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Abstract: This paper presents an organic semiconductor transistor, with a vertical current modulation and a horizontal
conduction. The simulations show a stronger top gate influence and establish four work regimes, depending on the top and
bottom gates biasing. In the most favorable regime for the holes channel, under the reverse biased n'p junction, the
holes/electrons current densities ratio reaches 0.168/269. However, an ambipolar OTFT function occurs under the reverse biasing
of the vertical junction, with a top n-layer and a bottom p-layer. Due to the asymmetrical doping profile, the n” channel
conduction prevails in all the regimes. Therefore, the maximum current density of 1900A/cm” is ensured by a double n channel,
when both gates are positive biased. After simulations, three distinct work regimes are revealed by this single device: a SOI
behavior with volume channel, a JFET with neutral median channel and an OTFT with one or more interface channels.
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1. Introduction

The organic materials technology offers simple methods of
the device manufacturing, including inkjet printing,
roll-to-roll printing or non-hydrolytic sol-gel process that
promise very low cost electronic products against the
lithography methods in silicon technology [1-3].

In spite of the relatively rapid progress of new organic
fabrication processes [4], an Organic Thin Film Transistor
(OTFT) with reasonable electronic characteristics rests a
serious challenge, [5].

For instance, Organic MEtal Semiconductor Field Effect
Transistor, OMESFET was proposed as alternatives to OTFT.
OMESFETs operate at lower voltages up to 5V, with better
ON/OFF current ratios than an OTFT, but still use only a
p-type conduction, [6]. The classical technologies used in the
Pentacene OTFT manufacturing, frequently appeal to p-type
conduction, except for a few special low band-gap organic
semiconductors. Some authors claim that n-type conduction
can be accomplished either in special organic gate dielectrics
[7], either in special low band-gap organic semiconductors,
where the electrons mobility can reaches 0.01cm?*/Vs, [8].

The main Organic-TFTs are produced in p-type

semiconductor. The n-type conduction can be accomplished
either in special low band-gap organic semiconductors, [8].
An additional reason for the n-type organic-TFT avoiding is
the electrons trapping at the semiconductor—oxide interface by
hydroxyl groups, existent as silanols in the usual SiO,
dielectric. OTFTs with pentacene deposited onto a polymer
layer enhanced the drain current excursion from 8nA to 80nA
at the same gate voltage biasing, due to the interface traps
optimization, [9].

In this paper, the polyimide organic insulator is considered
as the back insulator and the oxide as the front insulator, for
the proposed Organic-TFT. The compatibility between the
circuit integration technology and the polyimide processing
was proved, [10]. The expected results concern a
differentiated current capability versus the work regime and
alternative functions for the proposed thin film organic
transistor.

2. The Organic-TFT Concept

Our Organic field effect transistor is related to the
Semiconductor on insulator SOI configuration [11] and also
corresponds to the Organic Thin-Film Transistors (OTFT),
because it uses sub-100nm organic films. Therefore, the back
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and front gates from SOI architecture [12] are re-named here
as bottom and top gates, accordingly to the TFT terminology,
[6, 7].

The proposed device is depicted in Atlas software, fig. 1.
The structure is able to collect the accumulation currents from
the superior and inferior organic layers, near oxide and
respectively polyimide. In this way, an ambipolar conduction
by an upper n” channel and a bottom p channel is possible.
However, the metallic shortcut of the vertical n"p junction is in
agreement with the zero current condition on the global
vertical direction, between the upper oxide and bottom
polyimide.
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Figure 1. Materials and doping profile within the O-TFT.

The device is depicted in the Atlas software, using a
Gaussian profile for the n" doping concentration, assuming a
non-uniform profile in the upper semiconductor layer, fig. 1.
The organic semiconductor is either the default pentacene
from the Atlas library [13] as Pentacene, or optimized organic
semiconductors from literature, [14] as Organic_new.

The hole and electron mobilities of the reported ambipolar
organic semiconductors are typically 0.1cm*/Vs, [15]. In order
to make possible an ambipolar charge transport, the HOMO
(highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) energy levels must be
positioned as close as possible and the gate dielectrics must be
selected in order to suppress the electron trapping at the
organic-dielectric interface, [16]. Consequently, in the
simulator, the organic semiconductor / polyimide interface is
defined as a thermionic tunnel interface, while the upper oxide
/ organic semiconductor interface is depicted by a charged
interface. A special attention has to be paid to the metallic
contacts. Burgi et al. demonstrated that the work function of
gold (5.1eV) is well aligned with the HOMO level of P3HT
(4.8eV), which offers very low contact resistance, while no
charge injection occurs for aluminum (4.0eV), which offers a
contact resistance with several orders of magnitude higher,
[17].

