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Abstract

Organic thin-film transistors (OTFTs) have attracted considerable research interest because of the
benefits associated to their constituent materials, such as flexibility, low fabrication costs and weight, and
their potential applications in large-area, flexible electronics, such as displays and sensors. Nevertheless,
they also have important limitations, for example a low carrier mobility compared to inorganic TFTs,
high process variability, or degraded performance characteristics due to contact effects. Contact effects,
specifically, have been extensively studied in order to introduce them in transistor compact models.
For the purpose of obtaining the values of these models, parameter extraction procedures are normally
applied to the device output characteristics. It has to be noted that the parameter extraction is a
complex procedure when contact effects are present, since the device I — V' characteristics are affected
by them. This work focuses on developing an efficient procedure to extract the parameters of an OTFT
compact model, in which contact effects are taken into account. This compact model is valid for all the

operation regimes of the transistors.

This thesis begins with the proposal of a multi-objective evolutionary algorithm (MOEA), which
is employed to simultaneously determine (i) the values of the parameters of a compact model for the
current-voltage characteristics of OTFTs and (ii) the voltage drop at the contact region. This procedure
can be used to overcome shortcomings of previous parameter extraction procedures. With the challenge
of improving the accuracy of the estimated parameters, additional objectives and constraints are added
to guide the search process. The intention is to explore more promising areas, in which even more
accurate parameter sets may be found. As a result, the initial multi-objective problem (MOP) gives
place to a many-objective problem (MaOP). By means of the many-objective procedure, high quality

parameter sets are estimated.

In an effort to extend the applicability of our extraction method to other devices and physical
mechanisms, the work includes a study of the effect of illumination on organic phototransistors (OPTs),
emphasizing the effect of the light on the contact region. For this purpose, the compact model for
the I — V' characteristics of OTFTs is redesigned for OPTS. This compact model includes a model
for the contact region of the device that incorporates the effects of illumination (photovoltaic and
photoconductive effects). Then, our evolutionary procedure is applied to published experimental data
from several OPTs under different illumination conditions. After the parameter extraction, the compact
model and the contact region model are validated by reproducing the experimental data using the

estimated parameter sets. The results show that both photoconductive and photovoltaic effects impact



the intrinsic region of the transistor, as well as the electrical behavior of the contact region.

The work ends with improvements on the model for the contact region of the OTFTs. In particular,
a standard model for the contact region of OTFTs is proposed. It is a versatile model that describes
the current-voltage characteristics of different kinds of contacts. It reproduces the behavior of Schottky-
barrier or space-charge limited contacts. It is a simple unified model since only the value of a single
parameter is necessary in order to distinguish between both kinds of contacts. The model is easily
integrated in the generic compact model for the current-voltage characteristics of OTFTs used in this
work. The resulting compact model, used in combination with the evolutionary parameter extraction
procedure, allows to extract the intrinsic parameters and the current-voltage curves at the contact of
single short-channel transistors. The model is tested with published experimental data of OTFTs with
Schottky-barrier or space-charge limited contacts. Finally, the method has been used as a diagnose
tool in order to analyze how an ammonia sensor reacts to different concentrations of the ammonia gas.
Interestingly, alterations in the contact region have been detected when the gas concentration varies,
transforming the space-charge limited contact of a pristine OTFT into a Schottky-barrier contact under

the exposure of gas.
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12 1. Introduction and background

1.1. Motivation

Organic thin-film transistors (OTFTs) have attracted considerable research interest due to the ad-
vantages associated with the materials used, such as flexibility, low manufacturing costs and weight,
and their possible applications in large area flexible electronic devices, such as screens and sensors [1].
However, they also have important limitations, for example, low carrier mobility compared to inorganic
TFT transistors, high process variability, or degraded performance due to contact effects. The contact
effects, specifically, have been widely studied for the purpose of introducing them in compact models of
transistors [2—4].

Compact models are analytical models that can reproduce the electrical behavior of a determined
device in all regimes of operation. In general, they are based on physical principles, with some free para-
meters that are used to ensure a continuous transition between modes or to simplify the device physics.
Therefore, these models must be associated with methods to extract their respective parameters, using
as a basis the electrical characteristics of the corresponding transistor [3-5]. The extracted parameters
must have a correct physical value, since an invalid value of any of them would mean the invalidation
of the extracted parameter set, and therefore, a failure of the parameter search process. Finally, the ex-
tracted parameter set must provide an accurate agreement between the data simulated using the model

and the experimental data employed for the extraction.

1.2. Objectives and Methodology

This thesis is focused on the definition of a procedure to extract parameters of a compact model for
OTFTs, including those related with the contact effects, from the device output characteristics. This
procedure must ensure that a parameter set is reached, thereby, solving some limitations presented in

the procedures found in the bibliography. For this purpose, the following goals are outlined:

1. Describe an efficient methodology for the extraction of the parameters of an OTFT compact model,

which includes the effects of the contacts using a multi-objective evolutionary algorithm (MOEA).

2. Validate the extracted parameter set with physical and electrical laws that describe the behavior
of the device. The parameter set validation must include the validation of both the evolutionary

procedure and the compact model.

3. Provide the evolutionary procedure with expert knowledge. The search process have to explore

more promising areas, in which more accurate parameter sets are found.

4. Expand the functionality of the compact model to new applications of the OTFTs such as sensors.
The purpose of this objective is the standardization of the evolutionary procedure, encompassing

as many physical phenomena and applications as possible.

In order to carry out this research, it is necessary to give a brief introduction on how OTFTs operate,

including the different degrading effects limiting the device performance, with a special attention to the
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contact effects, and also to give a brief description on how evolutionary algorithms work. This is done

in the next section.

1.3. Background

1.3.1. Organic Materials

Organic materials used in organic devices can be classified into polymers, small molecules, doped
organic semiconductors, charge transfer complexes, and organic semiconductor/insulator composites [6].
Among them, polymers semiconductors are preferred for leads and contacts in organic devices because of
their suitability for printing. Their main characteristics are: they do not require the use of halogenated
solvents, which present both environmental and regulatory concerns; they are also less susceptible to
adhesion issues, their solubility profiles more easily enable access to viscosity values larger than 200
mPa.s and they provide significantly greater device-to-device uniformity [7, 8].

Transistors, diodes, sensors [9], transducers, and memory elements can incorporate semiconductors
consisting of organic molecular solids and /or semiconducting polymers (named organic semiconductors).
Applications of these devices can be found in circuits of moderate complexity, such as display drivers
[10], radio-frequency identification (RFID) tags [11], or pressure mapping elements.

The lowest unoccupied molecular orbital (LUMO) 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 semicon-
ductors in comparison with the hole-transporting (p-channel) semiconductors. The amount of holes in
the semiconductor is mainly determined by the relative position of the highest occupied molecular orbital
(HOMO) to the Fermi level in the contact (contact work function).

This technological delay regarding n-channel transistors directly has affected the development of
complementary technology. There has been a particular need for n-channel organic semiconductors to
level the performance of p-channel materials, in order to design complementary circuits with organic
transistors. Significant progress was made on the development of solution processable organic semicon-
ductors and both p- and n-type materials that present high performance and good air-stability [12, 13].
In complementary circuits, both positive and negative gate voltages are used to switch transistors,
which are characterized by better speed and reliability when compared to their unipolar counterparts
[14, 15]. Several organic complementary circuits made with solution deposited materials were also re-
ported [13, 14, 16, 17], but there is no fully printed complementary technology on flexible substrate
presenting high mobility for both p- and n-type semiconductors [11].

1.3.2. Organic Field-Effect Transistor

An Organic Field-Effect Transistor (OFET) is an electronic device whose structure turns around
a capacitor-like structure. It is formed by a metallic gate, a dielectric, and semiconductor layers. Two

metal contacts, the source and drain electrodes, are connected electrically to the semiconductor film. The
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organic semiconductor layer is usually very thin, this is the reason why these transistors are also called
Organic Thin-Film Transistors (OTFTs). 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. 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 Vi, the intrinsic conductivity
of most organic semiconductors is low; when a voltage Vp 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 Vs is applied on the gate, the electric field existing across the capacitor structure attracts
charges towards the dielectric-semiconductor interface. These accumulated 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 V. 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 organic semiconduc-
tors 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
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 such as HyO
and O3 adsorbed from the environment. A non zero Vi must be applied to fill these trap states before
mobile charges can be transported along the conducting channel. All those effects affect the value of the
threshold voltage V.

The experimental current-voltage curves of the OFET are very similar to the MOSFET. This is the
reason why the OFETs have extensively been described with the classical equations that describe the

MOS transistor drain current Ip:

. 2
Ip = L/MOCZ (VG — VT)VD — @ R Vp < VG —Vr
WLC 2 (1.1)
p=—— (Ve = Vo)’|, Vb < Vas — Vi

where C; is the gate insulator capacitance per unit area, p 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 OFETSs to separate from ideal
MOS model (1.1): the injection of charge from the contacts, the transport of charge in the organic
semiconductor and the instabilities created by the charge build-up in the structure. Because of them,
among others factors, model (1.1) is not able to reproduce the I — V characteristics of OFETSs, being

mandatory for such a purpose the use of specific models.
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1.3.3. Contacts Effects

Understanding and reducing contact effects in OTFTs are of great technological importance since
they limit the device performance [18]. There are experimental evidences that prove the presence of these
degrading effects, and therefore the existence of the contact region. 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 the contact regions. They show how the density of molecules in the organic material
are not the same just at the metallurgical contact or far from it. 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). In this situation, the voltage drop between the drain and
the intrinsic channel can be neglected.

Great efforts have been made in order to reduce the impact of contact effects and hence, to improve
the device performance. Among the attempts to reduced the contacts effects are the use of new materials
for the contact electrodes, the insertion of layers at the metal-semiconductor interface, or the use of
molecular doping. In addition, models capable of reproducing the current-voltage curves at the contacts
of OTFTs have been developed [4, 19], being this still a topic of major interest [20].

1.3.4. Evolutionary Algorithms

Evolutionary Algorithms (EAs) are meta-heuristics based on natural and genetic evolution [21, 22].
The concept of natural evolution will help the reader to get an initial idea about how EAs work. In
nature, there are entities or populations of individuals with the ability of reproduction. These individuals
usually have different characteristics, such as height or strength. The offspring individuals inherit some
characteristics of their progenitors. In addition, some of them may mutate acquiring new qualities. As
time passes, only the individuals able to adapt to the environment survive, usually the fittest ones.
Taking as reference the natural evolution, EAs process at each iteration a population of potential
solutions (individuals) for a determined problem (environment). During the EA execution the potential
solutions are combined (reproduction) and some of them may be altered (mutation), giving rise to an
offspring population, in which the fittest potential solutions have the highest probability of remaining
in it (adaptation to the environment).

The most important difference between classical optimization techniques and EAs is that they process
a population of potential solutions at each iteration, rather than a single solution for the problem. Fig.
1.1 shows the basic flow chart of an EA, where P; is the population of the EA in the ¢-th iteration and
N is the population size. The individuals of the population are potential solutions of a minimization
(maximization) function f(x). They are named (") = (x; ... 2,08) i =1,2,... N and 2" ¢
XP C RP, where X? is the domain of the population.

Three main operators guide the evolution of the population:

= Recombination operator. It is mainly responsible for the population to improve. This operator

mixes characteristics of progenitors in order to create new individuals, called offsprings. The idea
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Figure 1.1: Basic flow chart of an EA.

of recombination is to discover better individuals than the original ones, or intermediate individuals

that in future would allow to discover better ones.

= Mutation operator. This operator contributes to the diversity of the population. The recombination

of progenitors by itself may not improve the population or may not discover new individuals. In

these cases, some of the offsprings should be altered by other means. The mutation operator is

responsible for securing that every individual from the search space is achievable. This operator is

also used by the EA to evade from local optima.

= Selection operator. Based on a measure of adequacy of the individuals, this operator decides which

individuals will be part of the next generation population.

EAs are highly parameterized algorithms, being their most important features introduced in the next

subsections.
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1.3.4.1. Individual Representation

The first step in defining an EA is to link the original problem context and the problem solving
space where evolution takes place. Very importantly, it has to be clear what kind of solutions the
original problem has. Then, the most appropriate domain for them is defined, and finally the most

appropriate individual representation for it is used.

1.3.4.2. Initial Population

At the beginning of an EA, the population is empty. In order to fill it with individuals, a method
to generate the initial population Py has to be defined. There is no standard method to initialize the
population of an EA and usually P, is randomly generated. Also, an old population or a population

from another heuristic could be used as Fj.

1.3.4.3. Variation Operators

The recombination and mutation operators are defined with the recombination (P,) and mutation
(P,,) rates, respectively. Through the use of the right values of P, and P,,, the search space would be
efficiently and extensively explored. A low P, will not allow to explore intensely the search space, while

a high P, will avoid the convergence of the EA.

1.3.4.4. Fitness Function

The fitness function indicates the differences in quality among the individuals of the population.
It gives a punctuation to each individual of the population. Given a minimization (or maximization)
function, an individual 29 will get a lower (or greater) punctuation than other 27 if 27 is a better

individual.

1.3.4.5. Selection Operator

The selection operator selects the fittest or the best punctuated individuals, which will be part of
the population of the next generation P;y;. Moreover, P;;; must meet certain requirements, such as

diversity and elitism.

Diversity The diversity of the population is a very important fact in complex optimization problems
such as the one presented in this work. If all individuals in the population were located in the same
space, for example if Py, 1 were composed only of the fittest individuals, the procedure could converge
prematurely to local optima. On the other hand, if P,;; were composed of bad individuals, it would not
converge at all. The selection operator controls the commitment between quality and diversity among
individuals in the population in order to ensure a proper convergence. The fittest individuals are given
a higher probability to take part in P,;; than the worst individuals. Nevertheless, bad individuals also

have a chance of being in P ;.
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best

Elitism Since EAs are stochastic, the best individual found so far, z°®*' may be lost during the

best

evolving procedure. EAs introduce elitism to guarantee the presence of x in P;44. During the evolving

best

procedure and at the end of the execution, x is always available.

1.3.4.6. Stop Condition

Another critical parameter in the EA definition is to decide when to stop it. For that purpose, one
the following criteria should be fulfilled:

= Global optimum solution achieved. In this case, it makes no sense to continue searching for a better

solution.

s CPU cost. In order to minimize the computational time, the EA execution can be restricted to a

limited number of generations and evaluations of the fitness function.

= Stagnation of the search. The EA execution can be stopped after a limited number of generations

if there is no improvement in the population. In this case, the population should be restarted, but

keeping zP°st.

1.3.5. Multi-objective Problems

In most practical situations, problems have several conflicting objectives. Parameter extraction pro-
cedure is only one of them. Problems of this kind are known as multi-objective problems (MOPs) [23].
The greatest difference between single objective problems and MOPs is the arrangement of the set of
potential solutions. In a problem with n.,; competing objectives, each one of them is measured by
an objective function f;j(¢ = 1,...,n0;). We can define a global objective function f that meets the

following relations for two potential solutions for the problem s; and sg

f(Sl) = f(SQ) < fi<51) = fl(Sg) Vi e 1,2, -oey Tobj
f(Sl) < f(SQ) =4 fz(Sl) < fi(SQ) Vi € 1,2, ooy Tobj (12)
f(s1) < f(s2) & f(s1) < f(s2) A f(s1) # f(s2)

Taking into account the above relations, the Pareto-dominance criterion can be used to establish an

order between the individuals of the population [24]:

51 < 82 < f(s1) < f(s2)
51 253 e f(s1) < f(s2) (1.3)
s1~ s34 f(s1) £ f(s2) A f(s2) £ f(s1)

where s1 < s9 (51 dominates s) means that s; is a better solution than so, s1 < s (s1 weakly dominates

s2) means that s; is a better or equal solution than sy, and s1 ~ sy (s1 is indifferent to s2) means that
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both solutions are not comparable. A Pareto-optimum solution sep [24] is defined as a solution which

cannot be dominated by any other solution in the solution set S:
As;, € 518 < Sopt (1.4)

All Pareto-optimum solutions compose the Pareto front. The solutions of the Pareto front are indifferent
to each other and equally valid. Thus, the criteria of the final users or experts will decide which solutions

from the Pareto front are the best.

1.3.6. Multi-objective Evolutionary Algorithms

The combined use of EAs and the Pareto-dominance criterion gives rise to a special type of EAs,
called Multi-objective Evolutionary Algorithms (MOEAs), capable of managing MOPs. MOEAs follow
the same principles of EAs (described in Fig. 1.1) but including the mechanisms needed to operate with
MOPs.

There are many ways of implementing a MOEA [25-28]. The Non-dominated Sorting Genetic Algo-
rithm IT (NSGA-II) [25] has been used successfully in a wide variety of problems and also employed in
this thesis. The main objective of NSGA-II is to find a generation Py of N individuals from a previous
population P; of N individuals also. The evolution between generations is developed with the selection,

recombination and mutation operators and other criteria defined below.

= Non-Dominated sort. The population is sorted with the non-domination criterion. The indivi-
duals of the population are grouped in different fronts F;(i = 0,1,...), where i indicates the
non-domination level, Fy is the front of individuals dominating the rest of solutions, F} is the next

front, only dominated by Fp, and so on.

s Crowding distance. It measures how close to its neighbors an individual is. In order to reduce the
agglomeration of individuals, a large crowding distance is necessary. The control of this distance

is used to improve the diversity of the population.

» Selection operator. NSGA-II uses the tournament selection operator [29]. This operator chooses
randomly & individuals from P;, and from these k individuals the one situated in the best front is
selected. In the case that the k individuals are located in the same front, the one with the highest
crowding distance is selected. This process is repeated until a population @; of N individuals
is available. The population @ is transformed with the recombination and mutation operators.
Finally a population R, is built by joining P; and @Q;, Ry = P, U Q.

s FElitism and population of the next iteration. The population of the next generation P, is formed

with the individuals of the best fronts of R; (truncating the number of individuals to N).
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1.4. Structure of the Thesis

This thesis is divided in four main chapters that follow this introduction (Chapters 2-5). Each chapter
can be read independently from each other and is provided with its own conclusion section. However,
it is highly recommended to read first Chapter 2, since the rest of chapters mention it. In doing so, the
reader can get a full understanding of the remaining chapters.

The first two chapters (Chapters 2 and 3) are focused on the definition of the evolutionary parameter
extraction procedure applied to a generic compact model for OTFTs. Chapter 4 focus on compact
modeling of organic phototransistors (OPTs). Finally, Chapter 5 is centered in the modeling of the
contact region of OTFTs.

In Chapter 2 an evolutionary parameter extraction procedure is proposed. This procedure employs
both a MOEA and a compact model, which in turn includes a model for the contact region, to extract the
model parameters from the OTFT output characteristics. This evolutionary procedure always reaches
a parameter set, provided that the search space of every parameter has been correctly defined.

In Chapter 3 the evolutionary procedure is extended in order to fulfill OTFT conductance requisites.
These requisites are included in the extraction procedure in form of objectives and constraints, giving rise
to a constrained many-objective evolutionary procedure. Again, this procedure is employed to extract
the model parameters from experimental OTFT output characteristics, estimating a reliable parameter
set capable of reproducing the device I — V' characteristics.

In Chapter 4, the compact model and the model of the contact region are extended to consider the
effects of illumination on organic phototransistors (OPTs). The study of two devices under different
illumination conditions confirms that the contact region of phototransistors is very sensitive to the
photovoltaic and photoconductive effects. Due to this fact, not only the contact effects must be considered
when a parameter extraction is performed, but also the effect of illumination on the contact region.

In Chapter 5, the functionality of the contact region model is fully expanded, giving rise to a standard
semi-empirical contact model. Originally, the contact model was applied to devices in which the contacts
are space-charge limited. By enlarging the range of values of a single parameter of this contact model,
we can also extend the applicability of this model (and the evolutionary procedure) to devices in which
the contacts are Schottky limited.

The memory ends with the global conclusions and recommendations for future work.
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2.1. Introduction

Organic thin-film transistors (OTFTs) have attracted considerable research interest because of the
advantages associated to the materials used, such as flexibility, low fabrication costs and weight, and
their potential applications in large-area, flexible electronics, such as displays and sensors [1]. Nevert-
heless, they also have important limitations, for example a low carrier mobility compared to inorganic
TFTs ([1, 30, 31]), high process variability [32, 33|, or degraded performance characteristics due to con-
tact effects. Contact effects, specifically, have been extensively studied in order to introduce them in
transistor compact models [2-4, 18, 34-38].

Compact models are analytical models that are able to reproduce the electrical behavior of a given
device in all regions of operation. They are usually based on physical principles, with some free para-
meters that are used to stitch the transition between regions, or to improve the needed mathematical
simplification of the underlying device physics. Thus, these models must be associated with methods
to extract their respective parameters from the electrical characteristics of a transistor [3-5, 18, 34].
Parameter extraction procedures must assign a correct physical value to each parameter in order to
keep their meaning. An invalid value would cause the parameter extraction procedure to fail or the
achievement of an unphysical parameter set. Finally, the extracted parameter set has to provide a good
agreement between the model and the experimental data. Typically, this parameter extraction is usually
a two-step procedure, because the parameters are usually correlated. In a first step, a direct extraction
method under some simplifying assumptions is used to obtain a first set of parameters. In a second step,
this set may be used in a global optimization procedure.

In this chapter, we consider a compact model [4], which has been successfully tested in the past
with different OTFTs operating in different regions [39-41] and even in transistors showing current-
voltage curves with hysteresis [42]. The application of this model can also be found in two-dimensional
field-effect transistors, in which contact effects degrade the device performance [43, 44]. A procedure
that accelerates the extraction of the parameters of this model, or solves some of the problems noted
in the past [45], would be very helpful. For this reason, in this chapter a multi-objective evolutionary
parameter extraction procedure is proposed, solving the extraction shortcomings or weaknesses of the
procedure proposed in [4].

Our procedure is based on a special kind of heuristic and optimization search technique called
Evolutionary Algorithms (EAs) (introduced in Chapter 1, Section 1.3.4). EAs are employed in a broad
range of engineering disciplines [46] such as architecture [47, 48], electrical [49, 50], chemical [51, 52]
and mechanical engineering [53, 54]. EAs are also employed in other important fields as computer
science [55], control [56] and signal processing [57]. Moreover, EAs have been previously used to extract
the parameters of semiconductor devices, such as MOSFETSs [50, 58-61], photovoltaic (PV) modules
[62, 63], or solar cells [54, 62, 64]. They have even been used to extract parameters for simple OTFTs
models [65-67], gaining in accuracy and speed. For these reasons, we propose to use EAs in combination
with the procedure introduced in [4]. Nevertheless, the main novelty of our procedure is not only to
extract the parameters of an OTFT’s compact model, but to additionally obtain an adequate physical

evolution of the contact current-voltage characteristics. The addition of this second objective into our
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evolutionary procedure is what makes it different from previous algorithms in OTFTs.

This chapter is organized as follows. In Section 2.2, the features and possible limitations of the
direct parameter extraction procedure proposed in [4], when applied to experimental data, are shown.
Then, in Section 2.3, the evolutionary procedure is developed for the compact model [4]. In Section 2.4,
the evolutionary procedure is tested with experimental data. Finally, the conclusions are presented in
Section 2.5.

2.2. Theory

In [68, 69], a compact model was developed for OTFTs which includes the voltage drop at the source
contact (Vs = Vi) and electric field dependent mobility p = puo(Vg — Vr)7:

W (Vg — Vi — Vs) 12 — (Vg — Vip — V)17
ID = —]{/’Of

)

v +2 (2.1)
kO = MOCoa: s

where Vi is the gate voltage, Vp is the drain voltage, Vr is the threshold voltage, v is the mobility
enhancement factor, yio is the mobility-related parameter and its dimension is expressed as cm?/(V+7s),
C,y is the capacitance per unit area of the oxide and W and L are the channel width and length,

respectively.

