics. From the
analysis of the voltage drop at the contacts with the gate voltage, a relation of the ratio

of free charge density to the total charge density with the gate voltage is deduced.

2.2. Material. Zinc phthalocyanine-based transistors

In this chapter, we focus on experimental data of zinc phthalocyanine-based transis-
tors. They were measured by our collaborators in Brunel University. Measurements taken
by other authors in transistors with different organic materials are analysed as well. The
active semiconducting materials in the OTFTs under test are as-deposited and annea-
led spun films of 2,9(10),16(17),23(24)-(13,17-dioxanonacosane-15-oxy)phthalocyaninato
zinc(Il) derivatives (ZnPc) (Fig. 2.1). The compound is liquid crystalline at a relati-
vely low temperature of 11.5 °C. The synthesis and characterisation of this compound
were reported in a previous publication [64]. The source and drain electrodes are Au
(50 nm thick)/7T% (10 nm thick) films. The transistor configuration is bottom gated.
The substrate is n-silicon (100) wafer. The gate dielectric is thermally grown SiOy with
thickness t,,=250 nm. Transistors of 10 gm channel length, L, 1 mm width, W, and
150 nm organic-film thickness, ¢,,, have been analysed. The relative dielectric constant
is assumed €,=3 in the semiconductor film [65]; similar values are also reported for other
organic materials [4][31]. The electrode work function is considered around 5.14 eV, and
the HOMO and LUMO levels for the organic film are 3.34 and 5.28 eV respectively
[65].

2.3. DC models

Fig. 2.2(a) and (b) show experimental output characteristics measured in Au— ZnPc
bottom gated transistors at Vgg = 0, -10, -20, -30 and -40 V (symbols). Lines represent
the fitting with the simple crystalline field-effect-transistor model (¢ — FET):

(2.1)



34 2. Contact effects in compact models of organic thin film transistors

R
g
N7 N/ \
= | N

R N—2zZn— | R
=~ _

N

)
N\ AN N
OC12H25
— R= o{
\ / OC12H25
R

Figure 2.1: Active semiconducting material analysed in the work: 2,9(10),16(17),23(24)-
(13,17-dioxanonacosane-15-oxy)phthalocyaninato zinc(II) derivatives [65].

wit,C; V3

Ip = 7 “(Vas — Vr)Vp — (7)7 Vb < (Vgs — Vi)
w oCi
Ip = gL (Vas — V)% Vp > (Vas — Vi)
o wluooi
b= L
t;

where C; = ¢;/t; is the gate insulator capacitance per unit area, ¢; is the insulator
dielectric constant, ¢; is the insulator thickness, Vi is the threshold voltage, u, is the
mobility at zero electric field and w and L is the width and length of the organic material
in the transistor, respectively. The drain current is defined as positive when entering the
drain terminal Fig. 2.3(a). The similarity of the output characteristics of OT'FT's with
the I'p — Vp curves in ¢ — F E'T's and amorphous thin-film transistors a — T FT's has been
observed and explained in the past [66][1]. The fitting of experimental and theoretical

curves in the saturation region produces the following parameters: k = 3.7 x 10713A /V?
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Figure 2.2: Output characteristics of Au-ZnPc bottom gate transistors at Vgg = 0, -10, -20,
-30, and -40 V (from top to bottom). Symbols represent the experimental data. Lines represent
the fitting with the simple ¢-FET model without contact effects. (a) Annealed ZnPc k=3.7
x10713 A/V? and V= -2.52 V; (b) as-deposited ZnPc k=1.8 x10713 A/V? and Vpr =-1.73 V

and Vp = —2.52 V for Fig. 2.2(a) and k = 1.8 x 10713A/V?, and Vy = —1.73 V for Fig.
2.2(b). It is clear that the fitting is not good in the linear region of the curves. We can
see that the experimental data are displaced several volts. A voltage drop at the contacts

can explain this.

Apart from the contact effects, there are other significant differences between organic
and ¢ — F'E'T's, although a similarity in the current - voltage and other characteristics
in these transistors exists [1]. The extraction of the mobility from the linear region
(k=23x10""% A/V? and k = 1.4 x 10713 A/V? for Figs. 2.2(a) and (b), respectively)
produces lower values than in the saturation region . Clearly, contact effects are reducing
the apparent mobility extracted in the linear region. We can find in the literature different
models that incorporate the voltage drop at the contacts, and associated methods to
extract this voltage drop from the output characteristics of a transistor. This is not a
trivial task because the contact effects interfere with other dependences in OT FT's [1].
The total source-drain voltage, Vpg, can be assumed split into a channel component,
Vps:, and a voltage drop at the contact, Vo = Vg Fig. 2.3(a). This model takes into

account that part of the external drain-source voltage is lost at low conductivity regions



36 2. Contact effects in compact models of organic thin film transistors

%)

?
g]
Py

-0 D

Figure 2.3: a) Equivalent circuit of a bottom contact TF'T including a voltage drop at the
source contact V. Vpg is the extrinsic drain voltage. b) Equivalent circuit of the bottom contact
TFT including non-linear source and drain contact resistances [62]. ¢) Equivalent circuit of a
bottom contact T FT including a voltage drop at the source contact V¢

near the contacts.

However, this voltage drop Vi is located in the injecting contact (source). No voltage
drop is considered at the extracting contact (drain). The reason is that the voltage lost
at the extracting contact is much less important than the voltage lost at the injecting
one, as supported by scanning potentiometry [35] and is therefore ignored. By using
the gradual channel approximation in the intrinsic channel and after integration of the
potential along the channel, the current of OT'F'T's is obtained as [59][39]:

kL Vps? Vg2

Ip = —7— xc((VGS = Vo) (Vbs = Vo) = (= =) (2.2)
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Figure 2.4: Output characteristics of an Au-ZnPc bottom gate transistor at Vg = 0, -10, -20,
-30, and -40 V (from top to bottom). Symbols represent the experimental which are displaced
around n x 1.5 V where n= 5, 4, 3, 2, 1 for Vgg = 0, -10, -20, -30, and -40 V, respectively.
Lines represent the fitting with the simple ¢-FET model without contact effects. (a) annealed
samples, k=3.7 x10713 A/V? and Vy= -2.52 V; (b) as-deposited samples, k=1.8 x10713 A /V?
and Vp =-1.73 V

Vps = Vps + Vo, = Jo

Vbs
where x¢ is the width of the low conductivity region at the contact. This model is es-
pecially useful in identically processed transistors with different channel lengths (but
the same channel width) [59][60][61]. This characterization technique, however, has two
limitations. One is that a series of devices with different channel lengths, but otherwise
identical, has to be available. Another is the channel transport properties in different
devices might not be exactly the same. In such cases, alternative characterization tech-
niques with variable gate biasing can be found in the literature [31][67][36]. Some of
these techniques assume « as gate voltage dependant o = a(Vgg) but independent on
Vps [67][36]. That means that Vi is proportional to Vpg. For low values of Vpg the

(Ip — Vpg) relation in (2.2) reduces to a linear one.

]D = —]C(VGS — vT)(VDS) — (1 — a(VGS)) (23)
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Other techniques model the contact effect by a series contact resistance, Rg [31]. The
voltage drop across this series resistance modifies the (Ip — Vpg) relation. At low drain

voltages this relation reduces to:

In = —k(Vas —Vi)(Vos — InRy) (2.4)
~ k(Ves = Vr)Vbs
1 - KRg(Vigs — V)

Non-linear I, — Vpg relations such as the ones seen for low Vpg voltages in Fig. 2.2(a)
and (b) are thus no reproducible by such linear expressions in (2.3) and (2.4). Other
approaches should be used instead [62]. Necliudov et al. proposed a model in which a

gate voltage mobility is:
o= ,U/oo((VG - VT)/VAAy/; > 0 (25)

and highly non-linear drain and source contact series resistances are taken into account.
In order to simulate non-linear Ip—Vpg output characteristics for organic bottom contact
TFTs, they proposed an equivalent bottom contact T'F'T circuit that consists of the
TFT with linear source and drain access resistances Rp and Rg , respectively, and a
pair of anti-parallel leaky Schottky diodes connected to each access resistor in series,
see Fig. 2.3(b). Two diodes in parallel are needed to obtain a symmetric current-voltage
characteristic. The diode non-ideal factor, 7, which is responsible for the steepness of
the current voltage characteristic, and the access resistances are the fitting parameters.
There, Vps = Vprsr + Rslp + Rplp + 2Vgioqe- The idea of a gate voltage dependent
mobility (4 o< (Vo — Vr)?,v > 0) is based in theories such as the charge drift in the
presence of tail-distributed traps (7'DT's) [68] or variable range hopping (V RH) [69][70].

Another approach where this gate voltage dependent mobility was incorporated can
be seen in [9]. In that work, authors propose a generic analytical model for the current

voltage characteristics of organic thin film transistors OT'FT's [9] Fig. 2.3(c).

L 1o C
Ip— = 2 ((Vo—Vp—V) "2 — (Vg — Vp — V)2 2.6
D 7H[(G T—Vs) (Vo —Vr —Vp)"™] (2.6)
kozuoCiw

L
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where Vi; and Vi are the gate bias voltage and the threshold voltage, respectively. The re-
sult is equivalent to the well known and widely used generic F'ET" model with a constant
mobility. It is derived considering a voltage drop between the external source termi-
nal and the internal source (Vs = Vi) and the mobility u is written according to the

aforementioned common theoretical result [68], and [69] or [71],
H = MO(VG —Vr — V;)'Y

where V is the potential in the semiconducting film of the TF'T'.

Assuming the values of k,, v and Vp are known, a value for Vi can be found from
an experimental drain current. Thus complete Ip — Vi curves can be extracted from
experimental output characteristics Ip = Ip(Vg, Vp). The extraction of the Ip — Vi cur-
ves requires the previous determination of k,, v and Vp. The authors that proposed this
generic drift model also proposed an extraction method to determine these parameters.
It consists of a several step process [72] developed on identically processed transistors
with different channel lengths (but the same channel width). It is similar to the model
with a constant mobility in (2.2). By choosing the correct value for k,, it makes all the
Ip — Vi curves extracted from the different transistors to coincide. Thus, the usefulness
of this extraction method is reduced to situations where several devices with different
channel lengths, but otherwise identical, are available. In any case, prior to the deter-
mination of k,, proper parameter extraction techniques are required to determine Vi
and 7 in (2.6)[73]. As mentioned in the introduction, the voltage drop at the contact
region seriously affects the extraction of these and other parameters. Unless there is a
method that eliminates these effects, an iterative procedure should be more convenient.
Moreover, it would be very useful to find a simple and physically based model for the
Ip — Vi relation at the contact in order to introduce this model in a previous generic
FET model. It should employ as few parameters as possible, in order to maintain the
compactness of the receiver generic F'ET model. In this chapter, we have chosen (2.6)
to incorporate the contact effects in, as it allows for an easy implementation and modi-
fication. Other details of the versatility of this model can be found in [1]. Our purpose
is that the resulting model, after the incorporation of the contact effects, has parame-
ters that can be characterized relatively easily, or even guessed, preventing unnecessary

phenomenological fitting parameters. This is done in the following sections.
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2.4. Contact model

For the contact region a functional model of the carrier injection Vo = Vo (Ip),

developed in [4][36] is initially used:
VC’ - ‘/injection([D) + ‘/;’edox(ID) + ‘/drift(ID) (27)

The model takes into account different physical chemical mechanisms that take place at
the contact: carrier injection through the barrier, Vj,,jection , ion formation at the interface
(redox reactions), V,edor , and charge drift in the low conductivity region of the organic
material at the contact, V.. The expressions for the different components in (2.7)
are detailed in [63]. For low values of the energy-barrier height (cases expected in well
designed transistors), (2.7) is reduced to Vo = Vgip(Ip). It is shown in [36] that the
voltage drop associated with the charge drift depends on the free charge density at the
interface, p(0):

— o+

JOe

2¢2u[6p(0)]?

2
vdrift = g(

3
2

[S][oY

)

— [z)]

T (2.8)
where J = Ip/S is the current density, € is the permittivity of the organic material, p is
the mobility of the carriers, ¢ is the ratio of free to total charge density, z¢ is the length
of the contact region in the organic material, and the characteristic length xp is defined
as the point from the contact interface towards the organic film, at which the charge
density p(x,) decays to p(0)/v/2. (Note: Please, be aware that the notation x, and z¢
have the same meaning similar to those defined in [36]. In Ref. [4], L and x¢ were used
instead of z¢ and z,, respectively). Eq (2.8) shows two asymptotical trends [36]. If the
characteristic length z, is a few times larger than the contact length z¢, Eq. (2.8) tends

to Ohm’s law:
]D ~ qu(O)/JAgVC/SL’C = Vc/RC (29)

A non-linear relation between the current and voltage in the drift term occurs when the

characteristic length z, is much smaller than the contact length x¢ and Eq. (2.8) reduces
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to the Mott-Gurney law [74][26]:
Ip =~ (9/8)eudSVE/xl = M x Vi (2.10)

These linear and quadratic behaviours are present in experimental data. An example of
this can be seen in poly (3-hexylthiophene) OT FT's with different source and drain elec-
trodes, Cr and Au, (Fig. 2 in [75]). The existence of different metallic electrodes produces
different contact voltage curves, showing these linear or non linear responses. Transitions
from linear to quadratic regimes can be seen not only by changing the electrodes but
also with the same electrode and varying the injection regime. This transition can be
seen in Fig. 3 in [76], where current voltage curves for hole injection into P3HT through
Au are represented. The inclusion of the Ip — Vi relations (2.9) or (2.10) in the generic
model (2.6) adds a new parameter to the model. Drawing current curves Ip = Ip(Vp, Vi)
knowing the set of parameters (Vr, k,, M or R) is an easy task. However, extracting
these parameters from experimental output characteristics is a major problem. There are
well established parameter extraction techniques for F'E'T's that can be used to extract
the parameters in (2.6). An appropriate technique is proposed in [73], by the so called
Hy ¢ function, which extracts the values of v and threshold voltage Vi from the linear
operation regime of the OT F'T. The Hy function is the ratio of the integral of the drain
current over the gate bias divided by the drain current. The corresponding equation for
the Hy¢ function derived from the TFT generic model (2.6) is:

Ve T1,dV;
fiolte) = S
1 (Vo= V= V)0t — (Vg — Vp — V)0
Hyo(V, 92.11
va(Ve) v +3 (Ve — Vo — Vg)0#2) — (Vg — Vip — Vp) (D) (2.11)
(Ve — Vrp) Vb
Hyo(Ve) ~ ¢ T p (P Vv 2.12
va(Va) ) [ Rz(VG—VT)]’VD<< (Ve —Vr) (2.12)
Vo — Vp =V
Hye(Ve) (Ve 5 +T3) S),VD > (Vo — Vi)

where Ry (Vp/(Ve—Vr)) is the remainder term, that represents the error in approximating

Hy (Vi) by the above first order power series. In these equations, as stated in [73], Hy g
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becomes a linear function of gate overdrive (Vi — Vr) by setting Vs = 0, while k&, is
cancelled, which is the advantage of the method. However, Eq(2.12) explicitly neglects
the effect of the contacts, as Vg is assumed null. That means that the values of V and ~
may not be correct. To check this fact a hypothetical p-type transistor with the following
parameters is considered: Vi = 4.5V, v =1, Vg = Vo = IpR, R varying in the range
(102 — 10%Q2) and k, in the range (107% — 107'* A/V?). The Hy function, as defined in
Eq(2.12), is built, and parameters V; and v are determined in the saturation region as
recommended in [72].

Fig. 2.5 shows the results of this method. There are ranges of R in which the extracted
values for Vp and ~ differ significantly from the original ones. A direct and easy-to-
implement method like this one, in the absence of contact effects, is clearly altered
under the presence of contact effects. Contact effects can really be a bottleneck in the
extraction of the main parameter of the transistor. Despite these difficulties, we propose
an extraction method in which the advantages of these methods are considered. In the
next section, we propose a procedure to extract from experimental Ip — Vp curves, not
only the values of Vi and v, but also the contact voltage Vs, characterized by parameters
M or R (Egs. (2.10, 2.9) and, respectively), and the value of k,.

2.5. Parameter extraction method

Upgrading a model by the introduction of new physical effects means the incorpo-
ration of additional fitting parameters that may not be possible to adjust consistently,
or interfere with previous parameters of the model. The interference among parameters
can be eliminated by a good initial estimation of some of them. In the case of contact
effects, we provide a procedure that initially estimates the parameters associated to the
contacts by slightly modifying the ideal ¢ — MO.S model. Although the ideal ¢ — MOS
model cannot accurately reproduce the complete output characteristics of an OTFT, it
does provide a good initial estimation of the transistor parameters to be subsequently
determined in (2.6), in particular those associated to the contacts. In this section, we
define the steps followed to determine the complete set of parameters in (2.6), including

the parameter associated to the contact region.

1. Estimation of Vp and & from the ideal ¢ — M OS model in saturation (2.1).
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Figure 2.5: a) Extracted u , and b) extracted Vi from the generic drift model (2.6) using the
Hy ¢ method [73][72] for a transistor with initial parameters Vo = 4.5 V | v = 1 and contact
effects showing a linear behaviour Vg = Vo = IpR¢ . The extracting v and Vp represented
for transistors with different k, and R. Neglecting the voltage drop at the contact in the Hy g
function makes the extracted values to differ from the original ones.
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2. Estimation of the electric field degradation of mobility by analysing the saturation

region of the transistor. Eq. (2.5) is introduced in (2.1) and parameters defining

the gate voltage dependent mobility are determined from the saturation region.

. Estimation of contact parameters (curves Ip — Vi Ip = M(Vgg)VE or Ip =

Vo /R(Vgs). The drain source voltage is modified in (2.1) by the inclusion of the
voltage drop at the source contact. The model is represented in Fig. 2.3(a). For the

TFT the usual analytic expression for the MO.S transistor can be used:
]D = —k’((VGS/ — VJC)VDS/ — VDS’/2) (213)

where Vpgs = Vps + Ve and V] is an internal threshold voltage defined for the
intrinsic transistor in Fig. 2.3(a). VJ can be evaluated as Vi = Vi — Ve(Ip.,,),
where Vr is the threshold voltage extracted from the saturation region of the expe-
rimental data and Vi (Ip,,,) is the average value of the contact voltage evaluated
in saturation, Ip = Ip_,, and different gate voltages. VJ is not known, as the
contact voltage is not known at this step. In a first estimation, the modification
of the gate voltage by the contact effects is neglected. It can be checked that this
simplified model can reproduce the data in the linear region, where the contact
effects are clearly dominant, by assuming (Vs — Vi) ~ (Vas — Vr) in Egs. (2.13),
(2.7) and (2.9)(or (2.10)). The effect of the contact voltage on the gate voltage is
compensated by a modification of the threshold voltage for the intrinsic TF'T. The
idea of the internal threshold voltage is formally introduced and physically derived
in (2.2) (or in (2.6) if the gate voltage dependent mobility is considered). In this
work, (2.13) is preferred for an initial estimation of the parameter M (or R). It
avoids the mutual interference between the contact parameter M (or R) and the
rest. It avoids the need of introducing an intrinsic threshold voltage, V7., in the
OTFT model by the existence of contact effects.

. Estimation of an average value for the contact voltage Vs in the saturation region.

