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Abstract: Thanks to their peculiar features, organic transistors are proving to be a valuable alterna-
tive to traditional semiconducting devices in several application fields; however, before releasing
their exploitation, simulating their behaviour through adequate circuital models could be advisable
during the design stage of electronic circuits and/or boards. Consequently, accurately extracting
the parameter value of those models is fundamental to developing useful libraries for hardware
design environments. To face the considered problem, the authors present a method based on
successive application of Single- and Multi-Objective Evolutionary Algorithm for the optimal tuning
of model parameters of organic transistors on thin film (OTFT). In particular, parameters are first
roughly estimated to assure the best fit with the experimental transfer characteristics; the estimates
are successively refined through the multi-objective strategy by also matching the values of the ex-
perimental mobility. The performance of the method has been assessed by estimating the parameters
value of both P-type and N-type OTFTs characterized by different values of channel lengths; the
obtained results evidence that the proposed method can obtain suitable parameters values for all the
considered channel lengths.

Keywords: organic transistors on thin film; model parameters estimation; multi-objective optimiza-
tion; evolutionary algorithms

1. Introduction

In recent decades, organic field effect transistors (OFETs) have proved attractive to
the scientific community due to the opportunity they offer in different areas of low-cost
electronic application [1]. Several studies have been carried out to improve the performance
of organic transistors, such as improving the semiconductor-insulating interface [2,3],
the introduction of additional organic layers [4,5], the use of efficient contact materials [6,7]
and the optimization of the manufacturing process [8,9]. The wide variety of organic
semiconductors and their particular sensitivity to various elements and compounds make
OTFTs a good candidate for low-cost selective chemical and physical sensors. Organic
semiconductors, whose structure is mainly amorphous or at the most semicrystalline, are
characterized by only a limited degree of molecular ordering [1]; due to the low mobility
of the charge carriers, a limited performance can be achieved compared to those granted
by single crystal devices.

Since high-temperature processes rapidly degrade organic compounds, manufacturing
techniques have been developed to realize printed electronics. As a further advantage,
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the use of low temperatures reduces problems related to mechanical stress associated with
different coefficients of thermal expansion of the involved materials. Moreover, organic
molecules can be chemically modified to meet specifications that allow their use for:

• Power supply, as photovoltaic panels, batteries, fuel cells [10];
• Calculation and memory, in applications where silicon chips are too expensive, delicate

or cumbersome [11];
• Flexible displays of electronic devices [12];
• Other components, from Radio Frequency Identification (RF-ID) sensors to laser

printers, up to light detectors [13].

To preliminarily verify the improvement and the behaviour of the organic devices
in complex electronic circuits and/or boards, a preliminary simulation stage involving
proper environments for computer assisted design is advisable. In this environment, each
component of the circuit is simulated according to a circuital model capable of replicating its
operation; the better the compliance of the model to real behavior, the better the predictions
of how the devices work [14]. This way, the development of circuit models capable of
simulating the behavior of organic transistors within the hardware design environment
is needed; in other words, accurately estimating the value of the physical/geometric
parameters that define the mathematical and circuit model of such devices is mandatory.

This estimation usually results in the formulation of an optimization problem for the
parameter tuning of the circuital model; to address this problem, different approaches can
be pursued. In particular, traditional optimization strategies, included in the so-called hard
computing techniques, are currently outperformed by metaheuristic approaches, usually
referred to as soft computing [15]. As discussed in [16] soft computing techniques can
easily overcome typical drawbacks affecting hard computing solutions (as an example,
local maximum trapping or uncertain mathematical model) and prove particularly suitable
for multi-dimensional nonlinear optimization problems.

Among the soft computing techniques, the evolutionary algorithm proves to be
suitable to force and solve the considered problems. In particular, evolutionary algorithms
represent a class of stochastic search algorithms for optimization problems that rely on the
imitation of those biological processes that allow populations of organisms to adapt to the
environment in which they live.

In order to tuning the parameters of a defined model, two different approaches can
be followed:

− Define the problem as a single-objective problem, where parameters values are ob-
tained b by minimizing/maximizing a scalar function (usually referred to a goal
function) dependent on one or more variables;

− Define the problem as a multi-objective problems, where the optimal values of the
parameters are evaluated by finding the minimum/maximum of multiple objective
functions, usually conflicting with one another.

