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Modelling of Organic Field-Effect Transistors
for Technology and Circuit Design

S. Mijalkovi¢, D. Green, A. Nejim, G. Whiting, A. Rankov, E. Smith, J. Halls and C. Murphy

Abstract— As organic field-effect transistors (OFETS)
are preparing to take a key role in the flexible and low
cost electronics applications, there is a pressing need
for predictive device models to support technology opti-
mization and circuit design. This paper focuses on the
specific OFET features that challenge current modelling
approaches. The presented modelling techniques range
from the fundamental semiconductor equations to com-
pact device model representations as required for im-
plementation in advanced TCAD and EDA commercial
tools. The models are verified with measured character-
istics of advanced OFET device structures.

I. INTRODUCTION

Organic semiconductors (OSC) combine in a unique
way the electrical properties of semiconductors with
the properties typical of plastics, such as easy fab-
rication, mechanical flexibility, and low cost. The
rapid development of the field of organic electronics is
mainly driven by attractive applications that would ex-
ploit the plastic-like features of the organic semicon-
ductors. Some of the desired future applications in-
clude: e-paper, e-skin, e-nose, smart windows and per-
haps molecular computers. More realistic for the near
future are applications in RFID tags, analytical sensors
and active matrix displays [1]. The first full-colour, flex-
ible and all OSC displays have been recently reported
by the industry.

Organic field-effect transistors (OFETSs) form the ba-
sis of organic electronic circuits. To be successful,
OFETs have to achieve a performance comparable to
that of currently used inorganic thin film transistors
(TFTs) at significantly lower production price. Due to
the considerable advances in terms of material and de-
vice fabrication during the last decade, the performance
of OFETsS is approaching that of amorphous silicon (a-
Si) TFTs. But, this performance is still quite a long
way behind other inorganic counterparts. A lot of work
is yet to be done in improving the electrical character-
istics, reliability and uniformity at the process, device
and circuit design levels.

The inorganic semiconductor industry relies exten-
sively on electronic design automation (EDA) tools to
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support the iterative cycles of process, device and cir-
cuit technology improvements. In the inorganic elec-
tronic industry EDA has raised the designer productiv-
ity by a factor of more than a thousand in the last quar-
ter of a century [2]. These EDA tools could be equally
important in increaseing the development rate of the
OFET technology, speeding up its movement from the
laboratory to the shop floor. However, EDA has not yet
become a common practice in organic electronic tech-
nology and circuit design. EDA tools essentially depend
on numerical and analytical process and device models
which are, in the case of OFETSs, not yet matured and
quite sparsely implemented in commercial EDA tools.

OFET models are required on two different de-
sign levels. The optimization of the device geometry
and technology require fundamental numerical multi-
dimensional models governing the charge distribution
and carrier transport in the organic semiconductors.
On the other hand, efficient and accurate compact, an-
alytical device models are required to provide a bridge
between the OFET technology and the circuit design.
This paper focuses on some critical issues of both mod-
elling areas. The presented modelling approaches are
implemented in the latest generation of commercial
EDA tools and verified with measurement data ob-
tained from the advanced OFET structures and tech-
nology.

This paper is organized as follows. Section II pro-
vides an overview of the explored OFET architectures
and the main processing steps used to fabricate the test
samples. OFET specific modelling challenges are dis-
cussed in Section III. Section IV presents the essen-
tial modelling extensions required for OFET technol-
ogy design and model verification with measured OFET
characteristics. The circuit design oriented compact
modelling methodology and comparison with measured
OFET characteristics is presented in Section V.

II. OFET TEST STRUCTURES
A. Device Architectures

OFETSs can be fabricated in four possible device ar-
chitectures depending on the relative position of the
source/drain and gate contacts with respect to the
OSC layer [3]. The possible architectures include the
well known top-gate-top-contact structure, typical for
standard silicon MOSFETSs, as well as bottom-gate-
bottom-contact structure, commonly used by inorganic



TFTs. However, OTFT can be realized in the top-gate-
bottom-contacts and bottom-gate-top-contact architec-
tures as well.

The two OFET architectures that have been con-
sidered here are the top-gate-bottom-contact (TGBC)
structure, shown in Fig. 1 and used for the verifica-
tion of the technology design models, and bottom-gate-
bottom-contact (BGBC) structure, shown in Fig. 2,
whose measured characteristics have been used to ex-
tract the OFET compact model parameters.
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Fig. 1. Top gate bottom contact (TGBC) OTFT device archi-
tecture
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Fig. 2. Bottom gate bottom contact (BGBC) OTFT device
architecture

The TGBC architecture has in principle a larger in-
jection area and thus a lower contact resistance which
enables higher currents for the same applied voltages in
comparison to the BGBC structure. It is an easier to
manifacture structure since source/drain contacts are
patterned on a substrate rather than on a dielectric or
OSC layer. However, this structure has limitations be-
cause of lack of suitable dielectric materials.

