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Abstract

Contact effects in organic thin film transistors (OTFTs) remain an important problem to be solved in these devices. Therefore,
the correct physio-chemical modeling of the contact regions in OTFTs is necessary. In this work, 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 a single
parameter is necessary in order to distinguish between both kinds of contacts. The model is easily integrated in a generic compact
model for the current-voltage characteristics of OTFTs. The resulting compact model, used in combination with an evolutionary
parameter extraction procedure, allows to extract the intrinsic parameters and the current-voltage curves at the contact of single
short-channel transistors. There is no need to use transistors with multiple channel lengths to accurately characterize the contact
region or the active channel of the transistor. 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 diagnostic tool 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.

Keywords: organic thin-film transistor, transistor model, contact effects, parameter extraction, multi-objective optimization,
evolutionary algorithms, ammonia sensor

1. Introduction

Organic thin-film transistors (OTFTs) are among the most
popular technologies for lightweight, low-cost, flexible, and
stretchable electronics [1–4]. Recently, significant advances
were made in improving their important limitations such as
a poor mobility [5–8], high process variability [9] or non-
flexible electrodes [10]. Nevertheless, even these state-of-the-
art OTFTs are often limited by their contact regions. In the
past, the impact of contact effects was treated by many research
groups [11–21]. Recently, many efforts were also done on re-
ducing the contact effects, such as testing different materials
as contact electrodes [22, 23], the insertion of layers at the
metal-semiconductor interface [24, 25], or the use of molecular
doping [26]; and also on working toward an universal compact
model of organic transistor technologies that includes the con-
tact effects [27].

In order to examine the effect of the contacts, character-
ization methods to extract the contact resistance are neces-
sary. These methods must work together with transistor models,
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which incorporate contact models and describe their current-
voltage characteristics. Overall, transistor models must be con-
sistent 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 [28, 29], or even change
the properties of the contact region such as light [30, 31].

A generic analytical model and associated parameter extrac-
tion method for the current–voltage characteristics of OTFTs
was derived in [19, 20], 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 [21] or
injection limited transport in Schottky barriers [32–35]. De-
spite 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 phe-
nomenon is dominant in the contact region of the OTFT. Given
this lack of standardization, and in order to guide and auto-
mate the decision-making, the main objective of this work is
to propose a standard contact model valid for different injection
mechanisms. For that purpose, the functionality of the con-
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tact model, initially proposed in [21], is extended, resulting in
a standard semi-empirical contact model. All this is detailed in
Section 2.

In Section 3, the validity of the model is checked with a re-
cently proposed multi-objective evolutionary parameter extrac-
tion method, which extracts the parameters of the model and
current-voltage (ID−VC) curves at the contact [31, 36, 37]. The
results of the procedure, which analyzes output characteristics
measured in transistors with the same channel length, is com-
pared 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 resis-
tance may be comparable to or even greater than the channel re-
sistance, our procedure produces results comparable to methods
in which a collection of transistors with short and long channels
are necessary [32, 38–40]. The conclusions of the work are fi-
nally presented in Section 4.

2. Theory

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 [31, 34, 36, 41–46]
generic model for OTFTs [19, 20]:

ID = k0
W
L

VEODR(VG,VS )(2+γ) − VEODR(VG,VD)(2+γ)

2 + γ

k0 = µ0Cox; VEODR(VG,V) = VS S ln
[
1 + exp

(
VG − VT − V

VS S

)]
(1)

which includes an electric field dependent mobility

µ = µ0(VG − VT )γ, (2)

with VT being the threshold voltage, VD and VG the drain and
gate terminal voltages, respectively, W and L the channel width
and length, respectively, and Cox the capacitance per unit area
of the gate insulator. VS S is a voltage parameter related to the
steepness of the subthreshold characteristics of the TFT, µ0 is
the mobility-related parameter expressed as cm2/(V1+γs), and
γ = 2(T0/T − 1) is the mobility enhancement factor, which is
a semi-empirical parameter that depends on the temperature T
[47]. In order to provide a single value for the voltage depen-
dent mobility, the mobility is evaluated at VGT = VG − VT = 1
V, thus µ(VGT = 1 V) = µ0 in cm2/(Vs). This compact model
is able to describe all operation modes of the transistor: triode,
saturation, subthreshold or even reverse biasing.