Once the M (or R) parameter is extracted from the experimental data (M =
M(Vgs) or R = R(Vgg)), the average value of the contact voltages evaluated at

Ip = Ipsy for different gate voltages can be determined, Vg = Vo (Ip,,,) -

5. Determination of Vp and v from the Hy function. The Hy g function can be
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6.

evaluated introducing this average value for Vg in the saturation region:

Hyo(Vg) = (Vo —Vr —Vs) /(v +3) (2.14)

Once the effects of the contacts are introduced in this function, V; and v can be

determined more accurately. The problems associated to the contact effects make

the linear region no valid for the determination of such parameters. The saturation

region has previously been suggested as the most appropriate region to carry on

this characterisation [72].

a)

Final determination of k, and M (Vgs) (or R(Vgs)). At this step, values for
all the variables appearing in the drift generic model (2.6) have been derived.
Vr and v have been determined by considering the contact voltage and using
a technique that eliminates the dependence with k, (see 2.11). Thus, k, and
M (or R) are the only parameters that require a final adjustment. In this
case, Eq. (2.6) is used to find these values by comparing this equation with
the experimental data. The parameter k, mainly affects the saturation region
and M (or R) affects the linear region. Thus, these parameters are modified
in order to fit the current voltage curves in these respective regions. Slight
modifications of these two parameters found this way may be necessary to

reproduce the complete set of experimental Ip(Vp, V) curves.

Direct extraction of the Ip — Vi curves from (2.6). The objective of this step
is twofold: (i) as a test to check the values of the parameters obtained in step
6a or (ii) as an alternative step for 6a when non reasonable values for v are

obtained in step 5.

(i) An inspection of Eq. (2.6) shows that with the values of the parameters
ko, Vr, v and M (or R) and the experimental I (Vp, V) curves, one can
derive Ip — Vi curves at different V. These Ip — Vo curves must match
the ones obtained in step 6a (controlled by Eqs (2.9) and (2.10)). Step
60 alone can be used to determine a unique Ip — Vi curve for several de-
vices with different channel lengths, but otherwise identical [59][60][61],
as mentioned in the previous section. All the extracted curves must con-

verge into one. However, step 6b alone cannot be employed for the case
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of a set of single lengths transistors, as convergence is not guaranteed.
Steps 1-5 provide such a procedure towards a convergence, towards the
physical trend given by Egs. (2.9) and (2.10). In any case, the extraction
of different Ipb — Vi curves for different values of k,, and its comparison
with the value of k, and the curves extracted in step 6a are suggested.
(ii) The other situation where this step is necessary is when abnormal values
of v or Vi are obtained in previous steps, despite introducing an estimated
value for the contact voltage Vg. A negative value of v clearly indicates
that the characterization needs further processing (see Fig. 2.5(a)). In
these situations, convergence in Step 6a is not achieved. An iterative
procedure is suggested in this step 6b. The initial values used for ~, Vr
and k, in this procedure depend on the value of 7 estimated in previous
steps. The value of the threshold voltage is assumed initially correct.
In case the value of v extracted from step 2 is positive, this should be
assumed as an initial estimation. On the contrary, the initial value for ~
is assumed zero. For the selected value of v, k, is varied until a physical
result for the Ip — Vi curves is obtained. If it does not exist the value
of v is increased and k, is again modified. The values of v and k, are
alternatively modified until the Ip — Vi curves behave like (2.9) or (2.10).
An arbitrary set of values for Vp, v and k,, different from the actual
solution, produces current voltage curves at the contact with no physical
meaning (such as a change of the sign of the contact voltage or strange
trends in the Ip—Ve curves). In case, the extracted Ip—Vp curves provide
a value of Vg = Vi (Ip,,,) different from the one initially estimated in step
5, a new iteration is necessary. A new value for the threshold voltage would

be determined in step 5 and step 6b would be repeated.

2.6. Application to experimental results

To check the validity of the extraction method for the contact voltage drop and the
rest of the basic parameters appearing in the TF'T generic model (2.6), we analyse data
showing both linear and non-linear effects. We analyse measured Ip—Vp curves in ZnPc-

based organic thin film transistors and data taken from other authors’ experiments.
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2.6.1. Non-linear contact current-voltage curves
Experimental data on ZnPc based transistors.

In first place, we analyse the experimental data depicted in symbols in Fig. 2.2(a)and
(b). They show a clear non-linear behaviour at low drain voltages pointing out the
existence of contact effects. Considering the values of the HOMO and LUMO levels for
the organic film and the electrode work function given above, the energy barrier of the
Au — ZnPc contact can be considered small enough to prevent current to flow through
it. The current is thus dominated by the drift term. Due to the high non-linearity of the
Ip — Vp curves, the current-voltage relation at the contact is modelled by (2.10). The
extraction procedure detailed in the previous section can be followed in Fig. 2.6.

We initially consider that the values of the mobility (assumed gate voltage dependent)
and threshold voltage are extracted by fitting the experimental data in the saturation
region with the ideal ¢ — M OS model: Vi = —2.52 V, v = —0.0224, V44 = 24.4 V and
oo = 1.8 X 107% ecm?/Vs for the transistor of Fig. 2.2(a) and Vp = —1.7 V, v = —0.03,
Vaa = 24.4V and pi,o = 4.4 x 107% ¢cm?/Vs for the trnasistor of Fig. 2.2(b). The result of
these fitting (steps 1 and 2) can be seen in Fig. 2.2(a) and (b). If the contact effects are
introduced in the ideal MOS model (step 3) a good agreement between the experimental
data (symbols) and the combined expression resulting from (2.10) and (2.13) (solid lines)
is seen in: Fig. 2.6. The values of M introduced in (2.10) to achieve such an agreement are
M =(1.2, 1.5, 1.66, 5.0, 1.5)x107% A /V? for Vg =0, 10, 20, 30 and 40 V, respectively,
for the transistor of Fig. 2.6(a), and M =(1.0, 1.2, 1.2, 4.0, 9.5)x 1079 A /V? for Vs =0,
10, 20, 30 and 40 V, respectively, for the transistor of Fig. 2.6(b). The contact Ip — V¢
curves resulting from these parameters are depicted in dashed lines on the right region
of Fig. 2.6(a) and (b). Once we know these curves, the contact voltage can be evaluated
in the saturation region for each gate voltage. These points are marked with the tips of
the dashed arrows in Fig. 2.6(a) and (b). An average value Vg(average) ~ —3 V and -4
V for Fig. 2.6(a) and Fig. 2.6(b), respectively, are obtained from these points (step 4).

The fifth step corresponds to the determination of V and v from the Hy 4 function,
once a value for the contact voltage in the saturation region has been estimated. The
analysis of the Hy ¢ function provides the following values: (v = 1.026 and Vy = 10.51
V) and (v = 0.8 and Vp = 13 V) for the transistors in Fig. 2.7(a) and (b), respectively.

Very different values for the threshold voltage are obtained in comparison to the ones
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Figure 2.6: Comparison of output characteristics of two Au — ZnPc bottom gated transistors
measured at Vgg = 0, -10, -20, -30 and -40 V' (from top to bottom in symbols) with the theore-
tical results obtained at our fitting procedure. Fitting with the ideal MOS model corrected with
the contact effects (Eq. (2.13)). The values of the mobility and threshold voltage are extracted
from the saturation region. The mobility is considered gate voltage dependent, following ex-
pression (2.5); (a) Vo = —2.52 V, v = —0.0224, Vaa = 24.4 V and j1, = 1.8 x 107% cm?/Vs;
(b) Vp = —1.7V, v = —0.03, Vaa = 24.4 V and 15, = 4.4 x 107% cm?/Vs. The current-voltage
curves at the contact are modelled with the parameter M (Vizg). The parameter M is extracted
by fitting the experimental data in the linear region; (a) M =(1.2, 1.5, 1.66, 5.0, 1.5)x 10710
A/VZ% (b) M =(1.0, 1.2, 1.2, 4.0, 9.5)x1071% A/V?2 for Vgg = 0, -10, -20, -30 and -40 V, res-
pectively). The dashed curves on the right of each figure represent the current-voltage curves
at the contact evaluated with the previous M parameter. The tips of the dashed arrows point
out the value of the contact voltage evaluated in the saturation region for each gate voltage.
An average value of Vg ~ —3 V and -4 V are obtained for (a) and (b), respectively

average
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Figure 2.7: Comparison of output characteristics of an Au — ZnPc bottom gated transistor
measured at Vgg = 0, -10, -20, -30 and -40 V (from top to bottom in symbols) with the
theoretical results obtained at our fitting procedure. Fitting with the generic drift model (2.6).
This equation is evaluated with the following parameters. Parameters Vp and ~ are determined

with the Hy ¢ function (2.12) including the contact effects Vg = Vg

average

(v = 1.026, V7 = 10.51

V,v=0.8, Vp =13 V for a and b, respectively); the value of y, is the one calculated from the
saturation region with the ideal MOS model (y, = 1.8 x 1075 and 4.4 x 107% ¢cm?/Vs for a and
b, respectively); and Vg = 0. The last two parameters make the theoretical result to disagree

with the experimental curves.
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extracted in step 1. Figs. 2.7(a) and (b) illustrate the comparison of the experimental
data with the generic drift model (2.6) using the values of these last two parameters,
the value of pu, determined from the saturation region with the ideal ¢ — MOS model
(1o = 1.8 x 1075 for Fig. 2.7(a)) and (4.4 x 1079 cm?/Vs for Fig. 2.7 (b)), and Vg = 0.
It is apparent that the mixture of values of parameters extracted from different models
and ignoring the contact effects produce such a disagreement.

A change of the value of the mobility to 1.8 x 1077 ¢m?/Vs and 1.7 x 1077 ¢cm?/Vs
for Figs. 2.8(a) and (b), respectively is necessary in order to fit the experiments in the
saturation region (Fig. 2.8(a) and (b)). In these figures, Vs is maintained null in order to
highlight this fact. Finally, the contact effects, by means of the parameter M in (2.10), are
introduced in the generic drift model (2.13). The combined model fits the experimental
data for the following set of values: M =(0.2, 0.8, 1.42, 3.32, 4.02)x107'° A/V? in Fig.
2.9(a), and M =(0.3, 10, 0.7, 1.2, 5.0, 9.5)x1071° A/V? in Fig. 2.9(b) for Vgg =0, -10,
-20, -30 and -40 V, respectively. A unique value for M should be expected for a compact
model. However, the compactness of this parameter is justified below by its relation with
the charge density in the intrinsic channel.

The analysis of the values of the different parameters extracted in the six steps shows
that the variations in Vp and v (from the initial estimations to the final results) are very
significant, while the parameter M is practically unaffected by when using either the ideal
c— MOS model or the generic drift model, both in combination with our contact model.
On the one hand, the generic drift model is physically well based. However, the inclusion
of new parameters in it makes their extraction more difficult. On the other hand, the use
of simple models like the one propose in (2.13), although based on approximations, are
really helpful in finding a proper initial estimation of the contact Ip — Vi curves. This
is necessary to proceed with the determination of the exact values of the parameters
appearing in (2.6).

The current-voltage curves at the contact can be directly extracted from (2.6) once
the parameters p,, v and Vr are known [72]. These curves, for the as-deposited ZnPc
transistor of Fig. 2.2(b), can be seen with symbols in Fig. 2.10. The values of these para-
meters correspond to the ones extracted with our procedure in the previous paragraphs.
The inset of Fig. 2.10 shows the comparison of the experimental data with (2.6) inclu-
ding these current voltage curves. The agreement is clearly better than the one shown in

Fig. 2.9(b). However, the current voltages curves extracted with our procedure (shown
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Figure 2.8: Comparison of output characteristics of an Au — ZnPc bottom gated transistor

measured at Vgg = 0, -10, -20, -30 and -40 V (from top to bottom in symbols) with the

theoretical results obtained at different steps of our fitting procedure. Fitting with the generic

drift model (2.6) changing the parameter y, to 1.78 x 1077 ¢cm?/Vs and 1.7 x 10~7 ecm?/Vs for
a and b, respectively; Vg is maintained null.
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Figure 2.9: Comparison of output characteristics of an Au — ZnPc bottom gated transistor
measured at Vgg = 0, -10, -20, -30 and -40 V (from top to bottom in symbols) with the theo-
retical results obtained at different steps of our fitting procedure. Fitting with the generic drift
model (2.6) introducing the contact effects. u, does not change. The extracted M parameter
are: a)M=(0.5, 0.8, 1.4, 2.52, 4.029)x1071Y A/V? and b) M=(0.3, 0.7, 1.2, 5.0, 9.5)x 10710
A/V? for Vgs = 0, -10, -20, -30 and -40 V, respectively. Despite the large modification of the
values of Vr and p, along the different steps of this procedure, the values of the parameter M
associated to the contact voltage suffer almost no variation. That means that the use of single
models, like the one propose in (2.13), helps finding a proper estimation of the contact Ip —Vp
curves.
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Figure 2.10: Current voltage curves at the contact extracted from the experimental output
characteristics of the as-deposited ZnPc transistor of Fig. 2.2(b) at different gate voltages with
our procedure (solid lines) and directly from the generic drift model (2.6) (symbols). The
parameters employed in the calculation correspond to the final ones obtained in 2.6. Inset:
Comparison of output characteristics of an Au — ZnPc bottom gated transistor measured at
Vas =0, -10, -20, -30 and -40 V (from top to bottom in symbols) with the theoretical results
from (2.6) using the Ip — Vo curves shown in symbols in the main Figure.

as solid lines in Fig. 2.10) provide a physical trend and a way to interpret the ones shown

as symbols.

Analysis of other experimental data.

Experimental data measured in an Au-pentacene BC' — T'F'T by other authors [62]
are also reproduced by our model. Fig. 2.11 shows a comparison of the experimental data
(symbols) with the generic drift model (2.6) in which the contact current-voltage relation
(2.10) has been incorporated (solid lines). The transistor has the following characteristics:
the Si0y gate-dielectric thickness is t,, = 290nm, the gate length is L = 20 pum and the
gate width w = 220 pm.

The model parameters have been extracted using the procedure detailed in the pre-

vious section. This is a case where the value of v extracted in step 5 shows an abnormal
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Figure 2.11: a) Comparison of output characteristics of an Au-Pentacene bottom gated tran-
sistor at Vg =0, -10, -20, -30, -40, -50 and -60 V from top to bottom (symbols) with the generic
drift model (2.6) including non-linear contact effects (2.10) (solid lines). The dimensions of the
transistor are toy = 290x 1077 cm, w = 220x 10~* ¢cm, L = 20 x 10~ cm. The parameters used
in the model, determined according to the method detailed in this work, are k = 7.78 x 1078
A/VZ po =019 cm?/Vs, Vp = 17.3 V, v = 0.118, M =(0.5, 0.8, 1.0, 1.5, 2.0, 2.4, 2.5)x1076
A/V? for Vgg = 0, -10, -20, -30, -40, -50 and -60 V, respectively. b) Normalized values of the
charge density in the channel, p, and free to total charge density ratio 6 in the low conductivity
region near the contact. The values of 6 are extracted from the previous values of M and its
definition in (2.6). The normalization values are: pjq, = 3.4 X 10'® ecm™3 and 6,0 = 0.06.
The charge densities in the channel and in the contact region are correlated meaning that the
values of M extracted by our procedure are acceptable.
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value despite including the contact effects, v = —0.4. In this situation, step 6b was fo-
llowed instead of step 6a. The value of v extracted by analysing the saturation region
with the ideal ¢ — MOS model (2.1) in combination with the electric field degradation
of the mobility (2.5) was used instead, y= 0.118. The value of the threshold voltage was
determined in step 5 by means of the Hy function applied to the generic drift model
(2.6). The parameters obtained after the fitting procedure are: k, = 7.78 x 1078 A/V?,
fo = 0.19 cm?/Vs, Vi = 17.3 V, v = 0.118, M =(0.5, 0.8, 1.0, 1.5, 2.0, 2.4, 2.5)x10~°
A/V? for Vg = 0, -10, -20, -30, -40, -50, -60 V, respectively. Situations analysed in Fig.
2.6 and Fig. 2.11 shows the need to employ the advantages of simple models (although
not exact ones) and to combine them in a precise sequence. The objective is to determine
correct values for the transistor parameters that appear in a more compact and precise

model, such as the one in (2.6).

Another feature of our model and its associated extraction procedure is that they
allow us to determine the parameter M defined in (2.10). From this parameter, we
can determine the evolution of the free to total charge-density ratio 6, with the gate
voltage. Assuming the same value for the mobility in the transistor channel and in the
low conductivity region at the contact, this ratio varies from 0.012 at Vg = 0V to 0.060
at Vgg = —60 V. The values of 6, necessary to fit the experimental data with our model
(Fig. 2.11(a)), are represented as a function of the gate voltage in Fig. 2.11(b) (circles).
In this figure, we also represent the values of the charge density in the intrinsic channel,

estimated according to the equation (solid line) [77],

Pchannel = CZ(VG - VT)/to (215)

where t, is the thickness of the organic material.

The evolution of the ratio of free to total charge density with the gate voltage is
in excellent agreement with the evolution of the charge density in the channel. This
agreement validates the physical model we propose for the DC' characteristics of organic
TFTs affected by contact effects.

The non-linear behaviour shown at low drain voltages in the experiments of Fig. 2.6
and Fig. 2.11 can also be reproduced by diodes in series with a resistance connected at
the source and drain terminals (Fig. 2.3(b)). Good agreements between the experimental

data and this model are obtained. For the experimental data in Fig. 2.6, the values of the
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model parameters in Fig. 2.3(b) that achieve the best fit are v = —0.032, p, = 2.65x 10~
em?/Vs, Vaa = 25.0 V, Rp g = 10* Q, energy barrier at the interface ¢ = 0.65 €V and
non-ideality factor of the diode n = 5. For the experimental data in Fig. 2.11, the values
of the model parameters that achieve the best fit are v = 0.118, u, = 0.2 cm?/Vs,
mobility evaluated at Vgg = —60 V, p = 0.27 cm?/Vs, Vy4 = 5.70 V, Rps = 5k,
energy barrier at the interface ¢ = 0.65 eV and non-ideal factor of the diode n = 2.5.
Although the model in Fig. 2.3(b) can reproduce the experimental data, the values of
the resulting parameters should be analysed with care, especially when high values of the
non-ideal factor of the diodes and/or negative values of 7 are extracted. The advantage
of our model (Fig. 2.3(c)) is its physical approach to the real mechanisms affecting the

low conductivity region near the contacts [35][4].

2.6.2. Linear contact current-voltage curves

Current-voltage Ip — Vp curves showing linear responses at low drain voltages have
also been studied in this work. Here, we apply the procedure from the previous section
to extract the mobility, threshold voltage and the contact voltage drop from the output
characteristics of poly(3 — hexadecylthiophene)(P3H DT') transistors [36] (symbols in
Fig. 2.12(a)). The solid lines correspond to the evaluation of the generic drift model
(2.6) in which the linear contact voltage-current model in (2.9) has been incorporated.
The values of the contact resistances R = R(Vg) and the rest of the model parameters
are detailed in the same figure. A good agreement is observed between the experiments
and the theoretical results. The extraction procedure followed with these data does not
end in step 6a, but goes through step 6b. This is another example where the parameter
is clearly affected by the contact effects (see Fig. 2.5). In step 5, v = —0.3 and Vp = —4.5
V are obtained assuming an average value for the contact voltage in the saturation region
Vs = Ve(Ip,,,) = —1.5 V. The value of v is gradually increased and the value of k, is
modified until the extracted Ip— Ve curves show a perfectly linear behaviour, as expected
by the trend of the experimental data at low drain voltages. This occurs for v = 1.5 (Fig.
2.12(b)). The value of the threshold voltage needs no modification.

