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Abstract

In this work, we propose an unified compact model, which includes the effects of both source and drain contact regions, to describe
the electrical characteristics of staggered thin film transistors (TFTs). The model is based on a generic drift analytical expression
that describes the intrinsic channel of the transistor. Despite the distributed two-dimensional nature of the contacts in staggered
configurations, two-terminal components are usually preferred to model the source and drain contact regions. In this regard, a model
based on versatile simple expressions that describe the current-voltage relations of both contact regions are proposed in this work.
These expressions are based on the physics underlying a metal-organic-metal structure. They can be adapted to different transport
conditions, such as ohmic, space-charge-limited transport or Schottky-like contacts. This adaptation is controlled with the value of
a single parameter that modifies the concavity or convexity of these expressions. The model works together with an evolutionary
parameter extraction procedure, presented in a previous work for TFTs with negligible drain contact effects, and adapted here to
this proposed model for staggered transistors. The results of the model and the evolutionary procedure have been validated with
published experimental data of different TFTs, mostly organic thin film transistors (OTFTs). The model and evolutionary procedure
agrees with other procedures tested successfully in the literature which were defined to cope with specific kinds of contacts in the
TFTs. In this regard, our model and evolutionary parameter extraction procedure unify these previous procedures.

Keywords: Compact modeling, contact resistance, evolutionary parameter extraction method, modeling contact effects, thin-film
transistors (TFTs)

1. Introduction

OTFTs are essential building blocks for the organic elec-
tronics, which are actively pursued for low-cost, large-area ap-
plications such as wearable and disposable electronic devices,
flexible displays, sensors and logic circuits. The OTFT is a
field-effect transistor (FET), with electrical characteristics sim-
ilar to a MOSFET. However, compared with the crystalline-
semiconductor counterparts, OTFTs have two serious perfor-
mance limitations: a poor charge transport and a large voltage
drop at the contact regions. This last limitation strongly affects
short channel-length transistors. Therefore, efforts to achieve
better static and dynamic OTFT performance are continually
being researched [1, 2].

In OTFTs, free charges injected through the source are trans-
ported along three main regions of the device: the intrinsic or
accumulation channel located in the organic material and close
to the gate insulator, and the two contact regions located in the
semiconductor close to the source and drain electrodes. OTFTs
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are usually fabricated in two different configurations: coplanar
and staggered. In the first one, the source and drain electrodes
and the intrinsic channel are aligned in parallel to the gate in-
sulator. In the second case, the source and drain electrodes and
the intrinsic channel are located on opposite sides of the organic
layer.

In OTFTs, much attention has been paid in the past to de-
scribe the contact effects in OTFTs and to include these effects
in the transistor’s electrical model in order to accurately repro-
duce the experimental current-voltage characteristics of both
staggered [3–7] and coplanar [8–21] devices. Overall, the volt-
age drop at the contacts of OTFTs is dominated by the source
electrode as potentiometry measurements showed in Ref. [22].
This simplifies the modeling and characterization of OTFTs
since the voltage drop at the drain contact is negligible and no
parameters associated with this contact are necessary. How-
ever, this is not always the case, as was detected in staggered
configurations with thick semiconductor layers [3, 4, 23].

In staggered configurations, current crowding occurs and the
main contribution to the contact resistance can come from the
bulk region far from the metal-semiconductor contact [24]. In
these cases, the voltage drop at the drain contact region can be
the same as the voltage drop at the source contact, and even
greater for much thicker semiconductors [3]. The analysis of
these OTFTs is more complex since the drain and source con-
tact regions do not affect the electrical characteristics of the

Preprint submitted to Organic Electronics November 4, 2022



transistor in the same way. Actually, the saturation drain current
of an OTFT is affected only by the intrinsic OTFT parameters
and the source contact, but not by the drain contact [7].

The inverted staggered [bottom-gate top-contact (TC)] con-
figuration is known to provide better performance than the
inverted coplanar [bottom-gate botom-contact (BC)] structure
[25, 26]. Numerical simulations and experimental works
showed that the inverted staggered structure has a lower contact
resistance than the inverted coplanar structure [25–29]. Never-
theless, most OTFTs have been fabricated in BC configurations
because of the process difficulty of making source/drain (S/D)
metal electrodes on top of the organic semiconductor layer with
precise patterning [30, 31]. Recent advances on inkjet contact
metallization on printed polymer semiconductors can reverse
this trend in favor of staggered TFTs [32]. In order to be pre-
pared for this scenario, a proper model to describe the staggered
configuration is necessary, despite it being more complex model
with more parameters.

So far, there are many approaches to describe the staggered
configuration as well as different transport mechanisms that af-
fect the contact region. These mechanisms include ohmic trans-
port, space-charge-limited transport or injection-limited trans-
port. In addition, the gate-voltage dependence of the carrier
mobility and the contact resistance result in different modeling
proposals [3–7].

Our aim is not to propose one additional model for staggered
OTFTs, but to to integrate the existing ideas in one single model
that is compatible with the coplanar configurations. Our moti-
vation is from a recent observation by some researchers which
stating that the lack of a standard compact model, which ef-
fectively brings together the device- and system-level develop-
ment, is one of the reasons why the OFET technology remains
at a relatively low technological level [33]. Nevertheless, a ver-
satile model for the contact region of OTFTs was recently de-
veloped and tested in both coplanar and staggered OTFT con-
figurations in which the voltage drop at the drain contact is
negligible [20]. It reproduces the behavior of Schottky-barrier,
space-charge-limited and ohmic contacts. It was incorporated
in a generic analytical model that describes the current-voltage
characteristics of OTFTs, and it is associated with an evolution-
ary parameter extraction method. However, this model poses
some limitations when analyzing staggered configurations in
which the drain contact resistance (RD) can not be ignored.

In this work, we use this model and its associated evolu-
tionary parameter extraction method [20] as a starting point,
in which ideas extracted from previous models of staggered
OTFTs are now incorporated.