Later on, model (2.1) was redefined with the inclusion of a model for the contact region [4]:

Ip \ 7
= = 2.2
VS (MC) 3 ( )

where the parameter M is usually gate voltage dependent and my indicates the grade of the observed
trend (from linear to quadratic, 1 < my < 2) in the triode region of the OTFT. In the case of a linear
trend (my = 1), M¢c would be equivalent to the inverse of a contact resistance Re. When this occurs,

the Ip — Vg relation can be approximated by the usual linear relation
Vs =IpRc. (2.3)

The more general expression (2.2) for the Ip — Vg relation was proposed in order to include linear
and non-linear relations as observed experimentally in OTFTs [70] and after theoretical studies on

metal-organic contacts in which the transition from linear to quadratic trends was analyzed [3, 71].

Along with (2.1) and (2.2), the authors proposed a method to extract the parameters of (2.1) and
the voltage drop at the contact Ip — Vg from experimental Ip — Vp curves [4]. The method makes use
of the so-called Hy ¢ function [68, 69], with the objective of getting an initial estimation of the values
of v and V. It is defined as the ratio of the integral of the drain current (Ip) over the gate bias divided
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by the drain current

Va
J In(Ve)dVe
<Vr

Ip(Vg)

The Hy g function can be evaluated from experimental data measured in the linear and saturation

Hyg(Vg) = (2.4)

regimes. Combining (2.1) and (2.4), a linear function with Vi is obtained for the saturation regime [69]

Hye(Va) = (Vo —Vr = Vs)/(v +3). (2.5)

The linear expression (2.5) can be used to get an initial estimation of the values of v and V7 incorporating
the experimental values of Hy ¢ and assuming Vg as a constant value, usually Vg = 0. However, Vg is
a function of Ip and Vi (Vs = Vs(Ip, V). Thus, the values of v and Vp incorporate any inaccuracy
coming from the assumed value of Vg. After this initial estimation of v and V7, if kg is also known, the
voltage in the contacts Vs(Ip, Vig) can be extracted by introducing the values of the experimental data
Ip and the values of v, Vi and kg in (2.1):

] 1/(v+2)

Vo= Ve — Vi — [ID(v ¥ 2)L/(Who) + (Ve — Vir — Vp)' 2 (2.6)

Since the kg value is unknown, various values are tested and introduced in (2.6) to find the relation
Ip —Vs. The initial range of values for ky can vary by two orders of magnitude over and below the value
obtained with the ideal MOS model applied to the experimental Ip — Vz data in the saturation regime.
The obtained relation Ip — Vg must have physical meaning according to (2.2). Only the values of kg
that make the relation Ip — Vg follow (2.2) are considered. An averaged value of the contact voltage
obtained from this relation Ip — Vs must be consistent with the initially assumed value of Vg in the
above paragraph. Otherwise, this new averaged value of Vs must be inserted in (2.5) and the process
must be repeated until these conditions are fulfilled.

Although the compact model along with the parameter extraction procedure have been successfully
used in the past [4, 39-42], it has been noticed that the Hy ¢ function may not always perform under

certain circumstances:
» The values of v and Vp extracted from (2.5) are inaccurate if Ve # 0.

» As initially defined in [72], the integral (2.4) must necessarily be evaluated from a gate voltage
under the threshold voltage. Otherwise, the extracted values of v and Vi will differ from the actual

ones.

» The integral (2.4) performed with very few points (very few output characteristic curves) also

leads to inaccurate values of v and V.

In these cases, the errors in the values of Vi and -y can propagate through the next steps of the extraction
procedure, providing a non-optimized parameter set (ko,y, Vr, mg, Mc).
An example of misuse of the Hy ¢ function can be seen in the analysis of the output characteristics

Ip —Vp of Fig. 2.1. These curves have been generated using the compact model (2.1), the relation (2.2)
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Figure 2.1: Output characteristics generated using the compact model (2.1) and the relation (2.2) at gate
voltages Vi from 0 to —50 V with a —12.5'V step (from top to bottom). Vp is swept from 0 to —60V with
a —2.4V step. ko =1.381 x 107 A/VT" W =2x10"tcm, L=5.0x10"%cm, V7 =10V, v =1,
Mc(Ve) = a|Vg — Vp|OFHD Ve with a = 5 x 10719, and my, = 1.2. The contact voltage Vs in the
saturation region at Vp = —60V for each curve is -0.06, -0.12, -0.17, -0.23, -0.28 V (from top to bot-
tom).
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Figure 2.2: Hy ¢ function evaluated from the Ip — Vg relation extracted at Vp = —60 V from the
output characteristics of Fig. 2.1 (symbols). The solid line is the fitting with (2.5) using Vpr = 16.35 V
and v = 1.25.

and the bisection method [73]. Once the experimental data is available, Hy ¢ is applied to the saturation
region (Vp = —60 V). The result is represented with crosses in Fig. 2.2. After fitting the experimental
Hy ¢ function with (2.5), Vr = 16.35 V and v = 1.25 are obtained. These values do not correspond with
the Vp and « values initially employed in Fig. 2.1, even for this case in which the contact voltage is
much smaller than the drain voltage (values of the contact voltage are provided in Fig. 2.1). At this
point, the parameter extraction procedure should be aborted since the following steps depend on the
values extracted from the Hy ¢ function.

It is clear that solutions to solve this problem at the experimental laboratory exist: it is easy to
measure transfer curves or more output characteristics, and that some of these curves may correspond

to gate voltages below the threshold voltage. However, there may be situations in which these solutions
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are no longer possible or difficult to accomplish. In these cases, we propose to adapt the procedure in

[4]. As alternative, an evolutionary parameter extraction procedure is proposed in Section 2.3.

2.3. Evolutionary Parameter Extraction Procedure

As stated in the introduction of this chapter, once a set of parameters has been determined by a
direct method ([68, 69, 72, 74-76]), the parameter extraction can be improved by a global optimization
process that takes into account possible interactions between the parameters. Different techniques can be
used for this global optimization, which are usually hampered by the high dimensionality of the problem
(the set of parameters to be extracted or optimized are usually composed of tens of elements). Initially,
this was dealt with using deterministic methods, based on derivatives and local optimization [77, 78].
Soon after, more efficient techniques based on evolutionary algorithms were proposed ([50, 58-61, 79]).
Alternative methods, although less used than evolutionary computing, have also been proposed, such
as a procedure that introduces expert knowledge into the parameter extraction for an OTFT compact
model [5], or the particle-swarm-optimization method employed to extract the model parameters of the
PSP compact MOSFET model [80].

EAs are meta-heuristics based on natural and genetic evolution [21, 22]. In nature, there are entities
or populations of individuals with the ability of reproduction. These individuals usually have different
characteristics, such as height or strength. The offspring individuals inherit some characteristics of their
progenitors. In addition, some of them may mutate acquiring new qualities. As time passes, only the
individuals able to adapt to the environment survive, usually the fittest ones. Taking as reference the
natural evolution, EAs process at each iteration a population of potential solutions (individuals) for
a determined problem (environment). During the EA execution the potential solutions are combined
(reproduction) and some of them may be altered (mutation), giving rise to an offspring population, in
which the fittest potential solutions have the highest probability of remaining in it (adaptation to the

environment).

Since EAs evolve a population or potential solutions for a problem, they are particularly well fitted
to solve multi-objective problems (MOPs) [23], i.e., problems where several competing objectives must
be optimized simultaneously. In this case, a multi-objective EA (MOEA) will return a set of Pareto-
optimum solutions or Pareto front, composed of many solutions which are indifferent to each other
and equally valid. Thus, the criteria of final users or experts will be needed in order to decide which
solutions from the Pareto front are the best. There are many ways of implementing the MOEA concept
[27, 28, 81, 82|, with the Non-dominated Sorting Genetic Algorithm IT (NSGA-II) [81] being the most
widely used. However, since NSGA-II is a generic multi-objective optimization procedure (see Chapter
1, Section 1.3.6) as all MOEAs, it must be adapted to the concrete problem being solved. In our case,
its adaptation for extracting the parameters for an organic TFT compact model including the contact

effects is detailed below.
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2.3.1. Individual Representation

Our procedure is based on a set of experimental data Ip = Ip(Vg,,Vp,), where i € Z : 1 <i<g
and j € Z : 1< j <d. The numerical estimation of Ip with (2.1)-(2.2), and the voltage drop at the
contact region Vg with (2.6) are named TB(VGi ,Vp,,r) and ‘//;(V(;i , Vb, , ), respectively, where x refers
to the set of parameters needed to compute (2.1), (2.2) and (2.6) and is defined as the individual of the

population:

T = (k’o,’y,VT,Mc(VGI)7...7M0(Vgg)), (2.7)

where g is the number of different Vi values employed to generate Ip, Mc(Ve,) is the estimation of
M (V) at these particular values of Vi and the number of variables [ of the individual (2.7) is p = g+3
(leZ:1<1<p).

The parameter my controls the linearity of the Ip — Vg curves and does not depend on the gate
voltage [4, 42]. A simple inspection of the output characteristics in the triode region can provide a first
estimation of my. Intentionally, the parameter mj does not form part of the individual (2.7), but will
be a static predefined parameter of the evolutionary procedure. The reason is that the joint use of my

and the M (V) in (2.7) could cause the no-convergence to an acceptable solution.

2.3.2. Recombination Operator

The SBX operator is employed in the recombination operation for its successful performance at
continuous search spaces [83, 84]. All individuals of the population Q;, previously selected from P,
participate in the recombination process, but only half (P. = 0.5) of the variables of an individual
will be recombined. This operator takes randomly from the population N/2 pairs of parent individuals
27 and 29, which give place to two offspring individuals ¢/ and ¢?. Each variable [ of both parents is
recombined if a random number « taken within [0,1] is greater than P,. In the opposite case, the variable
l of each offspring individual will be a copy of the variable [ of a respective progenitor. In the first case,

each offspring variable is symmetrically calculated as

. 1 .

o = - 56(1‘? — i), (2.8)
1 .

d = T+ 56(3:? — i), (2.9)

where T; = (x{ +1)/2 and 3 is a polynomial distribution controlled by a parameter 7.. The parameter

7. controls how far the offspring individuals are generated away from its progenitors.

2.3.3. Mutation Operator

After the creation of offspring individuals, they are mutated in order to improve convergence and

also to allow escaping from local optima. This mutation is performed with the Polynomial Mutation
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operator, successfully used in many problems and easily controlled by its mutation parameters [85, 86].
The generation of a mutated individual x from an offspring individual ¢ is also controlled by a polynomial

probability distribution. Each variable [ of the mutated individual z is created as

Sr(c—c™), ifu<05
xl:{ atovla—q”) ifus (2.10)

1) +5R(cl(U) —q), ifu>05

where u is a random number generated within [0, 1], and d;, and dg are the polynomial distributions,
both controlled by a parameter 7,,. Both distributions are modified, so that no value outside the specified

range [cl(L), cl(U)]

is created by this operator.
This operator generates individuals close to the offspring with a higher probability than individuals
far away from it. This is done by considering that each variable [ of an offspring individual ¢ of length

p has a probability 1/p of being mutated.

2.3.4. Fitness Function

The fitness function assigns a fitness value to each individual = for each one of the objectives defined
in a MOP. In our MOP, two objectives have been defined for the individual (2.7): (i) to minimize the error
between the experimental values of Ip(Ve,,Vp,) and their estimation from (2.1)-(2.2) L;(Vgi7 Vp,, ),
and (ii) to minimize the error between the voltage drops at the contact region Vs(Vg,, Vp,, ) extracted

from (2.2) and their estimation ‘//E(VG“VDj,x) extracted from (2.6).
The Normalized Root Mean Squared Error (NRMSE) is used to estimate these errors [87]:

NRMSE(y, §) = (2.11)

where y represents the data set that we want to accurately approximate, ¢ is the estimation of y, w is
the number of data samples in y, and g is the mean value of the complete data set y. Thus, the fitness
function f is defined as f = (fi1, f2), where

fl (33) =NRMSE (ID(VGi ) VDj)a TB(VGz ’ VDj ) .13)) )
f2() =NRMSE (Vs (Ve Vi, ), Vs (Ve Vi, o) ) (2.12)

VieZ:1<i<gVjeZ:1<j;<d

2.3.4.1. ID(VG“VDJ.)

Ip(Va,, Vp,) is the experimental value of the drain current.
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2.3.4.2. Ip(Ve,, Vp,, )

fB(VGi , Vp,, ) is the estimation of Ip(Vg,, Vp,) extracted from the compact model (2.1)-(2.2) using
the bisection method [73]. This procedure starts with an initial interval [a;, b;] in which the value of
jB(VG” Vp,, ) is expected. This interval may be different for each value of Vi, . The interval is shortened
to the half in successive iterations until an adequate value for fl\)(VGi,VD]. ,x) is obtained.

Starting at iteration ¢ = 0, and assuming that a;;, = a; and b;;, = b;, three values are considered in

each iteration t for all possible combinations of 4 and j:

I/D:(Vgi,VDj,m) =aij,,
Ip,, (Va,, Vi, x) =bij,, (2.13)
I/D-;(Vgi,VDj L x) =cij, = (aij, +bij,)/2.

For each one of these values, Vg is calculated using (2.2) and the different values of Mc(Ve,) coded

in x:

1
?(VGWVDJ-) ™
VSk,t (VGNVDj’x) = (M) ’ (2.14)

VieZ:1<i<gVjeZ:1<j<dkeab,c}

Then, the differences between each one of the three possible estimations k € {a,b,c} of Ip in the

current iteration and the value returned by the compact model (2.1) are calculated:

Tkij, = IDk,t (VGi , VDJ)‘F

+ koW (VGz - Vr— Vsk,t (VGHVDJ))'H_Q

L(y+2) B (2.15)
koW (Ve Ve = Vp,)""”
L(y+2)

As the bisection procedure tries to find a root in (2.15), the interval [a;j, , b;;,] is shortened according

to the values 7q,i5,, Tb,55, and rc;j, following the rule:

[Cijes big, ), if sign(ra,ij,) = sign(re,iz,)
Qijyrbijon] = o T e ’ 2.16
[@250415 i { laij,,cij,], otherwise ( )

This iterative process continues until the condition|r. ;;,| < € is reached or a maximum number of
iterations are executed (¢ = npisec). In any case, the drain current is estimated as Ip, ,(Va,, Vp,, ) = cij,.
2.3.4.3. Vs(VGi,VDj,.’L‘)

Vs(Va,, Vp;,r) is the voltage drop at the contact introducing in (2.2) the experimental value
Ip(Va,, Vp,) and the parameter Mo (Vag,) coded in x:
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1
Ip(Va,,Vp.)\ mi
VS(VG“ VDj7m) = (Dj\zf(ilvgﬁ])) g . (217)

2.3.4.4. Vs(Ve,, Vp,, )

‘//g(VGi,VDj,.’L‘) is the voltage drop at the contact introducing in (2.6) the experimental value
In(Vg,, VDJ.) and the parameters kg, v and Vr coded in x:

—

(v+2)L 1/(v+2) (2.18)

_ ID(VGi7VDj)W7k}() + (VGL - VT — VDj)’Y+2

2.4. Results

In this section, two sets of experiments (4 and B; and Ci, Cy and D) are presented. These ex-
periments have been carried out using an open source evolutionary tool called ECJ (A Java-based
Evolutionary Computation Research System) [88]. Experiments A, B and C have been executed in a
CentOS cluster with 19 computation nodes, each one with two Intel Xeon E5520 processors at 2.7 GHz.
Each execution set for a determined mj was executed sequentially using only one node. Experiments
C and D have been executed in an Ubuntu laptop with an Intel 15-3320M processor at 2.6 GHz.

In the experiments A and B, the evolutionary parameter extraction procedure is applied to solve
the problem presented at the end of Section 2.2 and Figs. 2.1 and 2.2, in which the Hy g function
was not provided with the appropriate input data. In experiment A a parameter set is extracted from
Fig. 2.1, while in experiment B this extracted parameter set is optimized. Since the parameter set
employed to generate the curves from Fig. 2.1 is known, it can be used along with the fulfillment of
f(z) (2.12) to verify the validity of the evolutionary procedure as a parameter extraction method in
OTFTs. Experiments C1, Cy and D, on the other hand, deal with the optimization and extraction of
parameters of real OTFT devices [40, 89, 90]. In Experiments C and Cs, a solution for the parameter
set is also known [40, 90], which can be compared against our results to test the effectiveness of our

procedure.

2.4.1. Experiment A: Parameter Extraction

Once the set of experimental data is available (curves in Fig. 2.1), the parameters of the evolutionary
procedure are defined.

First. As seen in Fig. 2.1, Vp is swept from 0 to —60 V with a —2.4 V step and Vg is swept from 0
to =50 V with a —12.5 V step. That is, Vg, =0V, Vg, =125V, Vg, = =25V, Vg, = =37.5 V and
Vg, = =50 V.

Second. The search space is defined in order to guide the search to an optimum solution. For this

problem, the parameter ranges of each individual x of the population are:
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Table 2.1: NSGA-II execution parameters used in the different experiments.

Experiment
Parameter A B Ch Co D
N 500 500 500 500 500
Njob 10 10 10 10 10
Niter 50000 50000 5000 5000 50000
p 8 8 9 8 9
P, 0.125 0.125 0.1111 0.125 0.1111
P. 0.5 0.5 0.5 0.5 0.5
Ne 20 20 20 20 20
Nm 20 20 20 20 20

Table 2.2: Bisection method parameters used in the different experiments.

Experiment
Param. A and B Ch Co D
€ 1071° 1071° 1071° 1071°
Nbisec 1000 1000 1000 1000
[a1,b1] (A) [0,—-107% [0,—-107%] [0,—-107%] [0,—107¢]

[ai,b;] (A), i#1 [0,—107°] [0,—107%] [0,—107°] [0,—107F]

ko € 1076, 107197 A/VET): 5 € [0, 2);

(2.19)
Vi € [=30,30] V; Mc(Vg,) € [10719, 1074 A/V™".

As justified in Section 2.3.1, the parameter my is considered a static predefined parameter. Eleven
cases are analyzed, in which my is swept from 1.0 to 2.0 with a 0.1 step.

Third. Since EAs are meta-heuristics, each execution of our evolutionary procedure to extract the
device parameters may return a different result, thereby the NSGA-II is executed n o times for every my,
value, delimiting each one of them to n4, iterations, being the initial N individuals randomly generated.
In order to define the value of N, nop and n., (Table 2.1) several trial-and-error tests are carried out.
A compromise between the quality of the result and the computational cost needed to obtain it must
be achieved. We observed that increasing the value of the parameters N and n;.., accurate results are
obtained. However, it increases considerably the computational cost and in addition, the increment of
the values of N or n;t. does not always ensure a quality increment of the final result, since for example
the evolutionary procedure might converge to a local optimum. In those cases in which the evolutionary
procedure always tends to converge to a local optimum, the mutation operators will help escaping from
it, but with an increased execution time.

The values of 7, and 7,, (Table 2.1) are standard values that have been tested successfully, and also
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Table 2.3: Mean =+ standard deviation of f; and fy objectives for each Pareto front related to a different
my, value.

mg fl f2

1.0 1.18x1072£80x 107" 3.38x 107! £7.06 x 1072
1.1 2.98x10° £2.2x10™" 342x107 4+1.24x 10"
1.2 7.00x107*+£1.0x107*" 9.75x 107 £5.19x 107!

1.3 1.19%x10724+4.0x107% 4.35x 1071 +2.07x 107!
14 126x10724+4.1x107% 1.51x10° +0.84x 107!
1.5 1.20x10724+4.2x107% 1.72x10° +1.07 x 10°
1.6 620x1072+3.9x107% 2.16x10° +1.19x 10°
1.7 1.01x10724+6.3x107% 1.76 x10° +9.73x 107!
1.8 1.19%x10724+6.3x107% 1.37x10° +7.20x 107!
1.9 530x10734+3.7x107% 2.24x10° +1.16 x 10°
2.0 1.08x1072+89x107% 1.86x10° +1.01 x 10°

0

1571
M A X (D)
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[ )
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Figure 2.3: Pareto front selected as best result of the evolutionary procedure execution. It corresponds
to my = 1.2. The parameters of the Pareto-optimum solutions enumerated from (¢) to (v) and marked
in black are found in Table 2.5. The current-voltage curves corresponding to these five solutions are
represented in Fig. 2.4.

incorporated in the ECJ evolutionary tool.

Fourth. The parameters needed to carry out the bisection method for the computation of the fitness
function are presented in Table 2.2. For this experiment, we use the same initial interval [a;, b;] for each
Va, .

Fifth. The evolutionary parameter extraction procedure is finally executed. At the end of the evo-
lutionary process execution, a set of nj, Pareto fronts are obtained for every my value. In order to
discard non-optimum solutions, the expert or final user should choose the best Pareto front associated

with each my, value, discarding the remaining (n,o, — 1) Pareto fronts. At this point, there should be as
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Table 2.4: Mean + standard deviation of the estimated parameters which compose the Pareto front
represented in Fig. 2.3. (ko is in A/V?™Y, Vr in V and M¢(Vg) in A/V™k)

T Value

ko 1.59 x 10711 +8.84 x 107%°

v 9.65 x 107! £1.50 x 1073

Vr 9.55 x 10°  £2.07x 1072
Mc(0V) 9.86 x 107° £2.63 x 107°

—12.5V) 1.24x107% £8.88x 107"

(
(

Mc(—25V) 9.90 x 1077 +£4.28 x 1077
(=37.5V) 221x107°% £1.17x107°
(

—50V) 8.65 x 107% £8.54x107°

many Pareto fronts as different my, values are available, being each one of them associated with its own
my, value. In order to have an idea about the distribution of the different Pareto-optimum solutions,
their mean and standard deviation are calculated and shown in Table 2.3. Table 2.3 shows that in most
of the cases the procedure finds accurate solutions for f; while the results for fo cannot be considered as
accurate as expected. Analyzing the mean and standard deviation values calculated for the f; objective,
the my, cases from 1.4 to 2.0 (both included) are discarded as possible search starting points because of
their high fy mean and standard deviation values. The my = 1.1 case is also discarded because the f;
mean and standard values are not as accurate as expected. All the rest my, cases have similar f; mean
values. Among these three last cases, m; = 1.2 is the best option as the search starting point, since it
has the most accurate f; mean value. In order to confirm whether this decision is correct or not, we use
graphical representations and distributed statistics to study the obtained parameter sets. The Pareto
front associated with the chosen my value is represented in Fig. 2.3 while the statistics associated with

its estimated parameter sets are represented in Table 2.4.

Since the Pareto front from Fig. 2.3 is composed by too many Pareto-optimum solutions, only five of
them are selected (enumerated black points in Fig. 2.3) (note that all the Pareto-optimum solutions that
compose a determined Pareto front are indifferent to each other and equally valid). The Ip — Vp and
Ip — Ve curves associated to these five solutions are represented in Fig. 2.4 . As we can see in Fig. 2.3,
each Pareto-optimum solution returns a different couple of values for the fitness function f = (f1, fa).
If we explore the different Pareto-optimum solutions from left to right along their Pareto front, the f;
values worsen while the fy values improve. Solution (¢) has the best f; value (minimization), however
it has the worst fy value of the Pareto front. In the opposite case, solution (v) has the best fs value but

the worst f1 value of the complete Pareto-optimum solution set.