The model (1) allows for a functional expression of the car-
rier injection as VS ≡ VC = VC(ID,VG). Different expressions
have been developed in the past, depending on the dominant
conduction mechanism through the contact. The cases con-
trolled by space-charge limited transport in low energy contact-
barriers [21] or injection limited transport in Schottky barriers
[32–35] are reviewed below.

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 [21]:

ID = MC × VC
mk ,

∀mk ∈ Z : 1 ≤ mk ≤ 2,
(3)

where MC and mk are two parameters related to different phys-
ical variables [see (4)-(8)]. The application of the combined
model (1) and (3) can be found in different kinds of OTFTs
[36, 41, 48–54].

The physical origin of model (3) lies behind the solution of
the transport equations in a metal-organic structure, which pro-
vides the following relation between the current density j and
the applied voltage VC [28, 29, 55, 56]:

VC =

(
2
3

) [
2 j
εµθ

]1/2 [
(xc + xp)3/2 − (xp)3/2

]
xp ≡

jεθ
2µ[θqp(0)]2 ; j = ID/S ,

(4)

where qp(0) is the charge density at the metal-organic inter-
face, θ is the ratio of free to total charge density, qθp is the free
charge density, S is the cross section of the channel where the
drain current ID flows, xp is a characteristic length defined as
the point from the contact interface towards the organic film, at
which the charge density qp(xp) decays to qp(0)/

√
2, ε is the

organic dielectric constant and xC is the length of the contact re-
gion in the organic material. Equation (4) was demonstrated to
have two asymptotic trends: a linear or Ohmic behavior if the
characteristic length xp is a few times larger than the contact
length xC

ID ≈
S θqp(0)µ

xC
VC ≡

1
RC
× V1

C , (5)

and a quadratic behavior (Mott-Gurney law) if xp is much
smaller than xC [29, 48]

ID ≈
9εθµS

8x3
C

V2
C ≡ M × V2

C (6)

Equations (5) and (6) are the limit cases of (3) with (mk = 1,
MC = 1/RC) and (mk = 2, MC = M), respectively. The param-
eter MC is usually related to the gate voltage as [21]:

MC = α(VG − VT )1+γ, (7)

where α is a proportionality constant. The subthreshold regime
can be incorporated into (7) by an asymptotically interpolation
function [31]

MC = αVS S ln
[
1 + exp

(
VG − VT

VS S

)]1+γ

. (8)

The physical origin of this relation is found in the dependence
with (VG − VT ) of both the mobility and the free charge density
along the conducting channel, including the contact region [51].
The relation (7) has been checked experimentally in OTFTs that
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are free of hysteresis and free of local non-uniformities in the
contact region [31, 36, 48–51]. In this regard, the relation (7)
can be used as a test to detect a different behavior between the
contact region and the active channel such as the existence of
different kinds of traps or defects.

2.1.2. Schottky barrier limited injection
Different ID − VC contact curves extracted in OTFTs resem-

ble those of a reverse biased leaky diode. For these cases, the
ID − VC relation can be modeled as a reverse-biased Schottky-
diode [32]:

ID = −I0 exp
[(

VC

V0

)σ] {
exp

[
−

(
VC

VN

)]
− 1

}
, (9)

where I0 is a gate-modulated diode-reverse-current,
VN = (ηkT )/q, q is the elementary charge, η is the diode
quality factor, k is the Boltzmann’s constant and T is the
absolute temperature. The barrier lowering induced by the
Schottky effect is assumed in the term (VC/V0)σ. The Schottky
effect, which depends on the electric field at the junction
is assumed to be dependent on the contact voltage VC , and
V0 and σ are fitting parameters [32]. The assumption of a
contact-voltage dependent barrier lowering is also found in
the study of different semiconductors such as Pt/Ga2O3 diode
contacts [57].

Despite the justified physical origin of the contact model (9)
and being successfully tested in different OTFTs [32, 34, 35, 42,
58], the authors regard it just as a mathematical expression able
to reproduce the ID−VC curves and, consequently, the extracted
diode parameters are considered as effective model parameters
[33].