In order to check, that this solution is unique, other pairs of values for v and k,
are tested. As an example, Fig. 2.13 shows Ip — Vi curves extracted from (2.6) for a

lower v, v = 0.15, V = —4.5 V and different values of k,, after equating Ip, Vi and
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Figure 2.12: a) Output characteristics of an Au— P3H DT BC transistor at Vg = -8, -10, -12,
-14, -16, and -18 V from the top to the bottom. Symbols represent the experimental data [67]
based on material described in [78][79]. Lines represent the fitting with the with the generic
drift model (2.6) including linear contact effects (2.9). The details of the samples are: thermally
grown SiOy (~ 200 nm), channel width w = 0.5 cm (multi-finger configuration), and channel
length L = 10 pm. The polymer film is 7 nm thick and was deposited by spin coating. The
parameters used in the model, determined according to the method detailed in this work, are
ko =3x10"8 A/V? p, =1.2x107° cm?/Vs, Vo = —45V, vy = 1.5, R =(4.9 , 4.8, 4.7, 4.6, 4.5,
4.0)x107 Q for Vg = -8, -10, -12, -14, -16, and -18 V, respectively. b) Current voltage curves
at the contact extracted from the experimental output characteristics at different gate voltages
with our procedure (solid lines). The parameters employed in the calculation correspond to the
final ones obtained in Fig. 2.12(a). The current voltage curves at the contact extracted directly
from the generic drift model (2.6) are shown in symbols.
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Figure 2.13: Contact current-voltage curves extracted from the experimental data of Fig. 2.12,
directly from Eq. (2.6) (symbols) providing this model with the parameter values Vp = —4.5
V and v and k, given in the figures. The solid lines are used as a reference. They correspond to
the final results obtained with our procedure for the Ip — Vo curves (Fig. 2.12). No convergence
to a physical acceptable solution is seen when varying the parameter k, for v = 0.15: figures
(a) to (d). A similar lack of convergence towards a physical acceptable trend for the Ip — Vi
curves is seen for other values of v, except for the actual solution depicted in Fig. 2.12

Vp to the experimental data (symbols). They are compared to the solution obtained
in Fig. 2.12(b). The set of figures shows that there is no acceptable Ip — Vi curve in
any case. Fig. 2.13(a) shows positive values for Vo when negative ones are expected.
Figs. 2.13(b)-(d) show linear responses at low values of V. However, the curves tend
to saturate, reflecting the saturation response of the intrinsic channel, not the actual
response of the contact region. A similar study was made with different values of =,
showing that the solution depicted in Fig. 2.12 is unique. As seen in these two sub-

sections, the model distinguishes between linear responses and quadratic responses for
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Figure 2.14: Measured output Ip — Vpg characteristic in a Cr/P3HT/Cr OTFT [75](solid
line). It is shown with the extracted Ip — Vi curve (squares) and the three components of Eq.
(2.7) [63], Vyeq (circles), Vigpipe (triangles), and Vinjection (dashed line).

the current voltage relation at the contact region. Both responses are included under
the assumption that the energy barrier at the contact imposes no restriction to the
current, i.e. under the assumption of space charge limited transport . Therefore, the
model is limited to these situations. Outside these limits, when the energy barrier at the
interface imposes a restriction to the current, non linear / —V responses are also obtained,
however not necessarily quadratic ones (thermionic emission or tunnel injection should
be considered (2.7)). An example of this can be seen in Fig. 2.14, where the voltage
drop at the contact of an OTFT is the sum of the voltage drop at the space charge
region and the voltage necessary to surpass the barrier at the contact (a combination of
injection through the barrier and space charge transport). For these cases, the quadratic
model can still be used by taking into account that we are working under a second order
approximation, and no connection with the physical parameters appearing in (2.10) is
possible. In any case, properly designed transistors are expected to use contacts with low
energy barriers at the interface in order to reduce the injection-voltage term. Therefore,

from this practical point of view, the model can be consider of full applicability.
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Figure 3.1: Proposed equivalent circuit of a TF'T including the voltage drop at the source
contact, Vo =~ Vg .

3.1. Introduction

The objective of this chapter is to test the procedure developed in Chapter 2 by
applying it to output characteristics of a transistor with known parameters. The tran-
sistor under test is represented in Fig. 3.1. It consists of an ideal transistor plus contact

effects where Vpg = Vp — V. The output characteristics are modelled by:

L .
Ioy, = f;+ 5| (Ve = Vo = Vo)™ = (Vo = Vi = V)™ (3.1)
9 euS
Ip=MV2 M== 2
D VS7 89(1'0)3 (3 )

We consider a p-type OTFT with the following parameters: 1, = 5.0 x 10~7 ¢cm?/Vs
,v=0.0,Vr=-25V, L =5 pum, w= 10 mm, C; = 20.7 nF we consider non linear
contact effects modelled with the parameter M, and the following dependence with the
gate voltage: M (Vgg) = 1071 — 3.5 x 10712 x V(A /V?). The resulting Ip — Vp curves
for different Vi are represented with symbols in Fig. 3.2. Our objective is to show that
our method is able to recover the value of these parameters from these curves. We only

assume as known parameters those associated to the geometry of the device (L, w, C;).
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Figure 3.2: I — Vp curves at Vg = -6.836, -8.533, -10.173, -11.770, -13.331, -14.797, -16.306,

-17.795, -19.265 and -20.721 V, from top to bottom. These curves are calculated with the
combination of (3.1) and (3.2) and the parameters defined in the text.

3.2. Test of the method

(i) In first place, we extract the value of p, and Vi from the Ip — Vp curves in the

saturation regime by using

2
Ip = “’“L"C" (Vo — Vo)V — (%); Vo < (Ve — Vi) (3.3)
Ip = ngCi (Ve —Vr)* Vo > (Ve — Vi)
w,uoCi
T L
li

The result is p, = 2.7 x 1077 cm?/Vs, and Vi = —3.4 V, clearly differing from the

original ones, in particular the threshold voltage.

(ii) The second step consists of extracting the contact voltage from these curves. We
combine the relation Vp = Vpg — Vi (Fig. 3.1) with (3.2) and (3.3), and compare

the result with the output characteristics. To determine the relation of the drain
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Figure 3.3: Left hand side: Comparison between the experimental curves of Fig. 3.2 (dotted
lines on the left) and theoretical Ip — Vp curves (solid lines) at Vg = -6.836, -8.533, -10.173,
-11.770, -13.331, -14.797, -16.306, -17.795, -19.265 and -20.721 V, from top to bottom. The
experimental data are assumed to be those of an ideal transistor with contact effects as shown
in Fig.3.1. The theoretical ones correspond to the combination of (3.2 ) and (3.3), i.e. neglecting
the effect of the contact voltage on Viz (Vg = Vizs). Right hand side: Ip — Vo curves necessary
to produce the best fitting between the experimental and theoretical Ip — Vp curves. The
parameters M associated to the Ip — Vo curves are shown in the Table 3.1. The horizontal
dashed lines indicate the value of the voltage drop at the contact in saturation

(iii)

voltage with the contact voltage, we estimate the value of M parameters by an
iterative procedure. The best agreement is shown in solid lines on the left, in Fig.
3.3. The resulting values of the M parameter are shown in the Table 3.1. The
Ip — Vi curves are shown in dotted lines on the right of Fig. 3.3. From the dotted
lines in Fig. 3.3 , we can determine the value of Vi in the saturation region for

different Vg, Vo (Ip . Their average value is Ve,,.,,,. = —1.83 V.

saturation )

In a third step, we evaluate the Hy ¢ function by integrating the drain current in

the saturation regime from the output characteristics:

1% IpdV,
HralVe) = =Ly
1 — Vi — V)03 — — Vi — V)0 H3)
Hya(Ve) (Vo —Vr —Vs) (Vo —Vr —Vb) (3.4)

743 (Vo — Vi = Vg)0#D — (Vg — Vp — Vpp)0#D)



3.2. Test of the method 65

(iv)

(v)

In the saturation region, the Hy ¢ function reduces to

Vo — V=V,
Hyo(Ve) = 16 5 +T3) 5) V> (Ve — W) (3.5)
Thus we can we can determine the values of v and Vr, by assuming Vs = V.., 0, I

(Eq-6.12). The resulting values are v = —0.14 and Vp = —2.52 V. The value of the
threshold voltage is clearly in agreement with the final result (only an error around
0.8 % is obtained). That means that the assumption made for Vg is appropriate.
However, a lower value than expected is obtained for v. When experimental data
are analysed we cannot know whether this result is correct or not. Therefore, a

next step is required.

Assuming this value of v as correct, we proceed to determine the value of the
mobility and M parameters. We use (3.1) and (3.2) to represent I —Vp curves and
we compare them with the experimental output characteristics. We know v and Vp
from step (iii). The values of parameters p and M can be initially considered as the
ones obtained in steps (i) and (ii), respectively. These two parameters are iteratively
modified until a good fitting is obtained between the theoretical and experimental
data (solid lines and symbols, respectively, in Fig. 3.4(a). The resulting values are
p=>58x10"" cm?/Vs and M is given in Table. 3.2.

Once the value of y, is determined, we can introduce it in (3.1) and obtain the

Table 3.1: Extracted values after step (ii) of Mpg and Mpg for the OTFT with output
characteristics in Fig. 3.3.

Vo (Volts) M (A/V?)
-6.836 50 x 10~ 12
-8.533 70 x 10712
-10.173 80 x 10712
-11.770 100 x 10~'2
-13.331 150 x 10712
-14.797 200 x 10712
-16.306 250 x 10712
-17.795 290 x 10712
-19.265 390 x 10~'2
-20.721 400 x 10712
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Table 3.2: Extracted values of Mpg and Mpg after step (iv) for the OTFT with output

characteristics in Fig. 3.4(a).

Ve (Volts) M (A/V?)
-6.836 330 x 10713
-8.533 380 x 10713
-10.173 420 x 10713
-11.770 480 x 1013
-13.331 550 x 10713
-14.797 600 x 10713
-16.306 700 x 10713
-17.795 820 x 10713
-19.265 930 x 10713
-20.721 1030 x 10713

0
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Figure 3.4: a) Comparison between experimental (x) and theoretical Ip—Vp curves calculated
with the generic drift model (3.1) (solid lines). Vp = —2.52 V, v = —0.14 and p, and M are
iteratively modified until a good agreement is obtained: y, = 5.8 x 1077 ¢cm?/Vs and M is in
the Table 3.2. Vi is the same as in Fig. 3.2(b)): Ip — Vo curves extracted from (3.1) with the
values of the parameters used in (a).
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relation Ip — V¢ for different gate voltages (Fig. 3.4(b)). We now proceed to test
the solution. We expect a quadratic evolution of the drain current with the contact
voltage, as seen in (3.2). That means that the slope should always increase when
|Ve| increases. In Fig. 3.4(b), we see that at high values of |Vi| the slope starts
decreasing and the Ip — Vo curves turn in a clockwise direction, deviating from the

physically expected behaviour.

(vi) To obtain a good physical behaviour for I, — Vi curves, the value of v is modified.
Lower values produce the same non-physical behaviour in the resulting Ip, — Vi
curves as in Fig. 3.4(b). A higher value than expected one is also tested, v = 0.29.
The new value of pu, to obtain a good fitting between experimental and numerical
results (Fig. 3.5(a)) is p, = 2.9 x 1077 ¢cm?/Vs. The Ip — Vo curves are extracted
from (3.1) with the values of these parameters. In this case, the slope of the Ip— V¢
curves goes to infinity and then decreases at high values of |V¢| (Fig. 3.5(b)). The
Ip — V& curves turn in a counter-clockwise direction, again deviating from the

physically expected behaviour.

Table 3.3: Extracted values of Mpg and Mpg for the OT FT with output characteristics in
Fig. 3.5.

Vo (Volts) M (A/V?)
-6.836 478 x 10713
-8.533 488 x 10713
-10.173 498 x 10713
-11.770 508 x 10713
-13.331 518 x 10713
-14.797 528 x 10713
-16.306 538 x 10713
-17.795 548 x 10713
-19.265 558 x 10713
-20.721 568 x 10713

The value of v is iteratively modified until the slope in the Ip — Vi curves always
increases with |Vi|. In this case, this value is modified between -0.14 and 0.29. The
solution is archived for v = 0, as expected. The value of the mobility for the best fitting
between experimental and numerical data (Fig. 3.6(a)) is p, = 4.8 x 1077 cm?/Vs. This
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Figure 3.5: Comparison between experimental (x) and theoretical Ip — Vp curves calculated
with the generic drift model (3.1) (solid lines). Vp = —2.52 V, v = 0.29 and p, and M are
iteratively modified until a good agreement is obtained: y, = 2.9 x 1077 ¢cm?/Vs and M is in
the Table. 3.2. Vi is the same as in Fig. 3.2(b)): Ip — V¢ curves extracted from (3.1) with the
values of the parameters used in (a).

value differs only a 4% in relation to the original one. In Fig. 3.6(b), we show the
extracted Ip — Vi curves from (3.1) by using these last values for v and p,. In this case,
the curves follow the trend expected in (3.2). Thus, we can conclude that the test to our

method is positive.

Table 3.4: Extracted values of Mpg and Mpg for the OT FT with output characteristics in
Fig. 3.6.

Vo (Volts) M (A/V?)
-6.836 350 x 10713
-8.533 390 x 10713
-10.173 430 x 10713
-11.770 470 x 10713
-13.331 510 x 10713
-14.797 550 x 10713
-16.306 590 x 103
-17.795 630 x 10713
-19.265 670 x 1073
-20.721 710 x 10713
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Figure 3.6: Comparison between experimental (x) and theoretical Ip — Vp curves calculated
with the generic drift model (3.1) (solid lines). Vp = —2.52 V, v = 0 and p, and M are
iteratively modified until a good agreement is obtained: 1, = 4.7 x 1077 ¢cm?/Vs and M is in
the Table 3.4. Vi is the same as in Fig. 3.2(b)): Ip — V¢ curves extracted from (3.1) with the
values of the parameters used in a).
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4.1. Introduction

Trapping and de-trapping mechanisms can cause instabilities that produce changes in
the threshold voltage of organic thin film transistors [1][10][80]. They are also the origin of
hysteresis in current-voltage curves. The study of the hysteresis is important as it can pro-
vide information about the trapped charge in the organic material [10][45][48][50][81][82].
Subsequently, this information can be related to technological parameters with the objec-
tive of finding a better device design. Another problem that deteriorates the performance
of the organic devices is the effect of the contacts. Part of the voltage applied in these
devices is lost in the contact regions [83][84]. There are works devoted to control the
barrier of the contact. The use of self-assembled monolayers is extended to achieve this
objective [85].

In addition to controlling the barrier at the contacts, we have seen in the previous
chapters that appropriate characterization techniques are necessary to determine how
the contact region affects the electrical behaviour of the device. The combination of both
hysteresis phenomenon and contact effects makes this characterization task more difficult.
There are some previous studies that characterize the hysteresis in organic transistors
from transfer and output characteristics. In some cases, contact effects are not considered
[13]. In other cases, contact effects are eliminated from the experimental data by using

techniques, like the four-terminal method, instead of the usual two-terminal one [14].

In this chapter, we propose a method to extract information on the traps influence
on the hysteresis mechanisms in current voltage curves obtained with the two-terminal
procedure. Moreover, the proposed method solves the difficulty of processing these cur-
ves when contact effects are present. The basis underlying this method is the compact
model presented in the previous chapters [83][86]. In this part of the work, we analyse
experimental current voltage curves taken from the literature that show both contact
effects and hysteresis [13][14][87]. The characterization method based on this compact
model is applied to these data and information is extracted for the trapped charge in the
organic material. The results are compared with other values reported in the literature.
The accuracy of our method is checked by comparing our results with the ones obtained
from transient measurements [13] or the four-terminal method [14], which also considers

the contact effects.
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Figure 4.1: Proposed equivalent circuit of a T'FT including a voltage drop at the source
contact Vo = Vg [86].

4.2. Variation of trapped charge during hysteresis

The hysteresis phenomenon appears in output (Ip — Vp ) and in transfer (Ip — Vi)
curves of OTF'T's. In case no contact effects are present (Vo =0, Vgs = Vi, Vps = Vp,
see Fig. 4.1), a way to know the variation of trapped charge is by measuring the difference
in drain current between forward (F'S) and backward sweep (BS) curves, at certain
values of the drain and gate voltages Al p(Vps, Vas) =AIp(Vp, Vi), whereas an injection
of holes occurs in F'S current and the extraction of holes occurs in the BS current [13].
The relation between the variation of the trapped charge AP in the intrinsic channel of

a transistor and the current displacement Alp(Vps, Vis) is given by [13]:

_ AID(VDS, VGS) x L

AP
quXVDSX,u

(4.1)
where q is the elementary charge, p is the charge carrier mobility, L and w are the channel
length and width of the transistor’s organic material, respectively. In case contact effects
are present (Vo # 0, Vas # Vi, Vps # Vp, see Fig. 4.1), the voltage drop at the contact
must be extracted from the experimental values of V; and Vp. Otherwise, the effect of
the contact voltage can alter the results [88]. In the previous chapters , we proposed
a method to extract the voltage drop at the contact from Ip — Vp curves [83][86]. In
this chapter, we apply this method to Ip — Vp curves with hysteresis. Thus, the first

objective is to determine current voltage curves in both forward and backward sweeps,
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Figure 4.2: Schematic of current voltage curves of the intrinsic channel of an OT FT (Ip—Vpg)
and of the contact (Ip — Vp) extracted from a Ip — Vp curve measured at the device terminals
at Vo = constant. The dashed and the solid lines represent the 'S and B.S curves, respectively.

that depend exclusively on the voltage drops in the intrinsic transistor (Vps = Vp — Vs
and Vg = Vig—Vs , where Vg = Vi is the voltage drop at the contact). Fig. 4.2 represents
schematically the process of separation of experimental Ip — Vp curves with hysteresis
at a constant Vg into Ip — Vs and Ip — Vpg curves. This process is repeated at different
values of Vg, so that finally, Alp(Vps, Vgs) can be evaluated at different values of Vg
and Vpg. The procedure to separate the current voltage curves of the intrinsic transistor
and of the contact region from the measured Ipb — Vp curves is detailed in the following

section.

