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A B S T R A C T

In this work, we propose a model that describes the temporal evolution of the threshold voltage and
trapped charge density in Thin-Film Transistors (TFTs) under dynamic conditions, paving the way for the
characterization and modeling of memory transistors. The model is expressed as a first-order differential
equation for the trapped charge density, which is controlled by a time constant and an independent term
proportional to the drain current. The time-dependent threshold voltage is introduced in a previously developed
compact model for TFTs with special consideration to the contact effects. The combination of both models and
the use of an evolutionary parameter extraction procedure allow for reproducing the experimental dynamic
behavior of TFTs. The results of the model and the evolutionary procedure have been validated with published
experimental data of pentacene-based transistors. The procedure is able to simultaneously reproduce three
kinds of experiments with different initialization routines and constraints in each of them: output and transfer
characteristics with hysteresis and current transients characteristics.
. Introduction

The rapid growth of information requires massive storage of data.
ifferent memory designs are under development to cope with this
emand, with organic technology being one of the candidate memory
echnologies. An important device in this technology is the organic
hin-film transistor (OTFT) which inherits the advantages of its in-
rinsic material, such as mechanical flexibility and low-cost solution
rocessability [1–7]. Different OTFTs are fabricated accordingly in
rder to adapt to current requirements in non-volatile memory appli-
ations [8]. In particular, these transistors are present in several types
f non-volatile memories, such as the organic phase-change memory
ransistors (OPCMTs) [9], transistor-based organic flash memories [5,
0], organic resistive random-access memories (RRAMs) [11–13], or-
anic ferroelectric field-effect-transistors [14–17], and magnetoresis-
ive random-access memory (MRAM) [18]. Organic devices can also
e found in optoelectronic memory applications, used in image cap-
uring, information recording, or logic data processing, where the de-
ices combine the functions of electrical memory with photodetection
19–26].

✩ The authors acknowledge support from the project PID2022-139586NB-44 funded by MCIN/AEI/10.13039/501100011033 and FEDER, EU. Funding for open
ccess charge: Universidad de Granada / CBUA.
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J.B. Roldán), jamal@mcmaster.ca (M.J. Deen).

Many of the memory transistors are based on hysteresis effects
present in their electrical characteristics, in which the charge trap-
ping at the semiconductor-dielectric interface in both metal-oxide-
semiconductor field-effect transistors (MOSFETs) or TFTs plays an im-
portant role [23,25,27–31], apart from affecting its low-frequency noise
and light-sensitive characteristics [19–22]. While it is considered a
desirable feature in memory devices, hysteresis in the electrical char-
acteristics of other devices can be a serious constraint, in particular
in transistors in which electrical stability is a requirement for proper
performance [32–34]. Hysteresis in transistors leads mainly to changes
in the threshold voltage 𝑉𝑇 , which can produce malfunction of logic
and analog circuits, thus limiting their commercialization [35]. In any
case, transistors with large or minimal hysteresis must be properly
characterized in order to detect how large or small, respectively, are
the changes in 𝑉𝑇 . Additionally, in cases where charge trapping in
the organic semiconductor (OSC) or interfaces are clearly the origin of
the hysteresis [23,25,27–30,36,37], monitoring the changes of charge
trapped concentration is highly desired.

The determination of changes in 𝑉𝑇 from forward and reverse
voltage scans is found in the literature [32,35,38]. Also, useful methods
to determine the trap density in OTFTs have been proposed [39,40].
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Nevertheless, it is difficult to find publications that keep track of the
evolution of 𝑉𝑇 or even the trapped charge concentration during the
whole hysteresis cycle. Actually, these two magnitudes vary continu-
ously from the beginning to the end of a hysteresis cycle, depending
not only on the applied voltage or current, but also on the time used
to perform the sweep.

In this work, we propose a model that describes the continuous evo-
lution of 𝑉𝑇 and trapped charge concentration along hysteresis cycles of
the electrical characteristics of OTFTs. Our model can be incorporated
in any compact model with an explicit dependence on 𝑉𝑇 [41–45].
Here, we introduce our model in a previously developed compact model
for OTFTs with special consideration to the contact effects [46–49]. The
resulting combination of both models and the use of an evolutionary
parameter extraction procedure allow for reproducing the experimental
dynamic behavior of OTFTs [50].

In Section 2, the generic drift model, in which our proposal is
inserted, is presented. In Section 3, we describe the dynamic model
for 𝑉𝑇 and trapped charge density. The evolutionary parameter extrac-
tion procedure is detailed in Section 4. The results are presented in
Section 5, and finally the work is concluded in Section 6.

2. Generic drift model for OTFTs

We initially consider an unified compact model that describes the
electrical characteristics of TFTs. It includes the effects of the intrinsic
channel of the transistor and the source and drain contact regions
(Fig. 1).

2.1. Model for the intrinsic region

The intrinsic channel is usually described with a generic charge drift
model as [46,51–60]:

𝐼𝐷 = 𝜇0𝐶𝑜𝑥
𝑊
𝐿′

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

2 + 𝛾
,

′ = 𝐿∕(1 + 𝜆|𝑉𝐷′ − 𝑉𝑆 |),

𝐸𝑂𝐷𝑅(𝑉𝐺 , 𝑉 ) = 𝑉𝑆𝑆 ln
[

1 + exp
(

𝑉𝐺 − 𝑉𝑇 − 𝑉
𝑉𝑆𝑆

)]

,

(1)

which includes an electric field dependent mobility

𝜇 = 𝜇0(𝑉𝐺 − 𝑉𝑇 )𝛾 . (2)

The model (1) uses the asymptotically interpolation function
𝑉𝐸𝑂𝐷𝑅(𝑉𝐺 , 𝑉 ) in order to consider the sub-threshold regime,
𝑉𝐸𝑂𝐷𝑅(𝑉𝐺 , 𝑉 ) ≈ 𝑉𝑆𝑆 exp[(𝑉𝐺 − 𝑉𝑇 − 𝑉 )∕𝑉𝑆𝑆 ], as well as the above-
threshold regime, 𝑉𝐸𝑂𝐷𝑅(𝑉𝐺 , 𝑉 ) ≈ (𝑉𝐺 − 𝑉𝑇 − 𝑉 ), with either 𝑉 = 𝑉𝑆
or 𝑉 = 𝑉𝐷′ , and 𝑉𝑆𝑆 is the sub-threshold swing of the TFT. The rest
of variables are 𝑉𝐺, the gate terminal voltage, 𝑉𝐷, the drain terminal
voltage, and 𝑉𝑆 and 𝑉𝐷′ are the values of the potential at the edges
of the intrinsic channel in contact with the source and drain regions,
respectively. Thus, 𝑉𝑆 is the voltage drop at the source contact and
𝑉𝐷𝐷′ = 𝑉𝐷 − 𝑉𝐷′ is the voltage drop at the drain contact (Fig. 1).
𝐶𝑜𝑥 is the capacitance per unit area of the gate insulator and 𝑊 and
𝐿 are the channel width and length, respectively. 𝐿′ is the effective
channel length modulated by the coefficient 𝜆. If the channel length
modulation effect is negligible, 𝜆 can be assumed zero and 𝐿′ ≈ 𝐿,

inimizing the computational time of (1). 𝜇0 is the mobility-related
arameter expressed as cm2/(V1+𝛾 s), and 𝛾 is the mobility enhancement
actor, suggested to depend on the characteristic energy width 𝐸0 = 𝑘𝑇0
f an exponential tail distribution of the density of states (DOS) and
he absolute temperature 𝑇 , and 𝛾 = 2(𝑇0∕𝑇 − 1) [61]. In order to
rovide a single value for the voltage dependent mobility, the mobility
s evaluated at 𝑉𝐺𝑇 = 𝑉𝐺 − 𝑉𝑇 = 1 V, thus 𝜇(𝑉𝐺𝑇 = 1 V) = 𝜇0 in

cm2/(Vs). Model (1) is able to describe all operation modes of the
2

transistor: triode, saturation, sub-threshold or even reverse biasing.
Fig. 1. Modeling the contact regions and intrinsic channel of an OTFT structure (a
bottom-contact configuration). Usually 𝑉 ′

𝐷 = 𝑉𝐷 [62].

