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Abstract Pentacene and Polyera™ N2200 based-organic
field effect transistors (OFETS), have been fabricated and
simulated in a bottom-gate/back contacts configuration.
The simulations were processed with the help of 2D drift—
diffusion model. Comparison and analysis of the electrical
characteristics of both n- and p-channel OFETs have been
investigated. The study was centred on the electrical perfor-
mance of every structure in term of mobility, fixed charge
at the oxide/semiconductor interface and bulk traps density
and its related energy. The dependence of the transfer char-
acteristic on the grain boundaries traps state, in the case of
pentacene, has been also outlined. Comparison between
the simulation results and our experimental data show a
good agreement. We finally present how our model can be
applied to different devices with different channel length
and we analyse their relationship with extracted electrical
parameters.

1 Introduction

Organic electronic components are promising candidates
for the next generation electronics due to their solution
processability, structural versatility by molecular design,
and their appealing mechanical properties making flexible
electronics a reality [1]. Various types of organic electronic
device, such as solar cells [2], light-emitting diodes [3],
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field-effect transistors (OFETs) and sensors [4] have been
fabricated. In recent years, Organic field-effect transistors
show a considerable development because of their low
manufacturing costs, their power consumption and the pos-
sibility to fabricate electronic devices performing simple
operations or functions such as inverter and ring oscillators
[S].

On the other hand, the variety of synthetic organic chem-
istry has enabled the engineering of both n- and p-type
semiconductors, giving rise to many potential candidates
for circuit designs based on CMOS technology [6]. The
study of the charge transport in these materials is therefore
very important for the development of organic devices and
the optimizing of their characteristics. It is therefore criti-
cal that the research in this area is necessarily be coupled
with theoretical perspective, in order to resolve several of
the important issues, which will help in further enhancing
the electrical properties of these devices.

The basic idea of this paper is defended by simulation
and comparison between two stable n- and p-type materi-
als, pentacene and Polyera™ N2200, respectively. We ana-
lyse the differences between the two types of transistors, in
terms of the electrical properties and the influences caused
by structural changes. For this, we use a 2D drift—diffu-
sion simulator Integrated System Engineering-Technology
Computer Aided Design (ISE-TCAD®).

1.1 Structures and operating principal

We address the influence of mobility on the OTFTs elec-
trical characteristics and the interplay between bulk traps
states and fixed charges at the oxide/semiconductor Inter-
face. As a reference, we will compare the simulated char-
acteristics of both types of OTFTs to those realized by our
group. The dependence of the transfer characteristic on
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the grain boundaries traps state, in the case of pentacene,
will be also considered. OFETs devices were fabricated
in a (Back Gate/ Bottom Contact) configuration on heav-
ily doped Si wafer featuring a 200 nm SiO, layer with pat-
terned 30 nm Au electrodes (Fig. 1). The electrodes set
involved different channel lengths (5, 10, 20 and 50 pm)
and a 1 mm width. Substrates were rinsed with acetone,
isopropanol followed by ultraviolet irradiation using
UV-ozone cleaning for 30 min. We use piranha solution
(H,SO,/H,0,, 2/1 v/v) for 15 min (Caution: preparation of
the piranha solution is highly exothermic and reacts vio-
lently with organics), then we rinse with DI water. Finally,
a layer of [P (NDI2ODT?2)] (n-type polymer obtained from
Polyera™ company) was spin coated from chloroform
solution and annealed at 120°C for 18 h in a glove box
filled with high-purity nitrogen for the n-type devices and a
thin layer of pentacene (about 30 nm at a deposition rate of
0.1&/5) (molecules obtained from Sigma Aldrich) was sub-
limated (in vacuum atmosphere, 107® mbar) for the p-type
devices. The electronic characteristics of both types of tran-
sistors were tested with a probe station using a computer-
controlled Agilent 4156 in a dry nitrogen glove box (O, and
H,0 <1 ppm) with a single sweep current/versus voltage V
characteristics.

A voltage is applied to the gate in order to control the
amount of current flow between the source and drain. The
gate controls the MOS capacitor by accumulating or reject-
ing the charge carriers, which in turn activates or deacti-
vates the transistor.

