
 

Unified drain-current model of complementary p- and n-type
OTFTs
Citation for published version (APA):
Torricelli, F., Ghittorelli, M., Rapisarda, M., Valletta, A., Mariucci, L., Jacob, S., Coppard, R., Cantatore, E.,
Kovács-Vajna, Z. M., & Colalongo, L. (2015). Unified drain-current model of complementary p- and n-type
OTFTs. Organic Electronics, 22, 5-11. https://doi.org/10.1016/j.orgel.2015.03.021

DOI:
10.1016/j.orgel.2015.03.021

Document status and date:
Published: 01/01/2015

Document Version:
Accepted manuscript including changes made at the peer-review stage

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023

https://doi.org/10.1016/j.orgel.2015.03.021
https://doi.org/10.1016/j.orgel.2015.03.021
https://research.tue.nl/en/publications/108078bd-0ee9-488b-8403-da57768a849e


Unified drain-current model of complementary p- and n-type OTFTs

Fabrizio Torricelli1 , Matteo Ghittorelli1 , Matteo Rapisarda2 , Antonio Valletta2 , Luigi Mariucci2 , Stephanie Jacob3 ,
Romain Coppard3 , Eugenio Cantatore4 , Zsolt Miklós Kovács-Vajna1 , Luigi Colalongo1
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Abstract

A unified drain current model of complementary (p- and n-type) Organic Thin Film Transistors (OTFTs) is presented. The model
is physically based and takes into account the detailed properties of the organic semiconductor through the density of states (DOS).
The drain current depends on the geometrical and physical parameters of the transistor, on the applied gate, drain and source
voltages, and on the surface potential at the source and drain contacts. An analytical expression of the surface potential is derived.
The proposed model is validated with the numerical calculations and the measurements of both p- and n-type OTFTs fabricated in
a printed complementary technology. The provided analyses show that the model is continuous, accurate, and includes the main
physical effects taking place in complementary organic transistors. Thanks to its analytical and symmetric formulation, it is suitable
for the design of organic integrated circuits. Moreover, the unified physical picture provided by the model enables the extraction of
the OTFTs physical parameters, thus it is a very powerful tool for the technology characterization.

Keywords: Organic thin-film transistor (OTFT), Organic field-effect transistor (OFET), Modelling, Circuit design,
Complementary technology

1. Introduction

Organic electronics is growing both at the research and in-
dustrial scales. On one side new materials [1], fabrication pro-
cesses [2], devices [3], sensors [4, 5], and circuits [6] have been
developed; while, on the other side, market applications such
as active matrix organic light emitting displays (AMOLEDs)
[7, 8], and radio-frequency identification tags (RF-ID) [9, 10]
are available. The potential of organic technologies is huge: or-
ganic semiconductors can be processed at low-temperature and
can be easily tailored and optimized for specific applications.

State-of-art organic technologies provide both p- and n-
type thin-film transistors printed on large-area flexible sub-
strates, like plastic foils, at temperatures lower than 150◦C
[11, 12, 13, 14]. Complementary organic thin-film transistors
(OTFTs) are the key asset to develop reliable, low-power, fully-
organic integrated circuits. Hence, it is expected that com-
plementary OTFT technologies will play the same role of the
CMOS technologies for the silicon-based applications. To fur-
ther improve the performances and the functionalities offered
by the OTFT technologies, accurate and physically-based an-
alytical models are essential. They enable to design high-
functionality circuits and to move forward the understanding
on organic semiconductors and devices.

Email address: fabrizio.torricelli@unibs.it
(Fabrizio Torricelli1)

The performance of organic thin-film transistors is strictly
related to the disordered microstructure of the semiconductor
[15, 16, 17, 18]. In particular, the structural and energetic
disorder of the organic semiconductor (OSC) is reflected in
the width and shape of its spectral density of states (DOS)
[18, 19, 20]. Although the DOS is material and process de-
pendent [21, 22, 23], several works have shown that in OTFTs
the DOS can be approximated by an exponential [24, 25, 26]
or a double exponential function [22, 27, 28, 29]. In particular,
the former has been mainly observed in p-type OTFTs while
the latter has been observed in both p-type and n-type OTFTs.
Interestingly, in [29] a double exponential shape of the DOS
has been found also in high-mobility ambipolar OTFTs with
balanced holes and electrons transport.