2.2. Model for the contact regions

The model for the intrinsic channel (1) is completed with another
model that describes the electrical characteristics of the drain and
source contact regions. Although the model (1) is prepared to consider
the drain and source contact effects, in most OTFTs, the drain con-
tact effects are negligible, as potentiometry measurements showed in
Ref. [62]. In this work, we consider these cases because it simplifies the
modeling and characterization of OTFTs since 𝑉𝐷𝐷′ ≈ 0 V and 𝑉𝐷 ≈ 𝑉𝐷′ ,
and only the source contact model is necessary.

A versatile model that was successfully tested in different situa-
tions [48,49], and is capable of describing both space-charge-limited
transport in low energy contact-barriers [47] and injection-limited
transport in Schottky barriers [56,63–65], is:

𝐼𝐷 = 𝑀𝑆 × 𝑉𝑆𝑚𝑠 ,

𝑚𝑠 ∈ Z ∶ 0 < 𝑚𝑠 ≤ 2,
(3)

where 𝑚𝑠 is a constant, independent of 𝑉𝐺, and its value makes the
model (3) discern among injection-limited transport in Schottky barri-
ers [0 < 𝑚𝑠 < 1, with (3) being a convex function]; space-charge-limited
transport [1 < 𝑚𝑠 ≤ 2, with (3) being a concave function], in which the
particular value 𝑚𝑠 = 2 transforms (3) into the classical Child’s law;
and finally, the value 𝑚𝑠 = 1 corresponds to Ohmic contacts, in which
𝐼𝐷 and 𝑉𝑆 are linearly related:

𝐼𝐷 = 𝑉𝑆∕𝑅𝑆 , (4)

where 𝑅𝑆 is the source contact resistance. In this last case, the pa-
rameter 𝑀𝑆 coincides with the contact conductance: 𝑀𝑆 = 1∕𝑅𝑆 . The
parameter 𝑀𝑆 in (3) was proposed to depend on 𝑉𝐺 as [47]:

𝑀𝑆 = 𝛼𝑠(𝑉𝐺 − 𝑉𝑇 )1+𝛾 , (5)

where 𝛼𝑠 is a proportionality constant. Studies analyzing Ohmic con-
tacts [41] or non-linear ones justify this dependence with 𝑉𝐺 [38,47,53,
54,66–68]. This electric field dependence of 𝑀𝑆 , which was physically
justified for 𝑚𝑠 = 1 (Ohmic contacts) [47] and 1 < 𝑚𝑠 ≤ 2 (space-charge-
limited contacts) [47], was later assumed and checked for 0 < 𝑚𝑠 < 1
(Schottky contacts) [48]. The sub-threshold regime can be incorporated
into (5) by an asymptotically interpolation function [54], similar to the
one used in 𝑉𝐸𝑂𝐷𝑅(1):

𝑀𝑆 = 𝛼𝑠

{

𝑉𝑆𝑆 ln
[

1 + exp
(

𝑉𝐺 − 𝑉𝑇
𝑉𝑆𝑆

)]}1+𝛾
. (6)

Note that in some staggered configurations, the voltage drop at the
drain contact may not be negligible [57,69,70]. For these situations,
the drain contact model would be necessary as was detailed in [49].

The generic drift model (1)–(6) presented so far does not take into
account trapping and de-trapping effects which would make parameters
𝑉𝑇 and 𝑉𝑆𝑆 change. To address this issue, models for 𝑉𝑇 and 𝑉𝑆𝑆 as a
function of the trapped charge and time are formulated in the following

section.
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3. Dynamic behavior of the trapped charge density

3.1. Threshold voltage 𝑉𝑇 and 𝑉𝑆𝑆

Any shift in the threshold voltage 𝛥𝑉𝑇 caused by a variation of
trapped charge in the semiconductor layer, insulator, or the interface
between the insulator and the semiconductor 𝑞𝛥𝑛𝑡1, with 𝑛𝑡1 in cm−2,
can be expressed as [71–73]:

𝛥𝑉𝑇 = −
𝑞𝛥𝑛𝑡1
𝐶𝑜𝑥

, (7)

where 𝑞 is the free carrier charge.
The sub-threshold swing 𝑉𝑆𝑆 is also prone to changes with the

ensity of trapped charge in bulk traps 𝑛𝑡𝑏 or in interface traps 𝑛𝑡𝑖 [74].
ssuming these densities independent of energy, the sub-threshold
wing may be written as [75]:

𝑆𝑆 = 𝑘𝑇
𝑞

ln10 ×
(

1 +
𝑞
𝐶𝑜𝑥

(
√

𝜀𝑠𝑛𝑡𝑏 + 𝑞𝑛𝑡𝑖 )
)

. (8)

This expression is simplified by defining an equivalent trapped charge
density per unit area and unit energy, 𝑛𝑡2 in cm−2 eV−1, [40]:

𝑉𝑆𝑆 = 𝑘𝑇
𝑞

ln10 ×
(

1 +
𝑞2

𝐶𝑜𝑥
𝑛𝑡2

)

. (9)

Thus, their variations are related as:

𝛥𝑉𝑆𝑆 = 𝑘𝑇
𝑞

ln10 ×
(

𝑞2𝛥𝑛𝑡2
𝐶𝑜𝑥

)

. (10)

Note that the values of 𝑛𝑡1(cm−2) in (7) and 𝑛𝑡2(cm−2 eV−1) in (9) would
e the same for a deep trap located in a 1 eV semiconductor bandgap.
hus, for typical semiconductor gaps, a usual estimation found in the

iterature is 𝑛𝑡1(cm−2) ≈ 𝑛𝑡2(cm−2 eV−1) [76–78].
In the following, we define a generic trapped carrier density 𝑛𝑡

in (cm−2 or cm−2 eV−1), which magnitude 𝑛𝑡(cm−2 or cm−2 eV−1)≡
𝑛𝑡1(cm−2)≈ 𝑛𝑡2(cm−2 eV−1) and its associated trapped charge density

𝑡 ≡ 𝑞𝑛𝑡 in (C cm−2 or C cm−2 eV−1). These variables can vary along the
hannel, thus the mean values along the channel should be considered
nstead. The mean value of 𝑄𝑡 is defined as:

𝑡𝐿 = 1
𝐿 ∫

𝐿

0
𝑄𝑡d𝑥. (11)

With these definitions, the values of 𝑉𝑇 and 𝑉𝑆𝑆 at a particular
nstant 𝑡𝑗 can be related to their values at a previous instant 𝑡𝑗−1 from
7) and (10), respectively as:

𝑇 (𝑡𝑗 ) = 𝑉𝑇 (𝑡𝑗−1) −
[𝑄𝑡𝐿(𝑡𝑗 ) −𝑄𝑡𝐿(𝑡𝑗−1)

𝐶𝑜𝑥

]

, and (12)

𝑉𝑆𝑆 (𝑡𝑗 ) = 𝑉𝑆𝑆 (𝑡𝑗−1) +
𝑘𝑇
𝑞

ln10 ×
[

𝑞
𝑄𝑡𝐿(𝑡𝑗 ) −𝑄𝑡𝐿(𝑡𝑗−1)

𝐶𝑜𝑥

]

, (13)

with 𝑄𝑡𝐿 in C cm−2 in (12) and 𝑄𝑡𝐿 in C cm−2 eV−1 in (13), as described
above.