With specific regard to parameter extraction for OTFT models, several valuable tech-
niques, such as the Queen-Bee (genetic type algorithm) [17] or multi objective evolutionary
algorithms (MOEA) techniques [18–21], have recently been proposed.

To further improve the estimate of the circuit model parameters, the authors propose
a new method based on the successive application of single-objective and multi-objective
problems exploiting the Differential Evolution (DE) as optimization algorithm [22]. More
specifically, a first application of single objective optimization is mandated to carry out a
rough but fast estimation of the model parameters by fitting the experimental curves of
OTFT transfer characteristics. Obtained estimates are exploited as a first guess of the succes-
sive multi-objective optimization problem; in particular, parameter values are determined
in such a way as to simultaneously match the experimental mobility of the device.

For the adopted evolutionary algorithms, the authors focus their attention on DE due
to the offered improvements in terms of stability and convergence with respect to other
available solutions (for example, Particle Swarm Optimization (PSO)). In particular, DE



Electronics 2021, 10, 939 3 of 17

shows a more stable behavior (PSO is more sensitive to parameter changes than DE), fewer
iterations and better solutions of the problems [23,24].

The paper is organized as follows: Sections 2 and 3 summarizes the fundamen-
tal concepts of OTFT and MOEAs theory, respectively; Section 4 presents the adopted
OTFT model; Section 5 describes the proposal; Section 6 illustrates the results obtained
applying the proposed approach on actual organic transistors; Section 7, finally, gives
concluding remarks.

2. OTFT Structure and Operating Principle

The most common structure for OFETs is the Organic Thin Film Transistors (OTFT),
a three-terminal device, in which the gate voltage controls the flow of current between
source and drain, as in traditional metal-oxide-semiconductor field-effect transistors
(MOSFETs).

As shown in the simplified structure of Figure 1, a thin layer of organic semiconductor
is deposited on top of one of insulator.

Figure 1. The architecture of organic TFT are similar, in terms of structures and functionalities, to that
of traditional MOSFET.

According to the so-called Bottom-Gate-Top-Contact structure, gate electrode is below
the insulator, while source and drain contacts are placed above the semiconductor. Figure 2
shows other possible configurations depending on the relative positions of gate, source
and drain.

The organic material most used to make the channel of OTFTs is pentacene. It is
characterized by an electron mobility much lower than that of holes; therefore, pentacene
is used as a p-type material. Its electronic affinity is within the range from 2.8 to 3.2 eV,
while the forbidden energy gap extends between 1.8 and 2.2 eV [25,26]. The conduction in
an organic transistor occurs in a very thin region (a few nanometers, corresponding to a
couple of molecular layers) at the insulator–semiconductor interface. As a consequence,
granting a uniform and regular deposition of pentacene turns out to be necessary, at least
in this region.

As stated above, the semiconducting behavior of an organic transistor is obtained
through a thin layer of organic molecules or conjugated polymers, which is almost intrinsic.
In particular, N-channel OTFTs have n-type substrate and turn on as soon as electrons
are accumulated under the dielectric; on the contrary, P-channel OTFTs have the p-type
substrate and light up, accumulating a layer of holes (majority charge carriers) under
the dielectric.

A surface of organic material does not have a sufficiently high concentration of free
carriers; therefore, in the absence of a gate voltage that induces a layer of free charge at the
interface, the organic material behaves almost like an insulator.
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Figure 2. Different architectures of OFETs. (a) top-contact bottom-gate, (b) bottom-contact bottom-
gate, (c) bottom-contact top-gate and (d) top-contact top-gate.

OTFTs differ significantly from inorganic semiconductor MOSFETs in terms of operat-
ing regime [27]. In the on state, MOSFETs, in fact, operate in inversion mode because the
charge carriers in the conducting channel have opposite signs with respect to the majority
charge carriers in the bulk. The conductive channel is formed only after the gate voltage
has exceeded a limit value, which is defined as the threshold voltage VT of the transistor.

On the contrary, OTFTs operate only in the accumulation regime; when a positive
voltage is applied to the gate, a quantity of negative charge is, in fact, induced at the source,
in such a way as to form an energy barrier for the electrons [28]. The low currents visible in
the off state are thus only due to losses through the gate dielectric. Accumulation involves
significant differences between OTFTs and MOSFETs. The source and drain of the OFETs
must be made using materials whose work functions allow the charge transport.