Since the lowest unoccupied molecular orbital (LUMO)
is completely empty and the highest occupied molecu-
lar orbital (HOMO) is filled, the semiconductor is in the
energy situation of an insulator (Fig. 2a). This situation will
continue as long as the voltage V4 is not sufficient to bring

Fig. 1 Schematic structure of

bottom gate/back contact OFET, (a)
the organic semiconductors
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the levels of the two bands, HOMO or LUMO, in reso-
nance with the electrodes Fermi level. The application of
a sufficient positive gate will bring the LUMO band next
to the electrodes Fermi level, leading to an ohmic contacts,
which will allow the electrodes to fill the LUMO band with
electrons (Fig. 2b). In this case, electrons are accumulated
in the semiconductor.

Once a small potential Vg is applied between the source
and the drain, electrons move throw the semiconductor
by the electric field effect (Fig. 2d). This is the operation
mechanism in n channel. However, in the case of a p-type
semiconductor, when a negative voltage V is applied to
the gate (Fig. 2c), the energy levels of the semiconductor
bands increase so the HOMO band will be next to the elec-
trodes Fermi level, creating holes accumulation. When V¢
<0 is applied, holes (positive charges), transport appears
(Fig. 2e).

2 Comparative simulations and OFETs
performances

2.1 Simulation model

The TCAD process plays a critical role in advanced tech-
nology development by giving insight into the relationships
between processing and nanoscale performance that cannot
be obtained from compact and circuit simulation tools [7].
ISE-TCAD is a finite-element analysis that has application-
specific modules for various physics phenomena. It consists
of a multitude of core products for two and three-dimen-
sional processes integrated into a powerful interface.

In this work, the structure used in the ISE-TCAD input file
has a channel length of 5 pum with a W/L ratio of about 200.
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Fig. 2 Comparison of band diagrams between n and p-Type OFETs

A thin layer about 30 nm of pentacene (120 nm PolyeraT™
N2200) was considered as an active layer. ISE-TCAD is
amply used right from the start device structure construction,
transistor modelling, followed by a process flow and finally
plotting the electrical characteristics. A finite element solver
finds a coupled solution of Poisson and drift—diffusion equa-
tions for electrons and holes. The Poisson equation allows the
description of the evolution of the field in terms of carrier
densities. Reduced to the electrostatic potential, it provides
the following equation:

_P%y,2)
£

AV = ey
where € and p are the semiconductor permittivity and carri-
ers density in the semiconductor, respectively.

The continuity equations reflect the change in the carrier
density over time, which is due to the difference between the
incoming and outgoing flux of carriers adding the generation
and minus the recombination [8]. Charge conservation then
is applied through the equations (2) and (3), one for electrons
and one for holes.

on 1 ,. =

E=5'leJn+Gn—Rn (2)
op 1 . -

E =—5 'dlv‘]p+Gp_Rp (3)
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Transport of holes

where G,, G, R, and R, are the generation and recombina-
tion rates of electrons and holes respectively.

The Poisson equation and the continuity equations pro-
vide the necessary simulation for all components bases.
Electrons and holes current are described as the sum of
two contributions and a component proportional to the
diffusion gradient of the carrier density.

.7,; = qn,u"E,: + gD, gradn @
J, = qnu,E, — gD, gradp 5)

where D, and D, are the Einstein diffusion coefficients for
low carriers density, they are related to the temperature and
mobility by the well-known laws:

kT

Dn = —H, 6
p ©6)
kT

D, = 7 (7)

The Einstein relation has so far been applied for
high-density crystalline-semiconductors or degenerate-
semiconductors with a band tail distribution [9]. In our
simulation, generalized Einstein relation is solved for a
Gaussian density of states [9], as always used for organic
semiconductors and other amorphous semiconductors
like polymers.
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Our simulation flow includes the interface (MDRAW)
that defines the device architecture, the different types of
materials, meshing engine, and the doping profiles espe-
cially for the active layer (Pentacene, Polyera™ N2200).
The potential across the channel is set by two boundary
conditions set at the source and at the drain. In our simu-
lations, electrodes have voltage boundary conditions with
the initial condition of zero bias. For metal-semiconductor
interfaces, by default, there is an Ohmic boundary condi-
tion that can be written as: .