3.2. Model for 𝑄𝑡

In this section, we propose a semi-empirical model that describes
the evolution of the trapped charge in the transistor as a response to
changes of the voltages applied to the external terminals, 𝑉𝐺 and 𝑉𝐷.
Two generic scenarios can affect the dynamic response of the trapped
charge in the transistor, which are found in any protocol that analyzes
the dynamic response of a transistor [50,79].

(i) 𝑉𝐷 = 0V, and thus, 𝐼𝐷 = 0A. The distributions of free
nd trapped charges are uniform across the channel length 𝐿 of the
ransistor (see Fig. 2(a)). Variations in the trapped charge are produced
nly by changes in 𝑉𝐺. Once 𝑉𝐺 changes, 𝑄𝑡 evolves to a new steady
tate, at a rate controlled by a time constant 𝜏, as:
d𝑄𝑡𝐿
d𝑡

= −
𝑄𝑡𝐿(𝑡) −𝑄𝑡0

𝜏
, (14)

where 𝑄 = 𝑄 (𝑉 ) is the steady state value of 𝑄 at 𝑉 .
3

𝑡0 𝑡0 𝐺 𝑡 𝐺
Fig. 2. (a) Uniform and (b) non-uniform channels.

Eq. (14) can be solved at discrete instants, allowing to calculate 𝑄𝑡𝐿
t an instant 𝑡𝑗 for a number of traps 𝑛𝑡𝑟𝑎𝑝𝑠 (each one with a different

time constant 𝜏𝑟) as

𝑄𝑡𝐿(𝑡𝑗 ) =
𝑛𝑡𝑟𝑎𝑝𝑠
∑

𝑟=1
𝑄𝑡𝐿𝑟

(𝑡𝑗 ),

𝑄𝑡𝐿𝑟
(𝑡𝑗 ) = 𝑄𝑡𝐿𝑟

(𝑡𝑗−1)𝑒
−

𝑡𝑗−𝑡𝑗−1
𝜏𝑟 +𝑄𝑡0𝑟 (1 − 𝑒−

𝑡𝑗−𝑡𝑗−1
𝜏𝑟 ),

nd 𝑄𝑡0𝑟 = 𝑞𝑁𝑇𝑟𝑦𝐺 ,

(15)

where 𝑁𝑇𝑟 is the concentration per unit volume of trap 𝑟, and 𝑦𝐺 =
𝑦𝐺(𝑉𝐺) is the thickness of the intrinsic channel with free carriers and
filled traps.

(ii) 𝑉𝐷 ≠ 0V and 𝐼𝐷 ≠ 0A. The distributions of free and trapped
charges are non-uniform across the channel length 𝐿 of the transistor
(see Fig. 2(b)). Variations in the trapped charge are produced by
changes in any of the gate or drain voltages bringing the transistor into
a new steady state. In addition, the flow of free charge carriers can be
seen as a mechanism that favors the trapping, like a generation term in
a continuity equation for trapped charges. In this regard, we propose
this generation term to be proportional to 𝐼𝐷 with a parameter 𝛽:
d𝑄𝑡𝐿
d𝑡

= 𝛽𝐼𝐷 −
𝑄𝑡𝐿(𝑡)

𝜏
. (16)

Eq. (16) can be solved for discrete instants, allowing to calculate 𝑄𝑡𝐿
t an instant 𝑡𝑗 for 𝑛𝑡𝑟𝑎𝑝𝑠 traps (each one with a different time constant
𝑟, with 𝑟 = 1...𝑛𝑡𝑟𝑎𝑝𝑠) as

𝑄𝑡𝐿(𝑡𝑗 ) =
𝑛𝑡𝑟𝑎𝑝𝑠
∑

𝑟=1
𝑄𝑡𝐿𝑟

(𝑡𝑗 ), and

𝑡𝐿𝑟
(𝑡𝑗 ) = 𝑄𝑡𝐿𝑟

(𝑡𝑗−1)𝑒
−

𝑡𝑗−𝑡𝑗−1
𝜏𝑟 + 𝛽𝑟𝜏𝑟𝐼𝐷(1 − 𝑒−

𝑡𝑗−𝑡𝑗−1
𝜏𝑟 ).

(17)

A physical justification of the model described in (14) and (16) can
be found in Appendix A.

4. Evolutionary parameter extraction procedure

4.1. Individual representation

This section complements the previous two ones by presenting
an evolutionary procedure that allows for the determination of the
individual of the population, 𝑥, which is the set of parameters needed
to compute all the equations of the model (1), (3), (6), (12) and (13),
(15) and (17):

𝑥 = (𝜇0, 𝛾, 𝑉𝑇 (0), 𝑉𝑆𝑆 (0), 𝑚𝑠, 𝛼𝑠, 𝜆, 𝑠, 𝑄𝑡𝐿(0), 𝛽, 𝜏). (18)

where 𝑄𝑡𝐿(0) = (𝑄𝑡𝐿,1,… , 𝑄𝑡𝐿,𝑛𝑡𝑟𝑎𝑝𝑠 ) (see (S3) in the Supporting Informa-
tion (SI)) defines the initial values of the trapped charge in a different

number of traps, 𝑛𝑡𝑟𝑎𝑝𝑠, with also different associated parameters 𝜏 =
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𝜏1,… , 𝜏𝑛𝑡𝑟𝑎𝑝𝑠 and 𝛽 = 𝛽1,… , 𝛽𝑛𝑡𝑟𝑎𝑝𝑠 ; 𝑉𝑇 (0) and 𝑉𝑆𝑆 (0) are the initial val-
ues of 𝑉𝑇 (𝑡) and 𝑉𝑆𝑆 (𝑡), respectively, for a specific experiment; and
parameter 𝑠 controls a smooth transition from conduction towards the
depletion regime. This transition is only detected well below the sub-
threshold regime, usually in the transfer characteristics (see SI Section
S1).

The starting point to determine the individual 𝑥 is an evolution-
ary parameter extraction procedure developed in the previous pub-
lications [48,49,54,80–82]. A primary objective of this evolutionary
procedure is to automate the decision-making, thus reducing the work
of the expert or decision maker (DM) during a parameter extraction.
For completeness, the main steps of this procedure are described in the
next sub-sections.

In this work, the equations that handle the impact of hysteresis in
TFTs [(12), (13), (15) and (17)] have been incorporated in the last
version of the compact model [49]. Moreover, the original evolutionary
parameter extraction procedure [53] is adapted in this work to repro-
duce, using the bisection method [53,82,83], three different kinds of
measurements: 𝐼𝐷 − 𝑉𝐷 and 𝐼𝐷 − 𝑉𝐺 curves of OTFTs with hysteresis
and 𝐼𝐷 − 𝑡 transients.