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
ID − VC 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 va-
lidity of model (3) outside the range 1 ≤ mk ≤ 2, and include
the values 0 < mk < 1:

ID = MC × VC
mk ,

∀mk ∈ Z : 0 < mk ≤ 2.
(10)

Note that the expression (10) is a concave function if
1 ≤ mk ≤ 2, and a convex function if 0 < mk < 1. From a
mathematical point of view, expression (10) with 0 < mk < 1 is
an option to reproduce ID − VC curves in OTFTs dominated by
Schottky barriers. Note also that the use of model (10) in the
range 1 ≤ mk ≤ 2 is physically justified as mentioned above for
the space-charge dominated injection. However, since there is
no physical justification for Schottky barrier dominated injec-
tion, this results in a semi-empirical model.

This is not the first time space-charge and injection lim-
ited 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 trans-
port 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 ex-
pression that relates the charge density at the interface with the
current density though the contact [59].

Thus, the objectives of the present work are to check the va-
lidity of this extended model (10) and to analyze the advantages
of this unified model over the existing ones. The first advan-
tage 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 extrac-
tion procedure that runs parallel to the compact OTFT model (1)
and (10), which is introduced in the next section.

2.2. Determination of the voltage drop at the contact
In the past, many research efforts were made in order to quan-

tify the contact effects of OTFTs. This is because contact ef-
fects make the extraction of the intrinsic parameters of the tran-
sistor difficult and even inaccurate. In order to determine the
mobility and the threshold voltage independently of the mag-
nitude of the contact resistance, four-probe measurements are
proposed [60]. 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 [61]. Some of these procedures are
reviewed in [1], including the transmission line method (TLM),
which requires multiple devices with different channel lengths
to determine the contact resistance [38, 39], or Impedance spec-
troscopy (IS) [62], 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 mobil-
ity.

Other extraction procedures are directly linked to the generic
model for OTFTs (1). One of these methods is used to deter-
mine the channel conductance of long channel devices from ex-
perimental transfer characteristics measured at low drain volt-
ages, in which the gradual channel approximation is assumed
to be valid. Then, the channel conductance is used to determine
the voltage drop at the source contact in short channel devices
[32, 34]. Another parameter extraction procedure was proposed
for single OTFTs operating in the linear regime, in which a
proper sequence of mathematical functions derived from mea-
sured I–V characteristics are used [54].

In this work, we use a method that analyzes only the out-
put characteristics measured in a single short-length transistor
[36]. The internal parameters of the OTFT and the voltage
drop at the source contact are extracted using an evolutionary
procedure. The choice of this evolutionary procedure is deter-
mined firstly by its successful application to different OTFTs
[31, 36, 37]. Secondly, the decision making is fully guided.
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Thus, the extraction procedure is expected to automatically de-
tect the mechanism that dominates the injection through the
contact, a Schottky barrier if 0 < mk < 1 or space-charge trans-
port if 1 ≤ mk ≤ 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 transis-
tors 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.

For the sake of simplicity and brevity, only the key facts of
the evolutionary procedure defined in [36] are provided here:
(i) It is based on the model (1) and (3) to execute the parameter
extraction.
(ii) The parameters of the model are extracted from output char-
acteristics of a single OTFT.
(iii) It is automated, running in a computer from start to finish.
(iv) It is user-friendly since it does not depend on other elabo-
rate equations.
(v) It is flexible to incorporate model modifications or new de-
pendences of the model parameters with physical or chemical
variables [31, 37]. Just in this sense, there is no technical differ-
ence between the use of (1), with (3), as it was proposed in Ref.
[36], or with (10), as used in this work, or even with (9), in case
(9) would be preferred over (10). The number of parameters to
be extracted would be the only difference.

3. Results and Discussion

In order to validate the versatility of the standard contact
model (10), it is tested with transistors with Schottky-limited
contacts (0 < mk < 1), space-charge-limited contacts (1 ≤ mk ≤

2), and even in transistors that when exposed to chemical treat-
ments, have their contact region altered in such a way that any
of the previous cases can be detected (0 < mk ≤ 2). In these
situations, the OTFT model (1) and (10), in combination with
the evolutionary procedure [36], can be seen as an effective di-
agnostic tool.

Four experiments (A, B, C and D) have been defined, being
implemented in an open source evolutionary tool called ECJ (A
Java-based Evolutionary Computation Research System) [63].
This evolutionary 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).