2. Models for staggered OTFTs

Very often, authors propose to divide the source and drain
contact regions of staggered OTFTs into two different parts, an
access region, close to the metal organic interface whose elec-
trical behavior is gate-voltage independent, and a farther region
from this interface but close to the intrinsic channel which does
depend on the gate voltage [3, 5, 6, 34]. Nevertheless, their
approaches to model the electrical characteristics of the OTFTs

Figure 1: Schematic of inverted-staggered TFTs. The values of the gate-
terminal voltage (VG), and the drain-terminal voltage (VD) are referred to the
source-terminal voltage (ground). The active layer is divided into three regions:
the source region, the intrinsic-channel region, and the drain region. Each re-
gion is modeled in this work with a two-terminal element, avoiding the 2D
character of the source–drain current, illustrated with arrows.

differ. Some authors model the contact regions with linear com-
ponents [3, 6] or with non-linear ones [5]. In this last case [5],
the authors divided the access region into two parts in order to
distinguish between charge injection (described with a power
law) and space-charge-limited transport (described with Child’s
law). The charge injection is assumed to occur only from the
source contact, and not from the drain contact [5].

Most of the approaches consider independent models for
the source and drain contact regions [3–5]. Other approaches
gather the effects of both the source and drain contacts into a
unique contact resistance, in order to pay attention to a power-
law dependence with the gate voltage of both the carrier mo-
bility and the contact resistance [6]. Other authors do not dis-
tinguish between access and bulk regions [4], but pay special
attention to the distributed effect of the current crowding in the
contact region. They divide it as a parallel combination of con-
ducting vertical channels that connect the top (bottom) contact
with the intrinsic channel which lies horizontally on the bot-
tom (top) part of the device [4]. In that work, the transport
in any of these elemental vertical channels was attributed to a
space-charge-limited regime. Interestingly, the results of this
distributed model are explained later by using the contact resis-
tance concept. As a consequence of their non-linear distributed
model, the drain and source contact resistances vary with the
drain voltage [4].

The reduction of a distributed two-dimensional (2D) model
for the contact region into a 1D model, in which the contact
region is seen as a two-terminal element is extensively found
in the literature [6–8, 35–38]. This approach greatly simplifies
the overall electrical model of the transistor. This two-terminal
element can be a resistor [6], and also a non-linear component
in case the current-voltage characteristics of the contact region
are non-linear [7].

With these ideas in mind, we consider the staggered config-
uration of Figure 1 divided into three parts, and each part is
described with a two-terminal component. Two of them model
the current-voltage characteristics of the source and drain con-
tact regions, and the third one models the intrinsic-channel.
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2.1. Model for the intrinsic-channel
This last region is usually described with a generic charge

drift model as [8, 10, 17, 19, 23, 38–43]:

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, VG the gate terminal volt-
age, and VS and VD′ are the values of the potential at the edges
of the intrinsic channel in contact with the source and drain re-
gions, 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). W and L are 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 region of the TFT, µ0 is the mobility-related
parameter expressed as cm2/(V1+γs), and γ is the mobility en-
hancement factor, suggested to depend on the characteristic en-
ergy width E0 = kT0 of an exponential tail distribution of the
density of states (DOS) and the absolute temperature T , and
γ = 2(T0/T − 1) [44]. In order to provide a single value for
the voltage dependent 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.

In order to compute the model for the intrinsic channel
(1), the voltage drop at the source and drain contacts, VS =

VS (ID,VG) and VDD′ = VDD′ (ID,VG,VD), respectively, must be
known. In the following sections, models for these relations
VS = VS (ID,VG) and VDD′ = VDD′ (ID,VG,VD) are presented.

2.2. Model for the injection electrode
Models that describe the current-voltage characteristics of

the source contact region has been studied in OTFTs in which
the source contact region is dominant. A versatile model that
is capable of describing both space-charge-limited transport in
low energy contact-barriers [13] and injection-limited transport
in Schottky barriers [38, 45–47] was recently proposed in [20].
The model is reduced to the following simple expression:

ID = MS × VS
ms ,

∀ms ∈ Z : 0 < ms ≤ 2,
(3)

where the value of the parameter ms makes the model (3) dis-
cern between space-charge-limited transport [1 ≤ ms ≤ 2, with
(3) being a concave function] and injection-limited transport in
Schottky barriers [0 < ms < 1, with (3) being a convex func-
tion]. Two particular values are ms = 2, in which (3) reduces to
the classical Child’s law; and ms = 1, in which ID and VS are
linearly related and the contact is ohmic:

ID = VS /RS . (4)

In this last case, the parameter MS coincides with the contact
conductance: MS = 1/RS , and MS is usually gate-voltage de-
pendent. Works analyzing ohmic contacts [6] or non-linear
ones justify this dependence with the gate voltage [13]. In
OTFTs free of hysteresis and local non-uniformities in the con-
tact regions [11, 12, 15, 17–19], the next model is used to in-
clude the dependence of MS with VG: [13]:

MS = αs(VG − VT )1+γ, (5)

where αs is a proportionality constant. The subthreshold regime
can be incorporated into (5) by an asymptotically interpolation
function [19]:

MS = αs

{
VS S ln

[
1 + exp

(
VG − VT

VS S

)]}1+γ

. (6)

Note that (5) can be rewritten as a linear function of VG:

MS
1/(1+γ) = α

1/(1+γ)
s VG − α

1/(1+γ)
s V̂T , (7)

where V̂T would be the estimation of VT , in case values of
MS

1/(1+γ), extracted from experimental data, could be repre-
sented as a function of VG. Moreover, if device parameters were
known and the value of VS could be extracted from (1) as

VS = VG − VT − VS S

× ln

exp


(

IDL(γ+2)
Wk0

+ VEODR(VD′ )(γ+2)
) 1
γ+2

VS S

 − 1

 , (8)

then, the value of VS from (8) should coincide with the one
calculated with model (3).