4.2. Measurement discretization and timing

In the first place, the experimental 𝐼𝐷, in any of its forms, out-
put or transfer characteristics, or current transients, must be referred
to the time instants 𝑡𝑗 at which all the measurements are taken,
𝐼𝐷 = 𝐼𝐷(𝑉𝐺(𝑡𝑗 ), 𝑉𝐷(𝑡𝑗 )), where 𝑗 ∈ Z : 1 ≤ 𝑗 ≤ 𝑡𝑁 , and 𝑡𝑁 is the total
number of discrete values of 𝑡. The relations 𝑉𝐺(𝑡𝑗 ) and 𝑉𝐷(𝑡𝑗 ) define
the measurement protocol or routine that must be followed in order
to obtain reproducible and reliable measurements. The parameter ex-
traction procedure must also adapt to the exact timings of this protocol,
which is described in Section S2 and Fig. S2 for the measurements used
in this work [50,79]. The numerical estimation of 𝐼𝐷 with our model
(1), (3), (6), (12), (13), (15) and (17) is named 𝐼𝐷(𝑉𝐺(𝑡𝑗 ), 𝑉𝐷(𝑡𝑗 ), 𝑥).

4.3. Fitness function

The evolutionary parameter extraction procedure solves a multi-
objective problem (MOP) [82] with three objectives (𝑂1, 𝑂2 and 𝑂3),
in order to find the values of the set of parameters in 𝑥, where (𝑂1)
refers to output characteristics, (𝑂2) transfer characteristics, and (𝑂3)
current transients. The three of them aim to minimize the error (𝑂𝑘),
with 𝑘 = 1...3, between the experimental values of 𝐼𝐷 = 𝐼𝐷(𝑉𝐺(𝑡𝑗 ),
𝑉𝐷(𝑡𝑗 )) and their estimation 𝐼𝐷(𝑉𝐺(𝑡𝑗 ), 𝑉𝐷(𝑡𝑗 ), 𝑥) from (1), (3), (6), (12),
(13), (15) and (17).

The Normalized Root Mean Squared Error (NRMSE) is used to esti-
mate the errors (𝑂1), (𝑂2) and (𝑂3) [84]:

NRMSE(𝑦, �̂�) =

√

√

√

√

∑𝑤
𝑧=1(𝑦𝑧 − �̂�𝑧)2

∑𝑤
𝑧=1(𝑦𝑧 − �̄�)2

, (19)

here 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 �̄� is
he mean value of the complete data set 𝑦.

Thus, our minimization multi-objective optimization problem
MOP), named 𝑂, is defined as 𝑂 = (𝑂1, 𝑂2, 𝑂3), where

𝑘(𝑥) =NRMSE
(

𝐼𝐷(𝑉𝐺(𝑡𝑗 ), 𝑉𝐷(𝑡𝑗 )), 𝐼𝐷(𝑉𝐺(𝑡𝑗 ), 𝑉𝐷(𝑡𝑗 ), 𝑥)
)

,

𝑘 = 1, 2, 3.
(20)

Objectives (𝑂1), (𝑂2) and (𝑂3) allow us to accurately reproduce exper-
imental 𝐼𝐷 − 𝑉𝐷, 𝐼𝐷 − 𝑉𝐺 and 𝐼𝐷 − 𝑡 curves, respectively, introducing
4

the parameters coded in 𝑥 into our model.
4.4. Search space definition

The definition of a proper search space is essential in order to
save computing time costs. The presence of hysteresis makes this task
more complex. Gathering information about similar samples in previous
works can help. It is also advisable to start using less accurate methods
(in particular, when hysteresis is present) to extract some of the param-
eters of the model, such as the application of the traditional MOS model
and the 𝐻𝑉 𝐺 method [85]. They can provide an initial estimation of
𝜇0, 𝛾 and 𝑉𝑇 [48,49,53,54,82,86]. Also, current transients can be fitted
with 𝑛𝑡𝑟𝑎𝑝𝑠-order exponential decay functions to estimate the value of
the time constants 𝜏𝑟 of the 𝑛𝑡𝑟𝑎𝑝𝑠 traps. Finally, with the gathered
information, the decision maker is in charge of defining physically valid
search ranges for each parameter of 𝑥 [53].

4.5. Constraints

It is worth mentioning that certain parameter constraints are im-
plicit in the search space definition, which must be consistent with
the physical meaning of each parameter. Other constraints need to be
added to the procedure [49]. This is the case of the sign of the trapped
charge. Assuming hole traps in p-type transistors and electron traps in
n-type ones, the values of the trapped charge are restricted to:

𝑄𝑡𝐿(𝑡𝑗 ) ≥ 0 for p-type devices
𝑄𝑡𝐿(𝑡𝑗 ) ≤ 0 for n-type devices
∀𝑡𝑗 ≥ 0.

5. Results

The evolutionary procedure summarized in the previous section is
applied to the electrical characteristics (𝐼𝐷 − 𝑉𝐷, 𝐼𝐷 − 𝑉𝐺 and 𝐼𝐷 − 𝑡)
shown with symbols in Figs. 3(a)–3(b), 4(a) and 5(a), respectively.
The analysis of these three experiments has been carried out using an
open source evolutionary tool called ECJ (A Java-based Evolutionary
Computation Research System) [87]. The model formula and data
extraction code can be found in the supplementary material. They
were measured in a bottom-gate, bottom-contact pentacene-based p-
type FET with SiO2 as the gate dielectric [50]. Drain/source electrodes,
Cr (5 nm) and Au (40 nm), where Cr acts as an adhesion layer, are
deposited through a shadow mask. The device has a channel length
and width of 𝐿 = 26 μm and 𝑊 = 2000 μm, respectively. The electrode
deposition, substrate cleaning and surface passivation descriptions are
given in [50].

The scan rate in experiments 𝐼𝐷 − 𝑉𝐷 and 𝐼𝐷 − 𝑉𝐺 is 5 V/100 ms,
and the elapsed time between two consecutive measurements is 𝛥𝑡 =
100 ms [50,79]. The total time for the combined sequence of nested
sweep measurements shown in Figs. 3(a)–3(b) is 34.2 s, including a
hold time, 𝑡ℎ𝑜𝑙𝑑 = 3 s [50,79], or elapsed time at 𝑉𝐷 = 0 V between the
point at which 𝑉𝐺 is changed to a new value, and the point at which
𝑉𝐷 starts being swept (see Fig. S2a). The measurement time for the
combined forward and backward sweeps in Fig. 4(a) is 4 s [50,79] (see
Fig. S2b). In the 𝐼𝐷 − 𝑡 transients, the time between two consecutive
measurements is 𝛥𝑡 = 25 s, and the total measurement time for the
combined current transients in Fig. 5(a) is 1000 s [50,79] (see Fig. S2c).