- - > -
b= u+i,+ip |1 ()

W =wy + Y, ®)
n=n0
P =Py

where y, is the equilibrium electrostatic potential, n, and p,
are the electron and hole equilibrium concentration and]:
and ]Zare the electron and the hole current at the semicon-
ductor side of the interface.

In organic semiconductors, charge transport is mainly
controlled by jumps between localized states which are
induced by the disorder. The probability of jump and
mobility depends on the electric field [11]. The field mobil-
ity is defined by the Poole—Frenkel mobility which defines
the dependency of mobility to the electric field. This model
is expressed as [8]:

A B
E)= —— 4+ | = - E
u(E) #oeXP< <7 <KT y>\/_> ©)
where ), E, A, p, v, K and T are respectively the zero
field mobility, the electrical field, the zero field activation
energy, the Pool-Frenkel factor, a fitting parameter, the

Boltzmann constant and the room temperature. The used
parameters values for pentacene and Polyera™ N2200 in

this study are summarized in Table 1.The parameter related
to the materials disorder is the temperature. Near room
temperature, the field dependence of the mobility is often
reasonably described by an effective Poole—Frenkel model
of mobility. At low temperatures and large gate voltages,
transport in materials becomes nearly temperature inde-
pendent, crossing over into a regime described by field-
driven tunnelling [10].

The drain current in organic transistor is convention-
ally cited in literature using classic theory of inorganic
transistors [25]:

w .
Zciﬂ(vgs - Vth) lf|Vgs - Vth > |Vds| >0
I, =
w .
ch#(vg‘s - Vth)Vds U‘"Vdfl > Vgx - Vth > 0

where w, L, C; and V,, are respectively the channel width,
channel length, capacitance of the gate insulator per unit
area, mobility and threshold voltage.

The extracted field effect mobility is obtained in the
saturation region by

2
_ 2L 9V
Hoat = e\ ov,

equation (10) [25]:
The sub-threshold is determined from the theoretical
Eq. [26]:

(10)

) d(log (IDS)) (v

where S is the calculated slope of the trans-characteristic.
Here, V¢ and Iy are the gate voltage and the drain current,
respectively. Note that the smaller value of S is required for
the higher operating speed [27].

Table 1 Summary of the

. . Propriété Symbole Materials Unit
physical and energetic
parameters of pentacene and Pentacene Polyera™
N2200
HOMO -4.6 -54 eV
LUMO -2.35 -4 eV
Gap . 2.25[11] 1.4 [13] eV
Electronic affinity 2.49 [12] 4 [14] eV
intrinsic : 2.5%10'7 [15] 10'°116] cm™
Concentration
Permittivity 4117] 3.5[18]
Traps density N, 10'7[19] 3% 108 [20] cm™?
Traps energy E, 0.19 [19] 0.04 [20] eV
Low field mobility o 33x107°[21] 5x1074[22] em?V=ls7!
Effective densities of states Nc 3x10% 10*! cm™
Ny 3x10?! [23] 102! [24] em™3
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2.2 Results and discussions

To describe the charge transport in our organic devices we
have defined some models: (1) semiconductor density of
traps (2) trap model at the interface between semiconduc-
tor and oxide (3) fixed charges (4) charge mobility. Several
simulations have been carried out to calculate the behav-
iour of OFET’s.

In the following we will consider the influence of the
mobility model on the electrical characteristics, we will
compare simulations made with a constant mobility model
and those made with a field dependent mobility model.
Using the parameters given in Table 1, the simulated ;-
Vs characteristics of pentacene based-OFET for a constant
mobility model are shown in Fig. 2. The gate voltage is
fixed at —10, —20, —30 and —40V while the drain voltage
(Vpg) range from O to —40 V in a step of —0.5 V. When we
apply a negative voltage between the drain and the source,
a holes flow from the source to the drain causing a negative
current flowing appears. As the magnitude of the drain-
source voltage is increased, the value of the drain-source
current also increases until “pinch-off” at which point the
p-channel pinches closed one side and the drain current sat-
urates at its maximum value. Output characteristics of our
pentacene based transistors obtained from simulation and
experimental data are shown in Fig. 3.