2.3. Model for the drain contact voltage
As mentioned above, the drain contact, like the source con-

tact, when seen as a two-terminal component, can be described
by different expressions depending on the dominant transport
mechanism [4, 7]. However, unlike the source contact, no
unique versatile function exists to be applied to any kind of
drain contact. Versatile model (3) has been successfully tested
for the source contact of OTFTs in which the drain contact volt-
age is negligible. Based in the source contact model (3), we
propose a similar expression for the drain contact region:

ID = MD × VDD′
md ,

∀md ∈ Z : 0 < md ≤ 2,
(9)

where md defines the degree of convexity (0 < md < 1) or
concavity (1 ≤ md ≤ 2) of (9). The particular case md = 1
would correspond to an ohmic drain contact [4] and 1/MD ≡ RD

would represent the drain contact resistance, and therefore:

ID = VDD′/RD. (10)

The drain and source contact resistances in staggered config-
urations were proposed to have two terms, in agreement with
the current crowding model: a first one associated to a constant
access resistance and a second one associated to a gate voltage
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dependent bulk resistance [6]. The first is usually negligible
except at high gate voltages as the gateable bulk resistance di-
minishes with the gate voltage [6, 48]. Note that the source con-
tact conductance MS (5)-(6) is a function on the gate voltage.
This electric field dependence of MS was physically justified
for 1 ≤ ms ≤ 2 (space-charge-limited contacts) [13] and as-
sumed and checked for 0 < ms < 1 (Schottky contacts) [20]. In
agreement with these previous works, MD in (9) is expected to
have a similar gate voltage dependence as MS . However, note
that the electric field and gate-induced charges at the drain side
is reduced as the drain voltage increases. Greater drain contact
resistances than source contact resistances have been detected
when the drain voltage increases, while keeping VG as constant
[4]. Thus, any dependence of MD with the electric field should
include a dependence with the difference VG − VD, or at least
with VG − kdVD, where kd ∈ [0, 1] is a modulating factor con-
trolling the VD-dependence of MD. In this regard, we propose
the following expression for the parameter MD:

MD = αd

{
VS S ln

[
1 + exp

(
VG − kdVD − VT

VS S

)]}1+γ

, (11)

with αd being a proportionality constant. As in the source con-
tact region, the VDD′ value computed with model (9) should be
consistent with the VDD′ value extracted from (1):

VDD′ = VD − VG + VT + VS S

× ln

exp


(
VEODR(VS )(γ+2) −

IDL(γ+2)
Wk0

) 1
γ+2

VS S

 − 1

 . (12)

3. Evolutionary Parameter Extraction Procedure

Once the model for staggered OTFTs has been presented,
which consists of equations (1), (3) and (9), output and transfer
characteristics of staggered devices can be calculated using the
bisection method [49]. The computation procedure is described
in [17, 50]. The next step is its validation with different OTFTs,
aiming to reproduce published experimental measurements.

In order to compare experimental and numerical results, a
parameter extraction procedure is needed. We consider an evo-
lutionary parameter extraction procedure that was developed
for OTFTs in which the drain contact effects were negligible
[17, 19–21, 50]. It requires only one set of output characteristics
to extract the device parameters. Moreover, it is used in com-
bination with an open source evolutionary tool called ECJ (A
Java-based Evolutionary Computation Research System) [51].
This tool has been run in a Windows 10 PC with a Intel Core
i7-8750H CPU (2.2GHz). It was executed using all cores (6
cores/12 threads).

This procedure is redefined to the new constraints that the
drain contact region imposes, basically the adaptation to ex-
pressions (1), (3) and (9). For the sake of clarity, the main steps
of this procedure are described below.

3.1. Individual Representation

The procedure is based on a set of experimental output
characteristics ID = ID(VGi ,VD j ), where i ∈ Z : 1 ≤ i ≤ g and
j ∈ Z : 1 ≤ j ≤ d, and g and d are the total number of discrete
values of VG and VD, respectively. The numerical estimation of
ID with (1), (3) and (9) is named ÎD(VGi ,VD j , x); the numerical
estimation of the voltage drop at the source contact region VS

with (8) is named V̂S (VGi ,VD j , x); and the numerical estimation
of the voltage drop at the drain contact region VDD′ with (12)
is named V̂DD′ (VGi ,VD j , x), where x is called individual of the
population and is the set of parameters needed to compute (1),
(3) and (9); (8); or (12).

Since the linear relation (7) was obtained assuming that the
OTFT is free of local non-uniformities in the contact regions,
then, the set of parameters included in this individual depends
whether this condition is fulfilled or not. In the first case:

x = (k0, γ,VT ,VS S ,ms, αs,md, αd, kd), (13)

otherwise, the parameter MS must be extracted for each VG and
MS will be part of the individual x, instead of αs:

x = (k0, γ,VT ,VS S ,ms,MS (VG1 ), . . . ,MS (VGg ),md, αd, kd).
(14)

Such distinction is not applied to the drain contact region due
to the empirical meaning of (11) and the dependence of MD on
both VG and VD, which would make necessary the inclusion of
g × d different parameters in the individual, and would slow
down the extraction procedure [17].

3.2. Fitness Function

The evolutionary parameter extraction procedure solves a
many-objective problem (MaOP) with three objectives, in or-
der to find the values of the set of parameters in x:

(O1) to minimize the error between the experimental val-
ues of ID(VGi ,VD j ) and their estimation from (1), (3) and (9)
ÎD(VGi ,VD j , x);

(O2) to minimize the error between the voltage drop in the
source contact region VS (VGi ,VD j , x) calculated from (3), and
its estimation V̂S (VGi ,VD j , x) extracted from (8).

(O3) to minimize the error between the voltage drop in the
drain contact region VDD′ (VGi ,VD j , x) calculated from (9), and
its estimation V̂DD′ (VGi ,VD j , x) extracted from (12).