Differently from MOSFETs, the substrate is not conductive in organic TFTs, since the
semiconductor has a very low concentration of carriers. The organic film only transports
what is injected; for this reason, in an OTFT, rectifying contacts are not necessary between
source (drain) and substrate. On the contrary, ohmic contacts, i.e., contacts characterized
by low resistance, are involved. Good-quality ohmic contacts constitute a technologically
very important issue that can severely affect the characteristics of the devices.

Ohmic contacts on pentacene (or even rectifying contacts exhibiting low barrier height)
are realized by means of metals characterized by high values of work function Wf (as an
example gold with 5.10 eV).

Regarding the performance of an organic TFT, the most influencing parameters are:

• The mobility of the channel carriers, which is closely related to the switching speed of
the transistor;

• The ION/IOFF ratio, i.e., the ratio between the transistor on and off currents; it is usually
exploited as figure of merit for having a high performance (more ION) and low leakage
power (less IOFF) for transistors;
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• The slope in subthreshold region, which indicates the voltage excursion necessary to
reduce the current by a factor of 10.

3. Soft Computing Algorithms

Differently from traditional processing methods (typically referred to as hard comput-
ing), soft computing aims at adapting to the inaccuracy or uncertainty usually associated
with modeling the real world. To this aim, soft computing approaches take advantage from
their main pillars:

� the capability of modeling and controlling uncertain and complex systems;
� the reduced need for explicit knowledge in a particular domain, since soft computing

methods do not call for wide-ranging mathematical formulation pertaining to the
problem;

� in optimization problems, the solutions can be prevented from being stuck into local
minima by using global optimization strategies;

� the capability of learning and approximating complex functional relationships of
neural networks.

If hard and soft computing strategies for processing and calculation are compared,
the differences given in Table 1 can easily be outlined.

Table 1. Comparisons between hard and soft computing strategies.

Hard Computing Soft Ccmputing

Rigidly programmed Trainable and adaptive operations

Based on binary logic Based on fuzzy logic

Deterministic Stochastic

Based on precisely stated analytical
model

Tolerant to imprecision, uncertainty, and ap-
proximation

Series operations Parallel operations

Provide precise results Provide approximated results

Among the available solutions based on soft computing, the authors focused their
attention on evolutionary algorithms, which are stochastic strategies mainly used for the
optimization of parametric mathematical models.

The operating steps of evolutionary algorithms are based on the concept of popula-
tion. Each point of the domain of the function to be optimized can be considered as an
“individual” who has a greater or lesser ability to adapt to the surrounding environment, as
in the principle of Darwinian natural selection. The degree of adaptation of each individual
is measured by means of a function usually referred to as fitness function.

The algorithm operates in such a way as to allow the population of individuals to be
able to increase in number or change their characteristics so that the algorithm can explore
new spaces in the research domain. This apparently simple mechanism has proved to be of
extraordinary power; evolutionary algorithms are, in fact, used to solve a large number of
problems in engineering and scientific fields.

The evolutionary algorithms, unlike the standard search procedures, have the advan-
tage of not requiring that the fitness functions are differentiable. Furthermore, they are
global search techniques for an optimal and non-local solution and, therefore, do not de-
pend on the initial conditions (unlike some classic methods such as the simplex algorithm).

3.1. Mono and Multi-Objective Evolutionary Algorithms

In the application field of optimization, a distinction is made between:

• Mono-objective problems, aiming at evaluating the optimal value of a scalar function
(referred to as objective function) which is dependent on one or more variables.
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• Multi-objective problems, in which the best of several objective functions, generally in
contrast to one another, is pursued.

Evolutionary algorithms are extremely effective in solving multi-objective problems
because they can simultaneously take a large set of solutions (individuals of the population)
into account.

In the paper, a particular MOEA, referred to as Multi-Objective_Differential Evolution
(MODE), was used. The MODE approach is tailored on a two-goal optimization problem
thanks to the exploited Differential Evolution algorithm.

Differential Evolution allows to provide an efficient solution to the following problem:
given a fitness function F(y), defined on a multi-dimensional space of vectors y, determine
the vector ŷ in which F assumes its optimal (either minimum or maximum) value, F(ŷ).
The DE is a stochastic algorithm whose difference from other evolutionary algorithms lies
in the way in which the search for the optimum is carried out in the space of possible
solutions. In fact, the evolution of the DE is not based on the output of a default probability
distribution function, but is driven by differences between candidate solutions.