3.1. Experiments A: Schottky-limited contacts

In this first set of experiments, we analyze the experimen-
tal output characteristics of 6,13-bis(triisopropyl-silylethynyl)
(TIPS) pentacene based OTFTs [32], shown with symbols in
Figs. 1a and 1b. They were measured in OTFTs with staggered
top-gate configuration, with a channel width of 2000 µm, and
with short and long-channel lengths of 10 and 200 µm, respec-
tively. These OTFTs were fabricated at CEA-LITEN, using
printing processes on heat stabilized, low roughness polyethyle-
nenaphtalate PEN foils (125 µm thick). The source and drain

gold contacts were defined by laser ablation. The p-type semi-
conductor is a solution processed TIPS-pentacene. The fluo-
ropolymer gate dielectric (1.2 µm thick) and the Ag gate elec-
trode are both deposited by screen printing. The full protocols
of the fabrication process are in [32].

The main objective of this section is to check the suitabil-
ity of our model (1) and (10), in combination with the evo-
lutionary algorithm [36], to characterize single-channel-length
OTFTs with Schottky-limited contacts. To do this, we propose
the following four experiments, grouped into two different evo-
lutionary configurations: (A1) the evolutionary procedure uses
(1) and (10), and (A2) the procedure uses (1) and (9). First,
these two configurations perform a single-transistor parameter
extraction [36] (Experiments A1-1 and A2-1). They extract re-
spective OTFT parameters from the output characteristics of the
short-channel transistor shown in Fig. 1a (symbols). Subse-
quently, they check whether the output characteristics of the
long channel transistors, shown in Fig. 1b, can be reproduced
with our calculations. Second, these configurations perform
a multiple-transistor parameter extraction [37] (Experiments
A1-2 and A2-2). They extract respective OTFT parameters
by analyzing simultaneously the output characteristics of both
short- and long-channel transistors shown in Figs. 1a and 1b.

Once the experiments are executed, the values of the param-
eters of the models are determined. These values are collected
in Table 1. They are introduced in (1) and (10) or in (1) and (9)
to calculate the numerical output characteristics. Finally, they
are compared to the experimental output characteristics and the
Normalized Root Mean Squared Error (NRMSE [64]) are com-
puted. The values of the NRMSE are given in Table 2.

No significant differences are found in Table 1 for the ex-
tracted common parameters (k0, γ, VT and VS S ), except for γ.
The values of γ are different, but γ � 1. From a practical point
of view γ ≈ 0. It means that the mobility is almost indepen-
dent on the gate voltage in the four cases. The fitting errors
of the different experiments A shown in Table 2 are also very
similar. All these facts reinforce the similarity of the contact
models (9) and (10). The error in Experiments A1 is a bit lower
than the error in experiments A2. Also, the error when using
multiple transistors is reduced, but not in a significant way. As
stated in [36], 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 A1-1
are represented in Figs. 1a and 1b (solid lines). Note that in
this experiment A1-1, the parameters of the model (1) and (10)
are extracted by analyzing the experimental data of the short-
channel transistor, and subsequently used to reproduce the ex-
perimental data of the long-channel transistor. A very good
agreement between the experimental and calculated data is ob-
served in these figures. The extracted value for the carrier mo-
bility is µ0 = 1.91 cm2/Vs, which is consistent with the result
reported in [32], in which a value between 1.4 and 2 cm2/Vs
was estimated. Also the extracted threshold voltage VT = −16
V is consistent with the one given in [32], which was reported
in the range −10 and −15 V. The ID − VC curves extracted in
this experiment are depicted with solid lines in Fig. 1c. They
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Table 1: Values of parameters extracted in Experiments A.

Experiment
x A1-1 A2-1 A1-2 A2-2
k0 [A/V2+γ] 3.0× 10−09 2.4× 10−09 2.9× 10−09 2.3× 10−09