For our structure, the aluminum contacts offers Schottky

barrier with 4.2V potential distribution at zero external biasing.

Also, the simulations reveal a contact resistance dependence
on the doping concentrations in the n" or p type layers.

However, the contact resistances are depending on the gates
biasing, due to the carriers concentration modulation under
variable gate voltages, [14].

The particular physical features of the standard pentacene,
as Pentacene [13], enhanced new organic semiconductors as
Organic new [14, 18] and polyimide insulator [19] are
included in the Atlas models by the material statement and
centralized in table 1. Those parameters that are missing from
table 1, for pentacene, organic or insulators, are implicitly
included in the Atlas library [13]. The sizes and doping of each
layers are selected from a real organic technology [10-20],
accordingly with the indicated references from table 1. The n”
type layer has a Gaussian doping concentration with a peak of
10"cm, while the substrate p-type has 10" cm™.

Table 1. Device characteristics

Material Thickness (um)  Ec(eV)  Mobility (cm*/Vs)
n-Pentacene 40 1 1.08 2% 2x10% 0
p-Pentacene 60! 1.08 2% 4x10* 20
n-Organic_new 40 1 1208 0.50: "4
p-Organic_new 60! 1208 0.53- 114

3. Simulations of the Device Physics

In order to simulate the organic semiconductor material, the
following parameters are included in the model statement:
pfmob singlet langevin, in order to activate the Poole-Frenkel
mobility model and the Langevin recombination model for the
carriers continuity equation, [13].

In the usual Atlas simulations, the drain currents are
expressed in Amperes on a transversal depth of Ium. It is
expected that in experimental applications with few
millimeters depth, the current is usually higher. Therefore, in
these simulations the current densities are more relevant than
the currents.
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Figure 2. The potential distribution at Vs=0V, Vp=40V, Vic=-10V and
V=30V,

The potential distribution is available in fig. 2, accordingly
with an expecting work regime, for positive drain voltage and
negative top-gate voltage.
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The maximum electric field occurs on a 0.2um length of
oxide, between the edges of top gate and drain electrodes.
Hence, the maximum electric field reaches 2.5x106V/cm, still
lower than 1.1x10"V/cm, but close to the critical electric field
in the right corner of the oxide, near the drain contact.
Therefore, +40V ... +50V could be a safe limit for the drain
voltage. The thicker polyimide offers lower leakage currents
thru polyimide versus oxide, at these voltages. However, the
top and bottom gate current densities are some order of
magnitudes lower than the useful longitudinal current, so far
away from the breakdown conditions.

The structure comprises a vertical n'p junction. Therefore,
two types of carriers ensure the longitudinal conduction within
OTFT, as in an ambipolar device. A negative bottom gate
voltage systematically depresses the electron concentration
near the polyimide interface from 10" cm™ for V=0V, up to
10°%m™ for Veg=-20V, but may reinforce the holes
concentration.
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Figure 3. The holes concentration for different top and bottom gate voltages.

A negative top gate voltage can be favorable for the holes
accumulation. An additional negative bottom gate voltage
enhances the holes concentration, while positive bottom gate
voltage depletes the p-type film, fig. 3. Holes accumulation
occurs near the polyimide interface for Vpg=-30V, up to
2x10'8cm™, higher than the native doping concentration of
10" cm'3, while holes accumulation occurs near the oxide
interface for Vig=-10V, up to 9x10"cm™. Hence, the volume
n-channel co-exists with upper interface p-channel, especially
in the source vicinity. The work regime with positive top gate
voltage provides two conduction channels, near oxide and
polyimide interfaces, depending on the bottom gate biasing.

Figure 4 presents in doted lines the electrons concentration
and in solid lines the holes concentration, under the gates
action at Vyg=t+1 = +10V and Vg = -20V + +30V. For the
positive top gate voltage, a negative bottom voltage only
reduces the electron channel width, accompanied by holes
accumulation channel developing at the organic
semiconductor / polyimide interface. A positive bottom
voltage attracts a second electron channel near the polyimide
interface, keeping away the holes accumulation, under
10 cm™. In this last case, both n-channels have the electrons

reservoir in the n'-type region, with high electrons
concentration in the entire organic semiconductor - 10'7 + 10"
cm'3, and two peaks of 10®%m> near the oxide and,
respectively 5x10' cm?™, near the polyimide interface.
Additionally, the electrons-holes recombination processes are
insignificant, in this case too. Consequently, this work regime
is suspected to offer the maximum current capability.
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Figure 4. The electron and hole concentrations at positive top gate voltages.