The DE operates on a population of individuals, each of which can be schematized as
a point in the search space, characterized by two parameters: a vector y of the parameters,
and the corresponding fitness value F(y) (which represents the measure of the goodness of
the solution to the problem)

a = (y, F(y)) (1)

The main operating steps of the DE algorithm are schematized both in the flowchart
reported in Figure 3 and described below.

Figure 3. Block diagram of the operating steps of the differential evolution algorithm.

3.2. Differential Evolution Algorithm

As stated above, DE is a population-based algorithm; let us consider a population of
N individuals drawn from the whole search space

x(n,i)
g = [x(n,1)

g, x(n,2)
g, x(n,3)

g, . . . , x(n,D)
g] (2)

where g is the current individual generation, i = 1, 2, ..., D stands for the index identifying
the parameters, D is the cardinality of the vector of parameters to be optimized and n = 1,
2, ..., N.

3.2.1. Initial Population

Initial population is randomly generated in such a way as each parameter of the
individual belongs to the interval defined by its corresponding lower and upper bounds

x(n,i) = xi
L + rand ∗ (xi

U − xi
L) (3)

where xi
L and xi

U are respectively the lower bound and upper bound of the i-th parameter
of the vector xn.
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3.2.2. Mutation

For each individual of the current population, three vectors xrjn
g (j = 1, 2, 3) are

randomly selected among the current generation, and a further vector is obtained from
their weighted combination as

vn
g+1 = xr1n

g + W(xr2n
g − xr3n

g) n = 1, 2, 3. . . N (4)

vn
g+1 is the so-called donor vector and W ∈ [0, 1].

3.2.3. Recombination

A fundamental step of each evolutionary algorithm is the recombination phase, re-
sponsible for their ability to efficiently investigate the whole solutions space. As for the
adopted DE approach, a trial vector u(n,i)

g+1 is derived from both the target vector x(n,i)
g

and the donor vector v(n,i)
g+1 according to

u(n,i)
g+1 =

{
v(n,i)

g+1 i f rand ≤ Cp or i = Irand

x(n,i)
g i f rand ≥ Cp or i 6= Irand

(5)

where Irand is a random integer number drawn within the interval [1, D] and Cp is a defined
recombination probability. In other words, there is a defined probability that a specific
parameter of the individual vector is changed and copied from the corresponding value of
the donor vector.

3.2.4. Selection

The target vector x(n,i)
g is compared with the trial vector u(n,i)

g+1 and the one charac-
terized by the lowest value of the fitness function is selected for the next generation

xn
g+1 =

{
u(n,i)

g+1 i f F(un
g+1) < F(xn

g)

xn
g otherwise

(6)

3.2.5. Termination Criteria

The search algorithm executes the previously considered steps until a proper termi-
nation criterium is met. For the considered application, different criteria have been taken
into account:

• Maximum number of iterations;
• Objective limit, i.e., minimum value of the objective function is reached;
• Maximum number of evaluation of the objective function;
• Function tolerance: The iteration ends when the relative changes in the objective

function are below a threshold established by a non-negative value of this hyper-
parameter. This stopping condition is evaluated in a certain number of iterations
established by a parameter, usually referred to as “patience” or “max stall iterations”.

4. Adopted OTFT Model

The proposed approach is particularly tailored for P- and N-channel OTFTs realized
by means of organic semiconductor and designed according to an interdigitated geom-
etry. Considered devices are bottom contact top gate, whose layout is represented in
Figures 4 and 5. To extract parameters that match with the transfer curves of an organic
TFT, a compact parametric circuit model is chosen; the model has to satisfy the following
specific requests:

• Must consistently represent the behavior of OTFTs;
• Must be analytical, without differentials or integrals expressions;
• Must be simple and easily derivable;
• Must have parameters that can be easily characterized;
• Must have relationships that are physically justifiable.
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Consequently, the equation of the model for the OTFT drain current must take the
different operating regimes, i.e., (i) off-state, (ii) linear and (iii) saturation regions, into
account. For these devices, the presence of an energy barrier at the metal-semiconductor
region was hypothesized. This contribution can be considered as a Schottky diode placed
on the TFT source contact. For short-channel devices (L ≤ 100 µm), the presence of the
Schottky diode is fundamental for accurately modeling electrical characteristics. In the
absence of the diode, for low channel length, the current values obtained from the model,
in fact, overestimate the experimental ones, due to the contact effects that influence the
devices’ performance.