In the last years, several analytical OTFT models were pro-
posed [30]-[45]. Basically, they can be divided in two classes:
physically-based models that account for the charge transport in
the organic DOS [30]-[36] and accurate compact models for cir-
cuit simulation [37]-[45]. Although the aforementioned phys-
ical and compact models should be valid for both p- and n-
type OTFTs, they have been validated on p-type only OTFTs.
Therefore, it is not clear what are the physical scenario and the
key model parameters required to describe both p- and n-type
OTFTs. A unified analytical model based on the physical anal-
ysis of complementary OTFT measurements is still missing.

In this work an analytical drain-current and surface-potential
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Figure 1: Picture of a 11 cm x 11 cm plastic foil with printed single devices and
complementary digital and analog circuits. Inset: cross-section of the OTFTs.
The transistor architecture is a bottom-contact top-gate staggered structure.

model for both p-type and n-type OTFTs is proposed. It is
derived assuming the charge carriers hopping and it is val-
idated with the numerical calculations and measurements of
high-mobility p- and n-type OTFTs fabricated in a printed tech-
nology. The provided analysis shows that a double exponential
DOS is required to get a unified physical description of com-
plementary OTFTs. The model is accurate, provide physical
insight and can be used for circuit simulation and technology
characterization.

2. Transistors fabrication and measurements

Organic transistors are fabricated on 11cm x 11cm flexible
PEN foil (Fig. 1) using a bottom-contact top-gate structure for
both p- and n-type OTFTs. At first, 30 nm thick layer of gold
is deposited by sputtering and patterned by photolithography
forming the source and drain electrodes [46]. Then, a self-
assembled monolayer (SAM) is used to optimize the charge
injection in the semiconductor; different SAMs are used for
p- and n-type OTFTs. The n-type (Polyera ActiveInk®) and
p-type (Merck Lisicon S1200®) OSCs are printed with a thick-
ness of about 100 nm. The gate insulator is a fluoropolymer di-
electric (Merck Lisicon D139®) screen-printed on top of both
semiconductors and then annealed, leaving open areas for via
holes, with a final thickness of 750 nm. Finally, a silver-ink
conductor is screen-printed on the top of the dielectric and an-
nealed at 100◦C, forming in the same step the gate electrodes
for devices and the second level for interconnections. The tran-
sistors are measured in air at room temperature.

3. Preliminary analysis: Density of states

The measured transfer characteristics of a p- and n-type
OTFT are shown in Fig. 2. In order to assess if a single ex-
ponential or a double exponential function is required to model
the DOS of complementary OTFTs, the functional [36, 47]
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Figure 2: Main Panel: Transfer characteristics of a p-type (left panel) and n-
type (right panel) OTFT at |VDS | =0.1V. The black line with symbols are the
measured data, the green and red dashed lines accounts for a single exponential
DOS only [34]. Insets: the black line is the functional F(VG), the green and red
lines are the fitting at small and large gate voltages, respectively [36].

F(VG) =
∫ VG

0 ID(Vg)dVg/ID(VG) is calculated. The results are
shown in the insets of Fig. 2 (black line). In both p- and n-
OTFTs the functional F(VG) is not a straight line but, instead,
it can be approximated by two straight lines. Each line corre-
sponds to an exponential distribution of energy states: the green
line is for the deep states while the red line is for the tail states.
Therefore, according to the analysis proposed in [36], a double
exponential DOS is required:

g(E) =
Nd

kBTd
exp

(
E − E0

kBTd

)
+

Nt

kBTt
exp

(
E − E0

kBTt

)
(1)

where Nd, Nt, and Td, Tt, are the total density of states
and the characteristic temperatures of deep and tail states, re-
spectively. E0 is the reference energy, and it corresponds
to the highest/lowest occupied/unoccupied molecular orbital
(HOMO/LUMO) for holes/electrons, respectively.