γ 3.0× 10−03 3.9× 10−08 7.8× 10−09 7.4× 10−02

VT [V] −1.6× 10+01 −1.9× 10+01 −1.6× 10+01 −1.7× 10+01

VS S [V] −7.2× 10+00 −1.0× 10+01 −9.1× 10+00 −9.9× 10+00

mk 4.9× 10−01 4.7× 10−01

MC(−30V) [A/Vmk ] 4.0× 10−06 4.1× 10−06

MC(−40V) [A/Vmk ] 9.1× 10−06 9.6× 10−06

MC(−50V) [A/Vmk ] 1.6× 10−05 1.8× 10−05

V0 [V] 3.0× 10−01 8.9× 10−01

VN [V] 8.2× 10−02 6.7× 10−01

σ 2.4× 10−01 2.5× 10−01

I0(−30V) [A] 1.3× 10−06 1.9× 10−06

I0(−40V) [A] 3.1× 10−06 4.6× 10−06

I0(−50V) [A] 5.3× 10−06 8.5× 10−06
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Figure 1: Experiment A1-1. (a), (b) Comparison of experimental ID − VD
curves measured at different VG values [32] (symbols) and our calculations
with (1) and (10) (solid lines). (c) ID − VC curves extracted with (1) and (10)
at different VG (solid lines); the symbols show the results extracted in [32].
VG = −30,−40,−50 V from bottom to top.

are similar to those calculated in [32] (symbols). It is confirmed
that the OTFT contact is Schottky-limited, since the evolution-
ary procedure converged to a parameter set with mk < 1. The
dependence of MC with VG follows the trend given in (7) but
using a different value of VT = V ′T = −24 V. In this case, (7)
must be considered a semi-empirical relation. The reason why
MC(VG) follows (7) can be attributed to some similarities be-
tween the contact region and the active channel.

Table 2: Normalized Root Mean Squared Error (NRMSE) obtained after fitting
the experimental output characteristics in Experiments A.

NRMSE Average
Exp. L = 10 µm L = 200 µm NRMSE
A1-1 3.5 × 10−02 1.1 × 10−01 7.1 × 10−02

A2-1 1.7 × 10−02 4.3 × 10−01 2.2 × 10−01

A1-2 3.2 × 10−02 3.9 × 10−02 3.6 × 10−02

A2-2 6.4 × 10−02 3.0 × 10−02 4.7 × 10−02

Overall, 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 tran-
sistors are needed. Most importantly, the standard model (10)
is a good solution to model Schottky-limited contacts.

3.2. Experiments B: Schottky-limited contacts

In order to check that the previous results were not fortu-
itous, a new test on OTFTs with Schottky-limited contacts is
carried out. In this set of experiments, we analyze the exper-
imental output and transfer characteristics of Lisicon R© SP500
based OTFTs [35], shown with symbols in Figs. 2a-2d. They
were measured in short- and long-channel OTFTs with a chan-
nel width of 1000 µm and lengths of 5 and 800 µm, 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 Gen1-size PEN foils. In order to en-
sure a clean surface and low contact resistance, a short oxygen
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Figure 2: Experiment B1-1. (a), (c) Comparison of experimental ID−VD curves
measured at different values of VG [35] (symbols) and our calculations with (1)
and (10) (solid lines). (b), (d) Comparison of experimental ID − VG curves
measured at different values of VD (symbols) and our calculations with (1) and
(10) (solid lines). (e) ID −VC curves extracted with (1) and (10) at different VG .
In (a),(c),(e), VG = −10,−15,−20 V, from bottom to top.

plasma treatment was applied prior to the semiconductor depo-
sition. The semiconductor thickness is in the range of 45 nm. A
low-k dielectric (Lisicon R© D320), with a thickness around 500
nm and a capacitance per unit area of ∼ 3.7 nF/cm2, is gravure-
printed. Full details about the device fabrication are found in
[35].

As in the previous case, four experiments, grouped into two
different evolutionary configurations, are considered: (B1) the
evolutionary procedure uses (1) and (10), and (B2) the proce-
dure uses (1) and (9).

Experiments B1-1 and B2-1 perform a single-transistor pa-
rameter extraction [36]. First, they extract respective OTFT
parameters from the output characteristics of the short-channel
transistor shown in Fig. 2a. Then, they check whether the out-
put characteristics of the long-channel transistor, shown in Fig.
2c can be reproduced with our calculations.

Experiments B1-2 and B2-2 perform a multiple-transistor pa-
rameter extraction [37]. They extract respective OTFT param-
eters by analyzing simultaneously the output characteristics of
both short- and long-channel transistors shown in Figs. 2a and
2c.