Figure 4. P-type OTFT layout. (a) side view and (b) lateral view.

Figure 5. P-type OTFT multi-fingers structure of source-drain electrodes.

The corresponding models, associated with p-type and n-type, are shown in Figure 6a
and Figure 6b, respectively. The compact circuit model consists of five nodes, indicated
through the yellow arrows in the diagram. Three nodes (g—gate, d—drain, and s—source)
are accessible from the outside, while two nodes (is and id) are internal nodes. According
to the sign of the potential drop from the drain to the source, the diode D0 is positioned in
the branch-connecting node s and node is or in the branch-connecting node id and node d.

Figure 6. Circuit model for p-type (a) and n-type (b) OTFT, respectively.
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4.1. OTFT IV Characteristic

Let the voltage of the node x be indicated as V(x); in order to describe the electrical
model of the OTFT, the following voltage drops have to be taken into account:

• Vgs = V(g)−V(s);
• Vgd = V(g)−V(d);
• Vds = V(d)−V(s);
• Vsi = V(is)−V(s);
• Vdi = V(id)−V(d);
• VdsTFT = Vds + Vdi −Vsi = V(g)−V(s).

In these assumptions, the transistor model can be expressed as

LEarly = L− dLVds ∗ |VdsTFT| (7)

IOff = I00 ∗Weff/LEarly ∗VdsTFT (8)

ITFT = K1 ∗Weff/LEarly ∗ (VSS ∗ log(1 + e(Vgs−Vsi−Vfb)/VSS))m −

(VSS ∗ log(1 + e(Vgd−Vdi−Vfb)/VSS))m + IO f f (9)

The 6 parameters to be estimated are:

• K1 and m, which depend on the charge mobility;
• Vfb, which depends on the gate voltage;
• VSS, which depends on the subthreshold slope;
• I00, which depends on the off current of the device;
• dLVds, which is adopted to suitably scale the channel length according to the drain

and source voltage.

The parameter LEarly has been considered to take into account the channel length L
variation associated with the voltage Vds, while Weff represents the effective channel width.

Regarding the diode, the following model has been adopted

Irev = I00d ∗Wnom ∗ ((Vgs/V00)
β + (Vgmin/V00)

β) ∗ e(Vsi/Vdiode)
α

(10)

Idiode = −Irev ∗ (e−q∗Vsi/ηkT) (11)

The corresponding fit parameters of the Schottky diode are α, β, η, Vdiode , I00d, Vgmin,
which are usually referred to as contact parameters. Vdiode is just a constant contact pa-
rameter and not the voltage across the diode, the factor e(Vsi/Vdiode)

α
takes the Schottky

barrier reduction induced by the electric field at the source contact into account. The fac-
tor (Vgmin/V00)

β is an empirical expression to fit the Vgs dependence of diode reverse
current [29].

4.2. OTFT Mobility Model

To further improve the estimates of the previous parameters, the charge mobility has
been modeled in both linear and saturation operating regimes. In particular, the following
expressions hold

µSAT =

(2LEarly

WCOX

(
d
√

Id
dVgs

))2

max
(12)

µLIN =
LEarly

WCOXVds

(
dId

dVgs

)
max

(13)
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where W is the channel width, COX is the capacity of the gate oxide. Equations (12) and (13)
have been deduced from the traditional formulas of transistors in the assumptions that the
following OTFT models hold

Id =
1
2

W
L

µCOX(Vgs −VT)
2 (14)

Id =
W
L

µCOX(Vgs −VT)Vds (15)

in the saturation and linear regime, respectively.
It is worth noting that models for IV characteristics and mobility are tightly cou-

pled, since the parameters needed to model the mobility are first derived from the IV
characteristics model.

5. Proposed Method

The method aims at estimating the whole set of model parameters capable of assuring
the best concurrence between experimental and simulated evolution of both transfer and
output characteristics, as well as between experimental and simulated mobility for all the
available channel lengths at different values of voltage polarizations.

The most suitable solution consisted of two successive steps, the first of which exploits
a mono-objective problem to gain a rough estimate of the parameters of the OTFT model
for the IV characteristics. A successive MOEA approach exploiting DE algorithms allows a
simultaneous estimation of the carriers’ mobility to be carried out, thus making it possible
to obtain model parameters suitable for all the available channel lengths. In this respect,
each element of the DE population consists of a possible solution, whose entries (usually
referred to as genes) are the model parameters to be estimated.