4.3. Parameter extraction from (/p — Vp) curves

4.3.1. Characterization method

To obtain the Ip — Vpg curves for the intrinsic channel transistor, a model that
incorporates the effect of the contacts is necessary [66][89][9]. We use the generic charge

drift model presented in Chapter 2 [9] which includes a voltage drop at the contacts
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(Vs = Vi) and an electric field dependent mobility p = pu,(Ve — Vr)?:

L oY1
Ip— = HoC (Ve — Vr — V)2 — (Vg — Vp — VD)””] (4.2)
w  y+2

where C; = ¢;/t; is the gate insulator capacitance per unit area, ; is the insulator
dielectric constant, ¢; is the insulator thickness, Vr is the threshold voltage, p, is the
mobility at zero electric field and ~ is the mobility enhancement factor. This model
reflects the fact that the voltage drop at the drain contact is small in comparison to
the voltage drop at the source contact [35]. Also, this method is especially useful when
combined with a characterization technique to extract its parameters. This is the so
called Hy ¢ function [73], also presented in Chapter 2. For the sake of clarity, the Hy g

function is shown again:

f;/\% IpdVe
In(Vg)
1 (Vg =V = V)0t — (Vg — Vp — V)03

_ 43
v+ 3 (Vg — Vi — V)42 — (Vg — Vir — V)12 (43)

Hye(Ve)

The Hy ¢ function can be evaluated in the linear and saturation modes. In the satu-
ration mode, Hy is linear with Vi [83][86]:

Hya(Va) = (Vo —Vr = Vs) /(v +3) (4.4)

The values of v and V7 can be extracted easily from this relation if Vg = 0. However,
it is more difficult when Vg is not zero and, in addition, depends on the current (Vg =
Vs(Ip) # 0). In the previous two chapters, we showed how to solve this problem. For the
sake of completeness, we provide a brief summary of this method in order to be applied
later to Ip — Vp curves with hysteresis. The method begins with an initial estimation
of Vs in order to extract Vr and v from (4.4). This estimation considers the ideal MOS
model for the transistor of Fig. 4.1 and that the contact effects are introduced only in

the drain-source voltage, Vp = (Vps + Vs):
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Ne) V2
I, = WL (Ve — Vi)V — %} (4.5)

In addition, our method considers a simple model for the current- voltage relation
Ip — Ve at the contact region controlled by a single parameter. It is observed experimen-
tally, that output characteristics measured in OT FT's with contact effects show linear
or quadratic behaviours at low drain voltages [83][67]. Therefore, the Ip — Vi relation
can be approximated by a linear or Ohm’s relation (Vo = IpR¢), or a quadratic one
(Ip = MV{), respectively. They are simple expressions as they depend only on one para-
meter. These expressions are theoretically justified by a previously proposed model that
considers injection and transport of charge in organic diodes [4][63][36]. For low contact

barriers, the model reduces to the transport term:

2,27 1 3 3
Ve = Varipr = g(gﬂﬁ)z([xc—i_mp]z — [z,]?)
vy = I (4.6)

2¢2p[0p(0)]?

where j = Ip/S, S is the cross section of the channel where current flows, p(0) is the
free charge density at the metal-organic contact, x, is a characteristic length (from the
contact interface towards the organic film) at which the charge density p(x,) decays to
p(0)//2 , € is the organic dielectric constant, @ is the ratio of free to total charge density
and z¢ is the length of the contact region in the organic material. This equation (4.6)
was demonstrated to have two asymptotical trends: a linear or ohmic behaviour if the

characteristic length z, is a few times larger than the contact length z¢,
Ip =~ ¢Sp(0)ubVe/xe = Vo /Re (4.7)

and a quadratic behavior (Mott-Gurney law) if the characteristic length z, is much
smaller than the contact length x¢ [83][36],

Ip =~ (9/8)eulSVE/xl = M x Vi (4.8)

The combination of equations (4.5) and (4.7) or (4.8) produce Ip —Vp curves at diffe-
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rent V. They are compared to the experimental data in order to obtain the parameters
M or Re, and the rest of parameters in equation (4.5). Once M or R¢ are known for
different gate voltages, an average value for the contact voltage (Vi ) can be determined
and used as an estimation Vs in (4.4): Vs = V- [83][86]. With this estimation, V7 and v
can be extracted from (4.4). In the next step, these two parameters , Vp and + are used
in (4.2) and this equation is then evaluated for different values of M (or R¢) and p, until
a good agreement with the experimental I, — Vp curves is achieved and an acceptable
physical evolution for curves at the contact I, — V¢ are also obtained (see Chapter 2 for

more information about this procedure).

4.3.2. Trapped charge analysis of the intrinsic transistor

This method is now applied to current voltage curves with hysteresis in order to
extract information on the trapping and de-trapping processes that occur during the
hysteresis cycle. Before applying this method to the output characteristics with hystere-
sis, some conditions must be established regarding the parameters (Vr, v, p, and M (or
R¢) ) in (4.2), (4.7) and (4.8).

(a) The trapping and de-trapping processes alter the charge present in the semiconduc-
tor. As the electric field is modified, the threshold voltage is assumed to be different
in 'S and BS.

(b) A variation of the trapped charge in the organic material also affects parameters M

(or R¢) due to their dependence with the free to total charge ratio 6.

(¢) The mobility (modelled by g, and 7 ) is the only variable assumed constant in both
sweeps. With this in mind, the analysis of output characteristics with hysteresis will
provide a value for p, and 7 and different values for Vi and M (Vy) (or Ro(Ve)) for
the F'S and BS. However, remember that M and Ro depend on the gate voltage.

Once these parameters are known, current-voltages curves for the intrinsic transistor,
Ip—Vps , can be evaluated with (4.2), considering Vpg = Vp — V¢, as detailed in Section
4.2. Finally, the variation of the trapped charge from forward to backward sweeps can
be determined from (4.1), allowing for the variation of AP with Vpg for different values
of Vas , AP(Vpg, Vas), to be evaluated.
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4.3.3. Trapped charge analysis of the contact region

An alternative way to estimate the trapped charge during the hysteresis cycle is to
analyse the current voltage curves at the contact region Ip — Vi, taking into account
the relation that parameters M or Ro have with the free charge density in this region
(see equations (4.7) and (4.8) above). The mobile charge in the organic material can be
divided in two parts: free charge density in the contact region peoniaer and free charge
density in the intrinsic channel p.panne; - The free charge density in the contact region can
be considered a fraction of the last one: peontact = Penanner/ K, K > 1 . Therefore, if we
estimate the dependence with the gate voltage of peontact in both F'S and BS (peontactys
and pPeontactzs » respectively), and if we also know the fraction K in both F'S and BS
(Kps and Kpg, respectively), the variation of the trapped charge density during the

hysteresis cycle can be determined from:

AP(VG) = Pchannelpg (VG) — Pchannelpg (VG) - KFSpcontactFS - KBSpcontactBs (49)

Thus, the objective is to determine these constants Krg, Kpgg and the charge density
at the contact.

Despite the difference in magnitude of the free charge density at the contact and
in the intrinsic channel, the threshold voltage must be the same for both. There is no
physical reason to believe that the charges in these two adjacent regions start appearing
at different gate voltages. Therefore, during the characterization procedure we must look
for solutions consistent with this condition.

The free charge density in the contact region is linked to parameters R or M by
expressions (4.7) and (4.8), respectively. When a non-linear behaviour is observed in the
output characteristics at low voltages, the M (V) parameter can be extracted with our
procedure of Sections 4.3.1 and 4.3.2 (see also Chapter 2). This parameter is proportional
to the free to total charge ratio 6(Vy) at the contact region (4.8). The value of 6(Vg)
for each sweep can be determined from M (Vf), and introduced in (4.6), where the p(0)
variable can be extracted for every pair (Vi, 7). The charge density at the contact can
be estimated by considering peontact = qp(0) [90]. The variable p(0) in (4.6) depends on
the contact voltage Vi and the current density j. At the same time, the curves (7 — Vi)

depend on the gate voltage. If we are searching for a dependence of p(0) with Vi, we can
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consider a critical value for the contact voltage, and analyse its evolution with the gate
voltage. The result can be compared with the charge density in the intrinsic channel,

usually expressed as [77]:

Pchannel = Ci(VGS - VT)/to (410)

where t, is the thickness of the organic material. The value of the contact voltage is
selected in such a way that the transistor is in the linear region, and we can assume
Vas = V. For a constant value of Vg = Vpg1 and different values of V5, Ip is extracted
from the Ip(Vg, Vps) curves (Fig. 4.2). From these values of Ip, Vi is obtained as a
function of the gate voltage Vo (Vi) = \/ID(Vg, Vps1)/M (V). This is repeated for the
FS and BS (these values are named Ip,, Ip,, and Ve in Fig. 4.2). Finally, the charge

density can be evaluated by substituting Vo (Vi) and Ip(V, Vpsi) in (4.6), thus obtaining
an estimation of the charge density at the contact as a function of the gate voltage

Pcontact (VG) .

As we mentioned above, the charge density at the contact, obtained using the pro-
cedure described, is expected to be proportional to the charge density in the intrinsic
channel. The value of the proportionality constant K can be determined by comparing
Peontact AN Peranner- In case there is no hysteresis, the value of the charge density in the
intrinsic channel can be estimated according to (4.10). In case experimental data show
hysteresis, the way to extract the value of the charge density in the intrinsic channel be-
comes difficult, as the threshold voltage can vary during the voltage sweep. This means
that (4.10) should be used with care.

Fig. 4.3 shows a scheme with different trends for the free charge density as a function
of the gate voltage. Curves (1) represent (4.10) for constant values of V at F'S and BS,
Peontact AN Pepanner > respectively. We also represent two different trends of pepanner in
case Vr changes with V5. Depending on the variation of Vi with the gate voltage, we
can expect curves (2) or (3), separating from the straight line given by (4.10). As the
charge density in the contact is a proportional to pepanner, curves (4) or (5) should be
expected, respectively. We recognize that there is an initial region at low gate voltages
where trapping effects are not noticeable and Vi can be assumed as constant. We have
described above how to estimate the evolution of the free charge density at the contact

with V. From this estimation, we can know whether curve (4) or curve (5) is the actual
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Figure 4.3: Schematics for the free charge density in the intrinsic channel and in the contact
region for forward (solid lines) and backward sweeps (dotted lines): (1) Free charge density
density in the channel according to (4.10) and Vr constant; (2) and (3) expected free charge
density in the channel assuming Vi as a function of Vg; (4) and (5) expected free charge
density in the contact region, proportional to the free charge density in the channel, (2) and
(3), respectively.

case. In order to obtain Krg and Kpg, we analyse the region of the peontace curve that

shows a linear trend with Vi; and compare it with (4.10).

This procedure has been described and applied to the output characteristics showing
a non-linear trend caused by the contact effects at low Vp (Ohmic region). A similar
procedure is followed when the contact effects show a linear I, — Vi behaviour, and
the output characteristics show accordingly a linear trend in this Ohmic region. In this
case, the values of R extracted for different Vi are analysed, and the product 0p(0) is
extracted from (4.7). A lower limit of p(0) can be obtained by assuming 6 ~ 1.
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4.4. Results and Discussion

To check the validity of the procedure described in the previous section, we analyse
measurements of output characteristics taken by other authors in transistors showing

linear or non-linear trends at low drain voltages Vp [14][87][13].

4.4.1. Non-linear contact current-voltage curves

Fig. 4.4 shows output characteristics with hysteresis measured in a rubrene single
crystal TFT' (symbols) [14]. In this transistor, the gate dielectric thickness is ¢,=5 pm,
the channel length L =16 pum, the transistor width w=500 pym and the organic-film
thickness ¢;,=0.3 um. These current voltage curves in the F'S and BS are compared with
the compact model (4.2) with parameters obtained by our characterization method (solid
line). The parameters obtained from the fitting procedure are: 1,=0.38 cm?/(Vs) , y=0,
V1,s=-0.36 V and Vp,,=-0.40 V. The output characteristics show a non-linear trend at
low Vp. For this reason, we analyse the current-voltage curves at the contact with (4.8).
Parameter M in (4.8) for forward and backward sweeps for each Vi is given in Table.
4.1.

Table 4.1: Extracted values of Mpg and Mpg for the rubrene single-crystal sample with
output characteristics in Fig. 4.4.

VG (VOltS) MFS (A/Vz) MBS (A/Vz)
-8 0.90 x 107 0.90 x 107°
-12 1.00 x 107%  1.00 x 1076
-16 1.10 x 107¢  1.15x 107
-20 1.41x 107  1.46 x 1076
-24 1.42x 1076 147 x 107
-28 1.43x 1076 148 x 1076
-32 144 x 107%  1.49 x 107

We would like to remind that the fitting procedure requires three conditions to be
satisfied.

(1) A good agreement between experimental and numerical results. The existence of
some fitting parameters can produce different agreements for different combinations

of these parameters. In this regard, two other conditions are imposed.
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Figure 4.4: (a), (b) Comparison of experimental output characteristics (F'S, circles; and BS,
squares)of a rubrene single crystal field effect device measured [14], with our compact model
(solid line). Vg = —8 to —32 V from top to bottom with a —4 V step. (c) Free charge density in
the device as a function of Vi: evaluated from (4.10) with V7, = —0.36 V and V7, = —0.40 V
constant (Superimposed solid line); Kpgpcontactyg With Kpg = 170 (circles); and Kpspeontact s
with Kpg = 170 (Squares); AP = Kpspcontactps — K FSPcontactps (dotted line); AP evaluated
from (4.1) (diamonds),

(11) The current voltage curves at the contact, extracted from (2) by using the values of
the parameters v, u,, Vr , must show continuous increment of I with increasing

Ve , according to the expected physical behaviour [83][86].

(1) The evolution of the free charge density of the contact with the gate voltage, es-
timated with the procedure described in the previous section, must be consistent
with the values of the threshold voltage Vr,, and Vr,, . This means that the free
charge density must appear at the contact region and in the intrinsic channel simul-
taneously. In the iterative procedure, if different threshold voltages are obtained
for the free charge density at the contact and in the intrinsic channel, then a new

threshold voltage is used in (4.2) consisting on the mean value of both. Parameters
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~v and p, are maintained equal to the previous solution, and parameters M or R¢
are varied in order to get a good agreement between the experimental data and

our compact model prediction.

For the experimental data of Fig. 4.4(a) and (b), the free charge density at the contact
and in the intrinsic channel are determined as a function of Vg in the F'S and BS.
The results are represented in Fig. 4.4(c). The charge density at the contact, estimated
as Peontact = qp(0), is determined at Vps = —6 V, following the procedure described in
Section 4.3.3. The charge densities at the contact, peontactps aNd Peontact g » are multiplied
by the factors Krpg = 170 and Kpg = 170 (circles and squares for the F'S and BS,
respectively). They are multiplied by these factors in order to compare the result with
(4.10) evaluated for Vi, and Vip, (straight solid line). Only one curve is seen for both
V. and Vi, because Vi, = Vi, .. Fig. 4.4(c) shows the fulfilment of another condition
of our fitting produce: the same threshold voltage for the charge density in the intrinsic
channel and in the contact region. The third condition of acceptable Ip — Vi curves at
the contacts is also fulfilled, although it is not shown in the figure.

Once the solution exists and is physically acceptable, information of the trapping
processes during the hysteresis cycle can be extracted from the two procedures described
in Sections 4.3.2 and 4.3.3. In Fig. 4.4(c), the difference ( Kpspeontactrs — KBSPeontact s )
between the circles and squares, is represented as a dotted line. The variation of the
trapped charge extracted from the output characteristics of the intrinsic transistor is also
represented with open diamonds in Fig. 4.4(c). This curve shows the result of evaluating
(4.1) at Vps = —6 V and different gate voltages. A good agreement between these two
different procedures is observed. It demonstrates that information of the trapping process
during hysteresis can be obtained, first by separating contact effects from the output
characteristic of a transistor, and second, by analysing separately the current voltage
curves at the contact or the current voltage curves in the intrinsic channel, obtaining
similar results. This agreement allows us to identify Kpspeontactrs and Kpspeontactps
(circles and squares in Fig. 4.4(c), respectively) as the charge density in the channel in
both sweeps. They do not follow the linear trend of (4.10) at high Vi because Vr is
modified due to the variation in the trapped charge. The difference between the curve in
solid line and any of the curves with circles or squares can give information about the

traps present in the organic semiconductor. The fact that the peoneer curves are located
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under the solid line (4.10) means that positive charge is trapped, increasing the absolute
value of the threshold voltage above the extracted values V., and Vp, . The inequality
Krspeontactrs > KBSPeontactss Means that some positive charges are released from the
traps, but not all that were initially trapped. As V increases, more free charges are
trapped but only a fraction is de-trapped, the same quantity for different Vg, as shown
in the dotted line or the diamonds. On average, the variation of trapped particles per
unit area is 4 X 10" cm™2. The experimental data in Fig. 4.4(a) and (b) were treated in
the past by the four terminal method [14], in order to eliminate the contact effects. In
this technique, two probes are connected at the source and drain terminal and other two
probes are separated at such a distance from the terminals as to eliminate the voltage
drop in the contact region [14]. They obtained a larger value for the variation of trapped
charges per unit area, AP = 10 x 10' cm™2, but this value is of the same order of
magnitude as we obtained.

This difference may be explained by some of the suggestions the authors left open for
future consideration. One of them was the calculation of the threshold voltage where the
contact effects were not eliminated. The other one was the extraction of the mobility by
the four probe method, which showed a questionable dependence on the drain voltage.
Our compact model solves all these open questions as it incorporates the contact effects
in the determination of these variables. Moreover, it is based on easier-to-implement-
measurements such as the two-probe technique. In any case, the study of this difference

is treated in detail in the next chapter.

4.4.2. Linear contact current-voltage curves

Fig. 4.5 shows a set of output characteristics with hysteresis measured in a pentacene
single crystal TF'T (symbols) [13]. In this transistor, the gate dielectric thickness is
t; = 0.3 pm , the channel length L = 26 pm, the transistor width w=2000 pgm and
the organic-film thickness ¢,=120 nm. These current voltage curves in the F'S and BS
are compared with the compact model (4.2) in combination with the linear model (4.7)
for the current-voltage curves at the contact, as the output characteristics show a linear
trend at low Vp . Our numerical results are shown in solid lines in Fig. 4.7a and b. The
parameters obtained from the fitting procedure are: u, = 0.191 cm?/(Vs), v = 0.004,
Vips = 9.09 Vand Vi, = 7.95 V. The parameter R¢ in (4.7) for forward and backward
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Figure 4.5: (a), (b) Comparison of experimental output characteristics (F'S , circles; and BS,
squares) of a pentacene single crystal field effect device [13], with our compact model (solid
line). Vi is swept from 0 to - 80 V (OFF-to-ON) with a -20 V step. (c), (d) Extracted current
voltage curves at the contact region from (a) and (b), respectively.

sweeps for each Vi is given in Table. 4.2.

Table 4.2: Extracted values of R¢, ¢ and Roc—pg for the pentacene single-crystal sample with
output characteristics in Fig. 4.5.

VG (VOltS) RCFS (Q) RCBS (Q)
-20 2.90 x 10°  2.90 x 10°
-40 1.72 x 10°  1.60 x 10°
-60 1.28 x 10°  1.15 x 106
-80 1.08 x 10% 0.95 x 10°

Combining in (4.2) the above values of p,, 7 and with the experimental values (Ip, V)
of Fig. 4.5(a), then the current-voltage curves at the contact in the F'S can be obtained.
The result is seen in Fig. 4.5(c), where an almost perfect linear trend is observed, as

expected. Repeating the same procedure with the experimental values (Ip, Vp) of Fig.
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Figure 4.6: Free charge density in the intrinsic channel of the transistor with output cha-
racteristics in Fig. 4.5 as a function of Vi: evaluated from (4.10) with V7,,=9.09 V and
Vr,s=7.95 V (solid lines); 0 K pspcontactys With 0Kpg =38x10% (circles); and 0K BSpcontact s
with 0 K pg=35x10% (squares).

4.5(b), then the current-voltage curves at the contact in the BS can be obtained (Fig.
4.5(d)). The third condition of our fitting procedure aims at the threshold voltages of the
charge density in the intrinsic channel and in the contact region, which must be the same.
As in the case of the non-linear I'p — Vi curves in the contact, the charge density in this
region can be estimated as peontact = qp(0). Introducing the fitting values for and in (4.7),
values of Op(0) can be obtained. If # is unknown, peoniact is N0t completely determined.
However, this is no obstacle for the purpose of finding the threshold voltage. Fig. 4.6
shows with symbols the charge density at the contact as a function of the gate voltage
for the F'S and BS, multiplied by the factors 0 K 5=38x10? (circles) and § K pg=35x10?
(squares), respectively. This calculation is made at a low drain voltage (Vps = —6 V)
following the procedure of Section 4.3.3. These two curves are compared with the free
charge density evaluated with (4.10) for Vi, and Vi, (straight solid lines). These are
almost superimposed due to the similar values of V7, and V7, and the scale factor used
in the figure. From this comparison, we observe that the charge density in the contact

region starts appearing at the same values of Vp, . and Vp,.