4. Static Regime Analysis
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Figure 5. The output characteristics at negative top gate voltage, for new and
old organic semiconductors.

First simulations are focused on the output characteristics,
Ip-Vps, at negative top gate voltage, corresponding to the
electron depletion mode, fig. 5. The implicit pentacene
material, from the Atlas library (Pentacene), offers extremely
low drain currents around Ipg,: :10'18A, due to the poor
mobility. Therefore in next simulations, only the organic_new
is considered, as organic semiconductor. The maximum drain
current Ipg, = 10.7fA occurs for Vag=-20V, V=0V, fig. 5.
The current decreases when the negative top or bottom
voltages increase in modulus, due to the n-channel depletion.

(Space here ??)

In a second

stage, the output characteristics are
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comparatively simulated at different top and bottom gate
voltages, only for Organic_new material, fig. 6.
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Figure 6. The output characteristics at different top and bottom gate voltages.

The higher positive gate voltages stimulate higher drain
currents. The maximum saturated drain current of 100fA
occurs for Vig=+10V, Vpg=1+30V. If the top gate voltage is
maintained positive, the current is kept in a higher range
between 50-100fA, with a poor dependence on the bottom
gate voltage. A drain current decreases with one order of
magnitude, under a negative top gate voltage. This behavior is
caused by the asymmetrical doping concentration inside the
initial n"p junction.

5. Simulations of the Dynamic Aspects
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Figure 7. The dynamic curves Crg - p6, Gre - o and Cps, Gps versus the
frequency.

In the first analysis, the capacitances and conductances are
simulated against the frequency. The cross-sections on
longitudinal and transversal direction occur between Top Gate
- Bottom Gate, respectively Drain - Source electrodes. The
proposed device is simulated when the frequency increases

from 0.1Hz to 1kHz on the top gate terminal, while the DC
signals are: V=0V, Vp=20V, Vpg= -5V, Vg= +10V, fig. 7.
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Figure 8. The C-V curves at LF and HF for -10V<V1G<+40V: Crc -5, Cps.

Considering the Oz depth of Spum, the capacitance Crg.pg =
5x10™'% F/um from fig. 7, means 10™'® F, expressed in Farads.
The conductance G reveals a distinct behavior during the
frequency rising: Grg . gg suffers a weak variation from 10°S
to 107*S, while Gpg presents degradation from 10°S to 107%°S
that means a high resistivity of 10*°Q for f >100Hz,
accompanied by current capability degradation at high
frequencies.

In a second analysis, the capacitance is traced during the top
gate voltage scanning, keeping a constant frequency. Initially
the DC bias is Vs=0V, Vp=1+20V, Vpg=-5V and Vgg=-10V.
Then an AC signal is applied, during the top gate voltage
ramping from -10V to +40V to ensure the
depletion-enhancement transition, fig. 8. The drain-source
capacitance, Cpg, sensitively increases with the voltage from
107 up to 10°°F/um only at low frequency (50Hz) and
preserves constant value of 10°F/um at high frequencies
(500GHz is superposed over SMHz), fig. 8. Fortunately, the
main dynamic parameter, the top gate - bottom gate
capacitance, Crg . g, has roughly constant values between
4.5+5F/pum.

6. Discussions and Comparisons

The proposed organic device can be used in different work
regimes, in respect with the applied voltages. Because the n'p
junction has an asymmetrical doping concentration, the
conduction thru the longitudinal n" channel prevails.

An interesting behavior occurs for V<0, Vpg>0, which
allows a longitudinal conduction thru a large neutral n-channel
that overlap the metallurgical n” edge and is dominated by an
accumulation bottom n-channel, near the polyimide interface.
The translation of an accumulation electron channel
(n— 10*cm” near polyimide interface), over the p region must
to be considered under a forward biasing of the vertical n'p
junction. In this way, a maximum current peak occurs, j, peak =
612pA/cm’, fig. 9.
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Figure 9. The current vectors through the proposed OFET device and the
contours of electrons concentration at Vs=0V, V=40V, Vig=-10V and Vs =
+ 30V - the bottom accumulation channel case.