As for the first estimation procedure, the iterative process enlisted the following steps:

1. Search for the parameter set of the transistor and the diode;
2. Estimation, for each Vg and Vd, of the corresponding voltage value Vs of the diode;
3. Verification of the relationship Itft = Idiode, since the same current in transistors and

diodes flows, due to their series connection;
4. Verification of the found solution through the estimate of the measurement error

acting as a fitness function between the experimental data and those simulated by
the model. In particular, the root–mean–square error of the point-to-point difference
between experimental and estimated characteristics have been adopted.

Once the OTFT mono-objective problem has been roughly determined, the authors
applied a multi-objective optimization approach, considering mobility as an additional
reference parameter. As well as searching the optimal parameter estimates that improve
the fitting between the experimental and simulated I-V curves, the method evaluates the
best values of parameters of the model (Equations (12)–(15)) in such a way as to minimize
the difference between experimental and estimated mobility (the second fitness function).
To this aim, the Multi Objective Differential Evolution (MODE) algorithm was used, which
exploits, in a framework of multi-objective optimization, the parallel execution of several
DE algorithms that were described before.

MODE is a multi-population, multi-objective DE approach. The algorithm can be sum-
marized as follows: An initial population is generated at random. All dominated solutions
are removed from the population using the Non-Dominated Sorting approach [16].

The remaining non-dominated solutions (i.e., those solutions located at the so-called
Pareto front) are retained for recombination. Three parents are selected at random. A child
is generated from the three parents and is placed into the population if it dominates
the first selected parent; otherwise, a new selection process takes place. The schematic
representation of MODE algorithm using DE approach is presented in Figure 7.
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Figure 7. Block diagram of MODE algorithm with DE approach; selection phase is carried out by
considering both fitness functions.

6. Method Validation
6.1. Experimental Setup

The experimental data of the OTFTs IV characteristics to be approximated by means of
the considered models were obtained through a suitable measurement setup. In particular,
the measurement station enlisted

• Probe-station PM5 Karl Suss MicroTec;
• Semiconductor device analyzer B1500A by Agilent Technologies;
• LCR Meter 4184 by Agilent Technologies.

The probe station (Figure 8) consists of a circular base, suitably perforated and shaped,
on which the device under examination is arranged.
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Figure 8. PM5 Karl Suss MicroTec.

The probe is connected to a vacuum system that, thanks to a system of holes in the
circular base, ensures the maximum stability of the device under test; this is a key issue
to be taken into account to assure sub-micrometric displacement of the device during the
tests. The adhesion between the transistor under test and the circular base is obtained by a
means of membrane pump that allows the limit pressure of 100 Pa to be reached. Moreover,
the probe station in equipped with a micromanipulator system to position three needles on
the source, drain and gate contacts. To this aim, a microscope is installed on the supports
of the mobile station, and a camera is connected to its eyepiece (Figure 9).

Figure 9. Probe with device under test already mounted.

The Agilent Technologies Semiconductor Device Analyzer B1500A (Figure 10) is used
for the determination of static transfer and output characteristics.
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Figure 10. Semiconductor device analyzer.

The SDA is a precision instrument for determining the parameters of semiconductor
devices, allowing the measurement of voltages and currents, the analysis, processing and
graphic display of the characteristics of a large variety of multi-terminal electrical devices
(e.g., diodes, bipolar transients, FETs, MOSs).

This instrument interfaced with the abovementioned LCR meter can also measure the
capacitive contributions.

6.2. Results

The performance of the proposed approach has been assessed in a number of tests
involving different devices. Tests have been conducted on P-channel and N-channel OTFT
realized by the French research institute CEA-Liten. In the following, some results are
reported to highlight the experienced efficacy.

6.2.1. Performance Comparison between Mono- and Multi-Objective Algorithms

As an example, the performance enhancement brought by the MODE approach is
given in Figures 11 and 12, where the estimates of the transfer curve of an N-channel OTFT
characterized by a channel length of 100 µm are shown. As stated above, a first, fast but
rough estimation of the parameters of the OTFT are gained by means of a mono-objective
approach. The obtained estimates are exploited as first guess for the application of the
multi-objective stage; as can be seen in Figure 12, the best improvement is related to the
curves corresponding to a drain voltage equal to 70 V, i.e., the one characterized by the
worst result in the mono-objective approach. Similar behaviors have been experienced in
tests conducted on the other values of channel length.