The Normalized Root Mean Squared Error (NRMSE) is used
to estimate errors (O1), (O2) and (O3)[52]:

NRMSE(y, ŷ) =

√√√√√√√√√√√ w∑
z=1

(yz − ŷz)2

w∑
z=1

(yz − ȳ)2

(15)

where y represents the data set that we want to accurately ap-
proximate, ŷ is the estimation of y, w is the number of data
samples in y, and ȳ is the mean value of the complete data set y.
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Thus, our minimization MaOP, named O, is defined as
O = (O1,O2,O3), where

O1(x) = NRMSE
(
ID(VGi ,VD j ), ÎD(VGi ,VD j , x)

)
,

O2(x) = NRMSE
(
VS (VGi ,VD j , x), V̂S (VGi ,VD j , x)

)
,

O3(x) = NRMSE
(
VDD′ (VGi ,VD j , x), V̂DD′ (VGi ,VD j , x)

)
,

∀i ∈ Z : 1 ≤ i ≤ g,∀ j ∈ Z : 1 ≤ j ≤ d
(16)

Objective (O1) allows us to accurately reproduce the exper-
imental output and transfer characteristics with our model, us-
ing the parameters coded in x. Objectives (O2) and (O3) check
whether the trend of the current-voltage curves at the contacts,
ID − VS and ID − VDD′ , extracted from (8) and (12), respec-
tively, along with the parameters coded in x, are physically
valid. Note that this procedure reduces to the one previously
developed in OTFTs with negligible drain contact effects, [20]
by setting VD′ = VD (VDD′ = 0). In that situation, objective (O3)
is not necessary.

4. Results

The functionality of compact model for staggered TFTs with
contact effects (1), (3) and (9) and its associated parameter ex-
traction evolutionary procedure (Section 3) are now tested. Ex-
perimental I − V characteristics of different TFTs are repro-
duced with our model. We have chosen staggered TFTs with
different kinds of contacts which were described with different
functional expressions in other publications [4, 23]. We show in
this section that our model unifies the previous different models
described so far.

4.1. Ohmic contacts
In this experiment, the measured I − V characteristics of two

different top-gate bottom-contact Zinc Oxide (ZnO) TFTs [23]
are reproduced with our model. In both cases, the contacts show
an ohmic behavior. However, in one transistor, a ZnO TFT with
equal geometric overlaps between the gate-and-S/D electrodes
the drain contact resistance is negligible. In the second transis-
tor, both contacts show a symmetrical response. This is a ZnO
TFT that replaces the gate-to-drain overlap with a geometric
gate-to-drain gap (LGD) in the channel (the analyzed case cor-
responds to LGD = 0, zero-offset) [23, Fig. 1]. The S/D metal
contacts are Ru/Ru and Ru/Au, respectively.

Both ZnO TFTs were concurrently fabricated on an isolated
silicon/silicon oxide/silicon nitride wafer with a five-layer pro-
cess. Ru (15 nm) and Au (12 nm) were successively deposited
and patterned as the S/D bottom metal contacts. Subsequently,
ZnO (20 nm thick) was grown as the active channel layer us-
ing thermal atomic layer deposition. The gate insulator was
a deposited 10 nm thick hafnium oxide (HfO2) layer. Ru (80
nm thick) was sputtered and patterned with lift off afterwards
to form the gate. Both TFTs have a channel width and length
of 50 and 32 µm, respectively. A complete description of the
electrode deposition, substrate cleaning and surface passivation
procedures can be found in Ref. [23].
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Figure 2: (a) Output and (b) transfer characteristics for a Ru/Ru staggered ZnO
TFT (experimental data [23] shown with symbols and our calculations using
(1), (3) and VDD′ ≈ 0 with solid lines). The black circles of (a) and (b) are the
same measurements. (c) Current–voltage curves extracted from (8) (symbols)
and from (3) (solid lines). In (a) and (c), VG is swept from 2 (bottom) to 3.5 V
(top) with a 0.5 V step. (d) Width-normalized RS values for the Ru/Ru stag-
gered ZnO TFT extracted from our procedure (empty circles) and from [23]
(solid circles).

4.1.1. Negligible drain contact
Here, the experimental output and transfer I − V characteris-

tics of the Ru/Ru staggered ZnO TFT are studied (symbols in
Figs. 2a and 2b, respectively). The evolutionary procedure is
applied to the ID − VD curves shown with symbols in Fig. 2a.

The most accurate result provided by the evolutionary pro-
cedure is depicted with solid lines in Figs. 2a and 2b, show-
ing a good agreement with experimental data (symbols). Note
that the experimental transfer characteristics (open circles in
Fig. 2b) and the experimental values extracted from the out-
put characteristics (solid circles in Figs. 2a and 2b) differ a
little. This may be due to charge trapping delays in the de-
vice. Also note that our procedure uses the experimental output
characteristics to extract the parameters of the transistor. Thus,
our calculations will fit better the solid circles than the open
circles, which were measured in a separate experiment. The
comparison of our calculations with experimental transfer char-
acteristics is only to show the accuracy of our procedure. The
parameters of the model extracted in this procedure are shown
in Table 1. Note that no parameters related to the drain con-
tact region appear in this table, since this solution converged
to VDD′ ≈ 0 (negligible drain contact effects). Regarding the
source contact, the parameter MS follows the trend given in (7).
Thus, (13) was used, modeling the source contact with param-
eters ms and αs. The current–voltage curves extracted from the
procedure are depicted in Fig. 2c [symbols if extracted with
(8) and solid lines when extracted from (3)]. They are linear
relations (ms = 1). Thus, the source contact can be modeled by
VG-dependent resistances RS (VG). These values are calculated
with (6) and RS = 1/MS and represented with empty circles in
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Table 1: Extracted parameter sets for the Ru/Ru staggered ZnO TFT of Fig. 2.

x This work [23]
k0 [A/V2+γ] 7.19 × 10−07 3.58 × 10−07

γ 0.12 0.60
VT [V] 0.93 0.54
VS S [V] 0.363 0.161
ms 1.00 −

αs [A/V2+γ] 4.43 × 10−06 −
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Figure 3: (a) Output and (b) transfer characteristics for a Ru/Au zero-offset
TFT (experimental data [23] shown with symbols and our calculations using
(1), (3) and (9) with solid lines). The black circles of (a) and (b) are the same
measurements. (c) Current–voltage curves at the source contact extracted from
(8) (symbols) and from (3) (solid lines). (d) Current–voltage curves at the drain
contact extracted from (12) (symbols) and from (9) (solid lines). In (a), (c) and
(d), VG is swept from 2 (bottom) to 3.5 V (top) with a 0.5 V step.