On the other hand, the BGBC architecture has been
more often used in OFET research. A wider range of
potential solution processable dielectrics can be used

with BGBC architecture to provide a smooth dielec-
tric/OSC interface. However, the downside of this de-
vice structure is a high contact resistance due to the
low area for charge injection and extraction.

B. Processing

The test structures with the TGBC OFET architec-
ture were fabricated starting with the evaporation of
gold source-drain contacts onto the glass substrate. In
order to ensure good energy level matching between Au
and OSC bands, a proprietary self-assembled monolayer
(SAM) was spin-coated onto the substrates. A solvent
spin-rinse was applied to ensure local adhesion of the
SAM to the source-drain coated areas of the substrate.
It was followed by a spin coating of OSC onto the sur-
face. Dielectric was then spin coated over the OSC and
finally a gate (Au or Al) was evaporated.

The preparation of the BGBC test OFET structures
started with the indium tin oxide (ITO) coated glass
substrates. They are patterned photo-lithographically
to produce the gate contacts. A proprietary dielectric
polymer was then spin-coated onto the surface. The
substrate was then annealed, under a nitrogen atmo-
sphere, to cross-link the dielectric film. Gold (Au) was
then thermally evaporated through a shadow mask to
produce the source/drain contacts. Finally, following a
SAM treatment the proprietary OSC was spin-coated.

A range of devices with different geometries were fab-
ricated in both architectures. The test devices were en-
capsulated with a glass, containing an adhesive desic-
cant, using a UV curable epoxy to adhere the can to the
substrate. The completed devices were then removed
from the nitrogen environment, scribed and broken into
smaller (25 mm) cells and tested using an HP/Agilent
4156B precision semiconductor parameter analyser with
contact made using Au-coated, spring-loaded pins.

III. OFET MODELLING CHALLENGES

A range of peculiar features in the OFET device prop-
erties, electro-static behavior and carrier transport re-
quire special consideration and different modelling ap-
proaches then their inorganic counterparts.

OFETs are typically realized using an undoped OSC.
The dopants in inorganic semiconductors are essen-
tially maintaining equilibrium carrier concentration and
conductivity. On the other hand, the carriers that
contribute to the charge distribution and transport in
OFETs must be injected from the metallic contacts.
The injected carriers can occupy the states in semicon-
ductors HOMO and LUMO bands but also the localized
states in the band-gap which are induced by defects and
unwanted impurities.

The free carrier concentration is typically negligible
compared to the trapped carrier concentration and the
latter is dominant in defining the charge and electric
field distribution. Due to this fact, it is required to



reformulate the carrier concentration dependencies on
the Fermi and electrical potential in both technology
and circuit design models.

Without dopants and a particular semiconductor
type, OFETs can operate in the electron or hole car-
rier accumulation modes depending on the polarity of
the gate voltage [4], [5]. The energy barrier at the con-
tacts often provides only injection of a single carrier
type (electrons or holes) and OFETs typically operate
in a unipolar accumulation mode (as an effective NMOS
or PMOS device).

The source and drain contacts have no junction iso-
lation typical for inorganic MOSFETSs. Consequently,
a drain/source leakage current is limited by the intrin-
sic carrier occupancy of the localized and band states
rather then reverse junction current. For higher leakage
current levels, the depletion operation mode can be also
of interest for an accurate compact OFET modelling.

In OFETs only the free carriers in the bands and the
carriers in the shallow traps close to the bands partici-
pate in the carrier transport. In OFETs models, the
concentration of mobile carriers should be separated
from the total injected carrier concentration. But, it
is also common to assume that all carriers participate
in the transport equations with an effective carrier mo-
bility.

OFETs are typically characterized with much lower
carrier mobility then inorganic MOSFETS [6]. The mo-
bility is also gate voltage dependent in the similar way
as in a-Si TFTs. A small carrier mobility in OTFTSs is
usually attributed to the weak intermolecular interac-
tion in the solid material state, impurities and defects
as well as an inefficient injection/extraction capability
of carriers at the metal contacts [7]. The voltage depen-
dence is usually explained in the following way: as more
charges are injected with the increase of gate voltage,
more traps will be filled reducing the trapping rate and
thus increasing the mobility of carriers.