Interestingly, in the p-OTFT (inset of Fig. 2 - left panel)
the deep and tail distributions cross at about VS G = 25V , the
transition is very sharp and at large VG the deep states are much
less than the tail states. On the other hand, in the n-OTFT (inset
of Fig. 2 - right panel) the deep and tail distributions cross at
about VGS = 37V , and the transition from one region to the
other is quite slow.

The impact of the DOS shape is readily visible on the drain
current. In the main panels of Fig. 2 the drain currents cal-
culated with only the deep states (dashed green line) and only
the tail states (dashed red line) are compared with the measured
currents. At low gate voltages, corresponding to low carriers
energy, the Fermi level moves down to the deep states that are
responsible of the weak-accumulation current. This holds for
both p- and n-OTFTs.

When the gate voltage increases, the Fermi level is pushed at
higher energies. In p-OTFTs the strong accumulation current
(VS G > 25V) depends on the tail states only, and the transi-
tion region from deep-to-tail states is very sharp. On the other
hand, in the n-OTFTs the deep and tail states are comparable,
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the transition region extends for a wide range of gate voltages
(20V < VGS < 50V) and the strong accumulation current is
defined by both the deep and tail states.

In order to reproduce the drain current in the whole range of
gate voltages, a continuous model accounting for both deep and
tail states is required. A simple approach was proposed in [36]
but unfortunately it is accurate only when the transition from
deep to tail states is sharp. As shown in Fig. 2 this requirement
is fulfilled only for p-type OTFTs.

In the following an accurate analytical model able to over-
come this limitation is presented: it is an unified physical de-
scription valid for both p- and n-type OTFTs.

4. Drain-current OTFT model

For the sake of simplicity, in the following the model will
be derived for n-type OTFTs, and same considerations hold for
p-type OTFTs. The integral expression of the drift-diffusion
current reads [34]:

IDS =
W
L

∫ VD

VS

∫ ϕs

Vch

σ(ϕ,Vch)
Fx(ϕ,Vch)

dϕdVch (2)

where W is the channel width, L is the channel length, VS

and VD are the source and the drain voltages, respectively,
Vch is the channel potential (viz. the pseudo Fermi energy),
ϕ is the electrostatic potential and ϕs is the surface poten-
tial at the insulator-semiconductor interface. σ is the vari-
able range hopping conductivity, that in the case of a double
exponential DOS reads [48]: σ = S 0 exp

[
q(ϕ − Vch)/(kBT )

]
,

where S 0 = σ0[πNtT 3
t /(8α

3BcT 3)]Tt/T exp [∆EFi/(kBT )] is a
function of the organic semiconductor parameters (Bc = 2.8,
α−1 = 2.2Å), and ∆EFi = Egap/2 − E0.

The electric field in the x-direction Fx(ϕ,Vch) is calculated
with the Poisson equation ∇2ϕ = −(∂Fx/∂x + ∂Fy/∂y) and as-
suming the gradual channel approximation (i.e. Fx � Fy) re-
sults:

Fx(ϕ,Vch) =

√
2q
εs

∫ ϕ

Vch

n(ϕ′,Vch)dϕ′ (3)

'

√
2q
εs

[
kde

q(ϕ−Vch )
kBTd + kte

q(ϕ−Vch )
kBTt

]
(4)

where εs = ε0ks, ε0 is the vacuum permittivity, ks is the semi-
conductor relative permittivity, and n =

∫
g(E) f (E; EF)dE

is the charge concentration given by the Fermi-Dirac integral
solved for the DOS distribution in Eq. 1. kd and kt are calcu-
lated as ko = (NoϑokBTo/q) exp [∆EFi/(kBTo)], o ∈ {d, t}, and
ϑo = π(T/To)/ sin(πT/To) because in our case To > T [49]. It
is worth noting that kd and kt depend only on the DOS parame-
ters and on the temperature T .