In order to confirm the differences between the different Pareto-optimum solutions of the Pareto front,
the estimated parameters of the Pareto-optimum solutions from Fig. 2.4 are represented in Table 2.5.
This table shows that the different values of the parameters kg, v and V are very close to each other.

This fact along with the good agreement shown with the I'p — Vp curves help us to confirm that in these
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Figure 2.4: Output characteristics and contact I —V curves for the five Pareto-optimum solutions marked
in Fig. 2.3. Ip and VC are represented with symbols and In p and V¢ in solid lines. Vi is swept from 0
to =50V with a —12.5V step (from top to bottom in each figure).
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Figure 2.5: Pareto front selected as best result of the optimization execution. The parameters of the
Pareto-optimum solutions enumerated from (:’) to (iii’) and marked in black are found in Table 2.8.
The current-voltage curves corresponding to these three solutions are represented in Fig. 2.6.

cases the evolutionary procedure converges. However, the solutions (), (i7) and (%) provide a poor
agreement with the I'p — Vo curves, which is directly related with M (V). Note that both positive and
negative values for the contact voltage are obtained at low currents for the (7), (i7) and (%) cases of
Fig. 2.4, while only negative values are allowed.

Since all the solutions are considered equivalent in the Pareto-optimum solution set, an expert opinion
is compulsory. Based on our expert judgment, together with the facts exposed previously, solution (v)
with f = (1.48 x 1073,7.83 x 1072) has been selected as final solution. This solution is represented in
Fig. 2.4v and its estimated parameter set is shown in Table 2.6 along with its relative error (RE).
Comparing the values of the estimated parameter set shown in Table 2.6 and the original values, we
conclude that the procedure is able to find accurate values for Vi and -, solving the problem that appears
when the Hy ¢ function is provided with an improper set of experimental data. Also, the extracted value
of ko is considered as valid. However the extracted Mc(V) set differs considerably from the original
Me(Vg) set despite a good agreement with the Ip — Vg curves is apparently obtained.

A further study of Fig. 2.3 shows that the obtained solutions are not spread evenly along the Pareto
front, observing empty areas. This fact together with the low quality of some solutions (reasons exposed
previously for solutions (i), (it) and (7)), make us think that a new search around a better known
starting point could help us to get to a more accurate parameter set. In the next section, the evolutionary
procedure is again executed, but this time using solution (v) as initial starting point, and applying the

evolutionary procedure as optimization method.

2.4.2. Experiment B: Parameter Optimization

The use of the evolutionary procedure as an optimization method implies to work with an initial
set of values for the fitting parameters. The search space domain must be defined around these initial
values. The previous analysis showed that the f, function is more sensitive to variations of the fitting

parameters, i.e. the Ip — Vg curves are more sensitive than the Ip — Vp curves to variations in the
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Table 2.5: Estimated parameters of the Pareto-optimum solutions marked with black points in Fig. 2.3
and represented in Fig. 2.4 (ko is in A/V?T7, Vr in V and Mo (Vg) in A/V™*).

Pareto-optimum Solutions

z (4) (i) (i) (iv) (v)

ko 1.5x107"  1.5x107™ 15x107™ 15x107" 1.5x107'*
y 96x107!  96x107t 96x107t 96x107t 9.6x107?
Vr 9.5 x 10° 9.5 x 10° 9.5 x 10° 9.5 x 10° 9.6 x 10°

(1%) 9.9x107°  99x107° 9.9x107° 9.9x107° 99x107°
(-12.5V) 34x107% 1.0x107%* 35x1077 1.7x1077 1.3x1077
Mc(—25V) 1.7x107%  9.9x1077 44x1077 31x1077 28x1077
(=37.5V) 44x107% 2.0x107% 7.7x1077 59x1077 57x1077
(—=50V) 31x107° 52x107% 1.3x107° 1.0x107% 1.0x107°

Table 2.6: Final solution of the evolutionary procedure, original parameter set employed and the RE of
the chosen final solution, (v) in Fig. 2.4 (ko is in A/V?™7, Vr in V and Mo (Vg) in A/V™*).

x Original Value Estimated Value RE (%)
ko 1.38 x 107 1.59 x 107 1.57 x 10™*
vy 1.00 x 10° 9.67 x 107! 3.22 x 10°
Vr 1.00 x 10™* 9.65 x 10° 3.40 x 10°
Mc(0V) 5.00 x 1078 9.99 x 107° 1.99 x 10™°
Mc(—12.5V)  2.53x 1077 1.34x 1077 4.70 x 107!
M (—25V) 6.12x 1077 2.88x 1077 5.28 x 107!
Mc(—37.5V) 1.12x107° 5.78 x 1077 4.87x 10™!
Mc(—50V) 1.80 x 1076 1.08 x 1076 3.97 x 10™!

transistor parameters, in particular the Mo set. Then, the search space domains for the kg, v and Vp
parameters are reduced, but not for the M (V) set. This will prevent the search from falling into a

local optimum solution. The value of my is also fixed to 1.2 (as above). Thus, the parameter ranges are

ko € 107,107 3] A/VE). 5 € [0.8,1.1];

(2.20)
Vr € [85, 110]\/7 MC(VGl) c [10*10, 1074} A/mG,

Once the evolutionary procedure is executed with these new parameter ranges, a new set of njop
Pareto fronts is obtained, and the best one is selected (Fig. 2.5). The mean and standard deviation
of the estimated parameters of the Pareto-optimum solutions of Fig. 2.5 are shown in Table 2.7. The
optimization execution improves clearly the previous solution, confirming that the evolutionary proce-
dure helps to optimize previous OTFT parameter sets by exploring the search space around them. In

particular, there is a noticeable improvement in the standard deviation of the M¢(Vg) set (compare
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Table 2.7: Mean + standard deviation of the estimated parameters which compose the Pareto-optimum
solutions in Fig. 2.5 (ko is in A/V?*Y, Vr in V and Mc(Vg) in A/V™*).

T Value

ko 1.41 x 1071 £1.40 x 1072

v 9.93x 107! £3.55x 1071

Vr 9.91x10° £297x1073
Mc(0V) 1.32x 1077 +£1.65%x1078

—12.5V)  2.88x 1077 £8.96x 107°

(
(

Mco(=25V)  6.41x1077 £1.25x1078
(=37.5V) 1.19x107°% £1.77x 1078
(

—50V) 1.98x 107 +2.41x 1078

Tables 2.4 and 2.7). This improvement is also seen in the current-voltage curves generated with the new
solution.

As it happened before, the Pareto Front of Fig. 2.5 is composed by many Pareto-optimum solutions.
Once again, the graphical representation of some of the solutions helps to select the best one. The
current-voltage curves of three solutions extracted from Fig. 2.5 (black points and enumerated from
(4’) to (#2’)) are represented in Fig. 2.6. Their estimated parameters are found in Table 2.8. Following
the expert criteria and examining the information provided by Table 2.8 and Fig. 2.6, solution (7’) is
selected as the final solution of the evolutionary procedure, with f = (1.01 x 1074,2.86 x 10~2) (along
with my = 1.2). The estimated parameter set of this solution is represented in Table 2.9 along with the
original parameter set and its RE. If Tables 2.6 and 2.9 are compared, the solution in Table 2.9 is closer
to the original parameter set than the one in Table 2.6.

The improvement shown in Table 2.9 is confirmed in the representation of the output characteristics
and contact current-voltage curves of Fig. 2.61’, in which a better agreement between experimental
and estimated curves is observed. In addition, for this selected solution (i’), transfer characteristics
are calculated in saturation and in triode regions (solid lines in Fig. 2.6r’), and compared with the
original values (symbols). Since the values of the contact parameter M are extracted for discreet
values Vg, (estimated Me values from Table 2.9) a Mo (Vi) relation is necessary to calculate the
transfer characteristics shown in Fig. 2.61. Unless another relation is proposed, this relation is defined
by carrying out a linear interpolation of the extracted Mc (V) values. The resulting fittings of the
output and transfer characteristics shown in Fig. 2.61" confirm the success of the evolutionary procedure

to optimize a previous solution.

2.4.3. Experimental Application

In the preceding sections, our evolutionary procedure has been successfully applied as a parameter
extraction and as an optimization method to Ip — Vp curves generated with model (2.1). In this

section, these parameter optimization and parameter extraction methods are tested with three sets
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Table 2.8: Estimated parameters of the Pareto-optimum solutions marked with black points in Fig. 2.5
and represented in Fig. 2.6 (ko is in A/V?T7, Vr in V and Mo (Vg) in A/V™*).

Pareto-optimum Solutions

x @) (i) (iii’)

ko 1.41x 107 141x107'* 141x107™

5 9.93x107'  993x107* 9.93x107!

Vr 9.91 x 10° 9.91 x 10° 9.92 x 10°
Mc(0V) 1.63x1077  1.23x1077  1.04x1077

—12.5V) 3.03x1077 2.84x1077 2.72x 1077

(
(

Mc(—25V) 6.61x1077  6.34x1077  6.16x 1077
(-37.5V) 1.22x107°% 1.18x107%® 1.15x107°
(

—50V) 201x107%  1.96x107°% 1.93x107°

Table 2.9: Final solution of the optimization execution, original parameter set employed and RE of the
chosen final solution, (i’) in Fig. 2.6 (ko is in A/V?tY, Vr in V and M¢(Vg) in A/V™*).

x Original Value Estimated Value RE (%)
ko 1.38 x 107 1.41 x 107 2.66 x 10°
ol 1.00 x 10° 9.93x 107! 6.18 x 1071
Vr 1.00 x 10! 9.91 x 10° 8.71x 107!
Mc(0V) 5.00 x 1078 1.63 x 1077 2.26 x 102
Mc(—12.5V)  2.53x 1077 3.03x 1077 2.00 x 10"
Mo (—25V) 6.12x 1077 6.61 x 1077 8.01 x 10°
Mc(=37.5V) 1.12x107° 1.22x 1076 8.21 x 10°
Mc(—50V) 1.80 x 1076 2.01x107° 1.22 x 10!

of experimental data measured in different OTFTs.

2.4.3.1. Parameter Optimization. Experiments C; and C,

The objective of this subsection is to optimize previously extracted parameters of two OT-
FTs, an octadecyl substituted copper tetrabenzotriazaporphyrin (10CuTBTAP) OTFT [40] and a
1,4,8,11,15,18,22,25-octakis(hexyl)palladium phtalocyanine (PdPcg) OTFT [90].

Experiment C1: The 10CuTBTAP bottom-gate, bottom-contact OTFT was fabricated on octadecyl-
trichlorosilane treated 250-nm-thick SiOy gate insulator on the highly doped (resistivity 1 to 5 Qcm)
Si(110) substrate. A 70-nm-thick film of 10CuTBTAP was spin-coated onto photolithographically pre-
patterned 200-nm-thick gold source-drain electrodes in an interdigitated configuration with channel
width W = 2mm and length L = 5um. The full protocols of the electrode deposition, substrate clea-

ning, and surface passivation were given in [40]. The electrical measurements were performed at room
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Table 2.10: Parameter values of the previous and optimized solutions of the 10CuTBTAP OTFT (ko is

in A/V2Y Vr in V and Mc(Vg) in A/V™*).

Previous Optimized
x Solution [40] Solution
ko 298 x 10716 2,75 x 1071¢
~ 1.63 x 10° 1.99 x 10°
Vr 4.32x 10T 3.43x 10"
Mc(0V) 1.13x 107 1.07 x 10™?
Mc(—=10V)  6.05x 107 6.95x 1078
Mc(=20V) 540 x107®  6.52x 10™®
Mc(=30V)  570x107®  6.84 x 1078
Mc(—40V) 550 x107®  6.59 x 1073
Mc(=50V)  4.90x10™®  5.75x 1078

Table 2.11: Parameter values of the previous and optimized solutions of the PdPcg OTFT (kg is in

A/V2H7 Vrin V and Mg (V) in A/V™E),

Previous Optimized
x Solution [90] Solution
ko 3.00x 1072 8.37x107'?
v 1.60 x 107 1.00 x 10°
Vr 9.44 x107°  1.08 x 10™*
Mc(—=10V)  2.50x107°  2.00x 107°
Mc(=20V)  1.50x107%  1.37x 1078
Mc(—30V) 3.70x107%  3.82x 1078
Mc(—40V)  4.90x107%  5.28x 1078
Mc(—50V) 6.80x107%  7.59x 1078

temperature in air under ambient conditions.

The experimental Ip — Vp curves of this transistor are represented with crosses in Fig. 2.7a. The

optimization procedure defined for experiment C is applied to the experimental data of Fig. 2.7a. The

NSGA-II execution parameters are shown in Table 2.1 and the parameters of the bisection method in

Table 2.2. The parameter set extracted in [40] is shown in Table 2.10 and is considered as the initial

solution in the optimization procedure. In this case, mj; = 1.0 and the range defined for each parameter

is

ko € [2.5 x 10717.2.5 x 107 5] A/VE): 5 € [1.0,2.0];
Vi € [25,45] V; Mo (Vg,) € [10%,2 x 10°] A/ V™.

(2.21)

Once the evolutionary procedure is executed, the different Pareto fronts are analyzed and the best
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solution (following an expert criteria) is selected. The values of the parameters which compose the chosen
solution are shown in Table 2.10 (optimized solution). The fitness function of the result obtained in [40]
is f = (6.58 x 1072,9.92 x 10~2) while the fitness function obtained with the evolutionary procedure is
f=1(54x%x1072,7.1 x 1072). This means an improvement over the previous solution of 18.15% for the
f1 objective (Ip — Vp agreement) and 28 % for the fy objective (Ip — Vg agreement). Although these
percentages may not seem large enough, the improvement on the values of the transistor parameters is
enormous. Note simply the variation in the threshold voltage of around 9 V from an initial value of 43
V. This optimization effort means a great advance in the accurate characterization of OTFTs.

The evolutionary procedure is also validated by comparing calculated Ip — Vg curves in triode and
saturation (solid lines in Fig. 2.7c¢) and experimental data (x). A good agreement is observed. The
M (V) relation is built using the extracted M¢ values from table Table 2.10.

Ezxperiment Cy: The PdPcg transistor is a bottom gate bottom contact (inverted) OTFT with aspect
ratio W/L = 200. It was fabricated using a 70nm thick spin coated film of PdPcg and 250nm thick
silicon dioxide (SiO2) as the active layer and the gate dielectric layer, respectively, on the highly doped
Si (110) gate electrode. Titanium/gold thin films were used for the source/drain electrodes. The gate
SiOy dielectric was passivated with an octadecyltrichlorosilane (OTS) self-assembled monolayer. The
protocols of the substrate cleaning, electrode deposition, and surface passivation were given in [91].

The optimization procedure defined for experiment C5 is applied to the experimental Ip — Vp curves
of Fig. 2.7d (crosses). The NSGA-II execution parameters are shown in Table 2.1 and the parameters
of the bisection method in Table 2.2

The previous extracted parameter set [90] is shown in Table 2.11. Like in Experiment C1, the search
space will be defined around this known set of values. In this case, mj; = 1.32 and the range defined for
each parameter is

ko € [6x 10712,6 x 10°8] A/VEH): 4 € [1.0,2.0];

(2.22)
Vi €[0,20]V; Mc(Vg,) € 2 x 1072, 1077 A/V™*,

Once the evolutionary procedure is executed, the best solution is selected. The values of the parame-
ters that compose the chosen solution are shown in Table 2.11 (optimized solution). The fitness function
of the result obtained in [90] is f = (4.32 x 1072,1.52 x 107!) while the fitness function obtained with
the evolutionary procedure is f = (2.37 x 1072,1.46 x 10~1). This means an improvement over the pre-
vious solution of 45 % for the f; objective (Ip — Vp agreement) and 4% for the fy objective (Ip — Vg
agreement). In this case, the improvement is reflected in a better estimation of the carrier mobility,
which is almost three times greater than the original solution [90].

In this experiment, a very good agreement is also observed between experimental (x) and estimated
(solid lines) Ip — Vi curves (Fig. 2.7f). The M¢ (V) relation is built from the extracted Mo (V) values
of Table 2.11.

2.4.3.2. Parameter Extraction. Experiment D

A parameter extraction procedure is now applied to current-voltage characteristics of a [poly(9,9-
dioctylfluorene-co-bithiophene)] (F8T2) based OTFT designed as phototransistor [89]. The structure
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used by these authors corresponds to an inverted, defined-gate, gate-planarized, coplanar TFT. The
source and drain contacts were made of indium tin oxide (ITO), the channel length L = 56um and
the channel width W = 116um. Benzocyclobutene (BCB) was used as the gate-planarization layer,
also acting as a gate insulator. PECVD hydrogenated amorphous silicon nitride (a-SiN:H) was used as a
second gate insulator layer. The effective insulator thickness is 270 nm and the effective relative dielectric
constant 2.3. Chromium (Cr) was used for the patterned gate electrode. The device was fabricated on
a silicon substrate. A 1-wt % solution of F8T2 alternating copolymer dissolved in either xylenes or
mesitylenes was used. A 1000-A-thick polymer film was spin-coated and was cured in a vacuum oven at
90°C. The output and transfer characteristics measured by these authors in the phototransistors at 2.9

W /cm? illumination [89] are represented with crosses in Fig. 2.8a and 2.8b, respectively.

The aim of this experiment is not to analyze the effect of illumination but to extend the validity of our
method to experimental data in different transistors operating in different conditions. The incorporation
of the subthreshold region shown in the transfer characteristics (Figure 2.8b) adds complexity to the
procedure. In order to reproduce the subthreshold region of Figure 2.8b, Equations (9)-(10) in [68] must
be used instead of model (2.1). These equations are an asymptotically interpolation function of (2.1),

and include a new parameter Vgg that controls the subthreshold slope.

The NSGA-II execution parameters defined for this experiment D are shown in Table 2.1 and the
parameters of the bisection method are in Table 2.2. As in experiment A, values of my from 1.0 to 2.0
with a 0.1 step are tested, but only the mj value that produces the best parameter set is selected. For

the remaining parameters, the search space is defined as:

ko € [10712,1078] A/VEHY): 5 € [0.0,2.0); Vi € [-25,15] V; (2.23)
Vss € [0,20]V ; M (Vg,) € [10719, 1074 A/V™. '

Again, the respective analysis of the obtained Pareto front set is conducted selecting as final result

its best solution, or Pareto solution, f = (4.46 x 1072,7.54 x 10~2). The solution is represented in Fig.

2.8 and its estimated parameter set in Table 2.12. A good agreement between the experimental and

estimated Ip — Vp and Ip — Vg curves is observed in Fig. 2.8a and 2.8c respectively. The carrier

mobility used in the fitting is o = 3.14 x 1072 ecm?/Vs, one order of magnitude greater than the one
obtained if using the ideal MOS model and ignoring the contact effects [89].

The transfer characteristics of Fig. 2.8b are an additional test of our procedure, showing a very good
agreement between experimental (symbols) and estimated (solid line) Ip — Vi curves, always within
the measurement error range. Note that the four points shown with circles in Fig. 2.8b correspond
to values taken from the output characteristics. These points are represented to indicate the possible
error ranges in these measurements or other factors not considered in the model, such as dynamic or
hysteresis effects. The values of the contact parameter M, which are extracted for discreet values Vi, ,

are represented with symbols in Fig. 2.8d. They follow the relation: [4])

Me = ay(Vg — Vi), (2.24)
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Table 2.12: Extracted parameter set for the F8T2 OPTFT (kg is in A/V?*Y, Vr in V, Vsg in V, and
Mc(Vg) in A/mG).

T Value
mg 1.00 x 10°
ko 2.37 x 10710
5 8.81 x 1072
Vr —9.94 x 10°
Vss —5.34 x 10!
Mc(—10V) 1.20 x 10710
Mc(—20V) 2.44 x 10710
Mc(=30V) 5.60 x 10710
Mc(—40V) 1.02 x 1079
shown in solid line in 2.8d, with ap = 1.57 x 1071% and V. = —8 V, which is consistent with the value of

Vr in Table 2.12; and thus, the solution can be considered physically acceptable. This relation M¢ (V)

is used to calculate the transfer characteristics shown in Fig. 2.8b.

2.4.4. Computation costs

Since the main aim of this work is to prove that our evolutionary procedure can be employed as both,
a parameter extraction method and an optimization procedure, the computation time is not considered
a critical point in the EA definition. Even so, our evolutionary procedure reduces the time needed to
find a solution with regard to previous extraction procedures. The evolutionary procedure could be
used to optimize the solutions presented in this work even further, at the cost of increasing the number
of iterations, and thus the computational time. Nevertheless, this effort is unnecessary when the error
between the calculated and experimental data, is equal or lower than the measurement error, as shown
in Fig. 2.8b.

After the evolutionary procedure execution, it was estimated that for the experiment A each job
took 3.5 + 1.4 hours, for the experiment B, 2.4 + 0.7 hours, for experiment C7, 28 + 3 minutes and for
experiment Cy, 45 + 4 minutes. Finally for experiment D each job took 3.3 £+ 1.4 hours. The difference
in the execution time is mainly caused by the different number of points used to evaluate the fitting
function.

It is very difficult to quantify the amount of time employed to find an acceptable solution with pre-
vious extraction procedures. In the situations in which the Vp and 7 values estimated by the Hy ¢ fun-
ction are invalid, the previous extraction procedures may not find a solution (case exposed in Section 2.2).
In other cases, the search of the remaining parameters by previous extraction procedures could start
from an invalid or bad seed, taking too much time to converge or even not converging at all. On the
contrary, the convergence of our evolutionary procedure is ensured for the exposed cases, even starting

from a bad or invalid seed (initial population randomly generated).
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2.5. Conclusion

We have used a multi-objective evolutionary parameter extraction procedure to extract device para-
meters of both a compact model for the current-voltage characteristics of OTFTs and a contact model.
This procedure extends the applicability of compact models in TFTs as it provides solutions to some of
the limitations of previous parameter extraction procedures, mainly imposed by the presence of contact
effects that require the use of elaborate equations.

Once the free parameters of the algorithm have been fixed (number of individuals in each generation,
the mutation rate, etc.), the process is fixed, and avoids the use of painstaking equations and procedu-
res. Also complex expert knowledge is not required to determine a starting point, since the evolutionary
procedure is capable of converging from a random point (random initial population), being necessary
to define an acceptable physical margin for each parameter. Thus, the use of the evolutionary proce-
dure ensures the extraction of reliable and accurate solutions since the evolutionary procedure explores
completely its defined search space and will always reach an estimation of an OTFT parameter set.

Also, by exploring the search space defined around a previously known solution, estimated by evolu-
tionary or other heuristic procedures, the proposed evolutionary procedure is capable of optimizing it.
The evolutionary procedure has been successfully employed as extraction and optimization method for

OTFTs, providing accurate model parameters.
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Figure 2.6: Output characteristics and contact I — V' curves for the three Pareto-optimum solutions
marked in Fig. 2.5. Ip and Vi are represented with symbols and I'p and Vi in solid lines. Vi is swept
from 0 to —50V with a —12.5V step (from top to bottom in each figure). Transfer characteristics are
added for the solution (i’).
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and PdPcg OTFTs. (b) and (e) Current—voltage curves extracted from (2.6) using the experimental
output characteristics at different gate voltages (x). The solid lines are the fittings using (2.2) and the
respective estimated parameter sets for each transistor. In (a) and (b), Vi is swept from 0 (top) to
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Figure 2.8: Experiment D. (a), (b) Comparison of experimental output and transfer characteristics,
respectively, (symbols) and the numerical evaluation of (2.1) (modified to include the subthreshold
region [68]) and including the parameter set of Table 2.12 (solid lines). (¢) Current—voltage curves at
the contact extracted from (2.6) and the experimental output characteristics (x). The solid lines are
the fittings using (2.2) and the estimated parameter set of Table 2.12. (d) Extracted values of M. The
solid line show the trend that the M¢ set follows according to (2.24), with Vj = —8V. In (a) and (c)
Ve is swept from —10 to —40V with a —10.0V step (from top to bottom). In (b), Vp = —10 V.
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3.1. Introduction

In this chapter, a constrained many-objective evolutionary parameter extraction procedure is formu-
lated. It improves the parameter search process of the unconstrained multi-objective procedure defined
in Chapter 2 [92].