Note that the model is developed for N-type TFTs, in which 𝐼𝐷, 𝑉𝐷
and 𝑉𝐺 are positive in the above-threshold mode. In P-type TFTs, 𝐼𝐷, 𝑉𝐷
and 𝑉𝐺 are frequently expressed and represented with negative values.
The best way to cope with this sign difference for P-type TFTs is: (i)
to change the sign of the experimental values of 𝐼𝐷, 𝑉𝐷 and 𝑉𝐺, (ii) to
work with the equations of the model like a N-type transistor, and (iii),
when all the analysis is finished, to change again the sign of 𝐼𝐷, 𝑉𝐷 and

𝑉𝐺 and also the sign of the resulting values of 𝑉𝑇 and 𝑉𝑆𝑆 .
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Fig. 3. (a),(b) Comparison of experimental output characteristics of a pentacene
ased field effect device [50] (symbols), with our calculations (solid lines), using the
arameters of Table 1 and the time evolution of (c) 𝑄𝑡𝐿1

, (d) 𝑉𝑇 and (e) 𝑉𝑆𝑆 described
y relations (12), (13) and (15). The dashed lines correspond to 𝑉𝑆 described by model
3). The evolution of 𝑄𝑡𝐿1

, 𝑉𝑇 and 𝑉𝑆𝑆 are deliberately not shown during the waiting
imes (𝑡ℎ𝑜𝑙𝑑 = 3 s) at 𝑉𝐷 = 0 V. Exponential decays following (17) would appear in the
lank gaps connecting the final and initial ends of the successive 𝐼𝐷 − 𝑉𝐷 sweeps. 𝑉𝐺
s swept from OFF-to-ON and back from ON-to-OFF following this sequence of values:
20, −40, −60, −80 V (depicted in (a)), −60 and −40 V (depicted in (b)). Black and

ed lines in all the figures indicate that 𝑉𝐷 is swept from 0 to −80 V. Blue and green
ines indicate that 𝑉𝐷 is swept back from −80 to 0 V.

Fig. 4. (a) Comparison of experimental transfer characteristics (in linear and loga-
ithmic scales) of the pentacene based transistor of Fig. 3 [50] (symbols), with our
alculations (lines), using the parameters of Table 1 and the time evolution of (b)
𝑡𝐿1

, (c) 𝑉𝑇 and (d) 𝑉𝑆𝑆 described by relations (12), (13), (15) and (17). Black lines in
ll the figures indicate that 𝑉𝐺 is swept from +20 to −80 V; and the blue lines indicate
hat 𝑉𝐺 is swept back from −80 to +20 V. 𝑉𝐷 = −80 V.
5

Fig. 5. (a) Comparison of experimental (symbols) and our calculated (lines) 𝐼𝐷 − 𝑡
transients for the pentacene transistor of Figs. 3 and 4 monitored for 1000 s, where
𝑉𝐺 = +50 V when 𝑡 < 0; 𝑉𝐺 = −50 (red), −30 (green) and −10 V (pink) when 0 < 𝑡 < 500
s; and 𝑉𝐺 = −20 V when 𝑡 > 500. 𝑉𝐷 = −10 V. Our calculations use the parameters
of Table 1 and the evolution of (b) 𝑄𝑡𝐿1

+𝑄𝑡𝐿2
, (c) 𝑄𝑡𝐿1

, (d) 𝑄𝑡𝐿2
, (e) 𝑉𝑇 and (f) 𝑉𝑆𝑆

described by (12), (13) and (17).

5.1. Specification of the individual

Before applying the procedure, the exact relation of the device’s
parameters included in the individual 𝑥 (18) must be defined for the
specific sample and measurements to be analyzed. Table 1 shows the
relation of the parameters used in the fitting of the experimental curves
in Figs. 3(a)–3(b), 4(a) and 5(a). The checked boxes in this table point
out the parameters that are needed in the fitting of any of the three
electrical characteristics. An explanation of why these parameters are
necessary is given below.

The first point is the determination of the number of traps 𝑛𝑡𝑟𝑎𝑝𝑠 par-
ticipating in the trapping processes. It is difficult to guess the number
of traps from the output or transfer characteristics. In order to detect
the existence of different traps with short and long time constants, time
dependent current transients are needed [50]. Then, the transients can
be fitted with a second order exponential decay function [30]. From the
analysis of the experimental current transients, shown with symbols in
Fig. 5(a), two traps, 𝑛𝑡𝑟𝑎𝑝𝑠 = 2, were expected [50]. The detection of
trap #2 was possible because, in the range 500 < 𝑡 < 1000 s, the three
transients of Fig. 5(a) can be fitted with a two-term exponential decay
function such as 𝐴𝑘+𝐵𝑘 exp(−𝑡∕𝜏1)+𝐶𝑘 exp(−𝑡∕𝜏2) (𝑘 = 1...3) [50]. If 𝐴𝑘,
𝐵𝑘, 𝐶𝑘 are determined independently in each of the three transients, a
first estimation of the time constants would be 𝜏1 = 10 s and 𝜏2 = 140 s
(Fig S4a and Table S1). If a more physical condition for 𝐴𝑘 is imposed,
i.e. 𝐴𝑘 must be the same, then 𝜏1 = 100 s and 𝜏2 = 5000 s (Fig. S5 and
Table S2). These values for the time constants define a starting point
from which our procedure will search for the optimum values. The trap
#1 with the shortest time constant, 𝜏1, is considered in the analysis of

the three 𝐼𝐷−𝑉𝐷, 𝐼𝐷−𝑉𝐺 and 𝐼𝐷− 𝑡 curves (parameter 𝑥15 in Table 1).
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The trap #2, with longer time constant 𝜏2 (parameter 𝑥16 in Table 1),
s only included in the 𝐼𝐷 − 𝑡 curves, since the total measurement time
s much shorter in the 𝐼𝐷 − 𝑉𝐷 and 𝐼𝐷 − 𝑉𝐺 curves than in the 𝐼𝐷 − 𝑡
urves.

The parameters associated with the traps needed to solve Eq. (16)
re 𝛽, or 𝛽𝑟 with 𝑟 = 1, 2, and the initial value of the trapped charge
t the beginning of any experiment 𝑄𝑡𝐿(0), or 𝑄𝑡𝐿𝑟

(0) with 𝑟 = 1, 2. It
ould be desirable to use a common value for 𝛽𝑟 for all the experiments.
owever, the physical meaning of 𝛽 extracted from (A.17) would make

his parameter dependent on the local electric field along the channel.
n this sense, it is preferable to split this parameter into different
nes according to the type of experiment: (a) 𝑉𝐺 is constant and 𝑉𝐷
s variable, such as output characteristics in forward and backward
weeps (𝛽𝑟𝑜,𝑓 and 𝛽𝑟𝑜,𝑏 , respectively, for trap #r); and (b) 𝑉𝐷 is constant
nd 𝑉𝐺 is variable, such as transfer characteristics, in forward and
ackward sweeps (𝛽𝑟𝑡,𝑓 and 𝛽𝑟𝑡,𝑏 , respectively, for trap #r); and current
ransients, only in forward mode (𝛽𝑟𝑡,𝑓 for trap #r). Since trap #1
s considered in all the experiments and trap #2 only in the current
ransients, five 𝛽 parameters are needed: 𝛽1𝑜,𝑓 , 𝛽1𝑜,𝑏 , 𝛽1𝑡,𝑓 , 𝛽1𝑡,𝑏 and 𝛽2𝑡,𝑓
𝑥8,… , 𝑥12 in Table 1).

The initial value of the trapped charge also depends on the type
f experiment since the initialization routine is different (see Section
2 and Fig. S2). In the output characteristics, the value of 𝑉𝐺 is held
uring some seconds at 𝑉𝐷 = 0V, before 𝑉𝐷 is swept. At 𝑡 = 0 s,
he first value of 𝑉𝐺 is well above 𝑉𝑇 . Thus, there are free carriers
n the intrinsic channel, and traps in this region are expected to be
illed during this first hold time at the beginning of the experiment.
hen, 𝑄𝑡𝐿(0) = 𝑄𝑡𝐿,1 ≠ 0 C/cm2 for trap #1, but its value is unknown
parameter 𝑥17 in Table 1). In the transfer characteristics and current
ransients, the initial value of 𝑉𝐺 is well below 𝑉𝑇 . Thus, there are no
ree charges, the traps are empty and 𝑄𝑡𝐿(0) = 0 C/cm2 in these two
xperiments (trap #1 in the transfer characteristics and traps #1 and
2 in the current transients). Therefore, there is no need to introduce
ny additional parameter when these initial values are known.