Once the three conditions of our fitting procedure are fulfilled, the variation of the
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trapped particles per unit area can be evaluated from (4.1). However, prior to the analy-
sis of the data in Fig. 4.5, we show a case where one of the conditions of our fitting
method are not fulfilled, and how our method solves this problem. Fig. 4.7 shows output
characteristics with hysteresis measured in the same transistor as in Fig. 4.5 (symbols)
[13]. In Fig. 4.5, the gate voltage sweeps from —20 to -80 V with a —20 V step (OFF-
to-ON). In Fig. 4.7, the gate voltage sweeps from ON-to-OFF (-80 to -20 V) with a 20
V step. These current voltage curves in the F'S and BS are compared with the compact
model (4.2). The parameters used in the fitting are the same as in Fig. 4.5 except the
parameter Rqo. The values of this parameter for forward and backward sweeps for each

Vi are given in Table 4.3.

Table 4.3: Extracted values of R¢, 4 and Roc—pg for the pentacene single-crystal sample with
output characteristics in Fig. 4.7.

VG (VOltS) RCFS (Q) RCBS (Q)
-20 7.0 x 10 7.0 x 10°
-40 2.9 x 105 2.6 x 10°
-60 1.7x10% 1.4 x 10°
-80 1.1 x10%° 1.0 x 10°

For the experimental data of Fig. 4.7(a) and (b), the evaluation of the free charge den-
sity in the device with Vi in the F'S and BS can be seen in Fig. 4.7(c). The charge density
at the contact during the F'S and BS (peontactps a0 Peontacts 5 TeSpectively), estimated
as Peontact=4qp(0), is evaluated at Vps = —6 V and following the procedure described in
Section 4.3.3. These charge densities are multiplied by the factors 0 Kpg=11x10% and
0K ps=11x10? (circles and squares, respectively). The resulting curves are compared
with (4.10) evaluated at Vp,, and Vi, (straight solid lines). According to Fig. 4.7(c),
the charge density in the intrinsic channel and in the contact region starts appearing at
different threshold voltages: ~+9 V and =-8.5 V, respectively. This result means that
the set of fitting parameters do not provide a good physical solution, despite the good
agreement between the experimental data and the results of the compact model (4.2).
Under this circumstance, the iterative procedure must be repeated using the average
values of the threshold voltages obtained for the intrinsic channel and contact regions in
FSand BS:Vr,,=0V and Vp, =1V, respectively. Parameters v and p, are maintained

equal to the previous solution, and parameters Rq are searched in order to get a new



88 4. Characterization of OT FT's with hysteresis and contact effects

I5 (HA)
&

N
o
]

(SN
ol
T
|

[N
o
T

.0

Free charge density ( x 10 c. cm_3)

Iy (HA)
o

©

—9.0 0 20 40 60 80
-V, (V)

Figure 4.7: (a), (b) Comparison of experimental output characteristics (F'S , circles; and BS,
squares) of a pentacene single crystal field effect device [13], with our compact model (solid
line). Vi is swept from - 80 to 0 V' (ON-to-OFF) with a 20 V' step. The values of the fitting
parameters R¢,, and Rc, are in Table. 4.3. (c) Free charge density in the intrinsic channel as
a function of Vi: evaluated from (4.10) with Vg, =9.09 V and Vp,, = 7.95 V' (superimposed
solid lines); peontactps With 0 Kpg = 11 X 10 (circles) and Peontactgs With 0Kpg = 11 x 103
(squares).

agreement between the experimental data and our compact model. This is shown in Fig.
4.8(a) and (b). The new set of values for the parameter R¢ in (4.7) for forward and

backward sweeps for each V; are given in Table 4.4.

Table 4.4: Extracted values of R¢, 4 and Rc_pg for the pentacene single-crystal sample with
output characteristics in Fig. 4.7.

VG (VOltS) RCFS (Q) RCBS (Q)
-20 5.00 x 105 5.00 x 10
-40 2.45 x 105 2.20 x 108
-60 1.55 x 108 1.35 x 106
-80 1.05 x 108 0.95 x 106
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Figure 4.8: (a), (b) Comparison of experimental output characteristics (F'S , circles; and BS,
squares) of a pentacene single crystal field effect device [13], with our compact model (solid
line). Vi is swept from - 80 to 0 V' (ON-to-OFF) with a 20 V' step. The values of the fitting
parameters Rc,, and Rc,g are in Table. 4.4. (c) Free charge density in the intrinsic channel
as a function of Vg: evaluated from (4.10) with V7, =0V and Vp,, = —1 V (superimposed
solid lines); peontactps and Peontactps With 0Kpg = 42 x 10? (circles) and 0Kps = 39 x 103
(squares).

For this solution, the evaluation of the free charge density in the device with V in
the F'S and BS can be seen in Fig. 4.8(c). The charge densities at the contact during
the F'S and BS ( peontactps a1d Peontactps > respectively), estimated as peontact=qp(0), are
evaluated at Vpg = —6 V following the procedure described in Section 4.3. The charge
density at the contact is multiplied by the factors 0K pg=42x10? and 0K gg=39x10?
(circles and squares, respectively). This solution shows how the threshold voltages of the
charge density in the contact and in the intrinsic channel coincide.

Once a physical solution has been obtained, the variation of trapped particles per
unit area can be extracted from the output characteristics of the intrinsic transistor.
The variation AP is obtained from (4.1) evaluated at Vpg = —6 V and different gate
voltages. The equivalent drain-terminal voltage is Vp = Vps+Vs ~ —10 V. Fig. 4.9 shows,
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Figure 4.9: Variation of the concentration of trapped particles per unit area as a function of
the gate voltage. (a) AP is extracted from (4.1) at Vps =6 V (A(Ip(Vps, Vg)). (b) AP is
extracted from (4.1) at Vp = -10 V (A(Ip(Vp,Vs)); Vbs and Vp are related by the contact
voltage Vg ~ —4 V. Circles and squares represent the OFF-to-ON case of Figs. 4.5(a) and (b),
and the ON-to-OFF case of Figs. 4.8(c) and (d), respectively.

in solid lines with symbols, the result of this calculation as a function of gate voltage
for the OFF-to-ON case (circles) and the ON-to-OFF case (squares). On average, the
variation of the concentration of trapped particles per unit area is AP = 1.24 x 10
em~2 and AP = 2.1 x 10" cm~2 for the F'S and BS, respectively. These values are in
agreement with the values obtained for the same transistors by transient experiments
[13].

The advantage of our procedure is the use of a compact model that describes the
output characteristics of the transistor measured with the two-terminal method. Essential
parameters such as the threshold voltage and the mobility, the contact voltage and a
solution of the variation of trapped charge during a hysteresis cycle are determined
with these experimental and modelling tools. Other techniques, such as the transient
experiments need to be complemented with other measurements (transfer or output
curves) in order to determine all this information. The use of other models that do not
consider the contact effects properly may alter the results significantly. Fig. 4.9 shows,
in dotted line with symbols, the results of evaluating the concentration of the trapped
particles per unit area by considering the output characteristics of the transistors referred

to its terminal voltages Ip(Vp, V), instead of using the intrinsic transistor response.
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They are evaluated for Vp, = —10 V, which is related to Vps = —6 V by the contact
voltage (Vs ~ 4 V). We observed a decrease of one order of magnitude compared to the
results obtained by the analysis of the intrinsic transistor (i.e. by eliminating the contact
effects). This difference in the results obtained by considering the contact region or not

are treated in detail in the next chapter.
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5.1. Introduction

In Chapter 2, we proposed a method to extract the voltage drop at the contact region
from the output characteristics of the transistor [86][83]. The basis of this method is the
combination of a characterization technique [73] with a compact model that incorporates
the effect of the contacts in both the drain and gate voltages, and the mobility and the
threshold voltage [9]. In Chapter 4, we applied this method to curves with hysteresis.
Hysteresis adds the problem of working with a variable threshold voltage from the forward
sweep (F'S) to the backward sweep (BS), and even during each sweep. We proposed a

solution to overcome this inconvenience during the extraction process [91].

In the literature, we can find studies that characterize the hysteresis in OT FT's from
transfer and output characteristics. In some cases, contact effects are not considered
[13]. In other cases, contact effects are eliminated from the experimental data by using
elaborate experimental procedures such as the four-terminal method, instead of the usual
two-terminal one [14]. Different results are obtained depending on the characterization
method and the importance given to the contact region of the transistor. The complete
isolation of the intrinsic transistor from the contact region should be essential to obtain
accurate results. Other studies analysing different properties of OT F'T's, such as the
low-frequency noise, showed the importance of determining the correct voltage across

the intrinsic channel by removing previously the contact resistance [88].

In this chapter, we propose a precise way to remove the contact voltage from the
output characteristics of an OTFT. The objective is to determine accurately the variation
of trapped charge produced during voltage cycling in the output characteristics of the

transistor.

In the previous chapters, we have developed and checked a method to extract the
current-voltage curves at the contact (Ip = Ip(Vs)) and the output characteristics of the
intrinsic transistor (Ip = Ip(Vps, Vas)) from the experimental curves (Ip = Ip(Vp, Vi)
(Fig. 5.1). Once these curves are extracted, the variation of the trapped charge during a
hysteresis cycle can be determined considering the variations of the drain current during
a hysteresis cycle. In the previous chapter, we determined the variation of the trapped
charge by analysing the variation of the curves Ip(Vpg, Vo). In that case, we assumed
Vias = V. In this chapter, we determine this variation of the trapped charge by analysing
the intrinsic transistor, described by the Ip = Ip(Vps, Vias) curves (Fig. 5.1). We also
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Figure 5.1: The proposed equivalent circuit of a T'F'T including a voltage drop at the source
contact Vo = Vg [83].

evaluate this variation directly from the experimental Ip = Ip(Vp, Vi) curves. All these
cases intend to reproduce characterization methods found in the literature where the

contacts are treated in different ways [13][14].

Other situations can be analysed, as the contact effects have been treated and mo-
delled extensively in the past. There are models that remove the contact effects mainly
from the drain-terminal voltage, provide excellent fittings with the experimental data,
and extract the contact I-V curves from the experimental ones [59][67][36]. It is our ob-
jective to determine the variation of the trapped charge produced during a hysteresis
cycle under the conditions imposed by all these models and to compare their results.
Even the classical M OS model is analysed, in order to quantify the effect of neglecting
the contact effects completely. The objective is to find out whether it is worth dealing
with a more elaborate and precise characterization procedure instead of working with a
simpler but less precise one; or whether it is worth extracting the intrinsic current vol-
tage curves of the OTFT instead of working directly with the experimental data. This

is discussed in this chapter.
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5.2. Variation of the trapped charge in voltage cy-

cling

Hysteresis phenomena can appear in output (/p—Vp) and in transfer (Ip—Vg) curves
of OTFT's. In case no contact effects are present (Vi = 0 in Fig. 5.1), a way to determine
the variation of the trapped charge is by measuring the displacement current or difference
in the drain current between forward- (F'S) and backward-sweep (BS) curves, at certain
values of the drain and gate voltages, Alp = Alp(Vp, V). The relation between the
variation of the trapped particles AP in the intrinsic channel of a transistor and the

current displacement AIp = Alp(Vp, Vi) is given by [13]:

AP — A[DXL
gxXwXxXVpXpu

(5.1)

where ¢ is the elementary charge,  is the charge carrier mobility, L and w are the channel
length and width of the transistor’s organic material, respectively. In case contact effects
are present, (Vo # 0), we propose to determine the variation of the trapped particles by
measuring the difference in the drain current between the F'S and BS that occurs in the
intrinsic channel of the transistor, Alp = Alp(Vps, Vas), (Fig. 5.1):

AP — AIDXL
gxXwxVps X pu

(5.2)

The results obtained by substituting Alp(Vps, Vas) in (5.2) are expected to be free

of contact effects, and thus, close to the actual results.

The process of extraction of the output characteristics of the intrinsic transistor
Ip(Vps, Vas) begins by extracting the curves Ip = Ip(Vps) and Ip(Vs) from the measu-
red output characteristics Ip(Vp) at Vi = constant. The process of extraction considers
that Ip = Ip(Vs) = Ip(Vps) = Ip(Vp) and Vp = Vpg + Vs at Vg = constant. 5.2 shows
two examples of this procedure applied to transistors analysed in this work [87][14]. Sub-
sequently, a simple numerical treatment of the curves Ip = Ip(Vps) and Ip(Vs) at Vg =

constant provides a set of curves for the intrinsic transistor: Ip(Vpg) at Vs = constant.
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Figure 5.2: Extraction of current-voltage curves of the intrinsic channel, Ip(Vpg), and the
contact, Ip(Vs), from experimental curves measured at the external terminals of OTFT's,
Ip(Vp). Ip = Ip(Vs) = Ip(Vps) = Ip(Vp) and Vp = Vpg + Vs. The transistors show (a)
linear [87] and (b) non-linear Ip(Vg) curves at the contacts [14]. In a second step, curves
Ip(Vps) at Vigs = constant can be obtained. The dashed and solid lines represent the forward
(F'S) and backward sweeps (B.S), respectively.

5.3. Transistor models

The process of separating the contact and intrinsic contributions in the OTF'T, requi-
res a model that incorporates the contact effects. As the basis of this work, we consider
the compact model that presented in Chapter 2. It describes the output characteristics

in a transistor as [83][73]:

L 1oCi
Ip— = 2 ((Vag—Vr—V) "2 — (Vo — Vip — Vp)' T2 5.3
D 7+2[(@ 7 —Vs) (Vo =V —Vp)"™ (5.3)
Ip = E,orID:MVSQ
Rc

where C; is the gate insulator capacitance per unit area, Vi is the threshold voltage, i, is
the mobility at zero electric field (1 = po(Ve — V) ) and p is the mobility enhancement

factor. The contact voltage Vs is modelled by a linear or non-linear relation with Ip
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depending on the behaviour of the output characteristics at low drain voltage. The
advantages of this method is that it clearly distinguishes the contact voltage Vs from the
terminal voltages Vi and Vp.

There are models that eliminate the contact voltage only from the drain-terminal
voltage [59][67][36]. They can be used instead of our compact model to obtain the intrinsic
and contact contributions. However, they represent an intermediate situation between a
compact model that eliminates the effect of the contacts from both the drain and gate

terminals, and the classical M OS model that neglects all these effects:

w oCi V2

]D = ML [(VG — VT)VD — TDL VD < VG — VT (54)
w OC,’

Ip = == (Ve = Vi), Vb 2 Vo — Vi

In order to consider the effect of analysing an OTFT under a generic intermediate
situation, we consider a modification of (7.1), while maintaining the model of the contact
region of (5.3). It assumes that the contacts affect only on the drain voltage (Vps =
Vp—Vs) while Vg = V. Thus, this modification affects only the triode region in (7.1):

w oCi V2

Ip = ML (Ve = Vr)Vps — _;)s] (5:5)
w oCi

Ip = gL (Ve = Vr)*,Vp > Ve — Vi

Ip = E,or Ip=MV?
Re

In the following section, we determine the variation of the trapped particles (AP)
from output characteristics with hysteresis taken from the literature [14][87], using the
models (5.3)-(5.5) (Table 5.1). The objective is to determine which parameter or variable
is affected the most by the contact region: the mobility or the gate- and drain-terminal
voltages.

In procedures # 1, # 2 and # 3 of Table 5.1, the transistor is modelled with the
compact model (5.3). AP is extracted from variations in the drain current referred to:
the intrinsic voltages (Vpgs and Vigg) (procedure # 1); the intrinsic Vpg and the external
Ve (procedure # 2); and the external Vi and V) (procedure # 3). The mobility in these
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three cases is assumed free of contact effects and the same in all of them, as the compact

model is used to reproduce the experimental output characteristics.

To analyse the effect of the mobility on the determination of AP, model (5.5) is also
used to fit the experimental data (procedures # 4 and # 5). Basically, the mobility and
the threshold voltage are extracted from the saturation region. Therefore, no relation
to the contact region is established. The contact parameters, Rc or M, are extracted
from the triode region. In procedure # 4, the variation of the drain current is referred to
the intrinsic Vpg and the external V. In procedure # 5, AP is referred to the external
voltages Vp and V. This last case represents the worst scenario as contact effects are
neglected in both the mobility and terminal voltages. Procedures # 2, # 3 and # 4
represent intermediate situations between the best and worst scenarios. In any case, we
aim to find out how far these situations are among each other, and whether a good

approximation to case # 1 exists or not, in order to obtain more simple calculations.

These procedures are applied to the linear regime of the transistor, where the variation
of the trapped charge is evaluated at different gate and drain voltages. The output
characteristics affected by contact effects show typically two different trends at low drain
voltages. Non-linear [75][60][59], and linear relations [75][22][92] can be observed in this
low drain voltage region. In this work, we analyze output characteristics taken by different
authors showing both trends (Fig. 5.2) [14][87].

Table 5.1: Procedures to determine the variation of the trapped particles (AP) during a
hysteresis cycle in the transistor. The AP is extracted analysing the variations of the drain
current referred to the voltages at the external terminals (5.1) or at the intrinsic transistor
(5.2). The intrinsic voltages are extracted employing the compact model (5.3) or model (5.5).
The effect of the contact voltage on the mobility is also checked. Two different values for the
mobility are extracted: one extracted from the compact model (5.3) and another from model
(5.5).

Procedure AP I —V Correction of contact Mobility Correction of contact

Model Model effects on terminals model effects on p
#1 (5.2)  (5.3) Vb, Vo (5.3) Yes
# 2 (5.2)  (5.3) Vb (5.3) Yes
# 3 (5.1)  (5.3) none (5.3) Yes
#4 (5.2)  (5.5) Vb (5.5) No
#5 (5.1)  (5.5) none (5.5) No




100 5. Variation of the Trapped Charge in OTFTs during Hysteresis

5.4. Results and discussion

5.4.1. Transistors with linear contacts

Figs. 5.3(a) and (b) show with symbols output characteristics with hysteresis measu-
red in a pentacene single crystal T'F'T [87]. In this transistor, the gate dielectric thickness
is t; = 1pum , the channel length L=100 pm, the transistor width w = 1 mm, the organic-
film thickness t, = 100 nm. The drain-source electrodes are deposited through a shadow
mask and the metal thicknesses are C'r = 5 nm and Au = 40 nm. These current voltage
curves in the F'S and BS are compared with the compact model (5.3) in combination
with the linear model (5.6) for the current-voltage curves at the contact, as the output
characteristics show a linear trend at low Vp values. Our numerical results are shown in
solid lines in Fig. 5.3(a) and (b). The parameters obtained from the fitting procedure
are: 1, = 0.0041 cm?/(Vs), v = 0.05, Vy,, = 5.18 V and Vg, = 3.55 V. Parameter R¢

in (5.6) for forward and backward sweeps for each Vi is given in Table. 5.2.

Ip = qSp(0)udVe/xc = Ve /Re (5.6)

Table 5.2: Extracted values from model (5.3) of R¢,, and Rc_pg for the pentacene single-
crystal sample with output characteristics in Fig. 5.3.

VG (VOltS) RCFS (Q) RCBS (Q)

0 14 x 10° 10 x 10°
-2 10 x 10° 6.0 x 10°
-4 6.0 x 10° 3.8 x 10°
-6 3.0 x 10° 2.1 x 10?
-8 1.8 x10° 1.3 x 10°

-10 1.2 x 107 1.0 x 10?