Another parameter that dominates the performance
of OFETSs is contact resistance [8]. Ideally, it should
be ohmic and small in order to enable that the whole
voltage applied to the device contributes to the trans-
port current. However, typically in case of OFETsS,
these contacts are either high value ohmic or non-ohmic
(Schottky) and considerably affect the device transport
current [9)].

IV. TECHNOLOGY DESIGN MODELLING

Technology design device models (also known as
TCAD device models) are based on the numerical solu-
tion of the coupled Poisson and carrier transport equa-
tions. In order to be useful for OTFTs, the standard
drift-diffusion carrier transport equations should be en-
hanced by appropriate models for the carrier concentra-
tion and mobility. The model description is based on a
unipolar electron transport but it is straightforward to
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Fig. 3. Simplified graphical representation of the double peak
Gaussian DOS distribution used within the presented simu-
lations

extend it to the case of bipolar carrier transport.

A. Carrier Concentration
The electron concentration is obtained from [10]
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where g(E) is the density of states (DOS) energy pro-
file and fusr(E,n) is the Hall-Shockley-Read (HSR)
distribution function. HSR distribution function gives
the probability of the state occupation in terms of the
energy F and the electron concentration n. In equi-
librium, fusr(E,n) is identical to the standard Fermi-
Dirac statistical distribution.

The DOS profile g(F) is based on a double peak
Gaussian distribution [10], [11]:
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is the density function of the standard normal distribu-
tion, E. is the bottom energy level of the conduction
band, N; and N4 are the total intrinsic and trap densi-
ties, o; and o4 are the corresponding Gaussian widths
while E; represents the energy shift between the intrin-
sic and trap states. A simplified graphical represen-
tation of the double peak Gaussian distribution of the
DOS is shown in Fig. 3.

B. Carrier Mobility

The charge transport occurs in OSC dominantly via
the hopping of carriers between localized states. The
field independent hopping mobility is calculated from

[11]:
1/3
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where vy is the attempt-to-jump frequency, x is the
percolation constant, k is the reciprocal of the carrier
localization radius and

9(E)dE ()

where Fy, is the effective transport energy for the elec-
trons.

It is typically considered that charge transport will
become field dependent in organic materials at high
electric fields (=~ 10° V/cm). This phenomenon is de-
scribed through a Poole-Frenkel mechanism. Field de-
pendent mobility effects were also included within the
simulations. The Poole-Frenkel field dependent mobil-
ity model used in the simulations is described by [12],
[13]:
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where pg is the low field mobility, A is the activation
energy, I is the electric field intensity and

1 (7)
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is the Poole-Frenkel Factor where €, is the permittivity
of the semiconductor.

C. TGBC Case Study

Two-dimensional physical modelling of the experi-
mental structure has been undertaken. The simulated
structure is shown in Fig. 4. It was created by Silvaco’s
Athena [14], which is a physics based two-dimensional
process simulator. The dimensions of the simulated
structure, which include conformal layers of OSC, oxide
and Al gate, were the same as the experimental dimen-
sions. The organic material defined within the simu-
lations was based on parameters and values physically
extracted from the measured device.

The following figures present and compare simulated
results obtained by the Silvaco’s device simulator At-
las [15] and measured input and output TGBC OFET
test device characteristics at room temperature. Two
different gate biases are considered to ensure that the
model can represent the measured results at both high
and low current levels. Besides using DOS, Hopping
and Poole-Frenkel mobility models, the Langevin Re-
combination model [16] has been also employed as well
as the effect of series resistance and interfacial charge
between the oxide and OSC layer.

Shown in Fig. 5 are input characteristics with a drain
bias of —3 V. The threshold voltage was found to be
sensitive to the interfacial charge between the oxide
and the OSC. The simulation results show a linear in-
crease in current, unlike the measured results, which

Fig. 4. Simulated Organic TFT structure with conformal OSC
layer (note that the curvature in the OSC, oxide and contacts
is not clearly visible due to distortions in scale).

are sub-linear at high gate bias. This characteristic
is commonly attributed to the effects of contact resis-
tance. Although contact resistance has been included
in the physical model, the magnitude currently consid-
ered has no noticeable effect on the input characteris-
tics. For the input characteristics, the mean percentage
error currently achieved is in the region of 19%.
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Fig. 5. Comparison between simulated and measured transfer

characteristics (Vd = —3V). The threshold voltage can be
accurately modelled through interface charge control. Simu-
lation results show a monotonic increase in current due to a
negligible effect from contact resistance.