Figure 11. Comparison between acquired transfer curves and those estimated by means of mono-
objective evolutionary approach.
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Figure 12. Comparison between acquired transfer curves and those estimated by means of multi-
objective evolutionary approach.

6.2.2. Mobility Estimation

The mobility values, both in linear and saturation regime, are estimated according
to Equations (12) and (13); the required current values were determined by means of the
solution of mono-objective problem. In a similar way, the experimental mobility values
were obtained through the same equations; as regards the currents, the values achieved
during the experimental tests have been exploited.

For each acquired signal of each analyzed OTFT device, the greatest value of mobility,
associated either with saturation of linear regime, is considered as representative for
the device; this is the same approach as was followed for the values obtained from the
experimental curves. For the sake of the brevity, mobility values estimated by means of the
proposed method and those evaluated by the experimental data are compared in Tables 2
and 3 for only the CEA1298 N- and P-type OTFT device; a notable concurrence can be seen.

Table 2. Comparison between experimental and estimated data for CEA1298 N-type.

L [µm] V_DS EXP EST

100 5 1.04 1.09
10 1.14 1.18
70 0.72 0.76

50 5 1.08 1.01
10 1.01 0.90
70 0.50 0.49

20 5 0.71 0.60
10 0.65 0.59
70 0.20 0.22
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Table 3. Comparison between experimental and estimated data for CEA1298 P-type.

L [µm] V_DS EXP EST

100 2 1.55 1.50
5 1.91 1.80
10 1.92 1.89

50 2 1.20 1.30
5 1.44 1.52
10 1.62 1.68

20 2 1.30 1.22
5 1.79 1.70
10 1.64 1.57

6.2.3. Threshold Voltage Determination

The last performance assessment of the proposed estimation method concerned the
determination of the voltage intervals corresponding to the different operating regimes of
the OTFT devices. Linear and saturation operating zones were evaluated according to

Vds < Vds −Vt linear zone

Vds > Vds −Vt saturation zone (16)

The interval amplitude can be achieved by evaluating the threshold voltage Vt; to this
aim, the ratio method was exploited. In particular, the transconductance was first calculated
as the ratio between the point-to-point differences of both estimated drain current and
gate voltage. Successively, the evolution of the ratio between the drain current and the
root square of the transconductance versus the gate voltage is considered. The threshold
voltage is finally evaluated as the intersection of the straight-line interpolating the linear
zone of the considered curve and the axis of the gate voltage (an example can be seen in
Figure 13 for an N-type device). In a similar way, experimental values of the threshold
voltage were estimated from the acquired signals of drain current and gate voltage.

The values obtained by means of both proposed method and experimental tests are
compared in Table 4 for P-type and N-type devices characterized by a channel length
of 100 µm. Regarding the other comparisons, for the threshold voltage, a remarkable
concurrence was experienced.

Figure 13. Threshold voltage evaluation.
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Table 4. Comparison between PMOS and NMOS device.

V_DS[V] PMOS [V] NMOS [V]

EXP EST EXP EST

70 −22.0 −22.1 22.3 22.5

10 −34.2 −34.5 32.8 33.0

5 −27.7 −30.0 27.8 28.9

2 −18.1 −18.6 25.3 26.1

1 −13.1 −13.8 25.2 25.7

0.5 −11.3 −12.5

7. Conclusions

A method based on MODE approach for the extraction of the parameters characteriz-
ing the compact circuit model of OTFT is presented in this paper. In particular, thanks to
exploitation of the consecutive application of mono-objective and multi-objective optimiza-
tion problems involving differential evolution algorithms, it has been possible to estimate
model parameters in such a way that they can be used to model transistors characterized
by different channel lengths.

The estimation performance of the proposed method has been assessed by means
of a number of tests conducted on N-type and P-type OTFTs. The obtained results high-
lighted that the estimated parameters assured a remarkable concurrence between both
experimental and estimated IV characteristics and mobility.

The proposed method was proven to be effective in the extraction of the circuit
parameters, thus making their exploitation possible to model the OTFT behavior and to
develop useful libraries for hardware design environments.
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