Combining in (5.3) the above values of p,, v and Vi, with the experimental values
(Ip,Vp) of Fig. 5.3(a), then the current-voltage curves at the contact in the F'S can
be obtained. The result is seen in Fig. 5.3(c), where an almost perfect linear trend
is observed, as expected. Repeating the same procedure with the experimental values
(Ip,Vp) of Fig. 5.3(b), then the current-voltage curves at the contact in the BS can be
obtained (Fig. 5.3(d)). The third condition of our fitting procedure aims at the threshold
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voltages of the charge density in the intrinsic channel and in the contact region, which
must be the same. The charge density in this region can be estimated as peontact = qp(0).
Introducing the fitting values for Re,., and R¢,, in (5.6), values of 8p(0) can be obtained.
If 6 is unknown, peontact is not completely determined. However, this is no obstacle for
the purpose of finding the threshold voltage. Fig. 5.4 shows with symbols the charge
density at the contact as a function of the gate voltage for the F'S and BS, multiplied
by the factors 6Kpg = 1 x 10* (circles) and §Kps = 5 x 10* (squares), respectively.
This calculation is made at a low drain voltage (Vps = -2 V) following the procedure of

Section 4.3.3. These two curves are compared with the free charge density evaluated as

Pchannel = Oi(VGS - VT)/to (57)

for V., and Vp,, . From the comparison in Fig. 5.4, we observe that the charge density
in the contact region starts appearing at the same values of Vp,, and Vp,.

Once the results of these tests have physical meaning, the current voltage curves of the
intrinsic transistor and of the contact region can be extracted following the procedures
described in Sec. 5.3. From these curves, the variation of the trapped charge can be

determined. Fig. 5.5 illustrates some steps of these extraction procedures.

» Procedure #1. Fig. 5.5(a) shows the drain current as a function of the gate
voltage Vg at Vps = 2 V. The variation of the drain current from Fig. 5.5(a) can
be introduced in (5.2) to determine AP as a function of Vgg. The average value
over Vgg is AP = 2 x 10'Y em™2. This procedure is repeated at different values
of Vpg in the linear region. The result is represented with circles in Fig. 5.6. The
average value over Vpg and Vg in this region is AP(#1) = 2.47 x 101 ecm~2. By
referring AP to the intrinsic voltages Vpg and Vg, we eliminate any relation to the
contact region. The mobility is also free from contact effects as the experimental
data have been reproduced by (5.3). To analyse the difference of working with the

intrinsic voltages or with terminal voltages, we study the following two procedures.

= Procedure #2. This case considers the effect of the contact region on the gate
terminal. The variation of the trapped charge is analysed as a function of Vpg
and V. Solid lines in Fig. 5.5(b), show the drain current as a function of Vi at

Vps = 2 V. By introducing the variation of the drain current Alp(Vpg, Vi) in
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Figure 5.3: (a), (b) Comparison of experimental output characteristics of a top gate coplanar
PVA / pentacene / Au OFET [87], with our compact model (solid line); (c), (d) Extracted
current voltage curves at the contact region. Vg = 0 to —10 V' from top to bottom with a —2
V step (F'S, circles; and BS, squares).

(5.2), the variation AP can be obtained. The average value over Vi evaluated at
Vps =2 Vis AP = 0.6 x 10'° cm~2, lower than in procedure #1. Repeating this
calculation at different values of Vpg in the linear region, we obtain the squares in
Fig. 5.6. The average value over Vpg and VG is AP(#2) = 0.3 x 10'° cm~2. The

relative difference between procedure #1 and #2 is 88 %.

= Procedure #3. In this case, the variation of the trapped charge is extracted

directly from the experimental data Ip = Ip(Vp,Vy). We analyse the effect of
working with the terminal voltages instead of the intrinsic ones. However, the
mobility is extracted from the fitting of the experimental data with (5.3). This
situation might be interesting if these results were close to the ones in procedure
#1, since no computational time is needed to determine Ip as a function of the

intrinsic voltages. The dotted lines in Fig. 5.5(b) show the drain current as a
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Figure 5.4: Free charge density in the intrinsic channel of the transistor with output cha-
racteristics in Fig. 5.3 as a function of V: evaluated from (4.10) with Vp,, = 5.18 V and
Ve = 3.55 V (solid lines); 0K pspeontactps With 0K pg = 1 x 10% (circles); and 0 K 5speontact s
with 0 Kps = 5 x 103 (squares).

function of Vi; at Vp = —2 V. By introducing the variation of the drain current
Alp(Vp, V) in (5.1), AP can be obtained. The average value over Vi evaluated at
Vp=—-2Vis AP = 0.93 x 10'° cm~2, lower than in procedure #1. Repeating this
calculation at different Vpg, we obtain the crosses in Fig. 5.6. The average value of
AP over Vp and Vg is AP(#3) = 0.77 x 101° cm~2. The relative different between
procedure #1 and #3 is 68 %. This relative variation is better than in procedure
#2, however this result disregards the possibility of using directly the experimental
data to obtain an accurate value of AP. Otherwise, we have to be conscious of the

error we manage with.

s Procedure #4. In procedures #4 and #5, we consider the effect of the contacts
on the mobility and how this variable affects the determination of AP. We consider
model (5.5) with Ip = Vio/Re to fit the same experimental data of Fig. 5.3. The
fitting of the experimental data with model (5.5) can be seen in Figs. 5.7(a) and
(b). In this case, another set of fitting parameters is obtained: j, = 0.0024 cm?/
Vs and Vr = 0.6 V for both F'S and BS. The parameter R¢ in (5.5) for forward
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Figure 5.5: Transfer characteristics corresponding to the transistor in Fig. 5.3 [87]. (a) Proce-
dure #1, intrinsic transistor, Ip(Vas) at Vpg = —2 V. (b) Procedure # 3, external terminals,
Ip(Vi) at Vp = —2 V (dotted lines); and procedure # 2, intermediate situation, Ip(Vy) at
Vbs = —2 V(solid lines). (F'S, circles; and BS, squares).

30 | ‘

Variation referred to:
257 Vos'Ves
201 D

15F 1

Variation of trapped particles (x10 9 cm_z)

Figure 5.6: Variation of trapped particles obtained from the hysteresis cycles in Fig. 5.3.
Intrinsic transistor, #1, (circles); intermediate situation, #2, (squares); external terminals,
#3, (crosses).
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Figure 5.7: Comparison of the same experimental output characteristics of Fig. 5.3 (circles
F'S; and squares BS) with model (5.5) (solid lines). Vg = (-2, -4, -6, -8, -10) V from top to
bottom

and backward sweeps for each Vi is given in Table 5.3. Although a good fitting
is obtained, it does not mean that the fitting parameters have a good physical
meaning, as has been checked positively with the ones extracted from model (5.3).
An extensive discussion on how to select a proper value for the threshold voltage

from curves with hysteresis was done in Chapter 4 [91].

Table 5.3: Extracted values from model 5.5 of R¢,.¢ and Rc, for the pentacene single-crystal
sample with output characteristics in Fig. 5.7.

VG (VOltS) RCFS (Q) RCBS (Q)

0 55 x 108 20 x 10%
-2 40 x 108 18 x 108
-4 35 x 108 15 x 108
-6 17 x 108 8.0 x 108
-8 8.0 x 10% 4.0 x 108

-10 3.5 x 108 2.5 x 108

Once this agreement is achieved, the curves Ip(Vpg) for Vi = constant can be
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Figure 5.8: Transfer characteristics, Ip(Vg) at Vpg = —2 V, after the fitting of the experi-
mental data [87] in Figs. 5.7(a) and (b) with model (5.5). (F'S, circles, and BS, squares).

extracted from the experimental data, as detailed in Sec. 5.3. One of the results
the extraction process is shown in Fig. 5.8, where I is represented as a function
of Vg at Vps = —2 V. The variation of the drain current from Fig. 5.8, Alp =
Alp(Vps, Vi), can be inserted in (5.2) to determine AP as a function of V. At
Vbs = —2 V, the average value over Vg is AP = 0.09 x 10'° cm~2. This procedure
is repeated at different values of Vpg in the linear region. The average value over
Vps and Vi in this region is AP(#4) = 0.74 x 10" ¢cm™2. In order to analyze the
effect of the contact region on the mobility, we can compare this result with the
one in procedure #2, as Alp is referred to the voltages Vpg and Vi, in both cases.
Despite using different models, the ratio of AP between procedures #2 and #4 is
similar to the ratio of the values of the mobility obtained with the models (5.3)
and (5.5): 1 (model (5.3)) /u (model (5.5)) (=ratio of the values of the mobility
extracted from the models (5.3) and (5.5)).

= Procedure #5. In this procedure, we consider the external voltages of the tran-
sistor (Vp, V), not the intrinsic ones. The variation of the trapped particles is
determined by introducing AIp = AIp(Vp, Vi) in (5.1). At Vp = =2 V, the ave-

rage value of AP over Vg is AP = 0.16 x 10'° cm~2. This calculation is repeated
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at different values of Vp in the linear region. The averaged result over Vp and Vg
in this region is AP = 1.44 x 10*° cm~2. This result can be compared with the one
in procedure #3. Both procedures use (5.1) to determine AP. Thus, (AP(#5)) /
(AP(#3)) =~ p (model (5.3)) /u (model (5.5)).

By comparing the result of procedure #1 with the rest, we observe that neglecting
the effect of the contact region on the terminal voltages reduces the value of AP.
AP is also reduced when the contact region is not considered in the determination
of the mobility. Both reductions are similar. In the case studied above, the factor -,
that represents the dependence of the mobility on the gate voltage, is close to zero.
A greater value of v would enhance the difference of results among the procedures.
The relative variation of AP among the different procedures ranges from 70 % to

98 % . A summary of these results is seen in Table 5.4.

Table 5.4: Average variation of the trapped charge (A P ) in the linear region during a
hysteresis cycle in two kinds of OT'FT' ( showing linear and non-linear contact current-voltage
curves).

Linear Ip — Vo curves Non-Linear Ip — Vg curves
Procedure AP (cm™?) p (cm?/Vs) AP (cm™?) p (cm?/Vs)
#1 2.47 x101Y 0.0041 2.21 x10 0.38
#2 0.30 x10% 0.0041 0.32 x10" 0.38
#3 0.77 x101° 0.0041 1.52 <10 0.38
#4 0.06 x10% 0.0245 0.27 x10 1.80
#5 0.13 x10% 0.0245 0.32 x10* 1.80

5.4.2. Transistors with non-linear contacts

In this section, we repeat the previous analysis on OTFT's showing a non-linear
response at low values of the drain voltage. The objective is to analyse whether different
behaviours of the current voltage curves at low values of the drain voltage affect the
results. Fig. 5.9 shows output characteristics with hysteresis measured in a rubrene single
crystal TFT [14] (symbols).

In this transistor, the gate dielectric thickness is t; = 0.3u m, the channel length
L=16 p m, the transistor width w=500 p m and the organic-film thickness t,=5 p m.
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Figure 5.9: Comparison of the experimental (circles F'S; and squares BS ) output characte-
ristics of a rubrene transistor in [14] , (a) and (b) with model (5.5) (solid lines), (c) and (d)
with model (5.3) (solid lines). Vo = (-8, -12, -16, -20, -24, -28, -32) V from top to bottom.

The experimental I — V' curves in the F'S and BS are compared with the compact
model (5.3) (solid lines in 5.9(c) and (d)) and with the model (5.5) (solid lines in Fig.
5.9(a) and (b). The output characteristics show a non-linear trend at low Vp. In this
case, Ip = MV is employed in (5.3) and (5.5) to model the contact region. The fitting
parameters from model (5.3) are extracted following the procedure developed in Chapter
4 [91): po = 0.38 cm? / (Vs), v =0, Vp,,=- 0.36 V and Vy,, = -0.4 V for the F'S and
BS. The parameter M in (5.3) for forward and backward sweeps for each Vi is given in
Table 5.5.

In the case of model (5.5) the fitting parameters are: u, = 1.8 cm?/Vs, Vp = =1 V
for both 'S and BS. The parameter M in (5.5) for forward and backward sweeps for
each Vg is given in Table 5.5.

Once the experimental data have been reproduced with models (5.3) and (5.5) and
all fitting parameters are known, the current voltage curves of the intrinsic transistor and

of the contact region can be extracted in both situations, and from them, the variation
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of the trapped charge. Procedures #1, #2 and #3 analyse the curves extracted with

model (5.3) and procedures #4 and #5 the curves extracted with model (5.5).

» Procedure #1. Fig. 5.10(a) shows the drain current as a function of the gate

voltage Vigs at Vpg = —6 V. The variation of the drain current from Fig. 5.10(a)
can be introduced in (5.2) to determine AP as a function of Vgg. The average
value over Vg is 2.34 x 101 em=2. This procedure is repeated at different values of
Vps in the linear region. The result is represented with circles in Fig.5.11(a). The
average value over Vgg and Vpg is AP(#1) = 2.21 x 10! em™2. As in the previous
case (section. 5.4.1), this procedure represents a situation where the AP is free
from contact effects. The effect of the contact region on the terminal voltages and

in the mobility is treated in the following procedures.

Procedure #2. This case considers the effect of the contact region on the gate
terminal. The variation of the trapped particles is analysed as a function of Vpg
and V. Solid lines in Fig. 5.10(b), show the drain current as a function of Vi at
Vps = —6 V. By introducing the variation of the drain current Alp(Vpg, Vi) in
(5.2), the variation AP can be obtained. Its average value, evaluated over Vg at
Vs = —6 V, is AP = 0.45 x 10" ¢cm™~2, lower than in procedure #1. Repeating
this calculation at different values of Vpg, we obtain the squares in Fig. 5.11.
The average value over Vpg and Vg is AP(#2) = 0.32 x 10" em™2. The relative
difference between the procedures #1 and #2 is 85 %.

s Procedure #3. In this case, the variation of the trapped charge is extracted

Table 5.5: Extracted values of Mpg and Mpg for the rubrene single-crystal sample with
output characteristics in Fig. 4.4.

Model (5.3) Model (5.5)
VG (VOltS) MFS (A/V2) MBS (A/V2) MFS (A/V2) MBS (A/V2)
-8 0.90 x 107° 0.90 x 107° 0.50 x 107° 1.00 x 107
-12 1.00 x 1076 1.00 x 1076 1.50 x 1076 2.00 x 107
-16 1.10 x 107 1.15 x 1076 3.60 x 1076 3.50 x 1076
-20 1.41 x 1076 1.46 x 1076 3.90 x 1076 4.30 x 1076
-24 1.42 x 1076 1.47 x 107 4.00 x 1076 4.50 x 1076
-28 143 x107% 148 x107% 4.03x10°¢% 4.60 x 107
-32 144 x107%  149x10% 4.08x10% 4.70 x 10~
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Figure 5.10: Transfer characteristics corresponding to the transistor in Fig. 5.9 [14]. (a)
Procedure #1, intrinsic transistor, Ip(Vgs) at Vps = —6 V. (b) Procedure # 3, external
terminals, Ip(Vg) at Vp = —6 V (dotted lines); and Procedure # 2, intermediate situation,

Ip(Vi) at Vpg = —6 V(solid lines). (F'S, circles; and BS, squares).
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Figure 5.11: Variation of trapped particles obtained from the hysteresis cycles as a function
of: Vpg and averaged over Vg (circles); Vpg and averaged Vi (squares); and Vp and averaged
over Vg (crosses).
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directly from the experimental data Ip = Ip(Vp, Vig). We work with the terminal
voltages instead of the intrinsic ones. However, the mobility is extracted from the
fitting of the experimental data with (5.3). The dotted lines in Fig. 5.10(b) show the
drain current as a function of V5 at Vp = —6 V. By introducing the variation of the
drain current Ip(Vp, Viz) in (5.1), AP can be obtained. Its average value, evaluated
over Vg at Vp = —6 V, is AP = 1.7 x 10! ecm~2. Repeating this calculation at
different Vpg, we obtain the crosses in Fig. 5.11. The average value over Vpg and
Vas is AP(#3) = 1.5 x 10" ecm~2, lower than in procedure #1. The relative
difference between procedure #1 and #3 is 31 %. This relative variation is better

than with procedure #2, but the result is not close enough to procedure #1.

In order to eliminate in situ the contact effects from the measurements, the four-
terminal method is used. Authors in [14] determine the variation of trapped charge
with this method obtaining a value of 10" ecm™=2. This value lies between our results
in procedures #2 and #3, and the relative difference with procedure #1 is 60 %.
Although all these results are of the same order of magnitude, it is interesting
to discuss where these differences may come from. In the four-terminal method,
the potential drop along the intrinsic channel is measured between the voltage-
probing electrodes (Vo1 — Vo). They are separated such a distance from the drain
and source terminals to eliminate the voltage the potential drop at the contact
regions. The voltage drop in the intrinsic gate is estimated as the voltage Vg
between the gate contact and the channel region between these two voltage probes,
where the channel conductivity is measured: Vgs = Vg — (Vi1 + Vo) /2. These
assumptions are necessary in order to determine the channel conductivity and the
carrier mobility [14]. However, this represents a situation where the contact effects
are eliminated from the drain to source voltage but not necessarily from the gate
voltage, corresponding to the intermediate cases considered in our work. Actually,
these authors confirmed some anomalies in the values of the mobility determined
with this method.

» Procedure #4. We consider model (5.5) to fit the experimental data of Figs.
5.9(a) and (b). The values of the set of parameters (u,, v , Vr and M) extracted
with this model are different to those extracted with the model (5.3). In particular,

we can study the effect of the contacts on the mobility and how this variable affects
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Figure 5.12: Transfer characteristics of the intrinsic transistor (circles F'S and square BS );
extracted after the fitting of the experimental data of Fig. 5.11 with model (5.5). Vpg = —6 V.

the determination of AP.

Once the parameter M that model the contact region, is extracted, the curve
Ip = Ip(Ve) can be determined and the relation Ip = Ip(Vps, Vo) can be obtained
in both F'S and BS (Sec. 5.3). Fig. 5.12 shows one of the results of this calculation,
where I is represented as a function of Vg for Vpg = —6 V. The variation of the
drain current Alp(Vpg, Vi) of Fig. 5.12 can be inserted in (5.2) to determine AP
as a function of V. The average value evaluated over Vg is AP = 0.26 x 10!
cm~2. This procedure is repeated at different values of Vpg in the linear region.
The average value over the linear region is AP(#4) = 0.27 x 10! em~2. This
result is similar to the one in procedure #2. The mobility in this procedure is
larger than the mobility in the procedure #2. However, the current voltage curves
of the contact are also different. Therefore, the effect of using different values of
the mobility is compensated with the effect of using different I, — Vz curves (or a
different M parameter). We have to notice that procedures #2 and #4 represent

cases where the contact effects are not eliminated from the gate-terminal voltage.

s Procedure #°5. This procedure considers the curves Ip—Vp measured at the tran-

sistor terminals. The variation of the trapped particles is determined by introducing
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the variation of Ip in (5.1). In this case, the mobility used in (5.1) corresponds to
the one extracted from model (5.5) (11, = 1.8 cm?/ Vs). Basically, the model (5.5)
without considering the contact region reduces to the classical MOS model (7.1).
At Vp = —6 V, the average value of AP over Vg is AP = 0.36 x 10'" cm™2. Re-
peating this calculation at different Vp and averaging over Vp and Vi in the linear
region, the result is AP(#5) = 0.32 x 10! cm~2. This value can be compared with
the one in procedure #3: (AP(#3)) / (AP(#5)) ~ p (model (5.5)) /1 (model
(5.3)). In these two cases, the value of the mobility is the only difference in the

evaluation of AP

A summary of the study of the two kinds of OT' F'T' can be seen in Table 5.4. We can
observe how the variation of AP deteriorates when a non proper value of the mobility is
considered or the contact voltage is not eliminated from the terminal voltages. A proper
estimation of the mobility is essential. In that sense, a model for the OT F'T including the
contact region should be used. It should determine the value of the mobility and separate
the contact voltage from the terminal voltages. The variation of the trapped charge
during a hysteresis cycle must use the current curves of the intrinsic transistor. If the
experimental data are used instead, an error of one order of magnitude can be obtained.
The worst solution is, without any doubt, when the contact voltage is eliminated partially
from the terminal voltages. The cases where the contact voltage, V-, is eliminated from
Vp but not from the Vi are clearly the worst of all, even considering a proper value of
the mobility.
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6. Conclusions

. We have made use of a physical model to interpret contact effects in orga-

nic/polymeric thin film transistors, and we have incorporated it in a generic com-
pact model that describes the output characteristics of OTFT's. The resulting
model reproduces experimental data of output characteristics showing linear and
highly non-linear responses at low drain voltages. Our model is compared with
previous circuit models proposed to explain these behaviours. Our model provides
a way to gain physical insight about the charge density in the low conductivity
region near at the contact region and mirrors the changes of charge density in the
rest of the device. Actually, the evolution with the gate voltage of the free to total
charge density ratio in the low conductivity region at the contact is in agreement

with the estimated charge density in the channel.