This chapter is organized as follows. In Section 3.2, the OTFT compact model, in which the evo-
lutionary procedure is executed, is presented. Then, in Section 3.3, the many-objective evolutionary
procedure for the compact model is formulated. In Section 3.4, the evolutionary procedure is tested

with experimental data. Finally, the conclusions are presented in Section 3.5.

3.2. Theory

A compact model for OTFTs including the voltage drop at the source contact (Vs = V) and electric
field dependent mobility u = po(Ve — V)Y was developed in [68, 69]:

W (Vo — Vi — Vs) 12 — (Vg — Vip — V)71
ID = —]{/’Of

bl

v +2 (3.1)

kO = MOCoa: 5

where Vi is the gate voltage, Vp is the drain voltage, Vi is the threshold voltage, v is the mobility
enhancement factor, pio is the mobility-related parameter and its dimension is expressed as cm?/(V1+7s),
C,. is the capacitance per unit area of the oxide and W and L are the channel width and length,
respectively.

If the values of v, Vp and ko are known, the voltage in the contacts Vs(Ip, Vig) can be extracted by
introducing the values of the experimental data and the values of v, Vi and kg in (3.1):

1/(v+2)

Ve = Ve — Vip — [ID(V +2)L)(Who) + (Vg — Vi — VD)W“} (3.2)

Model (3.1) can be reinforced with the inclusion of an electrical model for the contact region that

accounts for the observed trends (from linear to quadratic, 1 < my < 2) in the triode region of OTFTs

[4, 93]: o N
o <MC> (3:3)

where the parameter M¢ is usually gate voltage dependent:
Me = a(Vg — Vp) ), (3.4)

and « is a parameter that includes proportionality constants appearing in the relation between the carrier
mobility and the electric field and the relation between the conductance of the contact region, ocontact,
and the conductance of the channel ochannel [Tcontact = KOchannel With ochannel = Cow(Va — V)] [4, 42].

M¢ coincides with the conductance of the contact region when my = 1.
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3.3. Constrained Many-Objective Evolutionary Parameter Ex-

traction Procedure

In Chapter 2, the compact model presented in Section 3.2 was complemented with a multi-objective
evolutionary parameter extraction procedure [92]. This multi-objective evolutionary procedure was suc-
cessfully employed to extract the parameters of different OTFTs. In this chapter, some changes are
implemented to improve the evolutionary procedure search process, conducting a more efficient explo-
ration of the areas where more promising solutions are allocated.

New objectives are added to the original Multi-Objective Problem (MOP) giving place to a Many-
Objective Problem (MaOP) with four objectives [94]. Along with the MaOP definition, a set of cons-
traints are defined for the solution pool, including the random initial one. The remaining characteristics
of the evolutionary procedure are maintained as detailed in Chapter 2 [92], including the use of ECJ
[88].

Like in the original version, the extended evolutionary procedure is based on a set of experimental
data Ip = Ip(Vg,,Vp,), wherei € Z : 1 <i<gand j € Z : 1 < j < d. The numerical estimation of Ip
with (3.1) and (3.3), and the numerical estimation of the voltage drop at the contact region Vg with (3.2)
are named Ip, (Ve,, Vp,, ) and ‘//;(VG“ Vp,,z), respectively, where z refers to the rest of parameters

needed to compute (3.1)-(3.3) and is defined as the individual of the population:
r = (ko,v, Vr,my, Mc(Va, ), ..., Mc(Vg,)) (3.5)

where g is the number of different Vi; values employed to generate Ip.

3.3.1. Fitness Function

A total of four objectives applied to the individual (3.5) define the MaOP: (f1) to minimi-
ze the error between the experimental values of Ip(Vg,,Vp,) and their estimation from (3.1) and
(3.3), I/B(VG”VD],I); (f2) to minimize the error between the voltage drops at the contact region
Vs(Va,, Vp,,x) extracted from (3.3) and their estimation ‘//;(VG”VDj,m) extracted from (3.2); (f3)
to maximize the standard determination coefficient R2(Vg,, ) of the linear fit of Mo/ 1+ with Vg
(3.4):

Mcl/(1+7)(VG) = oY, - al/(1+7)f/;; (3.6)

(f4) to minimize the difference between Vi coded in z an its estimation X//q\«(VGi,x) extracted from the
linear fit (3.6).
The Normalized Root Mean Squared Error (NRMSE) is used to estimate errors (f1) and (f2)[87]:

NRMSE(y, §) =
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where y represents the data set that we want to accurately approximate, ¢ is the estimation of y, w is
the number of data samples in y, and 7 is the mean value of the complete data set y.

Thus, the minimization fitness function f is defined as f = (f1, fo, f3, fa), where

fi1(z) =NRMSE (ID(VG,”VDJ), TB(VG“VDj,x)) ;

fo(x) =NRMSE (Vs(Va,, Vi, ), Vs(Va,, Vi, 7))

fa(z)=1.0 — R%(Vg,, x), (3.8)
fa@) = [V (V@) = as| = Ve (Va,,2) = Vi,

VieZ:1<i<gVjeZ:1<j<d

3.3.2. Constraints

In order to prevent the procedure to converge to physically unacceptable solutions, such as negative
contact voltages or negative conductances, when positive ones are expected, some simple constraints are

incorporated:
1. Vs(Va,, Vp,,x) 20
2. Mc(Vg,) > 0.

Other constraints are implicit in the search space definition, which are consistent with the physical

meaning of each parameter.

3.3.3. Variables

Once the objectives and constraints are defined, the procedure works with the following variables:

3.3.3.1. Ip(Va,,Vp,)

Ip(Va,, Vp,) is the experimental value of the drain current.

3.3.3.2. Ip(Vg,,Vp,, 1)

fl\)(VGi,VD]. , ) is the estimation of Ip(Vg,, Vp,) extracted from the compact model (3.1) and (3.3)
using the bisection method [73]. This procedure starts with an initial interval [a;, b;] in which the value
of TB(VG”VDj,x) is expected. This interval may be different for each value of Vi,. The interval is
shortened to the half in successive iterations until an adequate value for L;(Vgi ,Vp,,z) is obtained.

Starting at iteration ¢ = 0, and assuming that a;;, = a; and b;j, = b;, three values are considered in

each iteration ¢ for all possible combinations of i and j:
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I/D;(Vgi Vb, ®) = ag,,
Tp,. (Vas, Vb, ) = byj,, (3.9)
Ipe (Ve Vi, ) = € = (A +bis,) /2

For each one of these values, Vg is calculated using (3.3) and the values of M¢(Ve,) and my, coded

in x:

1
Ip, ,(Vg,;,Vp,;) \ ™k
Vs Ve, Vb, o) = (ko(Vc)J> '

VieZ:1<i<gVjeZ:1<j<dkel{abc}

(3.10)

Then, the differences between each one of the three possible estimations k € {a,b,c} of Ip in the

current iteration and the value returned by the compact model (3.1) are calculated:

Tkyije = IDk,t (VGi , VDJ-)+

2
n koW (VGl - VT - Vsk,t (VGHVDJ'))’Y—i_

L(y+2) B (3.11)
koW (Vo, = Ve = Vp,)"
L(v+2)

As the bisection procedure tries to find a root in (3.11), the interval [a;j,, b;;,] is shortened according

to the values rq ;j,, 75,55, and rc;;, following the rule:

[aijt+l I bijt#»l} = { [Cz-]f ’ szt]’ if Sign(’ra,l]t) - Sign(lrc,z]t) (3.12)

laij,,cij,], otherwise
This iterative process continues until the condition|r.;;,| < € is reached or a maximum number of
iterations are executed (¢ = npisec). In any case, the drain current is estimated as I/D: (Va,, Vp,, ) = cij, -
3.3.3.3. VS(VG” VD].71')
Vs(Va,,Vp;,r) is the voltage drop at the contact introducing in (3.3) the experimental value

Ip(Va,, Vp,) and the parameter Mc(Vg,) and my coded in z:

JD(vGi,ij))ﬁ (3.13)

Vs(Va,, Vp,,z) = (W
3.3.3.4. Vs(Va,, Vp,, )

‘//;(VG“VD].,x) is the voltage drop at the contact introducing in (3.2) the experimental value
Ip(Va,, Vp,) and the parameters kg, v and Vr coded in z:
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o~

Vs(Ve,,Vp;) = Va, — Vr—

(v+2)L 1/(v+2) (3.14)

— ID(VG”VDJ)W -+ (VG — VT — VDj)’Y"rQ

i

3.3.3.5. R?(Vg,, o)
R? (Vg,, z) is the standard determination coefficient r-squared, measuring the goodness of the linear

fit of M7 (Vg,) according to (3.6), being M¢(Ve,) and 7 coded in .

3.3.3.6. Vr(Vg,, )

‘//;(Vgi,a:) is the threshold voltage estimation extracted from the linear relation of MC(VGi)l/ (4

with Vg, according to (3.6), with Mc(Vg,) and v coded in z.

3.4. Results

x10°

40 60 80 100

Figure 3.1: Comparison of experimental output characteristics of a DHa6T OTFT (x) and our calcu-
lations introducing the parameters of Table 3.1 in (3.1) (solid lines). Vi is swept from —20 V to —100
V in steps of —10 V (from bottom to top).

Once the compact model and its associated evolutionary procedure have been presented, they are
applied to experimental Ip—Vp curves of an a,w-dihexylsexithiophene (DHa6T) OTFT [95]. The output
characteristics measured by the authors are represented with crosses in Fig. 3.1. The Ip — Vp curves
are analyzed with the evolutionary procedure, extracting the parameters coded in (3.5) that makes our
model (3.1) and (3.3) best fit the experimental data. The resulting values are in Table 3.1.

An excellent agreement between the experimental and estimated Ip — Vp curves is observed in Fig.

3.1. In Fig. 3.2, a very good agreement is also observed for the Ip — Vi curves calculated from (3.2) and
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(3.3). They both show a linear trend (my = 1.0). In Fig. 3.3, the estimated values of Mc(Ve, )"/ 47 (cir-
cles) are represented and compared with the solid line defined by (3.6), with a = 1.17 x 1079 A /V?2-07,

Note how the line crosses the Vg-axis at ‘//; = —5.4 V, value very close to the extracted Vrp.

Table 3.1: Extracted DHa6T OTFT parameters values (ko is in A/V*™, M is in A/V™ and Vr in

V).

T Value

0 5.45F — 09
~ 7.00E — 02
Vir —5.30F + 00
my 1.00E + 00
Mo (—20V 1.75E — 07
Me(—30V 3.32FE — 07
M (—40V 5.22F — 07
Mc(=50V 7.09E — 07
Mc(—60V 8.93FE — 07
Me(=70V 1.05E — 06
Mc(—80V 1.20F — 06
Mc(—90V 1.34F — 06
Me(—100V) 1.46E — 06

%1073

30 40 50

60

Figure 3.2: Contact I —V curves of a DHa6T OTFT. Ip — Vi curves extracted from (3.2) using the
experimental output characteristics at different Vg values (x). The solid lines are the fittings using (3.3)
and the parameters of Table 3.1. Vi is swept from —20 V to —100 V in steps of —10 V (from bottom

to top).
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Figure 3.3: Estimated values of MC(VGi)l/ (+) (circles). The solid line shows the trend according to
(3.6), crossing the Vg-axis at Vp = —5.4 V.

3.5. Conclusion

In this chapter, we have modified a parameter extraction method used in combination with a com-
pact model for OTFTs. An initially unconstrained multi-objective evolutionary parameter extraction
procedure has given place to a constrained many-objective version. In comparison with it predecessor,
this constrained many-objective evolutionary procedure reduces the range of values of the parameters in
which the search process takes place, thus carrying out a more specific exploration of the search space.
In this sense, more promising parameter sets (including contact resistances values) are achieved.

In particular, the addition of constraints is a way of including expert knowledge into the evolutionary
procedure. In this chapter, constraints help the evolutionary procedure user to save analysis time, since
the user will not have to run a comprehensive search looking for solutions generating valid Ip — V¢
curves. Moreover, the inclusion of two more objectives with regard to the initial evolutionary procedure
version also helps the evolutionary procedure user. In the previous version of the evolutionary procedure,
the user should check the complete final solution set looking for a solution with Vp & ‘7; and following
the linear trend of Mg/ +7) (V). With the proposed evolutionary procedure this is not necessary since
an objective value describes both situations.

It is worth mentioning that the extracted parameter set meets the quality expert requirements
established in the MaOP definition. More accurate parameter extractions are conducted using the many-
objective procedure. By using the many-objective evolutionary procedure, f; < 0.02 and fy < 0.04
values are achieved, while they are not reachable using the multi-objective version (both procedures
executed under the same circumstances). Also by using the many-objective procedure, parameter sets
with 0.00 < f3 < 0.01 and f; < 0.01 are obtained. These values are far from being achieved using the
previous multi-objective version, which does not guide the search towards those solutions.

Despite the obtained result is satisfactory, recent studies prove that MOEAs such as NSGA-II have
some limitations to manage MaOPs. Since the number of objectives can be increased in the future,
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different alternatives to take on the challenges of MaOPs should be considered. Some of these alternatives

are discussed in Section 6.2.
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4.1. Introduction

Over the past two decades, the organic (polymeric) semiconductor technology has attracted consi-
derable research interest [1, 30, 96]. Many efforts have been made to develop different kinds of organic
devices that cover a wide range of industrial and commercial applications, such as organic light-emitting
diodes (LEDs), organic photovoltaic cells (OPVs) and organic thin-film transistors (OTFTs) [1, 30, 96].
OTFTs are particularly interesting since they are the basis of other devices, such as memories and

SEnsors.

Organic phototransistors (OPTs) are a particular case of transistors and sensors in which light
detection and signal amplification are combined together in a single component. Like the rest of organic
devices, OPTs show great advantages with regard to their inorganic counterparts, such as light-weight,
low-cost, easy solution processing and flexibility [96]. Nevertheless, they also show common performance

disadvantages, such as a low carrier mobility [1, 30, 31] or high process variability [32, 33, 97-99].

Currently, the OPTs’ photosensitivity and photoresponsivity are also inferior to those in inorganic
phototransistors, although novel strategies are developed to enhance these properties, such as blending
p-type and n-type semiconductors as donor-acceptor channel layers [100, 101]. A key issue in the OPTSs’
performance is the contact quality at the semiconductor channel/electrode interfaces [102-105]. In fact,
attempts to monitor the way the contact region in an OPT evolves with illumination were studied in
the past [102, 104, 106-108]. Contacts play a main role in the exciton dissociation and extraction of
charge, which are essential mechanisms in OPTs’ performance [109]. Also, contact effects degrade the
performance of OTFTs. For this reason, they have been extensively studied and even incorporated in
OTFT compact models [2, 4, 18, 34-37, 68, 69, 110]. However, from the our knowledge, the way the
contact region evolves with illumination has not been introduced specifically in compact models for
OPTs. The incorporation of this dependence of the contact region with illumination in a compact model
would provide a better characterization of the device and would establish new optimization pathways.
The resulting model would include more accurate values of the main parameters that control the current-
voltage characteristics of the OPT: charge carrier mobility, threshold voltage and the contact resistance
itself.

In order to fill this gap, a compact model that describes the current-voltage characteristics of OPTs
is presented in this chapter. The model includes the dependence of the voltage drop at the contact
regions with illumination, and it is sensitive to the photoconductive and photovoltaic effects. The model

is validated applying the evolutionary procedure defined in Chapter 3 to experimental data.

This chapter is organized as follows. In Section 4.2, the applicability of a widely known compact
model in OTFTs including contact effects [4, 68, 69] is extended to OPTs, in which the photoconductive
and photovoltaic mechanisms are incorporated in the model. In Section 4.3, the evolutionary parameter
extraction procedure [111] presented in Chapter 3 is summarized and adapted to the model. In Sec-
tion 4.4, the proposed model is validated with published experimental data in OPTs under different

illumination conditions. Finally, the conclusions are presented in Section 4.5.
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Figure 4.1: Cross-sectional view of an OPT structure with the bottom-contact configuration.

4.2. Theory

Figure 4.1 shows a cross sectional view of an OPT structure. The source terminal voltage is zero and
Vp and Vi are the drain and gate terminal voltages, respectively. Vg (or Vo) is the voltage drop at the
contact (the contact region is exaggerated for clarity). The electric current flowing between drain and
source terminals Ipg is composed of the field-effect (channel) current Ip flowing in the accumulation
layer and the bulk current Iz [112]:

Ips =1+ Ip. (4.1)

In the depletion (cut-off) region, Ip < Ip and Ips ~ Ip. In sub-threshold or over threshold conditions,
Ig < Ip and Ipg ~ Ip. In order to ensure a smooth transition from depletion to conduction, (4.1) can

be written as:

I sq1/s
IDS=IB{1+<I—D)] L VsEZ:s>0 (4.2)
B

where s is a free parameter employed to control the transition smoothness [113].

4.2.1. Dark

The objective of this chapter is to develop a compact model for the current-voltage characteristics
of an OPT that incorporates the evolution of the contact region with the intensity of the light. Since
the OPT is a particular case of OTFT, then, as a starting point, we consider a well-established compact
model for the OTFT [68, 69]:

w Veopr(Vs) Y — Veopr(Vp) 2+
L 247

k' = poCos; Veopr(V) = Vssln [1 + exp (

Ip=F

)

Vo —Vpr — V)]
Vss ’

(4.3)
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which includes the voltage drop at the source contact, Vg = Vi, and electric field-dependent mobility
[114],
p=po(Ve —Vr)7, (4.4)

with Vp being the threshold voltage, C,, the capacitance per unit area of the oxide, and W and L
the channel width and length, respectively. Vsg is a voltage parameter related to the steepness of the
subthreshold characteristics of the TFT, y is the mobility-related parameter expressed as cm?/(V1+7s),
and v =2(Ty/T — 1) is the mobility enhancement factor, which is a semi-empirical parameter that
depends on the temperature T'. It is associated to the width of the band tail distribution of the density
of states (DOS) that is represented as a characteristic temperature Ty. In order to provide a single value
for the voltage dependent mobility, the mobility is evaluated at Vor = Vg — Vp =1V, thus u(Ver =1
V) = g in cm?/(Vs). This compact model is able to describe all operation modes of the transistor:
triode, saturation, subthreshold or even reverse biasing. The depletion region would require the use of
(4.2).

In case the parameters v, Vr, Vss and k' are known, the voltage in the contacts Vg(Ip, Vig) would
be extracted by introducing the values of the experimental data (Ip, Vs, Vp) and the values of v, Vr,
Vss and k' in (4.3):

Vs =Va —Vr —Vsgs

1
(% JrVEODR(VD)("’*Q)) e 1 (4.5)
Vss

X In [exp

However, as these parameters are not known a priori, model (4.3) was lately redefined with the inclusion

Ip \ 7
% 4.
s (Mc> ’ (4.6)

where my, is a constant that indicates the grade of the observed trend (from linear to quadratic,

of a model for the contact region [4]:

1 <my <2) in the triode region of the OTFT [93] and the parameter M¢ is usually gate voltage
dependent:

M = a(Vg — V)7, (4.7)

The subthreshold regime is not considered in (4.7), but it can be easily added by an asymptotically
interpolation function, similar to that used in (4.3) for other field effect transistors [115-117]. The result
is:

Ve — Ve \ 1
Me = aVgsln {1 + exp <C’VTH . (4.8)
SS

M coincides with the conductance of the contact region when my = 1. The dependence of M¢ with
the threshold voltage comes from two facts. The first one is through the gate voltage dependent carrier

mobility (4.4), which is controlled with the parameter v. The second one considers that the free charge
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density per unit area in the contact region ocontact is lower but proportional to the free charge density
in the active channel o hannet (Teontact = KOchannet) With Ochannet = Coz (Ve — V). The proportionality
between the free charge densities at these two adjacent regions is assumed, since there is no physical
reason to believe that the mobile charges in these two regions start appearing at very different gate
voltages, or follow very different trends, unless local non-uniformities were present just at the contact
region. The value of the proportionality constant between these two charge densities k, implicit in the
value of «r, was tested to be sensitive to the contact material and temperature [4]. Overall, the application
of the combined model (4.3), (4.6) and (4.7) can be found in different kinds of OTFTs [39-44, 90, 92, 118].
Nevertheless, neither the model nor the sensitivity of the parameter M¢ to illumination were previously
tested.

4.2.2. Illumination

The current-voltage characteristics of OPTs under illumination are controlled by the photoconductive
and photovoltaic mechanisms. The photoconductive effect is detected when the transistor operates in the
depletion region. The photovoltaic effect is observed in on-state and can be detected by a modification of
the value of the threshold voltage. The extension of model for OPTs in dark (4.3)-(4.8) to illumination

conditions needs to include the influence of the incident light P on the parameters Ig, Vp and a.

Bulk current, Ip

In cut-off operation, the gate no longer controls the transistor and the device performs as an organic
semiconductor sandwiched between two contacts. In this region, the photoresponse of the device is
similar to that of photoresistors. The device current Ipg ~ Ip and the photo-generated charge carriers
enhance the conductivity of the bulk. Experimentally, it was shown that the photocurrent in the off
state is directly proportional to the incident light intensity [106, 107, 109, 119], and it can be described
with the expression [102, 103, 106, 107, 120]:

IB - IBO = (qn,uF)WD = ﬂ[P, (49)

where Ip, is the bulk current in dark, n is the carrier density, F' is the electric field in the semiconductor,
W is the gate width, D is the depth of absorption region, and By is a fitting parameter that controls
the observed linear relation between the bulk current and the light intensity P. An increment of the
conductivity can be directly originated by an increment of the carrier density and indirectly by a
modification of the mobility as a function of the carrier density. Nevertheless, this last hypothesis can be
discarded since previous studies show that the carrier mobility does not increase linearly with the carrier
density [121, 122]. In this regard, an almost invariant value of the carrier mobility with illumination
might be expected. In Section 4.4, we will check whether this hypothesis is valid by analyzing the
extracted values of the carrier mobility as a function of the illumination intensity P.
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Threshold voltage, Vr

When the OPT operates in conduction, including both sub-threshold and over-threshold regions,
the increase of the drain current with illumination is linked to a modification of the threshold voltage
AVp. This modification can be associated to an accumulation of trapped photogenerated charges at
the organic-insulator interface [89, 123, 124] or in layers close to the contact regions [125], with a high
concentration of defects and traps, in which excitons are photogenerated and subsequently free charges
are separated. In the semiconductor bulk, far from these layers and interfaces, the exciton recombination
is high due to the absence of high electric fields. For this reason, recent OPT topologies involving bulk
heterojunction (BHJ) composite of p-type and n-type materials as channel layers provide additional
dissociation sites for the photogenerated excitons [100, 101]. The variation AVp is usually modeled as
[126, 127]:

AkKT P
Vi = Vg — AV AVp = == 1n (14 -2 , (4.10)
q Ipghv

where Vg and Ipg are the threshold voltage and the channel current at dark conditions, respectively,
k is the Boltzmann constant, T is the temperature, ¢ is the magnitude of the electron charge, 7 is the
quantum efficiency associated with the absorption process in the channel, hv is the photon energy and
A is an empirical constant. The parameter A was first introduced in [126] for studying High-Electron
Mobility Transistors (HEMTs) under illumination. It was defined as the ratio of the variation of the
threshold voltage in the transistor under illumination and the variation of the barrier seen by free carriers
at the source. The lowering of the energy barrier at the source contact is attributed to an accumulation
of trapped photogenerated carriers in this region, that was previously modeled for photodiodes [128].
It is remarkable how model (4.10), which initially was proposed as a link between the variation of
the threshold voltage of the HEMT and the barrier lowering at the source region, has been applied
successfully to their organic counterparts [102, 103, 106, 107, 119, 120, 129, 130]. If such an important
connection exists between the variation of the threshold voltage of the device and a possible barrier
lowering at the contact region, then the transistor models should include the dependence of the contact

region with illumination. In our model, it should be included in the contact conductance M.