The curves show saturation zones for high Vpg drain
voltages, but we can be easily observe an overestimation of
the drain current in the linear region for low drain voltages.
Therefore, the need for a field-dependent mobility model is
important to better describe the electrical behaviour of an
organic material

The presence of field dependent mobility in penta-
cene based OTFTs is shown by the output characteristics
of devices with L=5 um as shown in Fig. 4. We note that
this (Pool Frenkel) field-dependence is always observed
in disordered organic semiconductors. In this respect, the
field-dependence mobility given by Eq. (9) is incorpo-
rated in our simulation, in addition to the contact barrier
effect. The best fit to the experimental data is obtained with
H=3.3x10"2 cm? V7' s B=1.45%x107° eV (cm/V) 2,
y=1073 (cm/V)"?, respectively. However, the agreement
between simulation and experiment is not yet reached. The
shift in the curves can be improved by taking into account
the bulk traps densities and their associated energies. The
trapped charge consists of both donor-like and acceptor-
like states across the forbidden energy gap. The density
of defect states, g (E), is defined as a combination of four
components: Two tail bands with an exponentially decreas-
ing function are specified to contain large numbers of defect
states at the conduction and valence band edges, respec-
tively and two deep-level bands for acceptor-and donor-like
defects which are defined as a Gaussian distribution [8].

@ Springer
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We used a single Acceptor level traps (neutral if
empty, negative if occupied by an electron) in the semi-
conductors bulk. The trap is characterized by the energy
level, representing the difference between the defect
energy level and valence band energy (HOMO) in the
case of pentacene or conduction band (LUMO) in the
case of Polyera™ N2200, and the concentration of elec-
tron trapped on the energy level. It has also been found

Constant mobiity mode

Expernments

R

Ve Ty

e
ew

Fig. 3 IDS-VDS characteristics based on a constant mobility model
compared with experimental data for pentacene OFET
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Fig. 4 IDS-VDS characteristics based on a field dependent-mobil-
ity model compared with experimental data for pentacene OFET,
W/L =200

that the transfer characteristic of an organic thin film
transistor is greatly affected by traps states and fixed
charges present at the interface between the oxide and
semiconductor. In particular, traps present at the interface
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Fig. 5 Experimental transfer characteristics and simulation result for different fixed charges concentrations at the semiconductor/oxide interface
a for pentacene based-OFET b for Polyera™ N2200 based-OFET, W/L =200

between oxide and semiconductor has an influence on
the transistor transfer characteristics in the subthreshold
region, while the threshold voltage is governed by the
fixed charges present at this interface according to the
relationship [28, 29]:

Qint
COX

AV, = - (13)

Figure 5a shows the dependence of the transfer char-
acteristics to the variation of fixed charges at the semi-
conductor/oxide interface. It is noted that increasing the
concentration of fixed charges has the effect of shift-
ing the threshold voltage towards high values (absolute
values). Thus comparing the experimental curves with
those simulated for both types of transistor, one is able
to determine the concentration of fixed charges which
provide a best fit with the experimental results. For our
devices, there is Q,,,=—1x10"" cm™? which induces
threshold voltage V, =12.9 V for pentacene-based OFET
and Q;,,=-2x10"" cm™ with V=10 V for Polyera™
N2200 based transistor. We have then considered the
influence of bulk traps. In particular the influence of the
acceptor trap concentration and there concentration on
the subthreshold trans-characteristic slope. In the fol-
lowing, we will consider a single acceptor trap level
inside the forbidden band and we will analyse its effects
of varying both the concentration and the energy level
from the valence band and the conduction band for both
pentacene and Polyera™ N2200, respectively. Figure 6
shows the trans-characteristics obtained by varying trap