Fig. 2d. The solid circles correspond to the values extracted
in Ref. [23], showing a good agreement with our results. The
values of remaining parameters (k0, γ, VT and VS S ) also agree
with those obtained in [23] (also shown in Table 1). This agree-
ment is not surprising, since both cases make use of (1) for the
intrinsic channel, a resistor for the source contact region and a
negligible drain contact resistance.

The small differences in the parameter values are only at-
tributed to the extraction procedure. In [23], they modeled the
contacts with parasitic transistors described with I − V charac-
teristics similar to (1) [23]. They have to discern whether the
parasitic transistors operate in accumulation or fully depletion
in order to simplify their analytical expressions of their model.
Our search method automatically converges to the best solu-
tion, finds how the source and drain regions are operating, and
extracts the ID − VS curves, as represented in Fig. 2c.
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Figure 4: Width-normalized (a) source and (b) drain contact resistances as a
function of the gate voltage for the Ru/Au zero-offset TFT. Our results are
shown with empty symbols and those from [23] with solid symbols. RD is
evaluated at VD = 1 V.

Table 2: Extracted parameter sets for the Ru/Au zero-offset ZnO TFT of Fig. 3.

x This work [23]
k0 [A/V2+γ] 3.43 × 10−06 5.14 × 10−07

γ 1.97 × 10−16 0.40
VT [V] 1.32 1.10
VS S [V] 0.23 0.15
ms 1.00 −

αs [A/V2+γ] 1.58 × 10−06 −

md 1.00 −

αd [A/V2+γ] 9.14 × 10−07 −

kd 2.02 × 10−02 −

4.1.2. Symmetrical source and drain contact effects
Next, we analyzed the experimental I − V characteristics of

the Ru/Au zero-offset TFT (Figs. 3a and 3b). The evolution-
ary procedure analyzes the experimental ID − VD curves of Fig.
3a (symbols). The best fitting with solid lines in the same fig-
ure showed an excellent agreement. The parameter MS is ini-
tially assumed to follow the trend given in (7). Thus, (13) is
used, modeling the source contact with parameters ms and αs.
The values of the extracted parameters are shown in Table 2
and the current-voltage curves at both contacts are shown in
Figs. 3c and 3d. Both sets of curves are linear (ms = md = 1).
Thus, gate voltage dependent contact resistances can be deter-
mined. RS (VG) can be obtained with (6) and RS = 1/MS and
RD(VG,VD) can be calculated with (11) and RD = 1/MD. They
are represented with empty circles in Figs. 4a and 4b, respec-
tively, with RS being lower than RD.

The RS values determined with our procedure (empty sym-
bols in Fig. 4a) are almost one order of magnitude greater than
those obtained in [23] (solid symbols). This is consistent with
the also greater value of the carrier mobility extracted with our
method (5.544 cm2/Vs) when compared with the one estimated
in [23] (0.83 cm2/Vs). Moreover, our result states that there
is no VG-dependence of µ (γ ≈ 0), in contrast to Ref. [23]
(γ = 0.4).

The values of the parameters VT and VS S are similar to the
ones extracted in Ref. [23] (Table 2), and the values of the drain
contact resistance RD are almost identical (Fig. 4b).
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Figure 5: (a) Output and (b) transfer characteristics of two pentacene OTFTs
with different gate lengths (experimental data [4] shown with symbols and our
calculations with (1), (3) and (9) with solid lines). (c) Current–voltage curves
at the source contact extracted from (8) (symbols) and from (3) (solid lines)
for the pentacene OTFT with L = 100 µm. (d) Current–voltage curves at the
drain contact extracted from (12) (symbols) and from (9) (solid lines) for the
pentacene OTFT with L = 100 µm. In (c) and (d), VG is swept from 40 (bottom)
to 60 V (top).

Table 3: Extracted parameter set for the pentacene OTFTs of Fig. 5.

x Value
k0 [A/V2+γ] 7.99 × 10−09

γ 0.099
VT [V] 11.1
VS S [V] 5.57
ms 1.12
αs [A/V2+γ] 6.12 × 10−07

md 1.71
αd [A/V2+γ] 1.22 × 10−06

kd 8.19 × 10−01

This similarity is not surprising since our model and the one
proposed in [23] are almost the same when analyzing ohmic
contacts. Actually, the model for the source contact in [23] only
allows for gate-voltage dependent source-contact resistances,
since this region was modeled with a transistor working in ac-
cumulation. While these authors modeled the contact region
with parasitic transistors, our model for the contact regions (3)
and (9) is based on the theory of a metal-organic-metal struc-
ture [53]. The question is what happens when current voltage
curves at the contacts differ from a linear relation. The applica-
tion of our model to non-ohmic contacts is seen in the following
sections.

4.2. Non linear contacts. Asymmetrical source and drain con-
tact responses

In this experiment, we analyzed the experimental I−V curves
shown with symbols in Figs. 5a and 5b [4], corresponding to
two pentacene inverted-staggered OTFTs with different chan-
nel lengths. The devices were fabricated using pentacene as
the semiconducting layer in the OTFT. Heavily doped n-type
Si was used both as a gate electrode and as a substrate, and a
thermally grown SiO2 layer and a spin coated polystyrene (PS)
layer were used for the gate insulator. The pentacene film was
deposited by thermal evaporation. Au was also thermally evap-
orated through the shadow mask in order to form the source and
drain contacts. The capacitance per unit area of the gate dielec-
tric layer is 1.4 × 10−08 F/cm2. The full protocols of the elec-
trode deposition, substrate cleaning, and surface passivation are
in [4].