Since the electric field (Eq. 4) is the sum of two exponential
functions, Eq. 2 cannot be solved analytically. To this aim, the
electric field can be re-written as a single exponential function
by means of the effective temperature approach [50], and Eq.
4 can be written as Fx(ϕ,Vch) = F0 exp

[
q(ϕ − Vch)/(2kBTe)

]
,

where F0 =
√

2q (kd + kt) /εs, and the effective temperature
reads:

Te(ϕ,Vch) =
q(ϕ − Vch)

2kB log
[

Fx(ϕ,Vch)
F0

] (5)

Eq. 5 accounts for both deep and tail states: it depends on the
DOS parameters (viz. Nd, Nt and Td, Tt). At small charge
carrier concentrations the effective temperature is close to the
characteristic temperature of the deep states Td, whereas when
the Fermi level is pushed at high energy by the gate voltage
(large carriers concentrations), the effective temperature is close
to the characteristic temperature of the tail states Tt.

Replacing Eq. 5 in Eq. 2 and integrating with respect to dϕ,
the drain current reads:

IDS '
W
L

S 0Eδ

qF0

∫ VD

VS

exp
[
q(ϕs − Vch)

Eδ

]
dVch (6)

where Eδ = 2kBTTe/(2Te − T ). To work out an analytical ex-
pression of the drain current (6) an expression of the surface po-
tential ϕs is required. By applying Gauss’ law to the insulator-
semiconductor interface, one obtains:

Fx(ϕs,Vch) =
Ci

εs
(VGF − ϕs) (7)

where Ci is the gate capacitance per unit area, VGF = VG −VFB,
VG and VFB are the gate and the flatband voltages, respectively.
Replacing Eq. 5 in Eq. 7 the band bending (ϕs − Vch) is calcu-
lated as a function of the gate voltage:

ϕs − Vch = 2kBTe log
[

Ci

εsF0
(VGF − ϕs)

]
(8)

After substituting Eq. 8 in Eq. 6 and changing the integration
variable from dVch to dϕs [34], the drain current turns out to be:

IDS =
W
L

[
βS (VGF − ϕsS )γS − βD (VGF − ϕsD)γD

]
(9)

where

βχ =
kBT

q
S 0

γχ − 1

(
Ci

εs

)γχ−1 [
2q
εs

(kd + kt)
]− γχ

2

γχ =
2Teχ/T

log
[
kd exp

( Teχ

Td

)
+ kt exp

( Teχ

Tt

)]
− log [kd + kt]

Teχ =
q
kB

(
ϕsχ − Vχ

)
χ ∈ {S ,D}, and ϕsS , ϕsD is the surface potential calculated at
the source and the drain contact, respectively.

The analytical drain-current model (Eq. 9) is valid when the
DOS shape in the organic layer of the transistor can be approxi-
mated by the sum of two exponential functions and it accurately
reproduces the transition from deep to tail energy states. βχ and
γχ are functions of the tail and deep DOS parameters (viz. Nt,
Tt, Nd, Td), of the pseudo-Fermi potential Vχ, and of the surface
potential ϕχ at the source and drain. As a result, βχ and γχ vary
with the applied voltages: at small VG (small concentrations)
they basically depend on the deep states only, at large VG (large
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concentrations) they basically depend on the tail states only, and
in the transition region βχ and γχ depend on both the deep and
tail states. Thanks to this approach, the proposed model is sim-
ple and, at the same time, it accurately accounts for the charge
transport in a double-exponential DOS.