Shown in Fig. 6 are output characteristics at a gate
bias of -10V from simulations and measurements. In
this instances a highly accurate fit is achieved in the
linear region (< 2%). Considering the current range
of measured results the error of < 15% achieved in the
saturation region is considered as acceptable. Overall a
mean percentage error of 14.4% has been achieved.

Shown in Fig. 7 are output characteristics at a gate
bias of -30 V. The measured results clearly indicate
some form of leakage through the gate contact. It has
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Fig. 6. Comparison between simulated and measured output
characteristics (V; = —10 V). A highly accurate fit in the
linear region (2 % error) is achieved. Simulations overesti-
mate the current in the saturation regime giving an error of

15%
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Fig. 7. Comparison between simulated and measured output

characteristics (Vg = —30V). Measured results indicate a
leakage current through the gate contact, which is not ac-
counted for in simulations. Consequently an error of 17 % is
achieved.

recently been found that this is due to the devices be-
ing unpatterned and can therefore not be considered as
a characteristic of the device or oxide layer itself. As
this leakage current has not been included in the phys-
ical model an error in the linear regime of < 18% is
achieved and in the saturation regime an error of < 7%
is achieved. The mean percentage error in this instance
is < 17%. Tt is believed that this could be reduced
to approximately 10% if the additional leakage current
that is observed was addressed.

V. CircuIlT DESIGN MODELLING

The standard compact models for inorganic MOS-
FETs only consider the depletion/inversion device op-
eration mode [17], which is not suitable for the accu-
mulation operation mode of OFETs. Some of the mod-
els that account for the accumulation operation mode
[18] are oriented towards particular applications and not
widely available in EDA tools. The closest to serve as

potential compact OTFT models are some of the inor-
ganic TFT models [19] based on quite generic threshold
voltage empirical descriptions of the transfer current.

The main goal of this section is to present the es-
sential ingredients of a new physical surface-potential
based OFET compact model. The performance of the
model is verified in the BGBC case study.

A. Carrier Concentration

In most practical cases, the acceptor like DOS can be
approximated by the exponential distribution

N E - E.
g(E) = w1, P ( T ) (8)

where N4 is the total density and T} is a characteristic
temperature that indicates the width of the exponential
DOS distribution.

Assuming a slowly varying DOS distribution g(F)
(T < Tp) and the zero Kelvin approximation of the
Fermi-Dirac distribution, the electron concentration is
obtained as

Egm
E¢, — E.

— 00

where Ey, is a quasi-Fermi energy. The electron con-
centration can be also expressed in terms of electrical
and Fermi potentials, ¥ and ¢,,, as

l/} - ¢n>

Vo
where ng is the intrinsic electron concentration and
Viro = kTp/q is the effective thermal voltage.

1 = ng exp ( (10)

B. Surface Potential Equation

Neglecting the variation of the electric field along the
gate-insulator and OSC interface (gradual channel ap-
proximation) and integrating the Poisson equation from
the equilibrium point, where n = ng, to the interface,
the total semiconductor sheet charge per unit area Q.
can be expressed in terms of the surface potential ¥4 as

_Q/C = 51%“(1/% - ¢7z)\/2q€sn()VT0 -h (M>
Vro
(11)

where €, is the permittivity of the semiconductor and
h(z) is a non-negative function
h(z) = exp(z) — 2z — 1. (12)

The surface potential 1, is only implicitly available
from the charge equilibrium equation

Qe+Qc=0 (13)



where
Qe =C (Ve —Vpp — )

is the gate charge per unit area. Here C} is the gate
insulator capacitance per unit area, Vg is the applied
gate voltage, while Vpp is the flat-band voltage that
accounts for the bias independent space charge present
in the gate-insulator.

The surface potential equation (13) can be also ex-
pressed as

(14)
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is the body factor. There is no a closed form analytical
solution for the surface potential equation (15) but very
accurate analytical approximations have been proposed
[20].

C. Transport Current

Assuming a laminar current flow parallel to the gate-
insulator and OSC interface, and neglecting the carrier
recombination, the intrinsic transport currents can be
represented in the integral form as [17]

VD
Iy = % / Gl dbn (17)
Vs

where G, is the semiconductor sheet conductivity, W
and L are the effective transistor width and length,
while V¢ and V}, are intrinsic source and drain biases.
In the accumulation operation mode (¢5 > ¢, ), the
sheet conductance is defined as
Ge = Geo + 1, (—Qc) (18)
where G¢q is the sheet semiconductor conductivity at
the flat band biasing condition and !, > 0 is the effec-
tive mobility for the accumulated sheet electron charge.
Following the ideas of the percolation model for vari-
able range hopping [21], [22], the effective mobility of
the accumulated sheet electron charge is introduced
here as

pn = a(=Qg)”
where the model parameters « and § control the influ-

ence of the accumulated electron charge on the mobility.
For moderate and strong accumulation, the percolation

theory predicts
T
=21—=-1
r=2(7 1)

(19)

(20)

but to release the correlation constrains among the pa-
rameters, J has been introduced as a separate temper-
ature dependent model parameter.