The authors in [4] studied the contact effects in these OTFTs,
showing that both RS and RD impact the performance of the
devices. These authors used a model for the intrinsic channel
equivalent to (1). They considered the contact regions as a par-
allel combination of conducting vertical channels that connect
the top contact with the intrinsic channel which lies horizon-
tally on the bottom part of the device, for bottom-gate struc-
tures (or the bottom contact with the top part of the device,
for top-gate configurations) [4]. In that work, the transport
in any of these elemental vertical channels was attributed to
space-charge-limited conduction. Interestingly, the results of
this distributed model are explained later by using the contact
resistance concept. They did not propose any explicit relation
between the drain current and the voltage drop at the contact
regions. However, they estimated the contact resistances in
both the source and drain regions. As a consequence of their
non-linear distributed model, the drain and source contact re-
sistances clearly vary with the drain voltage [4].

Here, we use a two-terminal non-linear component concept
to model the contact regions (see (3) and (9)). The evolution-
ary procedure is applied to the ID − VD curves of the shortest
pentacene OTFT (L = 100 µm) [4]. Then, we check that the ex-
perimental I − V characteristics of the longest pentacene OTFT
(L = 150 µm) can also be reproduced with our model and the
parameters extracted with the shortest transistor.

The best solution of the evolutionary procedure is depicted
with solid lines in Figs. 5a and 5b, showing a good agreement
with the experimental data (symbols). The parameters of the
model used in this calculation are shown in Table 3. Note that
both source and drain contact regions play an essential role in
the device performance. Regarding the source contact, the pa-
rameter MS follows the trend given in (7). Thus, (13) was cho-
sen to represent the individuals, modeling the source contact
with parameters ms and αs. Non-linear transport in both con-
tact regions is detected in the current-voltage curves (ID −VS in
Fig. 5c and ID−VDD′ in Fig. 5d), with ms = 1.12 and md = 1.71,
respectively.

In order to compare our results and the ones provided in [4],
we determine the values of the source and drain contact resis-
tances as RS (VG,VD) = VS /ID and RD(VG,VD) = VDD′/ID, re-
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Figure 6: (a) Width-normalized source contact resistance as a function of VG
and VD for for the pentacene OTFTs of Fig. 5. (b) Comparison of the width-
normalized channel, source- and drain-contact resistances (RchW, RS W and
RDW) for the pentacene OTFTs of Fig. 5.

spectively. Their width normalized values, including the chan-
nel resistance, Rch = (VD′ − VS )/ID, are represented in Fig.
6. The values of RS W in the range 40 V ≤ VG ≤ 60 V and
0 V ≤ VD ≤ 60 V are represented in Fig. 6a. It can be seen that
RS W varies from 2.85 to 6.58 kΩcm, which coincides with the
values represented in [4, Fig. 6]. The dependence of RS with
VG and VD coincide too. On the one side, RS decreases with
increasing the gate voltage, because an increased number of in-
duced charges both in the channel and in the source contact. On
the other side, RS decreases with increasing VD at low values of
VD due to the concavity character of (3) when 1 ≤ ms ≤ 2,
which models a space-charge-limited transport at the contact
region.

In Fig. 6b, RS , RD and Rch are depicted together as a func-
tion of VD in the range [0, 60] V and VG = 60 V. RS and RD

follow the same trend up to high values of VD, in which RD is
greater than RS , because the gate-induced charges at the drain
side are lower than at the source side. The values of the resis-
tances and this trend agree with the ones presented in [4, Fig.
8]. The values of the threshold voltage and mobility extracted
in this work are also similar to those found in [4]. This agree-
ment shows (i) the validity of our two-terminal non-linear con-
tact model [(3) and (9)] in order to describe the contact regions
of a staggered TFT; (ii) shows its analogy with a 2D model con-
sisting of a distribution of channels connecting the electrodes
and the intrinsic channel of the transistor [4]; and (iii) validates
the metal-organic contact theory underlying our contact model
(3) and (9).

4.3. Non linear contacts. Symmetrical source and drain con-
tact responses

Our evolutionary procedure is applied to the measured
output characteristics of an inverted staggered p-channel
dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT) OTFT
[7] with L = 4 µm and W = 200 µm, depicted with symbols
in Fig. 7a. The OTFT was fabricated on flexible polyethylene
naphthalate (PEN) substrates. Aluminum gate electrodes were
deposited in vacuum. It uses a AlOx/SAM hybrid gate dielec-
tric with a capacitance per unit area 0.7 µF/cm2. 25 nm thick
gold source and drain contacts were deposited in vacuum con-
ditions. The complete description of the electrode deposition,
substrate cleaning and surface passivation is found in [7].
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Figure 7: (a) Output characteristics of a 4µm-channel-length DNTT OTFT (ex-
perimental data [7] shown with symbols and our calculations using (1), (3) and
(9) with solid lines). (b) Current–voltage curves at the source contact extracted
from (8) (symbols) and from (3) (solid lines). (c) Current–voltage curves at the
drain contact extracted from (12) (symbols) and from (9) (solid lines). VG is
swept from −2.1 (bottom) to −3.0 V (top) with a −0.3 V step.

The best result of the evolutionary procedure is depicted with
solid lines in Fig. 7a, showing a good agreement with the ex-
perimental data (symbols). The parameters of the model used
in this calculation are shown in Table 4. Note that both source
and drain contact regions play a symmetrical role in the device’s
performance. Regarding the source contact, the parameter MS

follows the trend given in (7). Thus, (13) was used as individ-
ual, modeling the source contact with parameters ms and αs.
Non-linear transport in both contact regions is detected in the
current-voltage curves (ID −VS in Fig. 7b and ID −VDD′ in Fig.
7c), with ms = 1.51 and md = 1.49, respectively).