The surface potential in Eq. 9 has to be calculated by solving
the non linear Gauss equation (Eq. 7 where Fx is given by Eq.
4) at the semiconductor/insulator interface:

Ci√
2qεs

(VGF − ϕs) =

√
kde

q(ϕs−Vch )
kBTd + kte

q(ϕs−Vch )
kBTt (10)

It is worth noting that Eq. 10 can only be solved by numerical
iterations.

5. Surface potential model

In order to derive an analytical approximation of Eq. 10 we
observe that:

1. In subthreshold or saturation VGF−Vch ≤ 0, and the surface
potential reads:

ϕs = VGF (11)

2. In linear region VGF − Vch > 0, the right-hand-side of Eq.
10 can be approximated as (VGF − ϕs) ' (VGF − Vch) and Eq.
10 reads:

C2
i

2qεs
(VGF − Vch)2 ' kd e

q(ϕs−Vch )
kBTd + kt e

q(ϕs−Vch )
kBTt

that, in turn, can be reworked out as: F⊥ = kd u
Tt
Td + kt u, where

F⊥ = [Ci (VGF − Vch)]2 /(2qεs) (12)

and u = exp
[
q(ϕs − Vch)/kBTt

]
. After straightforward manipu-

lations one obtains:(
1 −

kt

F⊥
u
) Td

Tt

=

(
kd

F⊥

) Td
Tt

u (13)

Since kt u/F⊥ << 1 the left hand side of Eq. 13 can be accu-
rately approximated by the second order Taylor expansion:

k2
t

2F2
⊥

T 2
d − TdTt

T 2
t

u2 −

Td

Tt

kt

F⊥
+

(
kd

F⊥

) Td
Tt

 u + 1 = 0

Solving with respect to the variable u results:

u =

2F⊥Tt

(
ktTd + F⊥Tt

(
kd
F⊥

) Td
Tt

)−1

1 +

√√√
1 +

2k2
t Td(Td−Tt)ktTd+F⊥Tt

(
kd
F⊥

) Td
Tt


2

(14)

and the surface potential eventually reads:

ϕs = Vch + kBTt log (u) (15)

In Fig. 3 the analytical approximation (Eqs. 11 and 15) is
compared with the exact numerical solution of Eq. 10 as a
function of the gate voltage VGF and of the typical DOS pa-
rameters Td/Tt. The surface potential model is very accurate
in the whole range of gate voltages and DOS parameters. The
maximum error is smaller than 6% and it becomes smaller than
2% few volts above the flat-band voltage (i.e. VGF > 3V).

ϕ

Figure 3: Main Panel: Numerical solution of the surface potential (line with
symbols) vs. approximate solution Eq. 15 (surface) as a function of VGF and
Td/Tt . Inset: percentage error 100 × |Eq.15 − Eq.10|/Eq.10 as a function of
VGF and Td/Tt .

6. Results and Discussion

The measured transfer and output characteristics of both p-
type and n-type OTFTs are compared with the proposed analyt-
ical model (Eqs. 9, 11, and 15) in Figs. 4, 5, and 6, respectively.
There is a good agreement between the measurements and the
model in the whole range of bias conditions. The model is con-
tinuous and accounts for all the OTFT operating regions, i.e.
strong accumulation, weak accumulation and sub-threshold.

More in detail, in case of p-type OTFTs the model accurately
predicts both the transfer and output characteristics, while in
case of the n-type OTFTs the model slightly overestimates the
current at large drain voltages. This is evident from the out-
put characteristics shown in Fig. 6 and, according to several
studies [51, 52, 53, 54], we verified that it is due to the par-
asitic contact resistance at the source injecting contact. This
is further confirmed by the normalized transfer characteristics
shown in Fig. 7: scaling down the transistors channel length
the model (full line) overestimates the L/W-normalized current
only at large drain voltages. The contact resistance is larger in
n-type OTFTs and it is due to the energy barrier at the metal-
semiconductor contact. Indeed, in p-OTFTs (Fig. 7 left panel)
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Figure 4: Transfer characteristics of a p-type OTFT at various drain-source
voltages. Black lines with symbols are the measurements and red lines
are the model. Dashed line is the leakage current calculated with Ro f f =