Since the occupation of the traps is different at the beginning of the
𝐷 − 𝑉𝐷 experiment in comparison to the beginning of both 𝐼𝐷 − 𝑉𝐺
nd 𝐼𝐷 − 𝑡 experiments, the initial values of 𝑉𝑇 (0) and 𝑉𝑆𝑆 (0) must
ccordingly be different. In this regard, 𝑉𝑇𝑜 (𝑥3) and 𝑉𝑆𝑆𝑜

(𝑥5) are their
espective initial values in the 𝐼𝐷 − 𝑉𝐷 experiment, and 𝑉𝑇𝑡 (𝑥4) and
𝑆𝑆𝑡

(𝑥6) are their respective initial values in both 𝐼𝐷 − 𝑉𝐺 and 𝐼𝐷 − 𝑡
xperiments.

The rest of the parameters of the individual 𝑥 (see Table 1) are com-
on parameters to all the experiments: charge-carrier mobility related
arameters 𝜇0 and 𝛾 (𝑥1 and 𝑥2, respectively); source-contact related
arameters 𝛼𝑠 and 𝑚𝑠 (𝑥7 and 𝑥13, respectively); modulation channel
ength parameter 1∕𝜆 (𝑥18); and depletion-conduction transition related
arameter 𝑠 (𝑥14).

.2. Fitting results

Once the parameters of the individual 𝑥 (18) have been selected
or each experiment, the evolutionary parameter extraction procedure
ust search for the value of all these parameters. In order not to enlarge

he length of this paper, the main steps followed during a typical
xtraction procedure and the analyses carried out in the decision-
aking process are in the SI, in a flow chart in Fig. S3 and in Section

3. Similar steps and analyses are followed in the experiments of this
ork.

The best fitting obtained with the procedure is shown with solid
ines in the Figs. 3(a)–3(b), 4(a) and 5(a). A very good agreement
etween the experimental and simulated data has been obtained using
he parameters shown in Table 1. The common parameters extracted
or all the experiments are 𝜇0 = 1.31 cm2/Vs (𝑥1), which agrees with
he value of 𝜇0 reported in previous works [88,89]; 𝛾 ≈ 0 (𝑥2), which
s similar to 𝛾 = 0.004 reported in [38]; and 𝑚𝑠 ≈ 1 (𝑥13), indicating
6

hat the contact region is Ohmic. The voltage drop in the contact region d
akes a large part of the applied drain voltage, as can be seen in dashed
ines in Figs. 3(a)–3(b). Finally, other common parameters are the time
onstants of the traps #1 and #2 detected in the experiments, 𝜏1 = 13.23
and 𝜏2 = 1000 s, respectively. The difference between these final

alues of 𝜏1 and 𝜏2 and the starting values (extracted with the fitting
f the current transients with a two-term exponential decay function
Tables S1 and S2)) is due to the fact that our method aims, not only to
it the transients in the whole range [0, 1000] s, but also our procedure
lso fits the 𝐼𝐷−𝑉𝐷 and 𝐼𝐷−𝑉𝐺 experiments. As a test, current transients

were calculated with our model, replacing the values of 𝜏1 and 𝜏2 in
Table 1 with 𝜏1 = 10 s and 𝜏2 = 140 s. A poor fitting is expected, as
seen in Fig. S4b.

Apart from the extraction of static parameters, the main novelty of
our procedure is the extraction of the evolution of the trapped charge
density of these two traps with time (Figs. 3(c), 4(b), 5(b)–5(d)), which
modify the values of 𝑉𝑇 (12) (Figs. 3(d), 4(c), 5(e)) and 𝑉𝑆𝑆 (13)
(Figs. 3(e), 4(d), 5(f)).

The time evolution of 𝑉𝑇 during the transfer characteristic sweep,
extracted from our procedure, is shown in Fig. 4(c). Its value varies
from the initial value 𝑉𝑇𝑡 = −3.37 V (𝑥4) and a minimum value of −9.4

, near the end of the voltage sweep. This range of values of 𝑉𝑇 (𝑡)
grees with the position of the knee in the logarithmic 𝐼𝐷−𝑉𝐺 curves of
ig. 4(a), in which the slope of these curves changes from exponential
o quadratic. The detected net threshold voltage shift is around 6 V,
hich is in good agreement with the 6 V shift of the experimental

ransfer curves shown in Fig. 4(a).
The range in which 𝑉𝑇 varies during the 𝐼𝐷−𝑉𝐷 experiment is seen

n Fig. 3(d). This range is larger and different than the one seen in
ig. 4(c) for the 𝐼𝐷 − 𝑉𝐺 curves. This is due to the different duration
f these two experiments, the former being much longer than the later;
nd due to the different initialization routines (𝑉𝐺(𝑡 = 0) = −20 V for the
𝐷 −𝑉𝐷 experiment and 𝑉𝐺(𝑡 = 0) = +20 V for the 𝐼𝐷 −𝑉𝐺 experiment).
ote also that the drain current at 𝑉𝐺 = −80 V and 𝑉𝐷 = −80 V is

greater in the 𝐼𝐷 − 𝑉𝐺 experiment (Fig. 4(a)) than in the 𝐼𝐷 − 𝑉𝐷 one
(Fig. 3(a)). This can be explained with more negative values for 𝑉𝑇 in
the 𝐼𝐷 − 𝑉𝐷 experiment, thus, reducing the drain current. The drain
current in the 𝐼𝐷 − 𝑉𝐷 experiment for 𝑉𝐺 = −60 and −40 V is reduced
from OFF-to-ON (Fig. 3(a)) to ON-to-OFF (Fig. 3(b)), which justifies the
change of 𝑉𝑇 to more negative values (Fig. 3(d))

The variation of 𝑉𝑇 depicted in Figs. 3(d) and 4(c) is related to
the time evolution of the trapped charge density 𝑄𝑡𝐿(𝑡) during the
𝐼𝐷 − 𝑉𝐷 and 𝐼𝐷 − 𝑉𝐺 experiments (Figs. 3(c) and 4(b), respectively).
This trapped-charge variation corresponds to trap #1. In the 𝐼𝐷 − 𝑉𝐺
experiment, its value changes from the initial value 𝑄𝑡𝐿(0) = 0 C/cm2,
since the transistor is in deep sub-threshold region, with no holes
available to be trapped, up to a maximum value of 6.8 × 10−8 C/cm2,
near the end of the voltage sweep. This is equivalent to a variation
in the occupied traps of 4.2 × 1011 cm−2 during the 4 s experiment.
In the 𝐼𝐷 − 𝑉𝐷 experiment, the value of the initial trapped charge is
not zero because 𝑉𝐺 = −20 V and holes from the channel are trapped
during the first 3 s prior to sweeping 𝑉𝐷. The extracted initial value
is 3.23 × 10−7 C/cm2 (or 2.01 × 10−12 cm−2 initially occupied traps). It
reaches a maximum of 5.21×10−7 C/cm2 (or 3.25×1012 cm−2 occupied
traps). The mean variation of the trapped charge during any of the six
single combined forward–backward 𝐼𝐷 − 𝑉𝐷 scans of 3.2 s is around
0.9 × 10−7 C/cm2 (or 5.7 × 1011 cm−2 variation of occupied traps). The

aximum variation of trapped charge #1 during the first 5 s of the
urrent transient 𝐼𝐷 − 𝑡 (red curve in Fig. 5(c)) is 0.8 × 10−8 C/cm2 (or
maximum variation in the occupied trap #1 of 0.5 × 1011 cm−2). The

ariation in the occupied-trap density for trap #1 during the first 5 s of
he red 𝐼𝐷 − 𝑡 experiment in Fig. 5(c) is lower but consistent with the
ariations observed in the other two experiments (Figs. 3(c) and 4(b))
uring similar time intervals. These differences can be explained by the
ifferent measurement protocols (Fig. S2).