Contact conductance, Mg

We mentioned above that the free charge density in the contact region is proportional to the free
charge density in the channel (6contact = KOchanner) and also lower than it. On the one hand, this means
that both follow the same trend with Vg — Vi, and thus, the photovoltaic effect is implicit in the model
of the contact region (4.6)-(4.8). On the other hand, the constant x being less than one means that there
is margin for the conductivity of the contact region to be increased by modifying the temperature [4],
the light intensity P, or any other physical or chemical external variable. Intuitively, since the bulk of the
organic material is affected by the photoconductive effect, the contact region might also be affected. The
photoconductive effect can be clearly distinguished in the cut-off region when the conducting channel
and the photoconductive effect are negligible. However, this does not mean that the photoconductivity

effect cannot affect other operating regions of the device. As the proportionality constant , which is
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implicit in « [4], relates the conductivity of the contact region and that of the channel, both x and «
might be modulated by a linear function as described by the photoconductive effect. In this regard, the

parameter « in (4.7)-(4.8) can be written as:

azﬁap+a05 (411)

where ag is the value of « in dark and [, controls the linear evolution of o with the light intensity.

4.3. Evolutionary Parameter Extraction Procedure

Once the model for OPTs is described, in which both photoconductive and photovoltaic effects
are included in the contact model, a validation of this theory is necessary. For that purpose, output
and transfer characteristics are evaluated with our model, aiming to reproduce published experimental
measurements of OPTs. In order to compare experimental and numerical results, we will make use of
the evolutionary parameter extraction procedure [111] defined in Chapter 3.

Despite Chapter 3 was completely dedicated to the many-objective evolutionary parameter extrac-
tion procedure definition, in this section a small description of the procedure, along with the changes
needed to adapt it to (4.3), is given subsequently. The procedure is based on a set of experimental data
Ip =Ip(Va,,Vp,), wherei € Z : 1 <i<gand j€Z:1<j<d, and g and d are the total number of
discrete values of Vg and Vp, respectively. The numerical estimation of Ip with (4.3) and (4.6), and the
numerical estimation of the voltage drop at the contact region Vg with (4.5) are named fB(VGi ,Vp;,T)
and ‘//;(VG“ Vp,, ), respectively, where x refers to the set of parameters needed to compute (4.3)-(4.7),

and is defined as an individual of the population:
x = (k,v,Vr,Vss,mg, Mc(Vg, ), - .., Mc(Vg,)), (4.12)

where z; (1 €Z : 1 <1 <p) is a variable of an individual and p = g + 5 is the length or number of
variables of an individual (4.12).

The evolutionary parameter extraction procedure solves a many-objective problem (MaOP). In our
MaOP, four objectives have been defined for an individual (4.12):

(O1) to minimize the error between the experimental values of Ip(Vg,,Vp,) and their estimation
from (4.3) and (4.6) fB(VGi, Vp,,x);

(O2) to minimize the error between the voltage drops at the contact region Vs(Va,, Vp,, ) described
by (4.6) and their estimation ‘//;(Vgi,VDj,x) extracted from (4.5);

(O3) to maximize the standard determination coefficient R2(Vg,,z) of the linear fit of M/ (1Y)

with Vi, which extracted from (4.7) is:
MV (V) = o/ Vg — o/ NV (4.13)

and (O4) to minimize the difference between Vr coded in x (x3) and its estimation Y//q\w(VGi,:c)
extracted from the linear fit (4.13).
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The Normalized Root Mean Squared Error (NRMSE) is used to estimate errors (O;) and (O2)[87]:

NRMSE(y, j) = (4.14)

where y represents the data set that we want to accurately approximate, ¢ is the estimation of y, w is
the number of data samples in y, and 7 is the mean value of the complete data set y.
Thus our minimization MaOP, named O, is defined as O = (O1, O3, 03, 0y4), where

O:(2) = NRMSE (ID(VGi Vi) Ip(Va,, Vo, , x)) ,
Os(z) = NRMSE (VS(VGi Vb,,2), Vs(Va,, Vp,, :v)) :
03(:17):1 - Rz(VGmx)v (415)

)

0s(w) = Ve (Ve 2) = 23| = Ve (Ve ) — Vi

VieZ:1<i<gVjeZ:1<j<d

Objective (O1) allows us to accurately reproduce the experimental output and transfer characteristics
with our model, using the parameters coded in (4.12). Objective (Oz) checks whether the trend of the
Ip — Vg curves extracted from (4.5) along with the parameters coded in (4.12) are physically valid.
Objectives (O3) and (O4) are not mandatory [92], but serve as a guide in the search process to those
solutions that approach to the trend given in (4.7).

Along with the MaOP definition (4.15), the procedure is composed by some simple constraints (other

constraints are implicit in the search space definition) to converge to physically acceptable solutions:
(1) VS(VGi ) VD_]’ ) Z) >0
(i) Mc(Ve,) > 0.

As said previously, a detailed explanation of this evolutionary parameter extraction procedure can
be found in Chapter 3 [111].

4.4. Results

Our model for OTFTs under illumination is now tested with two sets of experimental data from
different OPTs [107, 129]. Output and transfer characteristics were measured at different light intensities
in both sets of transistors. The procedure to analyze the two OPTs is the same and is detailed below.

In the two cases, every set of output characteristics (Ip — Vp curves), measured at a different
illumination intensity, is analyzed separately from the rest. First, the values of the parameters included
in an individual of the population (4.12), that makes model (4.3)-(4.7) fulfill objectives (O1), (O2), (O3)

and (O,), are extracted. Note (i) that the extraction procedure is independently applied to each set
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Table 4.1: Parameter values of the NBBI OPT under different illumination conditions (k' is in A/V2%7,
Vr and Vgg in V and Mo (Vi) in A/V™E).

X dark 50 mW/cm? 70 mW/cm? 80 mW/cm?
K’ 725 x 10712 322x 10712  242x10712 229 x 10712
% 2.50 x 107 2.50 x 107! 2.50 x 1071 2.50 x 1071
%% 857 x 1070 —-3.21 x 107! —5.40 x 10*!  —6.58 x 101!
Vss 2.59 x 10T1  2.85 x 107! 2.52 x 107! 2.87 x 1011
my, 1.00 x 1079 1.00 x 107®  1.00 x 107®  1.00 x 1079
Mc(20V) 598 x 1072 343 x 1078 — 6.87 x 1078
Mc(30V)  9.68x 1079 457 x 1078 — 8.30 x 1078
Mc(40 V) 156 x 1078 5.66 x 1078 7.79x107%  9.37 x 1078
Mc(50 V)  234x107%  6.64x107%  8.65x107%  1.03x 1077
Mc(60V)  3.22x107%  7.62x107% 946 x10~%  1.13x 1077
Mc(7T0 V) 4.14x 1078 837x107%  1.07x 1077  1.25x 1077
Mc(80V) 5.06x1078  9.27x 1078 1.21 x 1077 1.36 x 1077

of experimental Ip — Vp curves; (ii) that equations (4.3)-(4.7) alone does not include any information
about the light intensity; and (iii) that equations (4.10)-(4.11) are not used in the extraction procedure.
The resulting values will be shown in a Table. Second, the values of the parameters Vi, a and M (Vg,)
are represented as a function of the light intensity. Then, we will check whether the evolution of these
parameters with light intensity follow the trend proposed in (4.10)-(4.11). As a final test, the results of

the model are compared with transfer curves measured at different light intensities.

4.4.1. NNBI OPT

The first set of experimental data correspond to a naphthalene bis-benzimidazole (NBBI) based
OTFT designed as a phototransistor [107]. The output and transfer characteristics measured by the
authors under dark and at 50, 70 and 80 mW /cm? white light intensities [107] are represented with
symbols in Figs. 4.2 (top side) and 4.3, respectively. The transistor was fabricated with a top con-
tact/bottom gate geometry in order to detect visible light. The substrate was an indium tin oxide (ITO)
coated glass, which was patterned by etching with diluted HCI for a bottom gate electrode. The gate
insulator layer was made of divinyl tetramethyl disiloxane-bis (benzo-cyclobutene) (BCB) with a capa-
citance per unit area Cp; = 1.73 nF/cm?. The 60 nm Aluminum (Al) (purity 99.9 %) source and drain
electrodes were deposited by thermal evaporation under high vacuum (2 x 10~% mbar) to obtain high
quality ohmic contacts with the NBBI thin films. The channel length is L = 40 pym and the channel
width W = 2000 pm. The full protocols of the electrode deposition, substrate cleaning and surface pas-
sivation were given in Ref. [107, 131]. All current—voltage characteristics of the fabricated OTFTs [107]
were measured in an inert gas atmosphere inside a glove box using Keithley 2400 source-meters. For
electrical measurements under illumination, a solar simulator with a calibrated output light intensity
and neutral density filters to change the light intensity were used [131].

Each set of Ip — Vp curves of Fig. 4.2, corresponding to the four different illumination intensities, is
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Figure 4.2: Output characteristics and contact Ip — Vo curves in NBBI OPTs: (a) under dark, and
under illumination at (b) 50 mW /cm?, (c) 70 mW /cm? and (d) 80 mW /cm?. Top side: Comparison of
experimental Ip — Vp curves (x) and our calculations with (4.3) (solid lines). The red dashed lines in
(d) are Ip — Vp curves calculated with (4.3) neglecting the contact region (Vs = 0 V). Bottom side:
Comparison of Ip — Vi curves calculated with (4.5) (x) and (4.6) (solid lines). In (a), (b) and (d), Vg
is swept from 20 (bottom) to 80 V (top) with a 10 V step. In (c), Viz is swept from 40 (bottom) to 80
V (top) with a 10 V step.

%106
4

Figure 4.3: Comparison of experimental (symbols) transfer characteristics in saturation regime
(Vb =80 V) of NBBI OPTs, and our calculations with (4.3) (solid lines). Symbols: dark (black cir-
cles), illumination at 50 mW/cm? (red triangles), 70 mW /cm? (green stars) and 80 mW/cm? (blue
squares). Note that the left y-axis is a log scale and the right y-axis is a linear scale for the same Ip
values.

analyzed. The values of the parameters included in an individual of the population (4.12), that makes
model (4.3)-(4.7) fulfill objectives (O1), (O2), (O3) and (O4) are extracted and shown in Table 4.1.
Figure 4.2 shows the best fittings of objectives (O1) and (O3). The carrier mobility used in the fitting
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Figure 4.4: (a) Extracted values of AVr (circles) and the trend of AVr with illumination according to
(4.10) (solid line). (b) Extracted values of MC(VGi)l/(HV) (symbols) and its fitting with (4.13) (solid
lines). (¢) Extracted values of « from (4.13) (circles) and the trend of o with illumination according to
(4.11) (solid line) for the NBBI OPTs.

is o = 4.2x1073, 1.9x1073, 1.4x1073, 1.3x1073 ¢cm?/Vs under dark and at 50, 70 and 80 mW /cm?
respectively. The values of the carrier mobility extracted with our model are consistent with those
obtained in [107]. Our model, which includes the contact effects, provides more realistic values than
those obtained with the ideal MOS model [40, 92]. In order to illustrate this fact, Ip — Vp curves were
calculated neglecting the contact effects (Vg = 0V). Fig. 4.2d shows in red dashed lines the calculated
curves without contact effects for the highest illumination case. We have represented these curves only
for this case for the sake of clarity of the rest of the figures. Moreover, this case was chosen since its
contact effects are the lowest as they diminish with increasing light intensity. The comparison of Fig.
4.2d shows that neglecting the contacts produces a clear overestimation of the drain current, which is
much more critical at lower illumination intensities and in dark.

Also note that the value of the mobility pg decreases slightly from dark to illumination conditions
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as observed in [89, Fig. 6]. However, the value of the mobility remains almost invariant at different
illumination levels, in agreement with the discussion in Sec. 4.2.2. Overall, the value of the mobility
does not follow a linear trend with the carrier concentration as proposed in Refs. [121, 122]. The slight
decrease from dark to illumination can be linked to an increment of charge carrier concentration with
illumination. At high charge carrier concentrations, the effect of the energetic disorder disappears and
the mobility decreases slightly due to the lower density of unoccupied states available for the hopping
transport [132].

A final comment on the value of the mobility should be focused on the extracted values of y, which in
our case do not depend on the light intensity P. Considering the physical meaning of v being related to
the width of a band tail distribution of the DOS, a variation of the distribution of the DOS would mean
a modification of the internal structure or morphology of the semiconductor. In previous publications,
some authors found that ~ is independent of P [120]. In other cases, an increment of v with P was
determined [133]. The determination of  using models that do not include the effect of the contacts can
lead to errors in the value of . This can be seen in [39, Fig. 4a], in which the value of v, extracted with
a model that does not account for contact effects, decreases if the contact resistance increases. Under
illumination, the contact resistance decreases. Thus, the apparent value of v would increase with P if
the contact resistance model is not included. At this time, it is recommended that a more detailed study
of v with P using a complete OPT model should be considered in future.

The extracted values of Vp, and the parameters that control the contact region (M (Veg,) and
«) are represented with symbols as a function of the light intensity in Fig. 4.4a, Fig. 4.4b and Fig.
4.4c, respectively. The solid line in Fig. 4.4a represents the fitting with (4.10) with A = 3.46 x 104,
n/Ipq = 2.57 A=, hv = 2.48 eV. Fig. 4.4b shows the fulfillment of objectives (O3) and (Oy). The solid
lines in Fig. 4.4b are the fittings with (4.13), in which the values of Vi are practically the same to those
found in Table 4.1. On average, the error between the values of Vp and Vi is less than 5.5 %. Finally,
the solid line of Fig. 4.4c represents the fitting with (4.11) using B, = 2.85 x 10710 A em?/( V22 W)
and o = 2.45 x 10710 A/V225

The good agreement shown in Fig. 4.2 between the experimental (symbols) and estimated (solid
lines) Ip — Vp curves is corroborated in Fig. 4.3 with a good fitting of experimental transfer curves

measured at different illumination conditions (symbols) and our estimation (solid lines).

4.4.2. EHPDI OPT

A second test of our model is done with [N,N’-di(2-ethylhexyl)-3,4,9,10-perylene diimide] (EHPDI)
based OPTs [129] with a top contact/bottom gate geometry and BCB as gate insulator with a capacitan-
ce per unit area C,, = 1.73 nF/cm?. The output and transfer characteristics, measured by the authors
under dark and at 70, 79.2 and 91.06 mW /cm? white light intensities [129], are represented with crosses
in Fig. 4.5 (top side) and Fig. 4.6, respectively. Al metal electrodes (purity 99.9 %) with a thickness 60
nm were deposited on the EHPDI active layer by using the vacuum evaporator under 2 x 1076 mbar.
The channel length is L = 40 pm and the channel width W = 2000 pm. The full protocols of the

substrate cleaning, and surface passivation were given in Ref. [129]. The electrical characterization of
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Figure 4.5: Output characteristics and contact Ip — Vi curves in EHPDI OPTs: (a) under dark, and
under illumination at (b) 70 mW /cm?, (¢) 79.2 mW /cm? and (d) 91.06 mW /ecm?. Top side: Comparison
of experimental Ip — Vp curves (x) and our calculations with (4.3) (solid lines). The red dashed lines
in (d) are Ip — Vp curves calculated with (4.3) neglecting the contact region (Vg = 0 V). Bottom side:
Comparison of Ip — Vi curves calculated with (4.5) (x) and (4.6) (solid lines). In (a)-(d), Vg is swept
from 20 (bottom) to 80 V (top) with a 10 V step.

Table 4.2: Parameter values of the EHPDI OPT (k' is in A/V?™7, Vr and Vsg in V and Mo (Vg) in
A/V™k) under different illumination conditions.

X dark 70 mW/cm?  79.2 mW/cm?  91.06 mW /cm?
K’ 414 x 10712 1.04x 1072  1.04 x 10712 1.01 x 10~ 12
ol 2.50 x 1071 2,50 x 1071 2.50 x 1071 2.50 x 1071
Vr 1.23 x 1071 —6.81 x 10 —7.06 x 10*!  —7.07 x 10*!
Vss 1.70 x 10t1  2.06 x 10! 2.26 x 1011 1.94 x 1011
mp 1.00 x 107%  1.00 x 10%° 1.00 x 109 1.00 x 1070
Mc(20 V) 6.08x 10710 277 x 1078 2.97 x 1078 3.37x 1078
Mc(30 V) 140 x 1072 3.30 x 1078 3.47 x 1078 3.91 x 1078
Mc(40 V) 233x107%  3.68x 1078 3.95 x 1078 4.41 x 1078
Mc(50 V) 336 x107%  4.01 x 1078 4.28 x 1078 4.82 x 1078
Mc(60 V)  4.69x 107  4.52x 1078 4.74 x 1078 5.36 x 1078
Mc(70 V) 6.19x 1079  4.92x 1078 5.20 x 1078 5.83 x 1078
Mc(80V)  7.60x 1072 543 x 1078 5.70 x 1078 6.47 x 1078

the fabricated device was conducted in an inert gas atmosphere inside a glove box.

The evolutionary procedure is applied to each set of Ip — Vp curves of Fig. 4.5, corresponding to
the four different illumination intensities. The values of the parameters used in the calculation to fulfill
objectives (O1), (O2), (O3) and (O4) are extracted and shown in Table 4.2. Figure 4.5 shows the best
fittings of objectives (O1) and (O2), in which a good agreement between the experimental (symbols) and

calculated Ip — Vp curves (lines) is observed and the extracted contact curves Ip — Ve (symbols) show
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0-7

Q1=

Figure 4.6: Comparison of experimental transfer characteristics in saturation regime (Vp =80 V) of
EHPDI OPTs (symbols) and our calculations with (4.3) (solid lines): (a) under dark (circles) and
under illumination at 56.4 mW /cm? (diamonds), (b) 70 mW /cm?, (¢) 79.2 mW/cm? and (d) 91.06
mW /cm?.The filled symbols correspond to values taken from the output characteristics.

a good physical meaning. In order to quantify the effects of the contacts, Fig. 4.5d also shows calculated
Ip — Vp curves neglecting the contact effects (red dashed lines). As in the previous case, neglecting the
contact effects produces a clear overestimation of the drain current.

Once again, the good agreement observed in Fig. 4.5 between the experimental (symbols) and cal-
culated (solid lines) Ip — Vp curves is reinforced with the fitting of transfer Ip — Vi curves in Fig. 4.6
(symbols for the experimental data and solid lines for our calculations). The filled symbols correspond
to values taken from the output characteristics. These filled symbols are represented to indicate possible
errors in the measurements due to factors not considered in the model, such as dynamic or hysteresis
effects. It is clear that our calculations fit better the values taken from the output characteristics, in
which the extraction procedure is carried out. In any case, it is remarkable how the whole experimental

Ip — Vi curves are reproduced with our calculations, including the one shown with diamonds in Fig.
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Figure 4.7: (a) Extracted values of AVr (circles) and the trend of AVr with illumination according to
(4.10) (solid line). (b) Extracted values of MC(VGi)l/(Hv) (symbols) and its fitting with (4.13) (solid
lines). (¢) Extracted values of « from (4.13) (circles) and the trend of o with illumination according to
(4.11) (solid line) for the EHPDI OPTs.

4.6(a), which was measured under illumination at 56.4 mW/cm? (note that no output characteristics
were analyzed at this illumination intensity).

The carrier mobility used in the fittings is po = 2.4x1073, 6.1x107%, 6.0x107%, 5.9x10~* cm?/Vs
under dark and at 70, 79.2 and 91.06 mW /cm?, respectively. These values are determined at Vgr = 1
V. At other values of Vg, the mobility can increase one order of magnitude, in agreement with values
obtained for other PDI based polymers [134, 135]. The evolution of the mobility with P is similar to
the naphthalene bis-benzimidazole (NBBI) OPT: a constant value of v with illumination and a slight
decrease of py from dark to illumination is observed; however, the value of yo remains invariant with
further changes of P.

The extracted values of Vp, and the parameters that control the contact region (M¢(Vg,) and
«) are represented with symbols as a function of the light intensity in Fig. 4.7a, Fig. 4.7b and Fig.
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Figure 4.8: Evolution with illumination of the total resistance between source and drain (contact resis-

tance plus channel resistance) (solid line) and the contact resistance (dashed line) determined in the
subthreshold region (Vg = -80 V, Vp =80 V) for (a) NBBI and (b) EHPDI based OPTs.

4.7c, respectively. The solid line in Fig. 4.7a represents the fitting with (4.10) with A = 4.41 x 102,
n/Ipg = 4.28 x 10* A~!, hv = 2.48 eV. Fig. 4.7b shows the fulfillment of objectives (O3) and (Oy). The
solid lines in Fig. 4.7b are the fittings with (4.13), in which the values of Vi are practically the same
to those found in Table 4.2. On average, the error between the values of V; and VT is less than 0.3 %.
Finally, The solid line of Fig. 4.7c represents the fitting with (4.11) using B, = 9.30 x 1071 A cm?/(
V225 W) and ag = 3.84 x 10711 A / V225 |
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4.4.3. Discussion

The excellent fittings of Figs. 4.4a, 4.4b and 4.4c, for the NBBI transistor, and of Figs. 4.7a, 4.7b and
4.7c, for the EHPDI transistor, show that the values extracted for Vi and the parameters that control
the contact region (M¢c(Vg,) and «), which were obtained separately for each value of the illumination
intensity, follow the trends predicted with our model. These fittings clearly indicate that the contact
region of the phototransistor is highly sensitive to the photoconductive and photovoltaic effects.

The photovoltaic effect controls the electrical performance of both the intrinsic channel and the
contact region when an accumulation channel exists along the transistor. It is detected with changes in
the value of the threshold voltage. The photoconductive effect controls the conductivity of the contact
and bulk regions of the semiconductor. Formerly, it was detected in the cut-off region by measuring the
remnant current Ig. In this chapter, we have seen that it can also be detected analyzing the evolution
of parameter o with the light intensity. In order to quantify how the photoconductive effect affects
the contact region, we determine the value of the contact resistance at the cut-off region from (4.8)
(Rc = 1/Mc¢, if my, = 1). Then, this value is compared with the total resistance seen between source
and drain also at the cut-off region:

Rrotal = Rehannet + Ro = ? (4.16)
B
where Rcpanner 18 the equivalent resistance of the intrinsic channel in the subthreshold region. This
comparison is carried out at different light intensities, with the transistor in deep subthreshold (Vg = —80
V) and the value of Vp is the one used in the transfer characteristics of Figs. 4.3 and 4.6.