(W/L)(VDS /ID). The geometrical and physical parameters are listed in Table
1.

with L = 200µm, and L = 100µm the model (full line) perfectly
agrees with the measurements in the whole range of drain volt-
ages. When the channel length is L = 50µm the model accu-
rately predicts the transistor current only at low drain voltages
(VS D < 5V), while the current is overestimated at larger drain
voltages and at smaller channel lengths (i.e. L = 20µm and
L = 10µm). The same considerations hold in case of n-OTFTs
(Fig. 7 right panel) where the contact resistance limits the drain
current at larger channel lengths compared to the p-OTFTs. It
should be pointed out that the larger contact resistance of n-
OTFTs reduces the leakage current in the bulk of the semicon-
ductor (see the off-region in Figs 4, 5). In the case of the p-
OTFTs the leakage current as a function of the drain voltage
can be reproduced by Ileak = (W/L)(VDS /Ro f f ).

This analysis shows that the contact resistance cannot be ne-
glected. It can be easily included in the model following the
approaches [51, 55, 56, 57, 58]. The idea is to split the channel
into a small contact region, where there is a voltage drop VC ,
and the main channel, where the voltage drop is VDS − VC . In
other words, the channel potential at the source side is VS + VC

instead of VS . In Fig. 7 the L/W-normalized drain current of p-
and n-OTFTs at different channel lengths is calculated (dashed
lines) with the proposed model (Eqs. 9, 11, and 15) and the
voltage drop at the source contact is obtained with the contact
model proposed in [51, 56]:

IDS = WI0 exp
√VC

V0

 [exp
(
−

qVC

ηkBT

)
− 1

]
(16)

where I0 = I00{log[1 + exp(VGF/V00)]}θ, V0 accounts for the
Schottky barrier lowering effect, η = 2 is the quality factor, and
I0 is the reverse current at VC = 0V . V00 = 1V and it is intro-
duced to keep the dimensionality of the pre-factor I00, and θ is
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a fitting parameter. As shown in Fig. 7 the overall model (chan-
nel+contact) scales with the transistors channel length for both
p- and n-OTFTs. It is worth noting that effect of the channel
length modulation is weak because in short-channel OTFTs the
drain current is limited by the contact. Therefore, the channel
length modulation is not included in the model.

The model parameters are listed in Tab. 1. The channel pa-
rameters are obtained by means of a single transfer character-
istic measured at the minimum drain voltage (|VDS | = 0.1V)
and for long-channel OTFTs (L = 200µm). In such conditions
the contact resistance is negligible [51, 53, 59] and the model
returns the physical parameters of the organic semiconductor
(viz. Nt, Nd, Tt, and Td). The contact parameters (viz. I00,
V0, and θ) are obtained form the output characteristics of short-
channel OTFTs (L = 10µm).

Comparing the extracted parameters of p- and n-type OTFTs,
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is L = 200µm, � is L = 100µm, 3 is L = 50µm, © is L = 20µm, and 4 is
L = 10µm. VS G = VGS = 50V . Inset: equivalent circuit model of the OTFT.
The geometrical and physical parameters are given in Table 1.
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Figure 8: Extracted DOS of p-type and n-type OTFTs. Parameters are listed in
Table 1.

one can see that the transistors show the same field-effect mo-
bility and similar values of flat-band voltage VFB, total density
of tail states Nt and tail-states characteristic temperature Tt. On
the other hand, the total density of deep states Nd in n-type
OTFTs is three times larger than that in p-type OTFTs. This
explains why the maximum (L/W-normalized) drain current in
the n-type OTFT is basically the same of that measured in the
p-type OTFT (Fig. 6) although the conductivity pre-factor σ0 is
more than the double. Indeed, the larger number of trap states
reduce the overall transistor conductance since they do not con-
tribute to the charge transport [48]. These additional trap states
can be attributed to the structural properties of the n-type or-
ganic semiconductor and/or to the lower-quality of the n-type
OSC-insulator interface [36, 60, 61]. Such information can be
exploited to further improve the OTFTs performance, providing
an optimized technology for complementary logic circuits.