The authors in [7] proposed a method to extract the cur-
rent–voltage characteristics of the source and drain contacts.
The intrinsic channel was modeled with (1), but neglecting the
dependence of the mobility with the electric field (γ = 0).
Note the low value of γ = 0.13 extracted with our procedure
would validate the use of a negligible value for γ. Actually,
their model was based on the ideal MOS model in which they
incorporated empirical analytical models for the source and
drain contact regions. These contact models are reverse-biased
Schottky-diode expressions that fit current-voltage curves at the
contacts that were previously extracted from experimental data.
In the extraction of the current-voltage curves at the contacts,
transistors with different channel lengths were used. The intrin-
sic parameters of the transistor were first determined from the
long channel transistors. Then, they used transistors with differ-
ent lengths and study the saturation region in order to character-
ize the source contact. Finally, the triode region provided infor-
mation about the drain contact region. The reported ID−VS and
ID − VDD′ curves [7, Figs. 7a and 10] are identical to the ones
extracted with our procedure and shown in Figs. 7b and 7c, re-
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Table 4: Extracted parameter set for the 4µm-channel-length DNTT OTFT of
Fig. 7.

x Value
k0 [A/V2+γ] 2.27 × 10−06

γ 0.135
VT [V] −1.43
VS S [V] 9.03 × 10−02

ms 1.51
αs [A/V2+γ] 4.93 × 10−05

md 1.49
αd [A/V2+γ] 6.95 × 10−05

kd 4.44 × 10−17

spectively. The only difference is the expression used to model
the contact regions: an exponential expression according to a
reverse-biased Schottky-diode model in [7] instead of the po-
tential functions used in (3) and (9). Also, the values µ0 = 3.24
cm2/Vs, VT = −1.43 V and VS S = 0.09 V, extracted with our
procedure, are quite similar to the same parameters reported in
Ref. [7]. From [7], we highlight the idea of modeling both the
drain and source contact regions and including the dependence
with the gate voltage. Our proposal is to do this with a versatile
model that can be valid in any type of contact (ohmic, Schottky
or SCLC) and not using specific models for specific contacts.
Also, we incorporated the dependence of the mobility with the
electric field according to the VRH theory [54]. The great ad-
vantage of our method is that it requires exclusively one set of
output characteristics, in order to extract the parameters of the
transistor and the current-voltage curves at the contact regions.

4.4. Mott-Gurney source contacts and negligible drain contact
effects

The final test analyzes the output characteristics of two differ-
ent transistors showing pure Mott-Gurney source contacts and
negligible drain contact effects.

4.4.1. Submicron-Channel-Length DNTT OTFT
The electrical characteristics measured in a staggered

submicron-channel-length DNTT OTFT (symbols in Figs. 8a
and 8b [55] are analyzed in this section. This device has a
channel length of 0.5 µm, a channel width of 5 µm and a gate-
to-contact overlap of 2 µm. It uses a AlOx/SAM hybrid gate
dielectric composed of a 3.6-nm-thick layer of aluminum ox-
ide and a 1.7-nm-thick self-assembled monolayer (SAM) of n-
tetradecylphosphonic acid. This hybrid gate dielectric has a ca-
pacitance per unit area of 700 nF/cm2. A 25-nm-thick DNTT
layer was deposited onto the AlOx/SAM gate dielectric. A 30-
nm-thick Au layer is deposited in vacuum to define the source
and drain contacts. The electrode deposition, substrate cleaning
and surface passivation descriptions are in Ref. [55].

The evolutionary procedure is applied to the ID−VD curves of
Fig. 8a. The best fitting obtained with the procedure is shown
with solid lines in the same figure. A further validation of our
procedure is shown in the fitting of the experimental transfer
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Figure 8: (a) Output and (b) transfer characteristics of a submicron-channel-
length DNTT OTFT (experimental data [55] shown with circles and our calcu-
lations using (1), (3) and VDD′ ≈ 0 with solid lines). The solid symbols in (a)
and (b) are the same measurements. (c) Current–voltage curves extracted from
(8) (symbols) and from (3) (solid lines). In (a) and (c), VG is swept from −1
(top) to −2 V (bottom) with a −0.2 V step. (d) Width-normalized RS for the
submicron-channel-length DNTT OTFT at VD = −3V.

Table 5: Extracted parameter set for the submicron-channel-length DNTT
OTFT of Fig. 8.

x Value
k0 [A/V2+γ] 5.69 × 10−07

γ 8.44 × 10−06

VT [V] −0.25
VS S [V] 0.059
ms 2.00
MS (−1.0V) [A/Vms ] 4.66 × 10−07

MS (−1.2V) [A/Vms ] 6.77 × 10−07

MS (−1.4V) [A/Vms ] 9.18 × 10−07

MS (−1.6V) [A/Vms ] 1.14 × 10−06

MS (−1.8V) [A/Vms ] 1.27 × 10−06

MS (−2.0V) [A/Vms ] 1.26 × 10−06
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Figure 9: Extracted values of MS (VGi )
1/(1+γ) (empty symbols) and VT (solid

symbol) for the submicron-channel-length DNTT OTFT. The solid line is the
fitting with (5) of the five lowest points.

characteristics of Fig. 8b, in which a good agreement is seen
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between the experimental data (symbols) and our calculations
(solid lines). The solid circles in this figure were taken from
the output characteristics of Fig. 8a. A slight difference in the
experimental results is detected between the solid and open cir-
cles. Our calculations show a better agreement with the solid
circles since the output characteristics were used in the evolu-
tionary algorithm. The resulting parameters extracted after this
fitting are shown in Table 5. In this case, the method converges
to VDD′ ≈ 0 (RS � RD). No solution was obtained if assum-
ing that parameter MS follows the trend given in (7), which
suggests the existence of local non-uniformities near the con-
tact region. For this reason, independent values of MS for each
value of VG are searched. Thus, (14) was used as individual
in the evolutionary algorithm. The values found for MS (VG)
are represented in Fig. 9. A linear trend is observed for small
values of |VG | (solid line). At larger values of |VG |, the linear
trend (7) is lost. Different values for the threshold voltage were
extracted with the evolutionary procedure (VT = −0.25 V) and
in Ref. [55] (VT = −0.7 V). The value of the mobility ex-
tracted with our method (µ0 = 0.81 cm2/Vs) is twice the value
reported in Ref. [55], which was reported in the range [0.32,
0.41] cm2/Vs. These differences can be attributed to the use of
the transmission-line method (TLM), which requires multiple
devices with different channel lengths to determine the contact
resistance [56, 57]. TLM is only valid to determine the resis-
tances of Ohmic contacts and for low drain biases, and it as-
sumes that the contact region remains the same for all the tran-
sistors [58]. Nevertheless, these authors were aware of the huge
effect of these short channel length transistors and that a greater
value of the mobility should be expected, from measurements
in longer DNTT OTFTs [59]. The severe non-linearity of the
ID − VD curves (Fig. 8a) for small VD values, already noticed
in [55], is confirmed here with the extraction of the current-
voltage curves at the source contact (represented in Fig. 8c).
The value ms = 2 in (3) points out that the transport through the
source contact follows the Mott-Gurney law.