. In parallel to this model, a parameter extraction procedure has been proposed in

order to determine the model parameters, including the additional ones associated
to the contact effects. The advantages of previous procedures (although less pre-
cise) are combined in our method. Although more physically advanced models are
necessary in order to take into account all the effects that appear in the OTFT,
previous simple models cannot be completely disregarded. We have demonstrated

their usefulness in the characterization process.

The different steps of our procedure are monitored with experimental measure-
ments from organic thin film transistors based on Zinc Phthalocyanine and data

from other authors’ experiments.

In addition, we have tested the characterization method in a transistor with known
parameters obtaining no significant errors between the real parameters and the ones
extracted with the method.

The characterization method has also been applied to transistors which output
characteristics show both hysteresis and contact effects, making the characteriza-
tion of these transistors more difficult. We have presented a technique, based on
the previously developed compact model, to extract essential parameters, such as
the carrier mobility, the threshold voltage and the variation of the trapped charge
during a hysteresis cycle. The proposed technique overcomes the problems of ha-

ving a greater number of parameters in the model and having an internal relation
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between some of these parameters, such as the dependence of the threshold voltage
with the trapped charge, especially at high gate voltages. The extraction of current
voltage curves of both the contact region and the intrinsic channel from the experi-
mental output characteristics has allowed for solving these problems. In particular,
the study of the evolution of the charge density with the gate voltage, in the con-
tact region and in the intrinsic channel, is essential to extract the parameters of
the transistor. Transistors showing linear and non-linear contact effects have been
studied. The results obtained with our technique have been compared with other
results provided by different authors who employed more elaborate experimental

techniques, and good agreements were obtained.

. Different procedures to determine the variation of the trapped charge in an OTFT
during a hysteresis cycle have been presented. The procedures differ in the way
the contact effects, present in the experimental data, are treated. The procedures
separate the contribution of the intrinsic transistor and the contact region from
the experimental data. The current voltage curves of the intrinsic transistor, of
the external transistor, and of intermediate situations are used to determine the

variation of the trapped charge. A comparison of these results is provided.

. A study of the effects of the contact region on the value of the mobility extracted
from different models has been made. A proper extraction of the mobility with
a model that incorporates contact effects is essential to obtain good results, even
if the terminal voltages are considered instead the intrinsic ones. In this regard,
a compact model that describes the output characteristics of the transistor and
includes the effect of the contact regions is considered as the best scenario. The
worst scenario is when the contact voltage is eliminated partially from the terminal

voltages.

. The interpretation of output characteristics with hysteresis with different models
shows how the values of the variation of the trapped charge are clearly altered
by the inclusion or not of the contact effects on the terminal voltages and the
mobility. The values obtained are always different and lower than the ones obtained
with a compact model developed previously. From these results, we highlight the

importance of using a compact model that properly considers the contact effects
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of the transistor and accurately extracts information of the trapped charge in the

semiconductor during a hysteresis cycle.
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7.1. Resumen

El funcionamiento de los dispositivos semiconductores organicos modernos estd limi-
tado por efectos no ideales que no se caracterizan por modelos tradicionales de transporte.
En este trabajo, se estudian dos grandes problemas que afectan al comportamiento de
los transistores organicos y poliméricos de lamina delgada: los efectos de los contactos y
los mecanismos de atrapamiento y emisién de carga que se producen en el interior del
dispositivo. El hecho de que estos dos mecanismos estén presentes simultaneamente hace

mas complejo el estudio de estos transistores.

Se presenta en esta tesis un nuevo modelo compacto para transistores organicos de
lamina delgada (OTEFT). Permite describir caracteristicas de salida de los transistores,
incorporando los efectos de los contactos. El modelo se basa en expresiones fisicamente
realistas que describen el flujo de carga en la vecindad de los contactos que se han in-
corporado en un modelo de deriva desarrollado previamente. El modelo resultante sigue
siendo compacto, al igual que el original, por lo que resulta de gran interés en simula-
ciones de circuitos con estos transistores. Un modelado adecuado necesita de parametros
que sean facilmente extraibles a partir de medidas experimentales y que contengan una
relacién con la fisica del dispositivo. Se propone también un método para extraer los
parametros del transistor, incluyendo los nuevos parametros asociados a los contactos.

Se ha comprobado el modelo con medidas experimentales tomadas en transistores
de lamina delgada donde el material organico es ftalocianina de zinc. Los contactos de
drenador y fuente son de oro. Se analizan las respuestas de estos y otros transistores en la
zona lineal y en la de saturacién. En la region de bajas tensiones de drenador se pueden
observar en general respuestas tanto lineales como no lineales. Ambas situaciones son
analizadas en este trabajo. El método de extraccién de parametros sugerido en esta tesis
proporciona una forma de estudiar la evolucién de la densidad de carga en la region de
baja conductividad préoxima al contacto.

El método de extraccion de parametros se comprueba también con datos obtenidos
de un transistor cuyos parametros son conocidos. Este transistor conocido es realmente
un artificio teérico que consta de un transistor ideal al que se le ha anadido en serie un
elemento de dos terminales que simula unos contactos.

Otro problema que deteriora el funcionamiento de los transistores de lamina delgada

es el mecanismo de atrapamiento y emision de carga por parte de trampas situadas en la
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estructura. Ello produce inestabilidades que son el origen de la histéresis en las curvas de
salida o de transferencia de los transistores. La combinacion de los fenémenos asociados
a los contactos y a la histéresis hacen que el analisis de las curvas corriente tension de
los transistores sea mas complicado. A pesar de ello se presenta un método de extraccion
de parametros del transistor bajo la accién de estos dos mecanismos. El método se basa
en el procedimiento desarrollado anteriormente en el caso de que no exista histéresis en
las muestras. La nueva técnica de caracterizacién proporciona valores para la movilidad,
la tensién umbral y la variacién de la concentracion de carga atrapada durante los ciclos
de tension. El hecho de que la tension umbral varie a medida que transcurre la medida
incorpora dificultades a la hora de aplicar este método de extraccion. En cualquier caso
se proponen soluciones para solventar este inconveniente. Otro de los inconvenientes a los
que también se les ha puesto solucion es la existencia de varios conjuntos de parametros
que hacen coincidir el modelo tedrico con los datos experimentales. Se han analizado las
soluciones y buscado explicacién fisica para ellas. Solo aquellas soluciones con un buen
comportamiento fisico se consideran aceptables. Para fijar qué soluciones son fisicamente
aceptables se analizan curvas corriente-tensiéon en el contacto y en el transistor intrinseco.
Se estima el valor de la densidad de carga libre en la zona del contacto y en el canal a
partir de estas curvas, se representan en funcién de la tension de puerta y se comparan. La
comparacion de ambas permite encontrar la solucién fisica buscada. Nuestros resultados
se comparan con otros resultados que utilizan técnicas de medida més complejas, como

es el caso de las medidas de cuatro puntas.

Por 1ltimo, se comparan distintos procedimiento de extraccién de curvas corriente
tension asociadas al canal intrinseco del transistor a partir de curvas de salida en el tran-
sistor. Cada procedimiento proporciona valores diferentes de la variacion de la densidad
de carga atrapada en el transistor durante los ciclos de histéresis. Algunos procedimientos
tienen en comun que, aunque utilizan distintos modelos de transistor, todos reproducen
fielmente las curvas de corriente tensién. Se analizan también otros procedimientos basa-
dos en un mismo modelo pero que extraen los efectos de los contactos de forma diferente.
Con ello se pretende mostrar la importancia que tiene el utilizar un método apropiado de
extraccion de los efectos de los contactos de las curvas caracteristicas de un transistor.
Los efectos de los contactos no deben afectar en ninguna manera ni a la movilidad ni
a las tensiones medidas en los terminales externos del transistor. El modelo compacto

desarrollado en esta tesis se presenta como la mejor alternativa para resolver todos estos
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problemas.

7.2. Estructura de la Tesis

Durante las tultimas décadas ha existido un enorme interés en el desarrollo de disposi-
tivos electronicos basados en peliculas de polimeros y materiales organicos, diferenciados
estos por la longitud de sus cadenas, largas y cortas, respectivamente. A pesar de esta dis-
tincién, los denominaremos materiales organicos o polimeros indistintamente. Desde que
se fabrico el primer material organico, los esfuerzos estan centrados en buscar soluciones
econémicas [1]. Las ventajas de estos materiales, entre otras, son el bajo costo de fabri-
cacién y su posibilidad de combinarse junto a sustratos flexibles. [2]. Se pueden fabricar
también a bajas temperaturas [3]. Estas ventajas hacen que los transistores orgénicos
de lamina delgada sean atractivos en aplicaciones como etiquetas electronicas o como
controladores activos de pantallas gigantes. Sin embargo, también hay desventajas que
deben ser mencionadas y a las que se debe poner solucion. Hay muchos trabajos dedica-
dos a encontrar materiales empleados en transistores con una movilidad de carga lo méas
grande posible [4]. Otros esfuerzos se centran en el estudio de los efectos de los contactos
del transistor, pues parte de la tensiéon que se aplica entre drenador y fuente, Vp, cae
en la zona de los contactos, pero principalemente en el contacto de fuente [5]. Ademés
del limite impuesto por los mecanismos de transporte en el organico a la conduccién de
carga, hay que anadir el limite impuesto por los propios contactos del OT F'T.

Las regiones de los contactos pueden alterar las caracteristicas de salida del transis-
tor, haciendo que el modelo tradicional del MOS cristalino (Metal-dxido-semiconductor)
sea incapaz de interpretar el funcionamiento del transistor. En ese sentido, hay muchos
trabajos dedicados a desarrollar modelos con el objetivo de reproducir las caracteristicas
de salida del transistor, y desarrollar métodos de extraccion de pardmetros [2][5][6][7][8].
El desarrollo de modelos precisos y eficientes computacionalmente es critico para redu-
cir el tiempo de ciclo entre diseno, fabricacién y caracterizacién. Ademas, para guiar
el proceso de diseno y para mostrar explicitamente las relaciones entre las propiedades
del material y el diseno de un dispositivo y su rendimiento, es necesario disponer de un
modelo compacto con base fisica sélida para los TFTs que emergen con las nuevas tec-
nologias [9]. En el Capitulo 2, trabajamos con esta idea. Alli se presentan los principales

desafios de la tesis. La grafica 7.1 muestra un resumen de los mismos:
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a) Proponer un modelo adecuado para las caracteristicas de salida Ip — Vp de un tran-

sistor,

b) Proponer un modelo adecuado para la caracteristica de corriente-tensién en la regién
cerca del contacto, Ip — Vi , e incorporarlo en el modelo de las caracteristicas de

salida del transistor, y

¢) Proponer un método de extraccion de las curvas Ip — Vi en el contacto y del resto

de los parametros del modelo resultante.

El objetivo es mejorar la modelizacion tedrica de transistores organicos de lamina delgada
con la inclusion de los efectos de contacto. El procedimiento de extraccién se aplica ini-
cialmente a datos experimentales tomados por nuestros colaboradores de la Universidad
de Brunel (UK), en OT'FT's de ftalocianina de cinc.

En el Capitulos 3, el método se comprueba con unas caracteristicas de salida de un
transistor en el que se conocen sus parametros. Un miembro de nuestro equipo crea
un conjunto de caracteristicas de salida de un transistor cuyos parametros solo esta
persona sabe. Otro miembro del equipo tiene que utilizar el método desarrollado en el
capitulo previo para encontrar los valores de los parametros, y por lo tanto, dar validez
al procedimiento.

En los Capitulos 4 y 5, se anade un nuevo problema a la caracterizacién de transis-
tores organicos de lamina delgada: el tratamiento de las curvas de corriente-tensién que
muestran fendmenos de histéresis y los efectos de contacto simultaneamente. Los origenes
del fenémeno de histéresis son los mecanismos atrapamiento y emisién que tienen lugar
en el OTFT. Estos mecanismos pueden causar inestabilidades que a su vez provocan
cambios en la movilidad de los portadores y en la tensién umbral de los transistores
organicos [10]. El estudio de la histéresis es importante ya que puede proporcionar infor-
macién acerca de la variacion de carga atrapada en el material organico. Posteriormente,
esta informacion se puede relacionar con parametros tecnoldgicos, con el objetivo de
encontrar un diseno de dispositivo mejor.

La combinacién de los mecanismos de histéresis junto a los contactos hace mas dificil
la caracterizacion del transistor. Existen estudios previos que caracterizan la histéresis
producida en las curvas de transferencia y de salida de los transistores. Algunos casos no

consideran los efectos de los contactos [13]. En otros casos, los efectos de los contactos se
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A. Model for the I-V curve in the
region close to the contact.
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Figure 7.1: Esquema donde se enumeran los problemas que podemos encontrar al analizar
curvas corriente-tension en transistores afectados por los contactos: propuesta de un modelo
para la regién de los contactos, integracion de este modelo en modelos compactos existentes
para transistores y elaboracién de una técnica que permita extraer los pardmetros del modelo
a partir de la comparacion del mismo con medidas experimentales.

eliminan de los datos experimentales mediante el uso procedimientos experimentales algo
mas complejos, como el método de cuatro terminales, en lugar del método tradicional
que emplea dos terminales [14].

En el capitulo 4, se propone un método para extraer informacion sobre la variacién de
la carga atrapada que se produce durante los ciclos de histéresis. Las curvas de corriente-
tension se miden con el procedimiento de dos terminales. El método resuelve el problema
de procesamiento anadido de los efectos de los contactos que aparecen en las curvas
Ip—Vp con histéresis. El método se aplica a curvas de corriente-tensién tomadas por otros

autores donde se observan estos dos efectos [13][14]. Los resultados que se extraen para la
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Figure 7.2: Esquema donde se enumeran los problemas que podemos encontrar al analizar
curvas corriente-tension en transistores afectados por los contactos e histéresis: los efectos del
atrapamiento de carga se deben anadir a los ya detallados en el esquema de la figura 7.1.

variacién de carga atrapada con este método se comparan con otros valores encontrados
en la literatura. En concreto, comparamos nuestros resultados con los obtenidos por el

método de cuatro terminales, que también considera los efectos de contacto.

En el Capitulo 5, se proponen diferentes maneras para extraer la variacion de la carga
atrapada durante el ciclo de histéresis. Se proponen diferentes métodos que varian en el
grado de dificultad pero también en el grado de precisién de los resultados obtenidos.
Un resumen grafico de los capitulos 4 y 5 se puede ver en la figura. 7.2. A continuacion,
se enumeran los principales objetivos y la metodologia general seguida en el trabajo,
aunque los métodos especificos estan detallados en cada capitulo. Se introducen también
en este amplio resumen de la tesis algunos conceptos bésicos utilizados en esta tesis.

Finalmente se resumen las conclusiones.
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7.3. Objetivos

1. Desarrollar un modelo compacto que describa las caracteristicas de salida de los
transistores organicos o poliméricos de lamina delgada y que incluya el efecto de
los contactos. Después de la incorporacion de los efectos de contacto, el modelo
debe tener parametros que se puedan caracterizar o intuir con relativa facilidad,

evitando parametros de ajuste innecesarios.

2. Proponer un método de caracterizacion que extraiga los parametros del modelo
(la movilidad, la tensién umbral y los nuevos pardametros de contacto) mediante la

comparacion de los datos experimentales con los resultados tedricos.

3. Aplicar el método a datos experimentales tomados por nuestro equipo o por otros

autores.
4. Proponer una prueba para verificar la validez del modelo.

5. Adaptar el método de caracterizacion a datos experimentales que muestren los
efectos tanto de los contactos como de histéresis, superando el problema de trabajar

con una tensién umbral variable.

6. Caracterizar la presencia de trampas en el transistor mediante la determinacion de

la variacién de la carga atrapada que se produce durante el ciclo de histéresis.

7. Analizar diferentes maneras para determinar la variacion de la carga atrapada y

comparar los resultados.

8. Encontrar una conexién fisica entre los mecanismos que tienen lugar en la region

de contacto y en el canal intrinseco del transistor.

7.4. Metodologia

El método para cumplir con todos estos objetivos se basa en los siguientes pasos

principales:

1. El estudio del estado del arte de las técnicas de modelado compacto de transistores

organicos de lamina delgada.
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2. La propuesta de modelos matematicos simples o modificaciones de otros ya exis-

tentes que describen las caracteristicas de salida de un transistor.

3. El desarrollo de un procedimiento para extraer los parametros del modelo propuesto
basado en el analisis de datos experimentales. Los datos experimentales pueden
ser tomados por algunos de nuestros colaboradores de fuera de la Universidad de
Granada o extraldos de experimentos de otros autores. En este tltimo caso la

revision bibliografica vuelve a ser fundamental.

4. La implementacion en software de dichos modelos y procedimientos.

Los métodos especificos seguidos para tratar los diferentes temas de esta tesis se

detallan en cada capitulo.

7.5. Conceptos generales usados en la tesis

Los materiales organicos

Los materiales organicos presentes en los dispositivos electronicos se pueden clasi-
ficar en conductores y aislantes permanentes, semiconductores y otros materiales con
propiedades anadidas como la piezoelectricidad y la histéresis.

Los polimeros conductores se emplean en conexiones y contactos en dispositivos
organicos, debido a su idoneidad para ser impresos. Hay tres clases principales de polime-
ros conductores utilizados para la electronica impresa: politiofenos (polipirroles y rela-
cionados), polianilinas, y polimeros aislantes con inserciones de nanoestructuras conduc-
toras.

El papel principal de un aislante dentro de los dispositivos organicos lo juega como
aislante de puerta de los transistores de efecto campo organicos (OFETSs). Algunos de
estos polimeros pueden ser poli(metacrilato de metilo), poli(vinil fenol) y otros polies-
tirenos, alcohol de polivinilo, poliamidas, polimeros de redes de silicona y parileno. El
papel del aislante de puerta también es primordial en temas de estabilidad del dispositivo
como se mencionara un poco mas adelante.