The solid lines of Figs. 4.8a and 4.8b show the total resistance Rrp,tq of the NBBI and EHPDI
transistors, respectively, as a function of the light intensity, introducing the experimental values of Ig
and Vp in (4.16). The value of the total resistance is one order of magnitude greater than the value
of the contact resistance calculated from (4.8) (dashed lines). A typical contact length below 100 nm,
as deduced by noncontact scanning-probe techniques [2], would produce a lower contact resistance.
Thus, morphological differences between the bulk and contact region must play an important role in
increasing the value of the contact resistance. Also, it is remarkable how the contact resistances decrease
with illumination. In Fig. 4.8a, R¢ decreases around 12 % from dark to illumination (hard to distinguish
in the figure). However, the decrease of R¢ in Fig. 4.8b is greater and follows the same trend as the total
resistance. This comparison shows how sensitive our model is to determining the value of the contact

resistance even in the cut-off regime of the transistor.

4.5. Conclusion

A model that describes how the contact region of organic phototransitors evolves with the incident
optical power has been proposed. This model was included into a compact model for the current-
voltage characteristics of OPTs, valid for all operation regions. The compact model works in combination

with an evolutionary parameter extraction procedure that allows to reach parameter sets with physical
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meaning. The model reproduces published experimental current-voltage curves in OPTs at different
illumination conditions. Our study shows that the contact region of phototransistors is very sensitive
to the photovoltaic and photoconductive effects. Therefore, compact models for phototransistors must
include not only information about the contact region, but also how the contact region depends on the
illumination intensity.

While contact effect in organic thin film transistor persists as a problem to be solved in these devices,
models must incorporate this effect. In this regard, the way other OTFT based sensors react to different
physical or chemical variables can be better understood with a better description on how the contact

region depends on such variables, being this a topic for a future work.
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5.1. Introduction

Recently, many efforts have also been done on reducing the contact effects, such as testing different
materials as contact electrodes [136, 137], the insertion of layers at the metal-semiconductor interface
[138, 139], or the use of molecular doping [140]; and also on working toward an universal compact model

of organic transistor technologies that includes the contact effects [20].

In order to examine the effect of the contacts, characterization methods to extract the contact
resistance are necessary. These methods must work together with transistor models, which incorporate
contact models and describe their current-voltage characteristics. Overall, transistor models must be
consistent with the underlying physics. In particular, the contact models must be adapted to different
physical mechanisms that limit the charge injection through a metal-organic structure, such as space-

charge limited conduction, thermionic emission and the Fowler—Nordheim tunneling [3, 141].

A generic analytical model for the current—voltage characteristics of OTFTs was derived in [68, 69],
which allows a functional model of the carrier injection through the source contact. Later works have
specified this functional model to situations in which one conduction mechanism is dominant, such
as the cases of space charge limited transport in low energy contact-barriers [4] or injection limited
transport in Schottky barriers [19, 37, 142, 143]. Despite these previous efforts, there is no standard
OTFT compact model that unifies all the different physical phenomena that take place at the contact
region of the OTFT. In order to choose the appropriate contact model, the expert user or decision maker
(DM) should identify, in the first place, which physical phenomenon is dominant in the contact region of
the OTFT. Given this lack of standardization, and in order to guide and automate the decision-making,
the main objective to accomplish in this chapter is the proposal of a standard contact model valid
for different injection mechanisms. For that purpose, the functionality of the contact model, initially
proposed in [4], is extended, giving way to a standard semi-empirical contact model. All this is detailed

in Section 5.2.

In Section 5.3, the validity of the model is checked with the evolutionary procedure presented in
Chapters 2 and 3, which extracts the parameters of the model and current-voltage (Ip — V) curves at
the contact [92, 111, 144]. The results of the procedure, which analyzes output characteristics measured
in transistors with the same channel length, is compared to the results of other methods based on
measurements taken in transistors with different lengths. We demonstrate that, even in very-short length
transistors, in which the contact resistance may be comparable to or even greater than the channel
resistance, our procedure produces results comparable to methods in which a collection of transistors
with short and long channels are necessary [19, 145-147]. The conclusions of this chapter are finally

presented in Section 5.4.
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5.2. Theory

5.2.1. Models for the contact region of OTFTs

The physical mechanisms that take place at the contact region of an OTFT influence the final
functional appearance of a model that aims to describe the current-voltage characteristics of the device.
This is the case of a widely-used [37, 41, 92, 144, 148-152] generic model for OTFTs [68, 69]:

W Veopr(Va, Vs)?t) — Veopr(Va, Vp) 37

ID = k - 9
ko = 10Cox; VEODR(VG, V) = VssIn [1 + exp (GVT)] ;
ss
which includes an electric field dependent mobility
1= po(Ve — Vr)7, (5.2)

with Vp being the threshold voltage, Vp and Vg the drain and gate terminal voltages, respectively, W
and L the channel width and length, respectively, and C,, the capacitance per unit area of the oxide. Vgg
is a voltage parameter related to the steepness of the subthreshold characteristics of the TFT, pq is the
mobility-related parameter expressed as cm?/(V1*7s), and v = 2(Tp/T — 1) is the mobility enhancement
factor, which is a semi-empirical parameter that depends on the temperature T'. In order to provide a
single value for the voltage dependent mobility, the mobility is evaluated at Vogr = Vg — Vpr =1V,
thus pu(Vgr =1 V) = po in em?/(Vs). This compact model is able to describe all operation modes of
the transistor: triode, saturation, subthreshold or even reverse biasing.

The model (5.1) allows for a functional expression of the carrier injection as Vg = Ve = Vo (Ip, V).
Different expressions have been developed in the past, depending on the dominant conduction mechanism
through the contact. The cases controlled by space charge limited transport in low energy contact-

barriers [4] or injection limited transport in Schottky barriers [19, 37, 142, 143] are reviewed below.

5.2.1.1. Space-charge limited transport

A simple model for the contact region of OTFTs in which the carrier injection is space charge limited
is [4]:
Ip = Mc x Vo™,

5.3
Vmp €Z:1<my <2. (5.3)

The application of the combined model (5.1) and (5.3) can be found in different kinds of OTFTs
[39-44, 90, 92, 118].
The physical origin of model (5.3) lies behind the solution of the transport equations in a metal-

organic structure, which provides the following relation between the current density j and the applied
voltage Ve [3, 71, 93, 141]:
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o (5)[ 5] Tl v

jeb .
T, =———=: j=1p/S,
= 2ulogp(0)2” 7 o/

(5.4)

where gp(0) is the charge density at the metal-organic interface, 6 is the ratio of free to total charge
density, gfp is the free charge density, S is the cross section of the channel where the drain current Ip
flows, z, is a characteristic length defined as the point from the contact interface towards the organic
film, at which the charge density gp(z,) decays to gp(0)/v/2, € is the organic dielectric constant and z¢
is the length of the contact region in the organic material. Equation (5.4) was demonstrated to have two
asymptotic trends: a linear or Ohmic behavior if the characteristic length x, is a few times larger than
the contact length z¢

0
I~ S0 Opy L (5.5)
C

and a quadratic behavior (Mott-Gurney law) if =, is much smaller than z¢ [3, 39]

0
Ip~ 9eO 1S

) VE=MxVE (5.6)

Equations (5.5) and (5.6) are the limit cases of (5.3) with (my = 1, Mc =1/R¢) and (my = 2,
Me = M), respectively. The parameter M¢ usually shows the following trend with the gate voltage [4]:

Mc = a(Vg — Vp)t, (5.7)

where « is a proportionality constant. The subthreshold regime can be incorporated into (5.7) by an

asymptotically interpolation function [144]
Ve — Ve \1'
Mo = aVggln [1 + exp <GT>} . (5.8)
Vss

The physical origin of this relation is found in the dependence with (Vg — Vi) of both the mobility and
the free charge density along the conducting channel, including the contact region [42]. The relation (5.7)
has been checked experimentally in OTFTs that are free of hysteresis and free of local non-uniformities
in the contact region [39, 40, 42, 90, 92, 144].

5.2.1.2. Schottky-barrier limited injection

Different Ip — Vo contact curves extracted in OTFTs resemble those of a reverse biased leaky diode.

For these cases, the Ip — Vo relation can be modeled as a reverse-biased Schottky-diode [19]:

s ()] ol ()]
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where Iy is a gate-modulated diode-reverse-current, Vy = (nkT)/q, ¢ is the elementary charge, 7 is
the diode quality factor, k is the Boltzmann constant and T is the absolute temperature. The barrier
lowering induced by the Schottky effect is assumed in the term (Vi /Vp)?. The Schottky effect, which
depends on the electric field at the junction is assumed to be dependent on the contact voltage Vi, and
Vo and o are fitting parameters [19]. The assumption of a contact-voltage dependent barrier lowering is

also found in the study of different semiconductors, such as Pt/GazO3 diode contacts [153].

Despite the justified physical origin of the contact model (5.9) and being successfully tested in
different OTFTs [19, 37, 143, 148, 154], authors regard it just as a mathematical expression able to
reproduce the Ip — Vo curves and, consequently, the extracted diode parameters are considered as

effective model parameters [142].

5.2.1.3. Semi-empirical standard contact model

The last statement of the previous section suggests that other functional expressions would also be
able to reproduce the Ip — Vi curves of Schottky-barrier limited contacts. In this regard, and in order
to incorporate different mechanisms under the same unified standard model, we propose to extend the

validity of model (5.3) outside the range 1 < my < 2, and include the values 0 < my < 1:

Ip = Mg x Vg™*,

5.10
Vi €7 :0 < my < 2. ( )

Note that the expression (5.10) is a concave function if 1 < my < 2, and a convex function if 0 < my, < 1.
From a mathematical point of view, expression (5.10) with 0 < my, < 1 is an option to reproduce Ip — Ve
curves in OTFTs dominated by Schottky barriers. Note also that the use of model (5.10) in the range
1 < my < 2is physically justified as mentioned above for the space-charge dominated injection. However,
since there is no physical justification for Schottky-barrier dominated injection, this would result into a

semi-empirical model.

This is not the first time space-charge and injection limited currents in metal-organic contacts are
connected under the same model. Previous numerical studies have shown that both currents can be
described by exclusively solving the transport equations in the semiconductor with the only difference
of specific boundary values of the free charge density at the metal-organic interface. In addition, these
boundary values for the free charge density are modeled by a unified analytical expression that relates
the charge density at the interface with the current density though the contact [155].

Thus, the objectives of this chapter are to check the validity of this extended model (5.10) and to
analyze the advantages of this unified model over the existing ones. The first advantage is that a single
expression unifies the different mechanisms related to the injection and transport through the contacts
of OTFTs. The second advantage lies behind the parameter extraction procedure that runs parallel to
the compact OTFT model (5.1) and (5.10), which is introduced in the next section.
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5.2.2. Determination of the voltage drop at the contact

In the past, many research efforts have been made in order to quantify the contact effects of OTFTs,
since these effects make difficult the extraction of the intrinsic parameters of the transistor. In order
to determine the mobility and the threshold voltage independently of the magnitude of the contact
resistance, four-probe measurements are proposed [156]. The parameter extraction techniques vary de-
pending on whether they analyze single or multiple transistors; whether they focus on extracting the
contact resistance or the voltage drop at the contact region (note that the voltage drop at the contact
region is not necessarily linear, as shown in the previous sections); or whether they extract information
of the contact region from current-voltage (I — V') characteristics or from the voltage profile along the
whole channel, as in the case of surface potentiometry [157]. Some of these procedures are reviewed
in [6], including the transmission line method (TLM), which requires multiple devices with different
channel lengths to determine the contact resistance [145, 146], or Impedance spectroscopy (IS) [158],
which requires a single device and a proper equivalent circuit model for the OTFT in order to determine
its contact resistance and evaluate the actual charge carrier mobility.

Other extraction procedures are directly linked to the generic model for OTFTs (5.1). One of these
methods determines the channel conductance of long channel devices from experimental transfer charac-
teristics measured at low drain voltages, in which the gradual channel approximation is validated. Then,
the channel conductance is used to determine the voltage drop at the source contact in short channel
devices [19, 37]. Another parameter extraction procedure was proposed for single OTFTs operating in
the linear regime, in which a proper sequence of mathematical functions derived from measured I-V
characteristics are used [118].

Once again, in this chapter we use the evolutionary procedure presented in Chapters 2 that analyzes
only the output characteristics measured in a single short-length transistor [92]. The choice of this evo-
lutionary procedure is determined firstly by its successful application to different OTFTs [92, 111, 144].
Secondly, the decision making is fully guided. Thus, the extraction procedure is expected to automatically
detect the mechanism that dominates the injection through the contact, a Schottky-barrier limitation
if 0 < my < 1 or a space-charge limitation if 1 < my < 2. Finally, as the parameters of the transistor
can be extracted from a single device, it can compete with other well known extraction procedures that
need multiple transistors with different channel lengths. In the results section, we will check that the
parameters extracted from the analysis of a short-channel transistor can be used to reproduce the output
characteristics measured in a long-channel device.

It has to be noted that there is no technical difference between the use of (5.1), with (5.3), as it was
proposed Chapters 2, or with (5.10), as used in this chapter, or even with (5.9), in case (5.9) would be

preferred over (5.10). The number of parameters to be extracted would be the only difference.

5.3. Results and Discussion

In order to validate the versatility of the standard contact model (5.10), it is tested with transistors

with Schottky-barrier-limited contacts (0 < my < 1), space-charge-limited contacts (1 < my < 2) and
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even in transistors, that exposed to chemical treatments, their contact region is altered in such a way
that any of the previous cases can be detected (0 < my, < 2). In these situations, the OTFT model (5.1)
and (5.10), in combination with the evolutionary procedure defined in Chapter 2 [92], can be seen as an
effective diagnose tool.

Four experiments (A, B, C and D) have been defined, being implemented in ECJ [88]. This evolu-
tionary tool has been run in a CentOS cluster with 19 computation nodes, each one with two Intel Xeon

E5520 processors at 2.7 GHz. It was executed using only one node (16 threads).

5.3.1. Experiments A: Schottky-barrier-limited contacts

In this first set of experiments, we analyze the experimental output characteristics of
6,13-bis(triisopropyl-silylethynyl) (TIPS) pentacene based OTFTs [19], shown with symbols in
Figs. 5.1a and 5.1b. They were measured in OTFTs with staggered top-gate configuration, with a chan-
nel width of 2000 pm, and with short and long-channel lengths of 10 and 200 pm, respectively. These
OTFTs were fabricated at CEA-LITEN, using printing processes on heat stabilized, low roughness pol-
yethylenenaphtalate PEN foils (125 um thick). The source and drain gold contacts were defined by
laser ablation. The p-type semiconductor is a solution processed TIPS-pentacene. The fluoropolymer
gate dielectric (1.2 pm thick) and the Ag gate electrode are both deposited by screen printing. The full
protocols of the fabrication process are in [19].

The main objective of this section is to check the suitability of our model (5.1) and (5.10), in
combination with our evolutionary algorithm (Chapter 2) [92], to characterize single-channel-length
OTFTs with Schottky-barrier-limited contacts. To do this, we propose the following four experiments,
grouped into two different evolutionary configurations: (A1) the evolutionary procedure uses (5.1) and
(5.10), and (A2) the procedure uses (5.1) and (5.9). First, these two configurations perform a single-
transistor parameter extraction [92] (Experiments A1-1 and A2-1). They extract respective OTFT
parameters from the output characteristics of the short-channel transistor shown in Fig. 5.1a (symbols).
Subsequently, they check whether the output characteristics of the long channel transistors, shown in Fig.
5.1b, can be reproduced with our calculations. Second, these configurations perform a multiple-transistor
parameter extraction [111] (Experiments A7-2 and A2-2). They extract respective OTFT parameters
by analyzing simultaneously the output characteristics of both short- and long-channel transistors shown
in Figs. 5.1a and 5.1b.

Once the experiments are executed, the values of the parameters of the models are determined.
These values are collected in Table 5.1. They are introduced in (5.1) and (5.10) or in (5.1) and (5.9) to
calculate the numerical output characteristics. Finally, they are compared to the experimental output
characteristics and the NRMSE are computed. The values of the NRMSE are seen in Table 5.2.

No significant differences are found in Table 5.1 for the extracted common parameters (ko, v, Vr
and Vsg), except for 7. The values of v are different, but v < 1. From a practical point of view v = 0.
It means that the mobility is almost independent on the gate voltage in the four cases. The fitting
errors of the different experiments A shown in Table 5.2 are also very similar. All these facts reinforce

the similarity of the contact models (5.9) and (5.10). The error in Experiments A1 is a bit lower than
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Figure 5.1: Experiment A1-1. (a), (b) Comparison of experimental I'p — Vp curves measured at different
Ve values [19] (symbols) and our calculations with (5.1) and (5.10) (solid lines). (¢) Ip — Ve curves
extracted with (5.1) and (5.10) at different Vi (solid lines); the symbols show the results extracted in
[19]. Vg = —30,—40,—50 V from bottom to top.

the error in experiments A2. Also, the error when using multiple transistors is reduced, but not in a
significant way. As stated in Chapter 2 [92], the more quantity of data and time are available, the more
accurate results will be reached with the evolutionary procedure.

For the sake of clarity, only the results of Experiment A7-1 are represented in Figs. 5.1a and 5.1b
(solid lines). Note that in this experiment A1-1, the parameters of the model (5.1) and (5.10) are
extracted by analyzing the experimental data of the short-channel transistor, and subsequently used
to reproduce the experimental data of the long-channel transistor. A very good agreement between
the experimental and calculated data is observed in these figures. The Ip — Vo curves extracted in
this experiment are depicted with solid lines in Fig. 5.1c. They are similar to those calculated in [19]
(symbols). It is confirmed that the OTFT contact is Schottky-barrier limited, since the evolutionary

procedure converged to a parameter set with my < 1. The extracted value for the carrier mobility is
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Table 5.1: Values of parameters extracted in Experiments A (ko is in A/V2T7, Vp in V, Vsg in V,
Mc(Vg) in A/V™: Vo in V, Vy in V and I in A).

Experiment

X Al-1 A2-1 A1-2 A2-2

ko 30x107%  24x107% 29x107%  23x107%
v 3.0x107%  3.9x107%  78x107%  74x10702
Vr —-1.6x10%01  —1.9x 10T  —1.6x10%01  —1.7x 1079
Vss —7.2x107%%  —1.0x10"%1 —9.1 x 10190 —9.9x 10100
my 4.9 x107% 4.7 x 10701

Mc(—30V)  4.0x107% 4.1 x 10796

Mc(—40V)  9.1x 1079 9.6 x 1079

Mc(—50V) 1.6 x 1079° 1.8x 1079

Vo 3.0 x 10701 8.9 x 10701
Vv 8.2 x 10792 6.7 x 10791
o 2.4 x 10791 2.5 x 10791
In(—30V) 1.3 x 10796 1.9 %1079
Io(—40V) 3.1x1079% 4.6 x 10796
Io(—50V) 5.3 x 10706 8.5 x 107

Table 5.2: Errors obtained after fitting the experimental output characteristics in Experiments A.

NRMSE Average
Exp. L=10um L =200 um NRMSE
Al-1 35x10792 1.1x1079% 7.1 x 10792
A2-1 1.7x10792 43 %1079 22x107%
A1-2 32x10792 39x10792 3.6x10792
A2-2 64x10792 3.0x10792 4.7x10792

po = 1.91 em?/Vs, which is consistent with the result reported in [19], in which a value between 1.4 and
2 cm? /Vs was estimated. Also the extracted threshold voltage Vir = —16 V is consistent with the one
given in [19], which was reported in the range —10 and —15 V. This study shows that the procedure A1-1
based on the analysis of a single short-channel transistor is completely equivalent to other procedures
in which multiple-length transistors are needed. Most importantly, the standard model (5.10) is a good

solution to model Schottky-barrier-limited contacts.
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5.3.2. Experiments B: Schottky-barrier-limited contacts

In order to check that the previous results were not fortuitous, a new test on OTFTs with Schottky-
barrier-limited contacts is carried out. In this set of experiments, we analyze the experimental output
and transfer characteristics of Lisicon SP500 based OTFTs [143], shown with symbols in Figs. 5.2a-5.2d.
They were measured in short- and long-channel OTFTs with a channel width of 1000 ym and lengths
of 5 and 800 um, respectively.

The OTFTs were fabricated in a top-gate staggered-contact configuration with a p-type polymer.
The source and drain electrodes were made of 30 nm thick gold patterned directly by photolithography
on Genl-size PEN foils. In order to ensure a clean surface and low contact resistance, a short oxygen
plasma treatment was applied prior to the semiconductor deposition. The semiconductor thickness is
in the range of 45 nm. A low-k dielectric (Lisicon D320) with a thickness around 500 nm and an
approximate capacitance per unit area of 3.7 nF/cm? is gravure-printed. Full details about these device

fabrication are found in [143].

As in the previous case, four experiments, grouped into two different evolutionary configurations, are
considered: (BI) the evolutionary procedure uses (5.1) and (5.10), and (B2) the procedure uses (5.1)
and (5.9).

Experiments BI-1 and B2-1 perform a single-transistor parameter extraction [92]. First, they extract
respective OTFT parameters from the output characteristics of the short-channel transistor shown in
Fig. 5.2a. Then, they check whether the output characteristics of the long-channel transistors, shown
in Fig. 5.2c can be reproduced with our calculations. As an additional test, the experimental transfer
characteristics of the short- and long-channel transistors shown with symbols in Figs. 5.2b and 5.2d,
respectively, are also fitted with our calculations. The solid lines of Figs. 5.2a-5.2d show the results of
Experiment BI-1. The Ip — Vi curves extracted in Experiment B1-1 with (5.10) are shown in Fig. 5.2e.
The output and transfer characteristics and the Ip — Vo curves calculated in the rest of experiments are

very similar (not shown for clarity). The evolutionary procedure converges to a solution with my < 1.

Experiments B1-2 and B2-2 perform a multiple-transistor parameter extraction [111]. They extract
respective OTFT parameters by analyzing simultaneously the output characteristics of both short- and

long-channel transistors shown in Figs. 5.2a and 5.2c.

The parameters of the transistor and the contact region, extracted in all these experiments, are in
Table 5.3. As in Experiments A, the values of the common parameters (ko, v, Vr and Vsg) for both
configurations B! and B2 are quite similar. The carrier mobility of these fittings is yo = 1.6 cm?/Vs,
also similar to that reported in [143] (2.2 cm?/Vs). The value of V7 is in the range [-4.0,-2.8] V, consistent
with Vp = —3.5 V reported in [143]. The values of the NRMSE of the different comparisons between the
experimental output characteristics and our calculations are found in Table 5.4. This table shows again
that: Experiment BI-1 is a very valid option to characterize single short-channel length transistors; the
use of (5.10) or (5.9) is indifferent; and the use of multiple channel length transistors improves, but not

significantly the fittings with the experimental data.
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Figure 5.2: Experiment B1-1. (a), (c) Comparison of experimental Ip — Vp curves measured at different
values of Vi [143] (symbols) and our calculations with (5.1) and (5.10) (solid lines). (b), (d) Comparison
of experimental Ip — Vi curves measured at different values of Vp (symbols) and our calculations with
(5.1) and (5.10) (solid lines). (e) Ip — Vo curves extracted with (5.1) and (5.10) at different V. In
(a),(c),(e), Vg = —10,—15,—20 V, from bottom to top.

5.3.3. Experiments C: Space-charge-limited contacts

The evolutionary parameter extraction procedure has been tested previously in single channel-length

OTFTs in which the injection through the contact is space charge limited [92, 144]. Nevertheless,
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Table 5.3: Values of parameters extracted in Experiments B (kg is in A/V2‘W7 Vr in V, Vgg in V,
Mc(Vg) in A/V™ Vo in V, Vy in V and I in A).