As mentioned above, trap #2 is detected only in the 𝐼𝐷−𝑡 transients

ue to its large time constant. The variation of the occupied-trap
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Table 1
Extracted values of the parameters composing the individual representation 𝑥. Checked
boxes indicate the experiment is aimed to fit. 𝜇0 is in cm2/Vs, 𝛼𝑠 is in A/V2+𝛾 , 𝑄𝑡𝐿,1 is
in C/cm2, 𝜏1 and 𝜏2 are in s, 𝑉𝑇 is in V and 𝑉𝑆𝑆 is in V.
𝑥 Value Fitting

(Parameters) 𝐼𝐷 − 𝑉𝐷 𝐼𝐷 − 𝑉𝐺 𝐼𝐷 − 𝑡

𝑥1 = 𝜇0 1.31 ⊠ ⊠ ⊠
𝑥2 = 𝛾 1.14 × 10−13 ⊠ ⊠ ⊠
𝑥3 = 𝑉𝑇𝑜 −15 ⊠ □ □
𝑥4 = 𝑉𝑇𝑡 −3.37 □ ⊠ ⊠
𝑥5 = 𝑉𝑆𝑆𝑜

14.37 ⊠ □ □
𝑥6 = 𝑉𝑆𝑆𝑡

3.62 □ ⊠ ⊠
𝑥7 = 𝛼𝑠 1.93 × 10−08 ⊠ ⊠ ⊠
𝑥8 = 𝛽1𝑜,𝑓 9.45 × 10−04 ⊠ □ □

𝑥9 = 𝛽1𝑜,𝑏 −9.81 × 10−04 ⊠ □ □
𝑥10 = 𝛽1𝑡,𝑓 −3.93 × 10−04 □ ⊠ ⊠
𝑥11 = 𝛽1𝑡,𝑏 −1.55 × 10−03 □ ⊠ □
𝑥12 = 𝛽2𝑡,𝑓 −3.73 × 10−05 □ □ ⊠
𝑥13 = 𝑚𝑠 0.98 ⊠ ⊠ ⊠
𝑥14 = 𝑠 8.32 ⊠ ⊠ ⊠
𝑥15 = 𝜏1 13.23 ⊠ ⊠ ⊠
𝑥16 = 𝜏2 1000 □ □ ⊠
𝑥17 = 𝑄𝑡𝐿,1 3.23 × 10−07 ⊠ □ □
𝑥18 = 1∕𝜆 𝜆 = 0 ⊠ ⊠ ⊠

density for this second trap (Fig. 5(d)) is almost one order of magnitude
larger than the variation of the first trap (Fig. 5(c)). It means that the
concentration of trap #2 is larger than trap #1; and trap #2 is mainly
responsible for the long term device behavior.

One interesting point that can be extracted from the fitting is the
sharp increase with rebound of the current seen in Fig. 3(a) at 𝑉𝐷 = −80

in the two upper curves (𝑉𝐺 = −60 and −80 V), just when the
backward sweeps begin. This phenomenon was also observed in the
experimental data looking closely at this point in ([50], Fig. 4). The
authors explained the increment of the current because at constant 𝑉𝐺,
when 𝑉𝐷 is more negative, trapped holes are released and the trapped
charge density decreases ([50], see also Figs. 2 and 6). Thus, the higher
number of available charge carriers increases the drain current in the
backward sweep of the output characteristics. At the same time, the
drain current tends to decrease when 𝑉𝐷 starts decreasing in the back-
ward sweep. This produces the above-mentioned rebound. The decrease
of the trapped charge density when 𝑉𝐷 is more negative, including a
rebound for the curves at 𝑉𝐺 = −60 and −80 V, is reproduced in our
simulations (Fig. 3(c)).

Another interesting point in Fig. 3 is that the drain current in
curves 𝑉𝐺 = −60 and −40 V in Fig. 3(b) is lower than in Fig. 3(a).
A lower current is explained by a lower number of available free
holes or a higher number of trapped holes. This is reproduced with
our simulations in Fig. 3(c): the trapped charge density for the cases
𝑉𝐺 = −60 and −40 V is higher in the red-green curves than in the black-
blue ones. The value of the charge density is comparable to that of the
𝑉𝐺 = −80 V curve because the trapped charges react more slowly than
the voltage scan.

6. Conclusions

A semi-empirical model that describes the evolution of the threshold
voltage and trapped charge density in OTFTs under dynamic condi-
tions was developed. It was expressed as a continuity equation for
the trapped charges in the transistor, including two main terms: a
generation-like term proportional to the drain current and a recombi-
nation term controlled by a time constant. It was included in a compact
model that evaluates the drain current in the transistor. The result-
ing model was combined with an evolutionary parameter extraction
procedure.

The procedure was tested in the experimental output and trans-
7

fer characteristics with hysteresis and current transients measured in
pentacene-based transistors. The procedure extracts the parameters
of the transistor model. Our calculations reproduce faithfully three
different kinds of experiments at the same time, as well as provides
information about the evolution of the trapped charge and threshold
voltage over all measurements. The complete evolution of the trapped
charge and threshold voltage is a step forward in the understanding of
phenomena that take place in transistors with hysteresis.

One of the issues that require further investigation is to gain phys-
ical insight on the parameters that control the continuity equation for
the trapped charges in the transistor, in particular on the proportional
constant 𝛽 that multiplies the drain current in this equation, since
different values of this parameter were required to fit different exper-
iments. Most probably, this parameter should take into account the
trap distribution, thus being dependent not only on the current, but
also on the already trapped charge and the applied voltages. In this
regard, being able to model the behavior of this parameter would allow
decision makers to extract more reliable and higher quality information
on the impact of hysteresis on OTFTs.
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ppendix A. Justification of the model

Consider an electron (or hole) deep trap distributed uniformly in the
emiconductor of an N-type (P-type) Thin Film Transistor (TFT) with a
oncentration per unit volume 𝑁𝑇 . In the following, we refer only to
lectrons and electron traps in a N-type TFT, although the study can
lso be applied indistinctly to holes and hole traps in a P-type TFT.
he concentration per unit volume of occupied traps is 𝑛𝑇 , 𝑐𝑛 is the
lectron capture coefficient, 𝑒𝑛 is the electron emission coefficient, and
is the electron density. The net rate of occupied deep traps is given

y
d𝑛𝑇
d𝑡

= 𝑐𝑛𝑛(𝑁𝑇 − 𝑛𝑇 ) − 𝑒𝑛𝑛𝑇 . (A.1)

If this deep trap is located in the intrinsic n-channel of a TFT, in which
a large concentration of free charge electrons exists and 𝑐𝑛𝑛 ≫ 𝑒𝑛, then
(A.1) can be reduced to
d𝑛𝑇
d𝑡

≈ 𝑐𝑛𝑛(𝑁𝑇 − 𝑛𝑇 ). (A.2)

Consider a section of this TFT of length 𝑑𝑥 with a semiconductor
layer of thickness 𝑦𝑚𝑎𝑥 (Fig. 6). For a gate voltage 𝑉𝐺, the free charge
carriers are located at the bottom of the semiconductor channel in the
region [0, 𝑦𝐺 = 𝑦𝐺(𝑉𝐺)]. The traps are able to be filled in the range
[0, 𝑦𝐺] in which free charge carriers are available, and are empty
elsewhere.