The parameters of the transistor and the contact region, ex-

tracted in all these experiments, are in Table 3. As in Experi-
ments A, the values of the common parameters (k0, γ, VT and
VS S ) for both configurations B1 and B2 are quite similar. The
carrier mobility of these fittings is µ0 = 1.6 cm2/Vs, also simi-
lar to that reported in [35] (2.2 cm2/Vs). The value of VT is in
the range [-4.0,-2.8] V, consistent with VT = −3.5 V reported in
[35]. The evolutionary procedure converges to a solution with
mk < 1, and MC follows the trend given in (7) but with a dif-
ferent value of VT , V ′T = −7.8 V. In the case mk < 1, (7) is a
semi-empirical relation. Nevertheless, the fact that MC(VG) fol-
lows (7) points out that similarities between the contact region
and the active channel may exist such as a uniform distribution
of traps or defects along the two regions.

The values of the NRMSE of the different comparisons be-
tween the experimental output characteristics and our calcula-
tions are found in Table 4. This table shows again that: Exper-
iment B1-1 is a very valid option to characterize single short-
channel length transistors; the use of (10) or (9) is indifferent;
and the use of multiple channel length transistors improves, but
not significantly the fittings with the experimental data.

As an additional test, the experimental transfer characteris-
tics of the short- and long-channel transistors shown with sym-
bols in Figs. 2b and 2d, respectively, are also fitted with our
calculations. The solid lines of Figs. 2a-2d show the results of
Experiment B1-1. The ID − VC curves extracted in Experiment
B1-1 with (10) are shown in Fig. 2e. The output and transfer
characteristics and the ID − VC curves calculated in the rest of
experiments are very similar (not shown for clarity).

3.3. Experiments C: Space-charge-limited contacts
The evolutionary parameter extraction procedure was tested

previously in single channel-length OTFTs in which the in-
jection through the contact is space-charge limited [31, 36].
Nevertheless, neither the fitting errors between experimental
and calculated output characteristics of single-channel-length
transistors were compared with the errors obtained if multiple-
channel-length transistors are analyzed; nor this kind of con-
tacts was assessed with a wider search space for the parameter
mk in (10), i.e. 0 ≤ mk ≤ 2. In this regard, the I − V charac-
teristics 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 [40],
and the measurement data are represented with symbols in Fig.
3. The Au contacts of the transistors were functionalized with
pentafluorobenzenethiol (PFBT) to obtain a small contact re-
sistance. All TFTs were fabricated on flexible plastic using
aluminum oxide (Al2O3) as the gate dielectric (5.3 nm thick).
The full protocols of the electrode deposition, substrate clean-
ing, and surface passivation are in [40, 65]. Short and long-
channel TFTs were fabricated with a channel width of 200 µm
and lengths of 8, 40 and 80 µm.

The evolutionary procedure is used only with (1) and (10),
since model (9) is no longer valid in these cases. Three ex-
periments C-1, C-2 and C-3 are designed. Experiment C-1 is
performed for a single-transistor parameter extraction. It ex-
tracts the parameters of the transistor and the contact region
from the output characteristics of the shortest transistor (circles
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Table 3: Values of parameters extracted in Experiments B.

Experiment
x B1-1 B2-1 B1-2 B2-2
k0 [A/V2+γ] 5.8× 10−09 5.8× 10−09 5.9× 10−09 5.7× 10−09

γ 3.5× 10−10 1.4× 10−02 3.8× 10−03 1.5× 10−02

VT [V] −2.8× 10+00 −4.0× 10+00 −3.6× 10+00 −3.4× 10+00

VS S [V] −1.3× 10+00 −2.0× 10+00 −1.4× 10+00 −1.3× 10+00

mk 6.5× 10−01 7.1× 10−01

MC(−10 V) [A/Vmk ] 3.8× 10−06 3.9× 10−06

MC(−15 V) [A/Vmk ] 8.6× 10−06 8.3× 10−06

MC(−20 V) [A/Vmk ] 1.8× 10−05 1.7× 10−05

V0 7.1× 10−01 9.9× 10−01

VN 3.2× 10−03 9.9× 10−01

σ 4.1× 10−01 4.6× 10−01

I0(−10V) [A] 1.6× 10−06 1.7× 10−06

I0(−15V) [A] 3.1× 10−06 3.5× 10−06

I0(−20V) [A] 6.0× 10−06 6.4× 10−06

Table 4: Normalized Root Mean Squared Error (NRMSE) obtained after fitting
the experimental output characteristics in Experiments B.