Experiment

X Bi1-1 B2-1 B1-2 B2-2

ko 58x107%  58x107%  59x107%  57x107%
v 35x10710  1.4x10792 38x107%  1.5x1072
Vr —28x 1010 —4.0x 10T  —-3.6x 1070 3.4 x10+00
Vss —1.3x10%%0  _—2.0x10M%° —1.4x10T%0 —1.3x 1010
my 6.5 x 10701 7.1x10701

Mc(—=10V)  3.8x1079% 3.9 x 10796

Mc(=15V)  8.6x107% 8.3 x 10796

Mc (=20 V) 1.8x 1079 1.7 x1079%

Vo 7.1 x 1079 9.9 x 10791
%N 3.2x 10793 9.9 x 1079
o 4.1 %1079 4.6 x 10791
In(—10V) 1.6 x 10796 1.7 x 1079
Io(—15V) 3.1x1070% 3.5 x 10796
Io(—20V) 6.0 x 1076 6.4 x 1076

Table 5.4: Errors obtained after fitting the experimental output characteristics in Experiments B.

NRMSE Average

Sub-exp. L=5um L =800 um NRMSE
Bi-1 51x107%2 1.2x107% 8.5x107
B2-1 54x10792 78 x10792 6.6 x 10792
B1-2 5.6 x 10792 3.1 x10792 44 x 10792
B2-2 6.2 x107%2  73x107% 35x10792

neither the fitting errors between experimental and calculated output characteristics of single-channel-
length transistors have been compared with the errors obtained if multiple-channel-length transistors
are analyzed; nor this kind of contacts has been assessed with a wider search space for the parameter
my, in (5.10), i.e. 0 < my < 2. In this regard, the I — V characteristics of multiple-length, bottom-gate,
bottom-contact TFTs, with dinaphtho[2,3-b:20,30-f]thieno|[3,2-b]thiophene (DNTT) as semiconductor,
are studied. They were measured in [147] and are represented with symbols in Fig. 5.3. The Au contacts
of the transistors were functionalized with pentafluorobenzenethiol (PFBT) to obtain a small contact
resistance. All TFTs were fabricated on flexible plastic using aluminum oxide (AlO3) as the gate
dielectric (5.3 nm thick). The full protocols of the electrode deposition, substrate cleaning, and surface

passivation are in [147, 159]. Short and long-channel TFTs were fabricated with a channel width of 200
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Table 5.5: Values of parameters extracted in Experiments C.

Experiment

x Ci-1 C1-2 C1-3

ko [A/VZH7] 20x107%  22x107%  1.5x107%
v 50x 1079 6.6x10792  4.0x 107
Vr [V] —1.2x107%0  —1.1x10T%° —9.3x 107"
Vss [V] —6.7x107%  —29x107% —1.2x10""
My 1.6 x 10100 1.3 x 10100 1.4 x 10100
Mc(—=1.67 V) [A/V™]  20x107%  67x107%  86x107%
Mc(—2.00 V) [A/V™]  37x107%  12x107%  2.0x107%
Mc(—2.33 V) [A/V™]  37x107%  1.5x107%  25x107%
Mc(=2.67 V) [A/V™]  27x107%  15x107%  24x107%
Mc(—3.00 V) [A/V™*] 1.8x107%  12x107%  1.5x107%

pm and lengths of 8, 40 and 80 pm.

The evolutionary procedure is used only with (5.1) and (5.10), since model (5.9) is no longer valid
in these cases. Three experiments C-1, C-2 and C-3 are designed. Experiment C-1 performs a single-
transistor parameter extraction. It extracts the parameters of the transistor and the contact region from
the output characteristics of the shortest transistor (circles in Fig. 5.3a). Then, it checks whether the
output characteristics of the two longest transistors are reproduced with our calculations. Experiments
C-2 and C-3 perform a multiple-transistor parameter extraction. Experiment C-2 extracts the model
parameters from the simultaneous analysis of the experimental data of the shortest and longest transis-
tors (symbols in Figs. 5.3a and 5.3e, respectively). Then, it checks whether the output characteristics
of the 40 pum length transistor (symbols in Fig. 5.3¢) are reproduced with our calculations. Experiment
C-3 extracts the model parameters from the simultaneous analysis of the experimental data (symbols)
of Figs. 5.3a, 5.3c and 5.3e.

The values of the parameters extracted with the three experiments are found in Table 5.5. Very small
variations are observed among the experiments. The carrier mobility extracted with Experiment C-1 is
po = 2.9 cm?/Vs, and the threshold voltage is V3 = —1.2 V, in agreement with the respective values
extracted with the TLM method in [147]: 3.2 cm? /Vs and Vi = —1.3 V. The value my, > 1 points out that
the injection in these TFTs is space charge limited. The errors obtained when fitting the experimental
and calculated output characteristics are in Table 5.6. The fitting error is slightly reduced when the
amount of available data increases (from Experiment C-1 to C-3). However, the improvement is not
significant. As in the previous experiments, only the I — V' curves calculated with the single-transistor
procedure (Experiment C-1) are represented in Fig. 5.3 (solid lines). As an additional test, this figure
includes the comparison of experimental (symbols) and calculated (solid lines) transfer characteristics,

also showing a very good agreement.
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Figure 5.3: Experiment C-1. (a), (c), (e¢) Comparison of experimental Ip — Vp curves measured at
different values of Vi [147] (symbols) and our calculations with (5.1) and (5.10) (solid lines). Vg is
swept from —1.67 (top) to —3 V (bottom) with a —0.33 V step. (b), (d), (f) Comparison of experimental
Ip — Vi curves measured at different values of Vp [147] (symbols) and our calculations with (5.1) and
(5.10) (solid lines).

5.3.4. Experiment D: Application to an ammonia sensor

The standard contact model (5.10) takes on a special meaning in situations in which both the active

channel and the contact region are affected by an external excitation, and both jointly determine the
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Table 5.6: Errors obtained after fitting the experimental output characteristics in Experiments C.

NRMSE Average
Exp. L=8um L=40pum L =80 pum NRMSE
C-1 78x10792 87x10792 1.2x1079 95x 10792
C-2 34x10792 13x1079 58x1079 7.4x10792
C-8 53x10792 57x107%% 76x107°% 6.2x10792

electrical behavior of the device. In this sense, we apply the evolutionary procedure to an OTFT detector
of ammonia (NHs) gas [160]. In this publication, authors checked that the ammonia sensor deteriorated
its electrical performance under the exposure of different concentrations of ammonia. Here, we check
that the incorporation of a standard contact model (5.10) in the compact TFT model (5.1), not only
enhances the precision in the determination of the intrinsic parameters of the transistor, but also provides
information on how the contact region itself reacts to the ammonia gas. Our evolutionary procedure is
applied to the output characteristics of a regioregular poly (3-hexylthiophene) (rr-P3HT) based OFET,
which are represented with symbols in Figs. 5.4a (pristine device), 5.4c (gas exposure of 20 ppm) and
5.4e (gas exposure of 40 ppm) [160].

The full fabrication protocols of the rr-P3HT OTFT are detailed in [160]. Briefly, the bottom-gate
bottom-contact OFET consists of a heavily doped p-type Si substrate, with a 300 nm thick film of
thermally grown SiO5 on top of it, acting as the gate structure. The capacitance per unit area of the
gate dielectric layer is 10 nF/cm?. The gold source-drain electrodes and the rr-P3HT polymer define a
channel length and a width of 30 pm and 1 mm, respectively. Other information about the electrode
deposition, substrate cleaning and surface passivation are found in [160].

Since the gas exposure changes the electrical performance of the device, the evolutionary procedure
must treat independently each set of experimental Ip — Vp curves (symbols in Figs. 5.4a, 5.4c and 5.4e).
The values of the OTFT parameters, extracted in each of the three cases, are in Table 5.7. The Ip — Vp
curves calculated with (5.1) and (5.10) are depicted with solid lines in Figs. 5.4a, 5.4c and 5.4e, where a
good agreement with the experimental data is shown. The Ip — Vo curves extracted with our procedure
for the respective three cases are depicted in Figs. 5.4b, 5.4d and 5.4f.

The exposure to gas ammonia changes the value of the carrier mobility and the threshold voltage of
the transistor, as observed in [160]. However, the values of these parameters largely differ because, in our
case, the contacts effects are considered during the extraction process. With our evolutionary procedure,
Vi varies in the range 7.65 and —12.7 V, for the pristine OTFT and for the 40 ppm gas exposure case,
respectively; while the values of ug are 2.9 x 107%, 8.2 x 107° and 6.3x10~° for the pristine OTFT and
under a exposure of 20 and 40 ppm, respectively.

The main contribution of this analysis is the evolution of the current-voltage curves at the contact
when the concentration of ammonia gas increases. Fig. 5.4b shows the Ip — Vi curves extracted for
the pristine OTFT at different values of Viz. The curves are concave following (5.10) with my = 1.21.
Figs. 5.4d and 5.4f show the Ip — V¢ curves extracted for the exposed OTFT under ammonia gas at
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Table 5.7: Values of parameters extracted in Experiments D.

Ammonia Concentration (ppm)

x 0 20 40
ko [A/VZH7] 29x10712  82x1071  6.3x10713
v 29%x10790  83x107%  1.1x107%
Vr [V] 3.0x 10T 7.7x1079° 1.3 x 10+
Vss [V] —1.5x 10T —32x 1000 —3.1x 10"
mk 1.2 x 10190 6.9 x 10791 5.7 x 10701
10 V) [A/Vme 1.8x10797  54x107%  2.7x107%
Mco(=10 V) [
20 V) [A/VmE 45x107%  53x107%  42x107%8
Mc (=20 V) |
Mc(=30 V) [A/V™]  24x107%  50x107%  51x107%
Mc(—40 V) [A/V™]  1.7x107%  55x107%  47x107%

different values of V. These two sets of curves become convex, also following (5.10) but with my < 1
(mg = 0.69 and my, = 0.57 for gas concentrations of 20 and 40 ppm, respectively). A clear deterioration
of the contact region is observed when the ammonia concentration is increased. This can be attributed
to chemical changes at the metal-organic interface that alter the energy barrier that charge carriers must
overcome. These changes drastically modify the contact region from a space-charge to a Schottky-barrier

limited contact.

5.4. Conclusion

We have proposed a versatile analytical expression that can reproduce the current-voltage curves
at the contacts of OTFTs. The expression is controlled exclusively with two parameters. One of them
depends on the gate voltage. The other one allows to distinguish between space-charge or Schottky-
barrier limited contacts. The contact model has a direct physical justification when space-charge limited
contacts are treated. In the case of Schottky-barrier limited contacts, our model is empirical, although it
has been successfully compared with other semi-empirical models based on the current transport theory
in metal semiconductor barriers.

The contact model is introduced in a generic compact model that describes the current-voltage
characteristics of OTFTs. The contact model used in combination with an evolutionary parameter
extraction method allows to extract the parameters of short channel OTFTs. We have checked that our
procedure obtains similar results to those methods in which multiple transistors with different lengths
are necessary in order to characterize the effects of the contact region.

The procedure has been also applied to an ammonia gas sensor in order to determine the effect of
the gas, not only in the internal parameters of the transistor, carrier mobility or threshold voltage, but
also in the contact region. We have detected that the gas can modify the energy barrier at the contact

in such a way that a space-charge limited contact is transformed into a Schottky-limited contact when
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Figure 5.4: Experiment D. (a), (c), (e) Comparison of experimental Ip — Vp curves (symbols) and our
calculations with (5.1) and (5.10) (solid lines) at three concentrations of ammonia and different Vi
values. Vg is swept from —10 (top) to —40 V (bottom) with a —10 V step. (b), (d), (f) Ip — Ve curves
calculated with (5.10) at different Vi values.

ammonia gas is present.
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6.1. Conclusions

1. An evolutionary parameter extraction procedure has been developed to simultaneously determine
the parameters of both a compact model for the current-voltage characteristics of organic thin-film
transistors and a contact model. This procedure overcomes shortcomings of previous parameter
extraction procedures, for example, in those situations whereby the parameter set extracted by
other procedures does not comply its physical meaning, or if a poor agreement between the ex-
perimental data and the analytical results exists. In the last case, the evolutionary procedure can
be used as a problem optimization method. The evolutionary parameter extraction procedure has
been applied to experimental output characteristics measured in different transistors, the results

calculated with the model show an excellent agreement with the experimental data.

2. In order to ensure the physical meaning of each parameter of the model, the evolutionary procedure
has been extended with additional rules in form of optimization objectives and constrains. These
changes has given rise to a Many-Objective Problem (MaOP). Additional sets of experimental

data have been used to test these modifications, also obtaining excellent results.

3. A modification of the contact model has been proposed in order to extend its applicability to
organic phototransistors. The model for the contact region of these devices incorporates the effects
of illumination. This model is valid for all the operation regimes of the transistors. Once again, the
compact model and the contact region model are validated with published experimental data from
several OPTs under different illumination conditions. The results show that both photoconductive
and photovoltaic effects impact the intrinsic region of the transistor, as well as the electrical
behavior of the contact region. The parameters used in the contact region model are linked to

these photovoltaic and photoconductive effects.

4. A final modification of the contact model has been proposed in order to describe the current-voltage
characteristics of different kinds of contacts. In this sense, a standard model for the contact region
of OTFTs has been proposed and integrated into the generic compact model for the current voltage
characteristics of OTFTs. It is a versatile model that reproduces the behavior of Schottky-barrier
or space-charge-limited contacts. It is a simple unified model since only the value of a single
parameter is necessary in order to distinguish between both kinds of contacts. The model has
been tested with published experimental data of OTFTs with Schottky-barrier or space-charge
limited contacts. In particular, we have detected how the contact region of an ammonia sensor
is very sensitive to the concentration of gas, in such a way that a space-charge-limited contact is

transformed into a Schottky-barrier contact when the gas concentration increases.

6.2. Future Work

Regarding our evolutionary procedure, suggestions for future work are presented in this section. As
seen in Chapter 3, the consideration of new requirements made us increase the number of objectives

(nob;) from 2 (as originally defined in Chapter 2) to 4. In doing so, our evolutionary procedure had
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to solve a MaOP instead of a MOP. Since OTFT compact models are in continuous evolution, new
requirements and objectives can be added to the evolutionary procedure. This would add complexity
to the evolutionary procedure, and therefore, to the parameter extraction process. For this purpose,
in the next section some limitations, and possible solutions, of MaOPs are presented. In case that the
evolutionary procedure has any problem dealing with the defined MaOP, the decision maker (DM) or

expert will be in charge of choosing the best approach following its expert criteria.

Difficulties to Solve MaOPs

As mentioned in Chapter 3, optimization problems with four or more competing objectives are
referred to as many-objective problems (MaOPs) [161]. The main difficulties associated with MaOPs
are: (i) high computational cost, (ii) poor scalability of most existing MOEAs, (iii) difficulty in the
visualization of a Pareto-optimal front (POF) for problems with more than three objectives [162-164].
These facts make evolutionary many-objective optimization one of the most challenging research areas
in the field of evolutionary optimization and explains the growing research emphasis in this direction
[163].

(i) The computational cost is difficult to attenuate, unless there are redundant objectives. In this
case, they should be removed from the objective set.

(i) MOEAs have proven their effectiveness and efficiency in solving problems with two or three
objectives. However, recent studies show that MOEAs face many difficulties when tackling problems
involving a larger number of objectives which deteriorates the search ability of the traditional MOEAs
[165, 166]. The most common situation is observed when most individuals are non-dominated with
respect to each other. These individuals are the so-called dominance resistant solutions (DRSs) or
outliers [164, 167-169]. DRSs are solutions with a poor value in at least one of the objectives, but with
near optimal values in the others. In other words, those are non-dominated solutions, but far from the
POF.

(iii) Due to the curse of dimensionality, the number of points required to represent accurately a
Pareto front increases exponentially with the number of objectives. Formally, the number of points
necessary to represent a Pareto front with k objectives and resolution r is bounded by O(kr*~!). In
addition to the previous problem, clearly, with more than three objectives it is not possible to plot the
Pareto front as usual. Due to this fact, different alternatives must be found.

Despite NSGA-II is considered a traditional MOEA, it was used successfully in Chapters 3 and 4 to
solve a MaOP with 4 objectives, achieving in both cases high quality results. For this reason, and also
for the sake of simplicity, it was subsequently decided that NSGA-II would be the search tool of our
evolutionary procedure. It is clear that under certain circumstances (considering 4 or more objectives)
it could easily happen that the evolutionary procedure does not converge to a solution as (ii) states.
This would mean the failure of the evolutionary procedure, which can not be tolerated.

Since the convergence to an optimum solution is the highest priority, and the visualization is crucial
for the decision-making process, some proposals to deal with the previously presented problems are

introduced below.
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Many-objective evolutionary algorithms

Due to the continued increase of ney;, traditional MOEAs such as NSGA-II do not operate optimally.
Actually, traditional MOEAs were reformulated to optimally deal with MaOPs [170]. In addition to these
new versions, great advances have been made in the last decade in the development of Many-objective
evolutionary algorithms (MaOEAs) [100, 171, 172]. These MaOEAs use special mechanisms to manage
MaOPs and preserve diversity among the different objectives. For instance, the NSGA-III was proposed
as an improvement of the NSGA-II [171, 172]. The main difference of NSGA-III with its predecessor is
that NSGA-IIT uses a set of reference points to maintain the diversity of the Pareto points during the
search. Another example of MaOEA is the MOEA /D, which decomposes a MOP into a number of scalar
optimization sub-problems and optimizes them simultaneously [100]. Despite MaOEAs are developed
especially to work with MaOPs, they also have limitations. Thus, the following proposals must also be

considered.

Preference-ordering approaches

These approaches assume that no objective in the given problem is redundant and aim to counter
the low selection pressure for convergence by inducing a preference ordering over the non-dominated
solutions [164]. Some of these preference approaches are the average ranking (AR) [173], the maximum
ranking (MR) [173], the favor preference relations [174], or the proposals found in [164]. The AR relation
computes a different rank for each solution, considering each objective independently. The final rank is
obtained by summing up the ranks on each objective. In turn, the MR relation takes the best rank as
the global rank. In favor relation, the favored vector is that which outperforms the other one in more

objectives.

Objective reduction approaches

These approaches [175-178] assume the existence of redundant objectives in a given problem with
Nep; competing objectives. Operating on the objective vectors of the non-dominated solutions obtained
from a MOEA, these approaches aim to identify a smallest set of n (n < ng;) conflicting objectives
which: (a) generates the same POF as the original problem, or (b) alternatively, preserves the dominance
relations of the original problem. Such n objectives are termed essential, and the remaining ones are
called redundant. If n < 3, an otherwise unsolvable problem will become solvable. Even if 4 < m <
Nobj, objective reduction will contribute to higher search efficiency, lower computational cost and ease

in visualization and decision-making.

Constraints

There may be situations in which some of the n,,; objectives are always accomplished by the whole
population. In these cases, instead of carrying out a hard objective reduction, some of the objectives
can be reformulated as constraints [179]. By doing this, all the information about the problem is kept

during the whole search process.
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Goals and priorities

Goal and priority data are naturally available from the problem formulation. In order to differentiate
among individuals in a MaOP, goals and priorities should be assigned to each of its ne; [180]. In so doing,
DRSs could be removed from the Pareto front and the search could be directed to more promising areas.
In addition, better decisions and elections of solutions could be performed, since goals and priorities are
used as a form of fitness values. It is clear that goals and priorities must be assigned by the DM, who

has a full understanding of the problem.

Pareto front visualization

As mentioned previously, the increment of ny,; > 3 means that the Pareto front can not be plotted
as usual. This is a major problem since visualization plays a key role in a proper decision-making
process [181, 182]. Thus, different alternatives must be explored. Parallel coordinates [183] and self-
organizing maps [184] are some of the methods proposed to ease decision making in high dimensional
problems. Despite the progress achieved, Pareto front visualization is a hot topic in the many-objective

optimization context, and more research is still required.

Finally, it must be emphasized once again, that the expert or DM is in charge of selecting the
most appropriate remedy to any particular problem. There may be cases in which the exposed proposals

can be combined, which in turn can help the DM to better address the presented problem/s.
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7.1. Motivacion

Los transistores orgdnicos de ldmina delgada (OTFTs) han despertado un considerable interés en
la Electrénica debido a las ventajas asociadas con los materiales orgdnicos/poliméricos utilizados, como
la flexibilidad, los bajos costos de fabricacién y el peso, y sus posibles aplicaciones en dispositivos
electrénicos flexibles de gran superficie, como pantallas y sensores [1]. Sin embargo, estos materiales
también tienen limitaciones importantes, por ejemplo, una baja movilidad electrénica en comparacion
con semiconductores cristalinos inorganicos, alta variabilidad del proceso, o deterioro por efecto de los
contactos. En particular, los efectos de los contactos se han estudiado ampliamente con el objeto de
incorporarlos en los modelos compactos de los transistores [2—4].

Los modelos compactos son modelos analiticos que pueden reproducir el comportamiento eléctrico
de un dispositivo determinado en todas las regiones de operacién. Por lo general, se basan en principios
fisicos, con algunos parametros libres que se utilizan para asegurar una transicién continua entre regiones
o para mejorar la simplificacién matematica necesaria de la fisica del dispositivo. Por lo tanto, estos
modelos deben estar asociados con métodos para extraer sus respectivos parametros, usando como base
las caracteristicas eléctricas del transistor deseado [3-5]. Los pardmetros extraidos deben de tener un
valor fisico correcto, ya que un valor no valido causaria la invalidacién de dicho resultado, significando
esto un fallo en la buisqueda del conjunto de parametros. Finalmente, el conjunto de parametros extraidos

debe proporcionar un buen acuerdo entre el modelo y los datos experimentales usados para la extraccion.

7.2. Objetivos y Metodologia

Esta tesis se centra en la definicién de un procedimiento para extraer los parametros de un modelo
compacto para OTFTs, que incluye efectos de los contactos, a partir de las curvas de salida del dispo-
sitivo. La principal caracteristica de este procedimiento es que garantiza la determinacion del valor del
conjunto de parametros del modelo, resolviendo asi algunas de las limitaciones presentadas en proce-
dimientos encontrados en la bibliografia. Para este propdsito, se presentan una serie de objetivos que

tendran que cumplirse en el orden dado:

1. Describir una metodologia eficiente para la extraccién de pardmetros de diferentes tipos de OTFTs,
utilizando como base un modelo compacto para OTFTs que incluya los efectos en los contactos y

un algoritmo evolutivo multi-objetivo (MOEA).

2. Validar el conjunto de parametros extraidos con leyes fisicas y eléctricas que describen el comporta-
miento del dispositivo empleado. La validacion del conjunto de parametros supondra la validacién
del procedimiento evolutivo y del modelo compacto, ya que ambos son utilizados para realizar la

extraccion del conjunto de parametros.

3. Dotar al procedimiento evolutivo de conocimiento experto. Con esto se persigue que el proceso de
busqueda del procedimiento evolutivo pueda explorar areas mas prometedoras, en las cuales cabe

la posibilidad de encontrar conjuntos de pardmetros més precisos.
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4. Ampliar la funcionalidad del modelo compacto utilizado por el procedimiento evolutivo, y por
lo tanto, el alcance del procedimiento evolutivo. El propdsito de este objetivo es estandarizar el
procedimiento evolutivo, con la finalidad de abarcar la mayor cantidad de fendémenos fisicos y

dispositivos posibles.

Para llevar a cabo el desarrollo de esta tesis es necesario tener en cuenta las bases de funcionamiento
de los OTFTs. Ademés, también se deben considerar aquellos efectos que degradan el rendimiento de

los dispositivos, haciendo hincapié en los efectos de contacto.