Integrating (A.2) in the range [0, 𝑦𝑚𝑎𝑥], different definitions of den-
sities per unit area can be obtained:
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Fig. 6. Section of the TFT channel with occupied and empty traps.

ree charge density per unit area.

𝑥 = 𝑞 ∫

𝑦𝑚𝑎𝑥

0
𝑛d𝑦 = 𝑞 ∫

𝑦𝐺

0
𝑛d𝑦 + 𝑞 ∫

𝑦𝑚𝑎𝑥

𝑦𝐺
𝑛d𝑦

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
0

= 𝑞 ∫

𝑦𝐺

0
𝑛d𝑦, (A.3)

here 𝑞 is the charge of the free carrier, and 𝑛 = 0 in [𝑦𝐺 , 𝑦𝑚𝑎𝑥] because
he free charges are available only in [0, 𝑦𝐺].

oncentration of occupied traps per unit area.

𝑡 = ∫

𝑦𝑚𝑎𝑥

0
𝑛𝑇 d𝑦 = ∫

𝑦𝐺

0
𝑛𝑇 d𝑦 + ∫

𝑦𝑚𝑎𝑥

𝑦𝐺
𝑛𝑇 d𝑦

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
0

= ∫

𝑦𝐺

0
𝑛𝑇 d𝑦, (A.4)

here 𝑛𝑇 = 0 in [𝑦𝐺 , 𝑦𝑚𝑎𝑥] because the absence of free charge carriers
eans that the traps are not charged.

rapped charge density per unit area.

𝑡 = 𝑞𝑛𝑡 (A.5)

ean value of the trapped charge density.

𝑡𝐿 = 1
𝐿 ∫

𝐿

0
𝑄𝑡d𝑥 (A.6)

Once the previous concepts have been introduced, two completely
ifferent scenarios are presented for relation (A.2) in the semiconductor
f a TFT, as can be seen in Fig. 2.
(i) 𝑉𝐷 = 0V, and thus, the drain current 𝐼𝐷 = 0A (Fig. 2(a)).

he free charges are confined in a layer of thickness 𝑦𝐺 uniformly dis-
tributed along the channel length 𝐿 of the transistor. The distribution of
trapped charges is also uniform. Integrating (A.2) in the range [0, 𝑦𝑚𝑎𝑥]
results:

∫

𝑦𝑚𝑎𝑥

0

d𝑛𝑇
d𝑡

d𝑦 ≈ ∫

𝑦𝑚𝑎𝑥

0
𝑐𝑛𝑛𝑁𝑇 d𝑦 − ∫

𝑦𝑚𝑎𝑥

0
𝑐𝑛𝑛𝑛𝑇 d𝑦, (A.7)

d𝑛𝑡
d𝑡

≈ ∫

𝑦𝐺

0
𝑐𝑛𝑛𝑁𝑇 d𝑦 − ∫

𝑦𝐺

0
𝑐𝑛𝑛𝑛𝑇 d𝑦. (A.8)

ssuming that the free charge carriers thermalize quicker than the
rapped charge, a time constant can be defined as 𝜏 = 1∕(𝑐𝑛𝑛). Then,
A.8) multiplied by 𝑞 can be written as:
d𝑛𝑡
d𝑡

≈
𝑞𝑁𝑇 𝑦𝐺

𝜏
−

𝑞𝑛𝑡
𝜏

, (A.9)

d𝑄𝑡
d𝑡

≈
𝑄𝑡0
𝜏

−
𝑄𝑡
𝜏
, (A.10)

where 𝑄𝑡0 = 𝑄𝑡0(𝑉𝐺) = 𝑞𝑁𝑇 𝑦𝐺. This equation means that variations
in the trapped charge are produced only by changes in 𝑉𝐺. Once 𝑉𝐺
changes, the trapped charge evolves to a new steady state, 𝑄𝑡(𝑡 → ∞) =
𝑞𝑁𝑇 𝑦𝐺, at a rate controlled by the time constant 𝜏.

Integrating (A.10) along the channel length 𝐿 and using (A.6)
results in:
d𝑄𝑡𝐿
d𝑡

≈
𝑄𝑡0
𝜏

−
𝑄𝑡𝐿
𝜏

, (A.11)

which coincides with (14) in the main text.
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(ii) 𝑉𝐷 ≠ 0 and 𝐼𝐷 ≠ 0 (Fig. 2(b)). The distributions of free and
trapped charges are not uniform across the channel length 𝐿 of the
transistor. Variations in the trapped charge are produced by changes
in the gate or drain voltages bringing the transistor into a new steady
state. In this case, the integration of (A.2) shown in (A.8), is treated in
a different way. In order to take into account the non-uniformity of the
distribution of free charge carriers along the channel and the flow of
these free charges through the channel, (A.8) is transformed into:
d(𝑞𝑛𝑡)
d𝑡

≈ 𝑐𝑛𝑁𝑇 ∫

𝑦𝐺

0
𝑞𝑛d𝑦 − ∫

𝑦𝐺

0

𝑞𝑛𝑇
𝜏

d𝑦, (A.12)

d𝑄𝑡
d𝑡

≈ 𝑐𝑛𝑁𝑇𝑄𝑥 −
𝑄𝑡
𝜏
, (A.13)

n which definitions (A.3)–(A.5) have been introduced.
Integrating (A.13) along the channel length 𝐿 and using (A.6)

esults:
d𝑄𝑡𝐿
d𝑡

=
𝑁𝑇 𝑐𝑛
𝐿 ∫

𝐿

0
𝑄𝑥𝑑𝑥 −

𝑄𝑡𝐿
𝜏

. (A.14)

Taking the expression for the current per unit width [46]
𝐼𝐷
𝑊

= 𝑄𝑥𝜇𝑥|𝐸𝑥|, (A.15)

and introducing it into (A.14), the next relation is obtained:

d𝑄𝑡𝐿
d𝑡

=
𝑁𝑇 𝑐𝑛𝐼𝐷
𝐿𝑊 ∫

𝐿

0

1
𝜇𝑥|𝐸𝑥|

d𝑥 −
𝑄𝑡𝐿
𝜏

. (A.16)

ow, defining 𝛽 as

𝛽 =
𝑁𝑇 𝑐𝑛
𝐿𝑊 ∫

𝐿

0

1
𝜇𝑥|𝐸𝑥|

𝑑𝑥, (A.17)

relation (A.14) can be written as:
d𝑄𝑡𝐿
d𝑡

= 𝛽𝐼𝐷 −
𝑄𝑡𝐿
𝜏

, (A.18)

which is the same as (16) in the main text. Note that 𝛽 can be seen as
a proportionality constant that modulates 𝐼𝐷.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.orgel.2024.107048.
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