The extracted DOS of both p- and n-type OSCs are shown in
Fig. 8. In the p-type OTFTs the double exponential DOS shows

Table 1: Geometrical and physical parameters of the transistors. W is the chan-
nel width, L is the channel lenght, ks is the permittivity of the organic semicon-
ductor, Ci is the gate-insulator capacitance per unit area, T is the temperature,
and µFE is the field-effect mobility calculated at |VDS | = 0.1V , σ0 is the con-
ductivity prefactor, Nt is the total number of tail-states, Nd is the total number
of deep-states, Tt is the tail-states characteristic temperature, Td is the deep-
states characteristic temperature, VFB is the flatband voltage, V0 accounts for
the Schottky barrier lowering, I00 is the reverse current pre-factor, θ is a fitting
parameter, and Ro f f accounts for the leakage current in the p-type OTFTs.

P-Type N-Type
W [µm] 4000 2250
L [µm] 200→ 10 200→ 10

ks 3 3
Ci [nF/cm2] 2.2 2.2

T [K] 295 295
µFE [cm2/V s] 1 1
σ0 [S/cm] 8.6 ×105 2.2 ×106

Nt [cm−3] 1 ×1019 1.2 ×1019

Nd [cm−3] 3.3 ×1018 8.7 ×1018

Tt [K] 330 370
Td [K] 940 630

VFB [V] 9.3 -10.2
V0 [V] 0.35 1.1

I00 [pA/cm] 400 1.3
θ 2.7 4

Ro f f [GΩ] 160 0

two distinct regions: one is dominated by the deep states and the
other by the tail states with a sharp transition at about −0.15eV
far from the HOMO energy (EHOMO = 0eV). In the n-type
OTFTs the transition from the deep-states to the tail-states re-
gion is rather smooth and, at a first sight, the overall double ex-
ponential DOS could be approximated by a single exponential
function. The reason is that Nd/Td ' Nt/Tt and therefore the
contribution of the tail states is relevant only at energies close
to the LUMO level, that are accessed only at very high gate
voltages (VGS > 40V , i.e. EF > −0.1eV). This perfectly agrees
with the preliminary analysis reported in Sec. 3 and gives a uni-
fied physical scenario for both holes and electrons transport in
organic transistors.

7. Conclusion

In this work an analytical model of p- and n- type OTFTs is
proposed. According to the measurements of OTFTs fabricated
in a printed complementary technology, the model takes into
account a double exponential DOS, which is required to achieve
a unified physical description of complementary OTFTs.

The drain current depends on the geometrical and physi-
cal parameters of the transistor, on the applied gate, drain and
source voltages, and on the surface potential at the source and
drain contacts. An analytical expression of the surface poten-
tial accounting for a double exponential DOS is derived. The
model is validated with both numerical calculations and mea-
surements.
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The DOS parameters are calculated by means of the trans-
fer characteristic of long-channel OTFTs. The p- and n-OTFTs
show similar mobility, flat-band voltage, and tail states DOS
parameters. On the other hand, the n-type OTFTs show a larger
number of deep states compared to the p-type OTFTs which
reflects in a lower overall conductance of n-OTFTs.

The shape of the measured transfer characteristics is related
to the DOS parameters. In the case of our complementary tech-
nology, the p-OTFTs show a sharp transition from the deep
states to the tail states, while for n-OTFTs the transition is
smooth. The proposed model provides a unified description
of both the situations. The analysis also shows that the con-
tact resistance due to the charge injection at the source must
be taken into account to describe complementary OTFTs with
short channel lengths (L < 50µm in our technology).

The model can be used for circuit design, technology
characterization and process optimization.
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