Los semiconductores organicos (OSC's) en forma de sélidos moleculares y/o polimeros
semiconductores los podemos encontrar en transistores, diodos, sensores, transductores

y elementos de memoria. Las aplicaciones de estos dispositivos se pueden encontrar en
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circuitos de complejidad moderada, tales como controladores de pantallas de ledes, eti-
quetas de identificacién por radiofrecuencia (RFID), o elementos sensibles a presion.

El orbital molecular desocupado de menor energia (LUMO) de la mayoria de los
compuestos organicos més se encuentra fuera del rango preferido para el transporte de
electrones. Esta es la razén por la que hay menos estructuras que se han identificado
como semiconductores tipo n (transistores de canal n) en comparacién con el nimero
de semiconductores tipo p (transistores de canal p). La cantidad de huecos en un semi-
conductor viene determinada por la posicion relativa del orbital molecular ocupado de
mayor energia (HOMO) con respecto a la funcién trabajo del contacto, incluyendo las
influencias ambientales que modifican esta relacién

No por ello se ha dejado de buscar nuevos tipos de materiales tipo n debido funda-
mentalmente a las ventajas que ofrecen los circuitos con transistores complementarios n
y p. Las conocidas ventajas de los circuitos con transistores complementarios son el bajo
consumo y la sencillez de diseno de los circuitos, en comparacién con los que emplean
un solo tipo de transistor n o p. En los tltimos anos ha habido una atencion creciente
hacia los materiales de canal n, con mejoras notables en el aumento de la movilidad, el
cociente de corrientes on/off y la tension umbral [15][16][17][18][19][20][21]. A pesar de
todo, el funcionamiento de los mejores materiales de canal n no es tan bueno como el
de lo materiales p, como el caso del pentaceno, [22] que es el material de referencia en
aplicaciones con transistores. Algunos de los materiales tipo p incluyen combinaciones
de anillos (tales como el mencionado pentaceno o thienothiophene, benzodithiophene,
dithienoanthracene, y tetraceno), cadenas cortas oligoméricas de anillos (diversas com-
binaciones de tiofenos, fenilenos, tiazoles, y pirroles), copolimeros de etileno y grupos

etinileno, y selenofenos. Algunas de estas estructuras se muestran en la figura. 7.3.

Transistores organicos de efecto campo

Un transistor orgénico de efecto campo (OTFT) es un dispositivo electrénico cuyo
funcionamiento gira en torno a una estructura metal-aislante-semiconductor. Esta forma-
do por una puerta metélica, un dieléctrico, y capas de semiconductores. Dos contactos de
metal, fuente y drenador, estdan conectados eléctricamente a la lamina semiconductora,
tal como se muestra esquematicamente en la figura. 7.4. La posicién de estos electrodos

en la parte superior de la estructura o incrustados entre el semiconductor y el aislante
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Figure 7.3: Algunos semiconductores tipo p.

definen dos configuraciones tipicas de transistores: el transistor de contactos superiores
o el transistor de contactos inferiores, respectivamente. Esta estructura fue desarrolla-
da inicialmente para los transistores de silicio amorfo [23][24]. El electrodo de puerta
también se utiliza como substrato, proporcionando un soporte a toda la estructura. El
oxido aislante o los polimeros aislantes recubre la puerta metdlica con o sin tratamiento
de superficie. Si no se aplica una tension a la puerta Vgg, la conductividad intrinse-
ca del semiconductor organico es baja; si se aplica una tension Vpg entre drenador y
puerta, fluird muy poca corriente a través de la pelicula semiconductora. Se dice que
el dispositivo esta en el estado OFF. Cuando una tensién Vg se aplica a la puerta, el
campo eléctrico que existe a través de la estructura MOS atrae cargas hacia la interfaz
dieléctrico-semiconductor. Estas cargas acumuladas son en su mayoria méviles y dan
lugar a un canal conductor entre la fuente y el drenador. Estas cargas méviles pueden
moverse en respuesta a la tensiéon Vpg aplicada. El transistor esta funcionando en el

modo ON o acumulacién.



130 7. Resumen en espanol/Spanish summary

VDs | VDS
|

¥ Il
source drain

Semiconductor

Semiconductor

source | | drain

insulator insulator

|| [
ves! vas!'

Figure 7.4: Estructuras tipicas de (OFETs): (a) Configuracién de contactos superiores; y (b)
configuracién de contactos inferiores.

El canal conductor aparece por encima de un valor umbral, V. El valor de esta
tension umbral depende de diferentes mecanismos internos de la estructura. La mayoria
de los semiconductores organicos no estan dopados intencionadamente por lo que las
cargas existentes son inyectadas y extraidas a través de los electrodos. En la mayoria de
los casos, hay un desajuste entre el nivel de Fermi de los electrodos y el HOMO ( LUMO)
de los semiconductores tipo p (tipo n), que da lugar a la existencia de barreras de inyeccién
de carga. Es necesaria la aplicacion de una tensién Vg no nula a la puerta para modificar
los niveles orbitales de los semiconductores hacia arriba o hacia debajo de manera que los
orbitales moleculares entran en resonancia con el nivel de Fermi del electrodo y reduce las
barreras de inyeccién de carga. Por otro lado, siempre hay estados asociados a trampas,
impurezas y defectos en la pelicula semiconductora, asi como moléculas de HyO y O,
adsorbidas del ambiente. Es necesario aplicar una tensién Vgg no nula a la puerta para
llenar estos estados trampa antes de que las cargas moviles pueden ser transportadas a
lo largo del canal de conduccion. El umbral de tension Vi se define para tener en cuenta

todos esos efectos.

Las curvas corriente-tensién experimentales de un OFET son muy similares a las
de los MOSFETs. Esta es la razén por la que los OFFETs han sido descritos con las

ecuaciones clasicas que describen el transistor MOS:

w oCi V2

Ip = “L [(Vos = Vi)Vis — =53], Vis < Vs = Vi (7.1)
w oCi

Ip = a [(Vas — V)2, Vbs > Vas — Vi

2L



7.5. Conceptos generales usados en la tesis 131

VDS
I
L

—

injection charge motion

__> » .
source \organic film | drain
charge build-up

insulator

I

L
VGS
Figure 7.5: Mecanismos que hacen que el comportamiento de los OTFTs se aleje del modelo
del transistor MOS cristalino ideal [29].

donde Cj; es la capacidad del aislante de puerta por unidad de area, Vi es la tensién
umbral, mu, es la movilidad de los portadores y w y L son la anchura y la longitud del

canal, respectivamente.

Hay algunos aspectos que requieren especial consideracion y hacen que los OTFTs
se separen del modelo ideal del MOS: la inyeccién de carga de los contactos [25][26], el
transporte de carga en el semiconductor organico [3][8][27] y las inestabilidades creadas
por la carga acumulada en la estructura [28][25][8]. Se resumen en la figura 7.5. La inyec-
cién de carga desde el electrodo de fuente limita la cantidad de portadores que pueden
entrar en el material organico por unidad de tiempo, mientras que la movilidad efectiva
de los portadores (controlada por los mecanismos de hopping o salto entre moléculas)
determina la deriva de los portadores hacia el electrodo de drenador [29]. La separacién
de carga eléctrica en un material polimero en partes moviles y atrapadas se ha propuesto
con anterioridad en [29], y la carga atrapada se utiliza ampliamente para dar explica-
cién de la histéresis en medidas Ip—Vgs [30] y del comportamiento no estacionario de la

tensién de umbral Vi [8].
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Movilidad de los portadores de carga

La transferencia de carga esta directamente relacionada con la movilidad de carga. La
movilidad de los portadores de carga p define la relacion entre la velocidad adquirida por
los portadores de carga bajo el efecto de un campo eléctrico. La movilidad es generalmente
una funcién de la tension de puerta. Aunque el mecanismo de transporte de carga en
transistores organicos esta todavia bajo investigacion, se han desarrollado varios modelos
para interpretar la dependencia de voltaje de la puerta de la movilidad [31][32][33][34][24].
En general, hay trampas distribuidas en los semiconductores organicos. Por este motivo,
a medida que el voltaje de puerta es mayor, mas trampas son llenadas por las cargas
inyectadas, dejando menos trampas que ralenticen el movimiento de las cargas. Por lo
tanto, las cargas se mueven mas rapido cuando el voltaje de la puerta aumenta, lo cual
es consistente con el hecho de que la movilidad general aumenta con la tensién de puerta

en la mayoria de OF ET's.

Efectos de los contactos

En los casos en los que la movilidad no parece aumentar con la tensién de puerta, la
resistencia de los contactos puede tener un efecto relativamente maés fuerte en la corriente
a tensiones de puerta superiores, disminuyendo la movilidad aparente. Las regiones de
contacto del transistor organico requieren un estudio diferente. La figura. 7.6 muestra un
esquema de un transistor, donde se destacan las regiones de baja conductividad préximas
al drenador y a la fuente. Hay evidencia experimental que demuestra la existencia de
estas regiones. La primera es evidente, debido a la propia naturaleza de los diferentes
materiales que constituyen los contactos. Podemos encontrar una segunda razén en micro-
fotografias de la interfaz. En ellas se muestra como la densidad de las moléculas en el
material organico no son del mismo tamano cerca del contacto metaltirgico o lejos del
mismo [8]. Una tercera razén se encuentra en medidas de perfil de potencial a lo largo
del canal del transistor. Estas medidas muestran una caida de tensién en el contato de
fuente mayor que la que se produce cerca del drenador [35]. En esta situacién, se puede
prescindir de la caida de tension entre el drenador y el canal intrinseco (Fig. 7.7).

Podemos encontrar muchos trabajos dedicados a mejorar las regiones de los contactos
para favorecer la inyeccién o extraccion de la carga entre el metal y el semiconductor

organico [36][37][38][39]. Podemos citar obras donde se introduce una capa fina entre estos
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Figure 7.6: Transistor organico que muestra las regiones de baja conductividad cercanas a los
contactos.

dos materiales con el fin de modular la altura de la barrera de energia en el contacto
[38]. Nuestro interés en este trabajo es encontrar un modelo adecuado para la regién de

contacto que pueda ser incorporada en el modelo de transistor.

Fenomenos de histéresis en OTFTs

La histéresis en OTFTs se atribuye a defectos o trampas, ya sea en el dieléctrico de
puerta o en el material semiconductor (o sus interfaces) [10][40][41]. El estudio de las
curvas corriente de tensién con histéresis puede proporcionar informacién acerca de los
defectos y las trampas presentes en el transistor organico. La caracterizacién de estas
trampas se puede utilizar posteriormente para lograr un mejor diseno del dispositivo.

La histéresis se muestra como un ciclo en las caracteristicas de transferencia (Ip— V)
o en las caracteristicas de salida (Ip — Vp) donde I, depende de la direccién del barrido
de Vi o Vp. Es frecuente observar este tipo de bi-estabilidades eléctricas reversibles en
transistores organicos de efecto de campo. Dependiendo del origen microscopico, la loca-
lizacién de las trampas y defectos, la histéresis puede dar lugar a que el barrido de vuelta
sea mayor o menor que el barrido de ida [40]. La histéresis se puede dividir en dos tipos:

permanente (donde no hay cambios significativos de la tensiéon umbral con el tiempo) y
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Figure 7.7: Esquema de un perfil de potencial que se puede observar a lo largo del canal de
un OTFT. Se observa una regién de baja conductividad cerca de los contactos, siendo menor
en la zona de drenador de acuerdo con [35].

dindmica (donde si la hay y puede ser perjudicial a la hora de querer fabricar dispositivos
estables y fiables). La permanente puede ser ttil en dispositivos de memoria no voldtiles
(transistores de efecto campo ferroeléctricos). Se han dado muchas explicaciones para
discutir el origen de la histéresis dinamica. Esta explicaciones se pueden agrupar en tres,

como se muestra en la figura. 7.8:
(i) efectos inducidos en la interfaz canal/dieléctrico,

(ii) efectos inducidos por dipolos residuales (causada por la polarizacién lenta en el

dieléctrico), y
(iii) los efectos de las cargas inyectadas desde el electrodo de puerta.

El mecanismo (i) se asocia a menudo con los electrones atrapados en los grupos hidro-

xilo (OH) en la interfaz canal/dieléctrico [43][44][45]. El mecanismo (ii) se relaciona con
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Figure 7.8: Ilustracién de los mecanismos de histéresis: (i) canal /dieléctrico interfaz inducida,
(ii) la lentitud de la polarizacién inducida, y (iii) puerta de carga inducidas por inyeccién
histéresis.

grupos dipolares dentro del dieléctrico, tales como los grupos hidroxilo, que pueden ser
lentamente reorientados por un campo eléctrico aplicado [42][44][46][47][45][48]. El me-
canismo (iii) se atribuye a los electrones que pueden ser inyectados desde electrodo de

puerta a un dieléctrico y quedar atrapados en el interior del mismo [49][50]

Desafortunadamente, todos los efectos que hacen que el transistor se aleje del compor-
tamiento ideal no se muestran aislados, sino combinados entre si. La figura. 7.9 muestra
un esquema con las caracteristicas de salida de un transistor incluyendo los efectos de
histéresis y de los contacto, y como nuestro objetivo es separar los efectos de contacto de
lo que ocurre en el canal intrinseco del transistor. La figura en la parte superior se mues-
tra el modelo de un OTFT con una zona de contacto. La figura de abajo a la izquierda
muestra las curvas de corriente-tension de un OTFT con histéresis y los fenémenos de
contacto. El uso de un modelo compacto para interpretar las caracteristicas de salida de
los OTFTs permite la separacién de las curvas de tensién de corriente en el contacto y

en el canal intrinseco. El estudio de estas curvas separadas permite la determinacion de
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Figure 7.9: Resumen gréfico de la tesis. La figura superior se muestra el modelo de un OTFT
con una zona de contacto. La figura de abajo a la izquierda muestra las curvas de tensién de
corriente OTFTs con histéresis y los fenémenos de contacto. El uso de un modelo compacto
para las caracteristicas de salida de OTFTs permite la separacién de las curvas de tensién de
corriente en el contacto y en el canal intrinseco. El estudio de estas curvas separadas permite
la determinacién de la densidad de carga en el canal intrinseco y en el contacto (parte inferior
derecha). Esto conduce, finalmente, a la determinacién de la variaciéon de la carga atrapada
durante el ciclo de histéresis.

la densidad de carga en el canal intrinseco y en el contacto (parte inferior derecha). Esto
conduce, finalmente, a la determinacion de la variacion de la carga atrapada durante el
ciclo de histéresis. El objetivo principal de esta tesis es llevar a cabo un estudio en el que

todos estos efectos estan presentes simultdaneamente.
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7.6. Conclusiones

1. Hemos hecho uso de un modelo fisico para interpretar los efectos de contacto en
transistores organicos/poliméricos de lamina delgada, y lo hemos incorporado en
un modelo compacto que describe las caracteristicas de salida de estos transistores.
El modelo resultante reproduce los datos experimentales de las caracteristicas de
salida que muestran respuestas tanto lineales como respuestas altamente no lineales
en la regién de bajos voltajes de drenador. Nuestro modelo se compara con otros
modelos propuestos anteriormente. Nuestro modelo proporciona una visién fisica
de la densidad de carga en la region de baja conductividad cerca del contacto y
refleja los cambios de densidad de carga en el resto del dispositivo. De hecho, la
evoluciéon con la tension de puerta de la densidad de carga libre en la zona del
contacto estd de acuerdo con la evolucion de la densidad de carga libre estimada

en el canal.

2. En paralelo a este modelo, se ha propuesto un procedimiento de extraccién de
parametros con el fin de determinar los pardametros del modelo, incluyendo los
nuevos parametros ligados a los efectos de los contactos. Las ventajas que presen-
tan procedimientos anteriores (aunque menos precisos) se introducen en nuestro
método. Aunque se hacen necesarios modelos mas avanzados fisicamente, con el
fin de tener en cuenta todos los efectos que aparecen en el transistor organicos, los
modelos mas simples no puede ser descartados completamente. Hemos demostrado

su utilidad en el proceso de caracterizacion de los transistores.

3. Los diferentes pasos de nuestro procedimiento se comprueban con mediciones ex-
perimentales de transistores organicos de lamina delgada basados en Cinc Ftalo-

cianina, asi como a través de datos de otros autores.

4. Ademas, se ha probado el método de caracterizacién en un transistor con parame-
tros conocidos, donde no se han obtenido errores significativos entre los parametros

reales y los extraidos con el método.

5. El método de caracterizaciéon se ha aplicado también a otros transistores que mues-
tran histéresis en las caracteristicas de salida, ademas de tener presentes los efectos

de los contactos. Ello ha hecho que la caracterizacién de estos transistores sea mas
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dificil. Hemos presentado una técnica, basada en el modelo compacto desarrollado
previamente, para extraer los pardmetros fundamentales del transistor, tales como
la movilidad de los portadores, la tension umbral y la variacion de la carga atra-
pada durante un ciclo de histéresis. La técnica propuesta soluciona los problemas
de tener un mayor nimero de pardametros en el modelo, asi como el que exista una
relacion intrinseca entre algunos de estos parametros, tales como la dependencia
de la tensién de umbral con la carga atrapada, especialmente a altas tensiones de

puerta.

La extraccién de curvas de corriente tensién en la regién de los contactos y en
el canal intrinseco a partir de las caracteristicas de salida experimentales ha per-
mitido resolver estos problemas. En particular, el estudio de la evolucién de la
densidad de carga con la tension de puerta, tanto en la regién de contacto como en
el canal intrinseco, es esencial para extraer los parametros del transistor. Se han
vuelto a analizar transistores que muestran respuestas lineales y no lineales en la
zona de mas bajas tensiones en las curvas caracteristicas de salida. Los resultados
obtenidos con nuestra técnica se han comparado con otros resultados proporciona-
dos por diferentes autores que empleaban técnicas experimentales mas elaboradas,

encontrandose un buen acuerdo.

Se han presentado diferentes procedimientos para determinar la variacién de la
carga atrapada en un transistor organico durante un ciclo de histéresis. Los proce-
dimientos difieren en la forma en la que se tratan los efectos de contacto presentes
en los datos experimentales. Todos los procedimientos se basan en la separacién
de las contribuciones del transistor intrinseco y la regiéon de contacto a partir de
los datos experimentales. Con el objeto de determinar la densidad de carga atra-
pada, se han usado tres tipos de curvas de corriente-tensién: las correspondientes
al transistor intrinseco, las del transistor externo, y las de situaciones intermedias
donde los contactos se eliminan de forma parcial. Se han comparado los resultados

de forma cuantitativa.

Se ha hecho un estudio de los efectos de la region de contacto sobre el valor de
la movilidad extraida usando diferentes modelos. Una extraccion correcta de la
movilidad con un modelo que incorpora los efectos de contacto es esencial para

obtener buenos resultados, incluso si se consideran las tensiones en los terminales
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externos del transistor en lugar de las tensiones en el transistor intrinseco. En este
sentido, un modelo compacto que describe las caracteristicas de salida del transistor
e incluye el efecto de las regiones de contacto se considera como el mejor escenario.
El peor escenario es cuando la tensién de contacto se elimina parcialmente de las

tensiones en los terminales.

8. La interpretacion de las caracteristicas de salida con histéresis con diferentes mo-
delos muestra cémo los valores de la variacién de la carga trampa estan claramente
alterados por la inclusiéon o no de los efectos de contacto sobre las tensiones en
los terminales y la movilidad. Los valores obtenidos son siempre diferentes y mas
bajos que los obtenidos con nuestro modelo compacto. A partir de estos resultados,
se destaca la importancia de utilizar el modelo compacto que tiene en cuenta los
efectos de contacto del transistor y extrae de forma precisa la informacién de la

carga atrapada en el semiconductor durante un ciclo de histéresis.
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