7.3. Conceptos generales usados en la tesis

7.3.1. Materiales Organicos

Los materiales organicos utilizados en dispositivos organicos se pueden clasificar en polimeros,
moléculas pequenas, semiconductores organicos dopados, complejos de transferencia de carga y com-
puestos orgdnicos semiconductores/aislantes [6].

Los polimeros semiconductores se emplean en conexiones y contactos de dispositivos organicos, de-
bido a su idoneidad para ser imprimidos. Sus principales caracteristicas son: no requieren el uso de
disolventes halogenados, los cuales presentan problemas ambientales y regulatorios; son menos suscep-
tibles a problemas de adhesién, sus perfiles de solubilidad permiten el acceso a valores de viscosidad
mayores que 200 mPa.s y proporcionan una uniformidad significativamente mayor de dispositivo a dis-
positivo [7, 8].

Transistores, diodos, sensores [9], transductores y elementos de memoria pueden incorporar semi-
conductores en forma de sélidos moleculares y/o polimeros semiconductores orgénicos. Las aplicaciones
de estos dispositivos se pueden encontrar en circuitos de complejidad moderada, como controladores de
pantallas [10], etiquetas de identificacién por radio frecuencia (RFID) [11], o sensores de presion.

El orbital molecular desocupado de menor energia (LUMO) de la mayoria de los compuestos organicos
se encuentra fuera de rango para el transporte de electrones. Esta es la razén por la que hay menos
estructuras que se han identificado como semiconductores tipo n en comparacion con el nimero de
semiconductores tipo p. La cantidad de huecos en un semiconductor viene determinada principalmente
por la posicién relativa del orbital molecular ocupado de mayor energfa (HOMO) con respecto al nivel
de Fermi del contacto (funcién trabajo).

El cierto retraso tecnoldgico de los transistores de canal n afectd directamente al desarrollo de la
tecnologia complementaria. Recientemente, se ha logrado un progreso significativo en el desarrollo de
semiconductores organicos, estando disponibles materiales de tipo p y n que presentan un alto rendi-
miento y una buena estabilidad en aire [12, 13]. En los circuitos complementarios, se utilizan voltajes
de puerta positivos y negativos para conmutar los transistores, y ademads se caracterizan por tener una
mejor velocidad y confiabilidad en comparacién con sus homdlogos unipolares [14, 15]. Actualmente,
hay disponibles circuitos complementarios orgdnicos fabricados con materiales solubles [13, 14, 16, 17],
pero aun no existe una tecnologia complementaria totalmente imprimida sobre substrato flexible con

una alta movilidad electrénica para semiconductores de tipo p y n [11].
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7.3.2. Transistores Organicos de Efecto Campo

Un transistor orgdnico de efecto campo (OFET) es un dispositivo electrénico cuyo funcionamiento
gira en torno a una estructura metal-aislante-semiconductor. Esta formado por una puerta metalica, un
dieléctrico, y capas de semiconductores. Dos contactos de metal, fuente y drenador. Si el semiconductor
usado esta en forma de pelicula delgada, los dispositivos se denominan transistores orgdnicos de pelicula
delgada (OTFTs). La posicién de los electrodos de drenador y fuente en la parte superior de la estructu-
ra o incrustados entre el semiconductor y el aislante definen dos configuraciones tipicas de transistores:
el transistor de contactos superiores o el transistor de contactos inferiores, respectivamente. Esta es-
tructuras se basan en las desarrolladas inicialmente para los transistores de silicio amorfo. El electrodo
de puerta también se utiliza como substrato, proporcionando un soporte a toda la estructura. El 6xido
aislante o los polimeros aislantes recubren la puerta metalica con o sin tratamiento de superficie. Si no
se aplica una tensién a la puerta Vg, la conductividad intrinseca del semiconductor organico es baja;
si se aplica una tensiéon Vp entre drenador y puerta, fluird muy poca corriente a través de la pelicula
semiconductora. Se dice que el dispositivo estd 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 moéviles y dan lugar a un canal
conductor entre la fuente y el drenador. Estas cargas méviles pueden moverse en respuesta a la tensién
Vp aplicada. El transistor estd funcionando en el modo ON o acumulacion.

El canal conductor aparece cuando se alcanza o sobrepasa un valor umbral, V. El valor de esta
tensién umbral depende de diferentes mecanismos internos de la estructura. La mayoria de los semicon-
ductores organicos no estdan 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 inyecciéon de carga. Es necesaria la aplicacién de una tensiéon Vi no nula a la
puerta para desplazar los niveles orbitales de los semiconductores hacia arriba o hacia debajo de manera
que los orbitales moleculares entren en resonancia con el nivel de Fermi del electrodo y se reduzcan las
barreras de inyeccién de carga. Por otro lado, siempre hay estados asociados a trampas, impurezas y
defectos en la pelicula semiconductora, asi como las moléculas de HoO y Os adsorbidas del ambiente.
Es necesario aplicar una tensién Vg no nula a la puerta para llenar estos estados trampa antes de que
las cargas méviles pueden ser transportadas a lo largo del canal de conduccién. El umbral de tension
Vr incorpora todos estos efectos.

Las curvas corriente-tensién experimentales de un OFET son muy similares a las de los MOSFETs.
Esta es la razén por la que en muchas ocasiones los OFETSs se describan mediante las ecuaciones clasicas
del transistor MOS:

W o C; V2
Ip= B (Vo vV — 22| Vp < Vo — Wi

WLC 2 (7.1)
Ip = % [(VG - VT)2} , Vb <Vgs = Vr

donde Cj es la capacidad del aislante de puerta por unidad de area, pg es la movilidad de los portadores
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y Wy L son la anchura y la longitud del canal, respectivamente.

Hay algunos aspectos que necesitan de una especial consideracién y hacen que los OFETSs se distan-
cien del comportamiento descrito por el modelo ideal MOS (7.1): la inyeccién de carga de los contactos,
el transporte de carga en el semiconductor organico y las inestabilidades creadas por la acumulacion de
carga en la estructura. Debido a ellos, entre otros factores, el modelo (7.1) no es capaz de reproducir las

caracteristicas I — V' de los OFET, siendo obligatorio para tal fin el uso de modelos especificos.

7.3.3. Efectos de los contactos

Comprender y reducir los efectos de los contactos es de gran importancia tecnolégica, ya que limi-
tan el rendimiento de los OTFTs [18]. Hay evidencias experimentales que demuestran 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 microfotografias de la interfaz. En
ellas se muestra cémo la densidad de las moléculas en el material orgdnico no son del mismo tamano
cerca del contacto metalirgico o lejos del mismo. Una tercera razon se encuentra en medidas de perfil de
potencial a lo largo del canal del transistor. Estas medidas muestran una caida de tensién en el contacto
de fuente mayor que la que se produce cerca del drenador. En esta situacion, se puede despreciar la
caida de tensién entre el drenador y el canal intrinseco.

Se han realizado grandes esfuerzos para reducir el impacto de los efectos de contacto y, por lo tanto,
para mejorar el rendimiento de los dispositivos. Entre los intentos por reducir los efectos de los contactos
se puede destacar el uso de nuevos materiales para los electrodos de contacto, la insercién de capas en
la interfaz metal-semiconductor o el uso de dopaje molecular. Ademads, se han desarrollado modelos
capaces de reproducir los efectos de contacto en OTFTs [4, 19], siendo este actualmente un tema de

interés [20].

7.3.4. Algoritmos Evolutivos

Los algoritmos evolutivos (EAs) son heurfsticas de biisqueda y optimizacién basadas en la evolucién
natural y genética [21, 22]. El concepto de evolucién natural ayudard al lector a tener una idea inicial de
como funcionan los EAs. En la naturaleza, existen entidades o poblaciones de individuos con capacidad
de reproduccién. Estos individuos suelen tener diferentes caracteristicas, como la altura o la fuerza. Los
individuos descendientes heredan algunas caracteristicas de sus progenitores. Ademads, algunos de ellos
pueden mutar adquiriendo nuevas cualidades. A medida que pasa el tiempo, solo los individuos capaces
de adaptarse al entorno sobreviven, generalmente los més aptos. Tomando como referencia la evolucién
natural, los EAs procesan en cada iteracién una poblacién de soluciones potenciales (individuos) para un
problema determinado (entorno). Durante la ejecucién del EA, las soluciones potenciales se combinan
(reproduccién) y algunas de ellas se alteran (mutacién), dando lugar a una poblacién de descendientes,
en la que las soluciones potenciales mas aptas tienen la mayor probabilidad de permanecer en ella
(adaptacién al entorno).

La diferencia mas importante entre las técnicas de optimizacion clasicas y los EAs es que estos tlti-

mos procesan una poblacién de soluciones potenciales en cada iteracién en lugar de una tnica soluciéon
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Figure 7.1: Diagrama de flujo béasico de un EA.

para el problema. La Figura 7.1 muestra el diagrama de flujo basico de una EA, donde P; es la poblacion
en la iteracion t y N es el tamafio de la poblacién. Los individuos de la poblacién son soluciones poten-
ciales de una funcién de minimizacién (maximizacién) f(z). Se denominan () = (2,8 . z,0:0),
i=1,2,...,Nyzlit e X» CRP, donde X? es el dominio de la poblacién.

Tres operadores principales guian la evolucién de la poblacion:

= Operador de recombinacion. Es el principal responsable de que la poblacién mejore. Este operador
combina las caracteristicas de los progenitores para crear nuevos individuos, llamados descendien-
tes. La idea de la recombinacion es descubrir mejores individuos que los originales, o individuos

intermedios que en el futuro permitirian descubrir mejores.

s Operador de mutaciones. Este operador contribuye a la diversidad de la poblacién. La recombi-
nacién de los progenitores por si sola puede no mejorar la poblaciéon o puede no descubrir nuevos

individuos. En estos casos, algunos de los descendientes deben ser alterados por otros medios. El
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operador de mutacién es responsable de garantizar que se explore todo el espacio de busqueda.

Este operador también es utilizado por los EAs para evitar la convergencia a éptimos locales.

= Operador de seleccion. Basado en una medida de la adecuacién de los individuos, este operador

decide qué individuos formardn parte de la poblacién de la préxima generacién.

Los EA son algoritmos altamente parametrizados, siendo sus caracteristicas mas importantes intro-

ducidas a continuacion.

7.3.4.1. Representacion de los Individuos

El primer paso para definir un EA es vincular el contexto del problema original y el espacio de
solucién donde tiene lugar la evolucién. Tiene que estar claro que tipo de soluciones tiene el problema
original. Luego, se define el dominio mas apropiado para dichas soluciones y, finalmente, se utiliza la

representacién mas apropiada.

7.3.4.2. Poblacién Inicial

Al comienzo de un EA, la poblacién estd vacia. Para completarla con individuos, se debe definir un
método para generar la poblacién inicial Py. No existe un método estandar para inicializar la poblacién
de un EA y generalmente P, se genera aleatoriamente. Una poblacién obtenida en otras ejecuciones o

una obtenida mediante otra heuristica podria usarse como Fj.

7.3.4.3. Operadores de Variacion

Los operadores de recombinacién y mutacién se definen con las tasas de recombinacién (P.) y mu-
tacién (P,,), respectivamente. Mediante el uso de los valores correctos de P, y P,,, se debe explorar el
espacio de bisqueda completo. Un P. bajo no permitird explorar el espacio de biisqueda, mientras que

un P, alto evitard la convergencia del EA.

7.3.4.4. Funcién de Evaluaciéon

La funcién de evaluacién muestra las diferencias en calidad entre los individuos de la poblacién. Da
una puntuacién a cada individuo de la poblacién. Dada una funcién de minimizacién (o maximizacién),

un individuo z? obtendrad una puntuacién més baja (o mayor) que otro 7 si 27 es mejor.

7.3.4.5. Operador de Selecciéon

El operador de seleccién selecciona los individuos méas aptos o mejor puntuados, los cuales pasaran
a formar parte de la poblacién de la préxima generacién P;i;. Ademds, P, debe cumplir ciertos

requisitos, como la diversidad y el elitismo.
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Diversidad La diversidad de la poblacién es un factor crucial en problemas de optimizacién comple-
jos, v la extraccién de pardmetros es uno de ellos. Si todos los individuos de la poblacién estuvieran
ubicados en el mismo espacio, por ejemplo, si P11 estuviese compuesta solamente por los individuos
mas aptos, el procedimiento podria converger prematuramente a un 6ptimo local. Por otro lado, si P41
estd compuesta por individuos muy poco aptos, no convergeria en absoluto. El operador de seleccion
controla el compromiso entre la calidad y la diversidad de la poblacién para garantizar una convergencia
adecuada. A los individuos més aptos se les da una mayor probabilidad de participar en P;y1 que a los
peores individuos. Sin embargo, los individuos de baja calidad también tienen la posibilidad de estar en
Piy1.

Elitismo Dado que los EAs son estocésticos, el mejor individuo encontrado hasta el momento, 2°t,
podria perderse durante el proceso de evolucién. Los EAs introducen elitismo para garantizar la presencia

best best

de x en P.y;. Durante el proceso de evolucién y al final de cada ejecucién, x siempre estara

disponible.

7.3.4.6. Condicion de Parada

Otro pardmetro critico en la definicion de un EA es decidir cuéndo detenerlo. Para tal efecto, se

suelen usar los siguientes criterios:
= Solucion optima global lograda. En este caso, no tiene sentido seguir buscando una mejor solucién.

= Coste de la CPU. Para minimizar el tiempo de computo, la ejecucién del EA puede restringirse a

un numero limitado de generaciones y evaluaciones de la funcién de evaluacién.

= FEstancamiento de la bisqueda. La ejecucién del EA se puede detener después de un niimero limitado
de generaciones si no hay mejoria en la poblacién. En este caso, la poblacién deberia de ser

reiniciada, pero manteniendo zPest.

7.3.5. Problemas Multi-Objetivo

En la mayoria de los casos préacticos, los problemas tienen varios requisitos que cumplir. El proceso
de extraccion de parametros es solo uno de ellos. Los problemas de este tipo se conocen como problemas
multi-objetivo (MOPs) [23]. La mayor diferencia entre los problemas con un solo objetivo y los MOPs
es la disposicién de un conjunto de soluciones potenciales. En un problema con n.,; compitiendo entre
ellos, cada uno de ellos se mide por una funcién objetivo f;(i = 1,...,n0;). Podemos definir una
funcién objetivo global f que cumpla con las siguientes relaciones para dos soluciones potenciales para

el problema s y so

f(s1) = f(s2) & fi(s1) = fi(s2
(s2) & fi(s1) < fi(s2) Vi € 1,2, ..., n0p; (7.2)
(s2) & f(s1) < f(s2) A f(s1) # f(s2)

) Viel,2, ooy Mobj
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Teniendo en cuenta las relaciones anteriores, el criterio de dominancia de Pareto se puede utilizar

para establecer un orden entre los individuos de la poblacién [24]:

51 <52 f(s1) < f(s2)
s1 2 s2 & f(s1) < f(s2) (7.3)
s1~ s34 f(s1) £ f(s2) A f(s2) £ f(s1)

donde s; < sy (s1 domina s3) significa que s; es una solucién mejor que s2, s;1 = s2 (s; domina
débilmente s9) significa que s1 es una solucién mejor o igual que so, y s1 ~ s2 (s1 es indiferente a s3)
significa que ambas soluciones no son comparables. Una solucién Pareto-6ptima sepg [24] se define como

una solucién que no puede ser dominada por ninguna otra solucién en el conjunto de soluciones S:
As, €518 < Sopt (7.4)

Todas las soluciones 6ptimas de Pareto componen el frente de Pareto. Las soluciones del frente de Pareto
son indiferentes entre si e igualmente validas. Por lo tanto, seran los usuarios finales o los expertos quien

decidan que soluciones del frente de Pareto son las mejores.

7.3.6. Algoritmos Evolutivos Multi-Objetivo

El uso combinado de EAs y el criterio de dominancia de Pareto da lugar a un tipo especial de EAs,
denominados algoritmos evolutivos multi-objetivo (MOEAS), capaces de gestionar MOPs. Los MOEAs
siguen los mismos principios de los EAs (descritos en la Figura 7.1) pero incluyen los mecanismos
necesarios para operar con MOPs.

Hay muchas maneras de implementar un MOEA [25-28]. El NSGA-II (Non-dominated Sorting Ge-
netic Algorithm II) [25] se ha utilizado con éxito en una amplia variedad de problemas y también se ha
empleado en el desarrollo de esta tesis. El principal objetivo del NSGA-II es encontrar una generacion
P, de N individuos a partir de una poblacién anterior P, con N individuos también. La evolucién entre
generaciones se desarrolla con los operadores de seleccién, recombinacién y mutacion y otros criterios

definidos a continuacion.

s Clases no dominadas. La poblacién estd ordenada segun el criterio de no dominacién. Los indi-
viduos de la poblacién se agrupan en diferentes frentes F;(i = 0, 1,...), donde ¢ indica el nivel de
no dominacién, siendo Fj el frente de los individuos que dominan el resto de individuos, F; es el

siguiente frente, solo dominado por Fy, y asi sucesivamente.

= Distancia de amontonamiento. Mide la cercania de un individuo a sus vecinos. Para reducir la
aglomeraciéon de individuos, es necesario que los individuos estén distantes entre si. El control de

esta distancia se utiliza para mejorar la diversidad de la poblacién.

» Operador de seleccion. NSGA-IT utiliza el operador de seleccién por torneo [29]. Este operador elige

aleatoriamente k individuos de P;, y de estos k individuos se selecciona el que se encuentra en el
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mejor frente. En el caso de que los k individuos estén ubicados en el mismo frente, se selecciona el
que tenga la mayor distancia de amontonamiento, favoreciendo asi la diversidad. Este proceso se
repite hasta que una poblacién @); de N individuos esté disponible. La poblacién @Q; es sometida
a cambios usando los operadores de recombinacién y mutacion. Finalmente, se construye una
poblaciéon R; uniendo P; y Q:, Ry = P; U Q.

» FElitismo y poblacion de la siguiente iteracion. La poblacién de la siguiente generacién Piq se

forma con los individuos de los mejores frentes de R; (truncando el ntmero de individuos a N).

7.4. Estructura de la Tesis

Este trabajo estd dividido en cuatro capitulos principales (Capitulos 2-5). Cada capitulo se puede
leer de forma independiente y tiene su propia seccién de conclusiones. Sin embargo, es muy recomendable
leer primero el Capitulo 2, ya que el resto de capitulos hacen referencia a él. De esta forma, el lector
comprenderd mejor el resto de capitulos.

Los primeros dos capitulos (Capitulos 2 y 3) se centran en la definicién del procedimiento evolutivo
aplicado a un modelo compacto para OTFTs, que a su vez incluye un modelo para la regién de contacto.
El Capitulo 4 se centra en la adaptacién del modelo compacto para fototransistores orgénicos (OPTs).
Finalmente, el Capitulo 5 se centra en mejorar el modelado de los contactos de los OTFTs.

En el capitulo 2 se propone un procedimiento evolutivo para la extraccién de parametros. Para extraer
los pardmetros del modelo del OTFT a partir de curvas experimentales de salida, este procedimiento hace
uso de un MOEA. Se debe decir que este procedimiento evolutivo garantiza la estimacién de un conjunto
de parametros, siempre que el espacio de busqueda de cada pardmetro se haya definido correctamente.

En el Capitulo 3, el procedimiento evolutivo se completa con la informacién proporcionada por un
modelo de la conductancia para OTFTs. Esta informacién se incluye en el procedimiento de extraccién
en forma de objetivos y restricciones. El procedimiento se emplea de nuevo para extraer los pardmetros
del modelo a partir de las caracteristicas de salida experimentales de dispositivos concretos.

En el Capitulo 4, el modelo compacto y el modelo de la regiéon de contacto se amplian para tener en
cuenta los efectos de la iluminacion en los fototransistores organicos (OPT). El estudio de dos dispositivos
bajo diferentes condiciones de iluminacién confirma que la regiéon de contacto de los fototransistores es
muy sensible a los efectos fotovoltaicos y fotoconductores. Debido a este hecho, no solo deben considerarse
los efectos de contacto cuando se realiza una extraccién de parametros, sino también el efecto de la
iluminacién en la regién de contacto.

En el Capitulo 5, la funcionalidad del modelo de la regién de contacto se amplia, dando lugar
a un modelo semi-empirico y estandar. Originalmente, el modelo de la region de contacto y, por lo
tanto, el procedimiento evolutivo, solo se podia aplicar a dispositivos con contactos limitados por carga
espacial. Al ampliar el rango de un pardmetro de este modelo, se extiende el alcance de este modelo (y
el procedimiento evolutivo) a dispositivos en los que los contactos son limitados por barreras Schottky.

La memoria de la tesis termina con las siguientes conclusiones y recomendaciones para trabajos

futuros.
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7.5. Conclusiones

1. Se ha desarrollado un procedimiento evolutivo de extraccién de pardametros. El procedimiento
determina simultdneamente tanto los pardametros de un modelo compacto de OTFTs a partir
de curvas experimentales de corriente-voltaje como los pardmetros que caracterizan la regién de
contacto de los propios OTFTs. Este procedimiento mejora deficiencias encontradas en anteriores
procedimientos de extraccion de parametros, por ejemplo, en aquellas situaciones en las que el
conjunto de parametros extraidos por otros procedimientos no cumple con su significado fisico,
o si existe un ajuste deficiente entre los datos experimentales y los resultados analiticos. En el
dltimo caso, el procedimiento evolutivo se puede utilizar como un método de optimizacion. El
procedimiento evolutivo de extraccién de parametros se ha aplicado a las caracteristicas de salida

experimentales de diferentes transistores, obteniendo resultados muy precisos.

2. Para asegurar que los parametros extraidos mantienen su significado fisico, el procedimiento evo-
lutivo se ha ampliado con reglas adicionales en forma de restricciones y objetivos de optimizacion.
Estos cambios han dado lugar a un MOP con més de dos objetivos (MaOP). Para validar los cam-
bios llevados a cabo, el procedimiento resultante ha sido aplicado a nuevos datos experimentales

obteniendo también excelentes resultados.

3. Se ha propuesto una modificacion del modelo de la regién contacto para extender su aplicabilidad
a fototransistores organicos. El modelo para la regién de contacto de estos dispositivos incorpora
los efectos de la iluminacion. Este modelo es véalido para todos los regimenes de operacién de los
transistores. Una vez mas, el modelo compacto y el modelo de la regién de contacto se validan con
datos experimentales de varios OPTs bajo diferentes condiciones de iluminacion. Los resultados
muestran que tanto los efectos fotoconductores como los fotovoltaicos afectan a la regién intrinseca
del transistor, asi como al comportamiento eléctrico de la regién de contacto. Los pardametros
utilizados en el modelo de la region de contacto estan vinculados a estos efectos fotovoltaicos y

fotoconductores.

4. Se ha propuesto una modificacién final del modelo de la regién de contacto para describir las
caracteristicas de corriente-voltaje de diferentes tipos de contactos. En este sentido, se ha propuesto
un modelo estandar y semi-empirico para la region de contacto de OTFTs, el cual ha sido integrado
en el modelo compacto original que describe las caracteristicas corriente-voltaje de OTFTs. Es un
modelo versatil que reproduce el comportamiento de los contactos Schottky o limitados por carga
espacial. Es un modelo unificado y simple, ya que solo se necesita el valor de un parametro para
distinguir entre los dos tipos de contactos. El modelo ha sido probado con datos experimentales
procedentes de dispositivos con contactos Schottky y limitados por carga espacial. En particular, se
ha detectado que la regiéon de contacto de un sensor de amoniaco es muy sensible a la concentracién
de gas, de tal manera que un contacto limitado por carga espacial se transforma en un contacto

Schottky con la presencia de gas.
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