NRMSE Average
Sub-exp. L = 5 µm L = 800 µm NRMSE

B1-1 5.1 × 10−02 1.2 × 10−01 8.5 × 10−02

B2-1 5.4 × 10−02 7.8 × 10−02 6.6 × 10−02

B1-2 5.6 × 10−02 3.1 × 10−02 4.4 × 10−02

B2-2 6.2 × 10−02 7.3 × 10−03 3.5 × 10−02

in Fig. 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 param-
eter extraction. Experiment C-2 extracts the model parameters
from the simultaneous analysis of the experimental data of the
shortest and longest transistors (symbols in Figs. 3a and 3e, re-
spectively). Then, it checks whether the output characteristics
of the 40 µm length transistor (symbols in Fig. 3c) are repro-
duced with our calculations. Experiment C-3 extracts the model
parameters from the simultaneous analysis of the experimental
data (symbols) of Figs. 3a, 3c and 3e.

The values of the parameters extracted with the three experi-
ments are found in Table 5. Very small variations are observed
among the experiments. The carrier mobility extracted with
Experiment C-1 is µ0 = 2.9 cm2/Vs, and the threshold voltage
is VT = −1.2 V, in agreement with the respective values ex-
tracted with the TLM method in [40]: 3.2 cm2/Vs and −1.3 V.
The value mk > 1 points out that the injection in these TFTs is
space-charge limited. In these Experiments C, MC(VG) does not

follow (7), suggesting the existence of local non-uniformities
close to the contact region. A linear interpolation function is
built in order to determine the value of MC at any other value of
VG. The errors obtained when fitting the experimental and cal-
culated output characteristics are in Table 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 (Experi-
ment C-1) are represented in Fig. 3 (solid lines). As an addi-
tional test, this figure includes the comparison of experimental
(symbols) and calculated (solid lines) transfer characteristics,
also showing a very good agreement.

3.4. Experiment D: Application to an ammonia sensor

The standard contact model (10) takes on a special meaning
in situations in which both the active channel and the contact re-
gion are affected by an external excitation, and both jointly de-
termine the electrical behavior of the device. In this sense, we
apply the evolutionary procedure to an OTFT detector of am-
monia (NH3) gas [66]. In this publication, authors checked that
the ammonia sensor deteriorated its electrical performance un-
der the exposure of different concentrations of ammonia. Here,
we check that the incorporation of a standard contact model
(10) in the compact TFT model (1), not only enhances the preci-
sion in the determination of the intrinsic parameters of the tran-
sistor, 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. 4a (pristine device), 4c (gas exposure of
20 ppm) and 4e (gas exposure of 40 ppm) [66].
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Table 5: Values of parameters extracted in Experiments C.

Experiment
x C1-1 C1-2 C1-3
k0 [A/V2+γ] 2.0× 10−06 2.2× 10−06 1.5× 10−06

γ 5.0× 10−01 6.6× 10−02 4.0× 10−01

VT [V] −1.2× 10+00 −1.1× 10+00 −9.3× 10−01

VS S [V] −6.7× 10−01 −2.9× 10−01 −1.2× 10−01

mk 1.6× 10+00 1.3× 10+00 1.4× 10+00

MC(−1.67 V) [A/Vmk ] 2.0× 10−04 6.7× 10−05 8.6× 10−05

MC(−2.00 V) [A/Vmk ] 3.7× 10−04 1.2× 10−04 2.0× 10−04

MC(−2.33 V) [A/Vmk ] 3.7× 10−04 1.5× 10−04 2.5× 10−04

MC(−2.67 V) [A/Vmk ] 2.7× 10−04 1.5× 10−04 2.4× 10−04

MC(−3.00 V) [A/Vmk ] 1.8× 10−04 1.2× 10−04 1.5× 10−04

Table 6: Normalized Root Mean Squared Error (NRMSE) obtained after fitting the experimental output characteristics in Experiments C.