The transport current is split into two components
as

It = It + ITc (21)
where
- w / ’
Itg = fGCO (Vb —V3) (22)
and
Vo
w
fre =o' [(-Q) o, (23)
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Here, I7g is the gate bias independent leakage current
while I7¢ defines the transport current increase due to
the carrier accumulation.

Introducing the change of variables
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K3
obtained from the surface potential equation as a good
approximation in the moderate and strong accumula-
tion operation mode, (23) can be explicitly expressed
in terms of the sheet charge Q. at the source and drain
side as

depn, (24)
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are the drift and diffusion components of I¢.

D. Equivalent Circuit

In the model equivalent circuit, shown in Fig. 8, the
transfer current is introduced as a voltage controlled
current source. The intrinsic model has been extended
by the source and drain contact resistances Rg abd Rp
connecting the intrinsic source and drain nodes, S” and
D', to the corresponding externally available source and
drain nodes, S and D.

The gate-source and gate-drain charges, Qgs and
Qap, as well as the gate-source and gate-drain tunnel-
ing currents, Igs and Igp, are implemented using the
common surface potential based modelling approach
[17].
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E. BGBC Case Study

The governing compact modelling equations are im-
plemented in the Verilog-A language and simulated by
the circuit simulator SmartSpice [23] equipped with a
Verilog-A compiler. The measured characteristics of
the BGBC test devices have been used to extract the
model parameters using the extraction tool Utmost IV
[24] that interactively employs the SmartSpice simula-
tor during the parameter optimization procedure.

The resulting simulated input characteristics in lin-
ear region and saturation regions are compared to the
measured the BGBC test structure characteristics in
Fig. 9. Fig. 10 shows the comparison of measured and
simulated BGRC test structure outnut characteristics.

T T
-20 -15

Vg [V]

-25 -10

Fig. 9. Comparison between simulated (lines) and measured
(symbols) input characteristics of the BGBC test OTFT.
The full line and circles annotate linar operation region wiyh
Vgs = —3 V while dashed line and triangles correspond to
the saturation operation region with Vz3 = —30 V.

The model has demonstrated a capability to fit the
measured OFET input and output characteristics over
a wide range of device biases. However, because of the
variability in the measurement data due to charge trap
memory effects, the parameter extraction has been per-
formed separately for each characteristics. One possi-
ble solution to overcoming this problem is to extract
parameters simultaneously for several properly selected
characteristics.
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Fig. 10. Comparison between simulated (lines) and measured

(symbols) output characteristics of BGBC test OFET. The
squares annotate V; = —40 V, diamonds V; = —30 V, circles
Vg = —20 V and triangles V; = —10 V.

VI. CONCLUSIONS

EDA tools equipped with accurate physical OFET
models are essential to speed up the optimization of
device performance and to provide a bridge towards the
organic circuit design.

It is demonstrated that applying advanced OSC
charge transport and mobility models in the multi-
dimensional device simulator Atlas can enable the accu-
rate physical modelling of OFET devices. The relative
error between simulated and measured results is typi-
cally < 15%. It is considered that at this stage this is
an acceptable level due to the current spread of mea-
sured results. With further investigation into modelling
the DOS, carrier mobility, contact phenomena and the
gate tunneling current, it is expected that the error be-
tween measured and simulated results can be reduced
further. Once the physical model is further advanced
it is foreseen that investigations into the effect of tem-
perature and long term electrical stressing will also be
undertaken through numerical device simulations.

Following the best modelling practices from the inor-
ganic world, the concept of surface potential has been
extended here to create a new physical OFET com-
pact model. It also represents a basis for a physical
charge control model to support dynamic device oper-
ation. It is demonstrated that the intrinsic transport
current model can provide very good fit of the mea-
sured test BGBC OFET input and output characteris-
tics. The model can be further extended to account for:
the bias dependent contact resistances, gate tunneling
current and effects of interface trap states. Perhaps the
biggest challenge will be handling OTFT memory ef-
fects (bias stress instability and hysteresis) within the
model and the corresponding circuit design.
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