4.4.2. [7]phenacene OTFT
Our model for staggered TFTs, (1), (3) and (9), is once

more tested using the electrical characteristics of a p-type
bottom-gate, top-contact [7]phenacene OTFT [60] (symbols
in Figs. 10a and 10b). This device was fabricated on flex-
ible poly(ethylene 2,6-naphthalate) (PEN) substrates using a
narrow-gate multifinger architecture with L = 20 µm and W =

4.03 mm. The semiconductor layer has a thickness of 50 nm.
Gold source and drain contacts were evaporated onto the semi-
conductor layer. The [7]phenacene OTFT has aluminum gate
electrodes and a bilayer gate dielectric consisting of aluminum
oxide (AlOx), prepared by plasma oxidation, and an octadecyl-
phosphonic acid (C18PA) SAM, prepared in solution. The ca-
pacitance per unit area of the gate dielectric is 0.24 µF/cm2. A
complete description of the protocols of the electrode deposi-
tion, substrate cleaning and surface passivation is found in [60].

The best solution of the evolutionary procedure is shown with
solid lines in Figs. 10a and 10b, showing a good agreement with
the experimental data (symbols). The parameters of the model
used in this calculation are shown in Table 6. In this case, the
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Figure 10: (a) Output and (b) transfer characteristics of a [7]phenacene OTFT
(experimental data [60] shown with symbols and our calculations using (1),
(3) and VDD′ ≈ 0 with solid lines). (c) Current–voltage curves at the source
contact extracted from (8) (symbols) and from (3) (solid lines). In (a) and (c),
VG is swept from −3 (bottom) to −6 V (top) with a −0.43 V step.

Table 6: Extracted parameter set for the [7]phenacene OTFT of Fig. 10.

x Value
k0 [A/V2+γ] 1.10 × 10−08

γ 0.105
VT [V] −2.44
VS S [V] 3.11 × 10−02

ms 2.00
MS (−3.00V) [A/Vms ] 5.00 × 10−07

MS (−3.43V) [A/Vms ] 1.02 × 10−06

MS (−3.86V) [A/Vms ] 1.29 × 10−06

MS (−4.29V) [A/Vms ] 1.57 × 10−06

MS (−4.72V) [A/Vms ] 1.86 × 10−06

MS (−5.15V) [A/Vms ] 1.99 × 10−06

MS (−5.57V) [A/Vms ] 1.99 × 10−06

MS (−6.00V) [A/Vms ] 1.72 × 10−06

method converges to VDD′ ≈ 0 (RS � RD). No solution was
obtained if assuming that parameter MS follows the trend given
in (7), which suggests the existence of local non-uniformities
near the contact region. For this reason, independent values of
MS for each value of VG are searched. Thus, (14) was used as
individual in the evolutionary algorithm. The values found for
MS (VG) are represented in Fig. 11, showing that they do not
follow the linear relation (7) for the whole range of VG values.

The non-linear response of ID for small VD values reported
in Ref. [60] is confirmed in the current-voltage curves at the
source contact extracted with our procedure (Fig. 10c) with
ms = 2. The values VT = −2.44 V and µ0 = 0.05 cm2/Vs,
extracted with our procedure, are slightly different to those ob-
tained in [60], −3.3 V and 0.03 cm2/Vs, respectively. This com-
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Figure 11: Extracted MS (VGi )
1/(1+γ) (empty symbols) and VT (solid symbol)

values for the [7]phenacene OTFT. The solid line is fitting with (5) of the six
lowest points.

parison is not complete since authors in Ref. [60] did not pro-
vide any information about the contact effects, which would
alter the value of the other parameters.

An interesting fact from the two cases studied in this section
with pure Mott–Gurney contacts (ms = 2) is that RS � RD.
In this regard, more effort should be devoted in studying these
kind of contacts in case this situation is not fortuitous.

4.5. Other kind of contacts

In addition to these kinds of staggered OTFTs, the electrical
characteristics of staggered OTFTs with other kinds of source
contacts were successfully reproduced with the previous ver-
sion of the model, which assumes a negligible drain contact
[20]. In that work, the following cases were studied: non-linear
(1 < ms < 2) source contact and negligible drain contact ef-
fect in [20, Experiment C] and Schottky source contacts and
negligible drain contact effect in [20, Experiment D].

4.5.1. Conclusions
A compact model for staggered thin film transistors including

the effects of the source and drain contacts has been satisfacto-
rily combined with an evolutionary parameter extraction proce-
dure. The transistor parameters and the current-voltage curves
at the contacts have been extracted in different transistors. The
results have been compared with the results obtained with other
procedures, designed specifically for particular transistors with
particular behaviors at the contact regions. The good agreement
between our results and the results obtained with these other
models makes our model and evolutionary algorithm a versatile
one to characterize any kind of staggered thin-film transistor.

Also, different kinds of contacts have been analyzed and re-
produced with our model: ohmic contacts in which the drain
contact is negligible, ohmic contacts with symmetrical source
and drain contact effects, non-linear contacts with both sym-
metrical and asymmetrical source and drain contact effects, and
pure Mott-Gurney source contacts with negligible drain contact
effects. Thus, the key goal of this work, which was the com-
pilation of many ideas and models, applied to different OTFTs
with different contact behaviors, into one versatile model was
demonstrated. A final remark should be make regarding the use
of the evolutionary procedure. It is a tool that accelerates the
search of a valid solution. However, expert knowledge is still
necessary to manage any situation, in particular in the selection
of the initial ranges of values of the different parameters. By

avoiding this, the decision-making could be completely auto-
mated, and therefore, the procedure could be seen as an user-
independent tool. In this sense, it is shown that a line of work
is wide open, even to the use of other searching algorithms.
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