NRMSE Average
Exp. L = 8 µm L = 40 µm L = 80 µm NRMSE
C-1 7.8 × 10−02 8.7 × 10−02 1.2 × 10−01 9.5 × 10−02

C-2 3.4 × 10−02 1.3 × 10−01 5.8 × 10−02 7.4 × 10−02

C-3 5.3 × 10−02 5.7 × 10−02 7.6 × 10−02 6.2 × 10−02

The full fabrication protocols of the rr-P3HT OTFT are de-
tailed in [66]. Briefly, the bottom-gate bottom-contact OFET
consists of a heavily doped p-type Si substrate acting as the gate
structure, and a 300 nm thick film of thermally grown SiO2 on
top of it. The capacitance per unit area of the gate dielectric
layer is 10 nF/cm2. The gold source-drain electrodes and the
rr-P3HT polymer define a channel length and a width of 30 µm
and 1 mm, respectively. Information about the electrode de-
position, substrate cleaning and surface passivation is found in
[66].

Since the gas exposure changes the electrical performance of
the device, the evolutionary procedure must treat independently
each set of experimental ID−VD curves (symbols in Figs. 4a, 4c
and 4e). The values of the OTFT parameters, extracted in each
of the three cases, are in Table 7. The ID −VD curves calculated
with (1) and (10) are depicted with solid lines in Figs. 4a, 4c
and 4e, where a good agreement with the experimental data is
shown. The ID−VC curves extracted with our procedure for the
respective three cases are depicted in Figs. 4b, 4d and 4f.

The exposure to gas ammonia changes the value of the carrier
mobility and the threshold voltage of the transistor, as observed
in [66]. 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, VT

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 µ0 are 2.9 × 10−4, 8.2 × 10−5 and 6.3×10−5 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. 4b shows the ID − VC curves ex-
tracted for the pristine OTFT at different values of VG. The
curves are concave following (10) with mk = 1.21. Figs. 4d
and 4f show the ID−VC curves extracted for the exposed OTFT
under ammonia gas at different values of VG. These two sets
of curves become convex, also following (10) but with mk < 1
(mk = 0.69 and mk = 0.57 for gas concentrations of 20 and
40 ppm, respectively). A clear deterioration of the contact re-
gion 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. This
deterioration is also visible in the MC(VG) relation extracted in
the three cases. None of the extracted MC sets from Table 7 ful-
fills (7), which again can be explained by non-uniformities al-
located between the active channel and the contact region, that
deteriorate by increasing the gas concentration.

4. Conclusions

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.
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Table 7: Values of parameters extracted in Experiments D.

Ammonia Concentration (ppm)
x 0 20 40
k0 [A/V2+γ] 2.9× 10−12 8.2× 10−13 6.3× 10−13

γ 2.9× 10−01 8.3× 10−01 1.1× 10−00

VT [V] 3.0× 10+01 7.7× 10+00 −1.3× 10+01

VS S [V] −1.5× 10+01 −3.2× 10+01 −3.1× 10+01

mk 1.2× 10+00 6.9× 10−01 5.7× 10−01

MC(−10 V) [A/Vmk ] 1.8× 10−07 5.4× 10−08 2.7× 10−08

MC(−20 V) [A/Vmk ] 4.5× 10−08 5.3× 10−08 4.2× 10−08

MC(−30 V) [A/Vmk ] 2.4× 10−08 5.0× 10−08 5.1× 10−08

MC(−40 V) [A/Vmk ] 1.7× 10−08 5.5× 10−08 4.7× 10−08
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Figure 3: Experiment C-1. (a), (c), (e) Comparison of experimental ID − VD
curves measured at different values of VG [40] (symbols) and our calculations
with (1) and (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 ID − VG curves
measured at different values of VD [40] (symbols) and our calculations with (1)
and (10) (solid lines).

One of them depends on the gate voltage. The other parame-
ter allows to distinguish between space-charge or Schottky lim-
ited contacts. The contact model has a direct physical justifica-
tion when space-charge limited contacts are treated. In the case
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Figure 4: Experiment D. (a), (c), (e) Comparison of experimental ID − VD
curves (symbols) and our calculations with (1) and (10) (solid lines) at three
concentrations of ammonia and different VG values. VG is swept from −10 (top)
to −40 V (bottom) with a −10 V step. (b), (d), (f) ID − VC curves calculated
with (10) at different VG values.

of Schottky-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 semicon-
ductor barriers.

The contact model is introduced in a generic compact model
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that describes the current-voltage characteristics of OTFTs. The
contact model used in combination with an evolutionary param-
eter 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 sen-
sor in order to determine the effect of the gas, not only in the
internal parameters of the transistor, carrier mobility or thresh-
old 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 ammonia gas is present.
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