concentrations. ISE-TCAD simulates the effect of trap
densities near the valence band in the case of pentacene.
For an average energy of about 0.19 eV, simulations of
output characteristics for different traps concentrations
(with a gate voltage V5;g=30 V) (Fig. 6a), show a strong
dependence of the output current, a value between 10"
cm™ and 5x10'7 cm™ shows a good agreement in satura-
tion mode with the experimental transistor characteristic.
An average value of 2.5x10'7cm™ will be considered in
the following simulations. Figure 6b illustrates the output
characteristics of an pentacene based OFET for different
energy values of hole traps with a bias Vg=-30V and a
bulk density of traps fixed at N, =2.5X 107cm™. As
expected, by increasing the energy level of traps towards
the valence band, the effect of traps decreases and the
value of the slope below the threshold, thus approaching
behaviour without traps effect. From the above analysis,
it is concluded that the effect of the traps is sufficiently
represented by a single level of traps with an energy
equal to 0.2 eV beyond the valence band with a concen-
tration equal to 2.5x 10'7cm™. The same methodology
was followed to simulate the electrical characteristics of
the Polyera™ N2200 based transistor as function as he
traps concentration and their energy beyond the conduc-
tion band (Fig. 6c, d).

The simulation result shows also a saturation current
dependence, in particular, by increasing the concentration
of acceptors traps, the current value decreases. We note
that the best agreement between the simulated and experi-
mental -V characteristics has been obtained for a trap
density 10" cm™ and energy of about 0.05 eV beyond the
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conduction band. We note that the effect of the traps affect
more the electrical characteristics in the case of n-type tran-
sistor which can explain the limitation of electron transport
and low mobility in these types of materials.

Pentacene is a material with morphology character-
ized by the presence of grains with lateral sizes that vary
depending on the deposition parameters or even with
the way the surface has been treated prior to evaporation
(Fig. 7a). To take into account this effect, the active layer
was cut into domains with lateral dimensions equal to
0.1 um (Fig. 7b) to simulate the interface traps at the grain
boundaries. For Polyera™ N2200 we will only consider the
bulk traps effect. For the same traps energy value (0.2 eV)
for the simulated output characteristics with different inter-
face traps densities at the grains boundaries (Fig. 8), we
highlight a slight dependence on the current level com-

pared to bulk traps. For a value of Ngz=5x10'"" cm-2,
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(solid) results, W/L =200
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Fig. 10 Transfer characteristics of Polyera™ based OFETs for dif-

ferent channel length, experimental (dotted) versus TCAD simulation
(solid) results

Table 2 Extracted electrical parameters from experiments and simu-
lation data

L (um) Voo V) Ton/Torr u(em? v1sTh

5 um Experiments 10 22x10°  0.05
Simulation 10 2.8x10°  0.05

20um  Experiments  11.6 103 0.048
Simulation 12 103 0.046

50um  Experiments  10.1 103 0.048
Simulation 8.8 103 0.046

simulations show good agreements with the experimental
results. Another study can be realized with the optimiza-
tion of the grain size to achieve better electrical character-
istics. The variation of the grain size can allow us to clearly
understand the grain boundary effects on the transport
properties of the OTFT.

From the simulation data, we can conclude that electri-
cal characteristics of both n and p-type organic field effect
transistors can be properly represented by a single level
traps model with respect to the valence band or conduction
band, a fixed charges model at the oxide/semiconductor
interface, grain boundaries traps effect, and a field-depend-
ent mobility model. With simulated values for one of each
parameter we obtain an almost perfect agreement with the
experimental data. This is shown in Fig. 9 where we plot-
ted the experimental and simulated electrical characteris-
tics for both types of devices.

To verify our model, we applied our simulation to dif-
ferent devices with different channel length (5, 20, 50 pm)
(Fig. 10). The decrease in the transistor channel length

@ Springer

leads to a reduction of the threshold voltage without chang-
ing the mobility.

This shift towards negative voltages is due to the fact
that in the case of small channel length, the electric field
varies much more quickly between the source and the
drain. Table 2 summarizes the electrical performances of
each transistor. We can conclude that our model is able to
reproduce faithfully the experimental characteristics of the
studied devices.

3 Conclusion

The important role of device simulations in a better under-
standing of the material properties and device mechanisms
manifests in OFETs based on n and p- type organic mate-
rials. This study pegs at comparing current characteristics
TCAD simulation and experimental data of pentacene and
Polyera™ N2200 based OTFTs realized by our group. The
effect of field-dependent mobility, oxide/semiconductor
interface fixed charge, bulk traps effects and grain bounda-
ries traps effects were underlined by providing 2D drift—dif-
fusion simulations. In general, we can conclude that device
simulations show good agreements with the experimental
results.
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