A positive top gate bias (V1g>0) attracts the electrons near
the upper oxide interface (here n— 10%cm™), offering the
maximum drain current densities. The carriers manipulation
from the bottom gate increases the total current density from
269uA/cm? for Vg=-30V up to 1900pA/cm’ for Vyg=+30V.
However, in whatever work regime, the holes current density
rests negligible. In a holes favorable regime, (e.g. for Vig>0,
V<0, when p>10*°cm™ near the polyimide interface), the
holes peak density barely reaches j,=0.168 HA/cm?, while the
total current density, j, is confounded with the electron peak

corresponds to a reverse biasing of the vertical n'p junction,
with depleted film in the middle of the organic layer. The
depletion is the main cause for the half saturated current,
Ipsa= SOfA, versus the next work regime. If both top and
bottom gate voltages are positives, the maximum drain
current performances occurred: jmt:1900uA/cm2 and
Ipa=100fA. At a first sight, the positive top voltage aids the
electron accumulation onset, while a positive bottom gate has
to reduce the p-type channel form the polyimide vicinity. Due
to the initial doping concentration asymmetry in n'/p regions,
the p type conduction is poor. The effect of both positive
voltages is visible in figure 4. Here the holes concentration is
under 10 ¢cm™ in the entire organic film. Also, the electrons
concentration reaches two peaks near interfaces, but also has
significant value across the entire organic film, (>10'" cm™),
with consequences on the total drain current.

The applications of the proposed device, biased at V>0,
are based on the output characteristics with one order of
magnitude superior versus the work regime with V<O,
presenting a characteristics saturation under 12V, fig. 6.

The operation frequency, f, is considered that frequency
that produces a stable value for the top-gate / bottom-gate
capacitance and source-drain conductance, far away from the
cutoff conditions, [21]. The results are comparatively
presented in table 2.

Table 2. The OTFTs device parameters

jn=269uA/cm®. If V>0 is accompanied by a negative Parameters Val V) Vou (V) fHz)
bottom gate bias, the proposed device presents two  Actual OTFT 1.5 ~2..28 100
accumulation channels: an n-channel near oxide and a Other OTFT 17...33 27 ~24 7 100k B4
p-channel near the polyimide interface. This situation
Table 3. The organic device work regimes

TG and BG biases ‘Work regime Typical voltages Static values Jpeak [MA/cm?]

V16<0, Vgc>0 bottom n-channel Vig=-10, V=30V, Vps=40V Ipsa=2+5fA Vpeu=2V Jror=612

V16<0, V=0 volume n-channel Vig=-10, Vpe= -20V, Vps=40V Ipsa=2+12fA Vpsai=4V Jor=1.45

V16>0, V<0 top n-channel // bottom p-channel Vig=+1, Vpe= -30V, Vps=40V Ipsa=50fA Vpe =12V Jror=269

V16>0, V=0 top n-channel // bottom n-channel Vig= +10, V=30V, Vps=40V Ipsa=100fA, Vpu =20V jio=1900

However, the dynamic analysis reveals capacitance or
conductance degradation at extreme low frequencies, fewer
than 50Hz, fig. 8.

The conduction superiority is established by the static
characteristics. A simultaneously association between a
negative top gate voltage with a positive bottom gate voltage
enhances the electrons distribution in a larger cross section of
the organic semiconductor film. This evolution is rather
observed at a given Vpg that determines the current flow with
maximum densities of 612pA/cm® near the polyimide
interface, fig. 9.

Table 3 presents the main features of the device in each
work regime. Fortunately, the capacitance range is below 1{F
that is more sensitive as for a single gate OTFT case with 25pF,
accessing a superior cutoff frequencies, [21].

Application of this device at low frequencies could be

interesting in electrophysiology, where the most useful
biosignals posses frequencies under 1Hz, [22]. The proposed
organic transistor is suitable for the biomimetic applications,
which involve carriers mobility under 0.1cm?*/Vs, [23]. Other
applications of the organic electronics in bioelectronics
envisage transducer with organic materials as biocompatible
interfaces, [24-26].

The volume channel regime is advantageously, because the
main conduction channel avoids oxide/organic semiconductor
or polyimide/ organic semiconductor interfaces, which
represent a cause of the OFET characteristics degradation,
[27-29].

Another possible application could be a sensitive transducer
in those sensors that request a current variation without
interfaces interferences, [30].

In the case of two accumulation channels the current
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density gets three orders of magnitude higher than in the case
of the volume n-channel. From this point of view, the
accumulation mode is more suitable for demands in high
power applications.

7. Conclusions

This paper presented a novel organic thin film transistor as
architecture and as work regimes. The main novelties of this
paper were: (i) special architecture with vertical n*p junction;
(i) new work regimes with different channels; (iii)
discussions of applications.

The device simulations revealed four distinct behaviors,
depending on the Top and Bottom Gate voltages. A positive
top gate bias attracts the electrons from the n” channel near the
upper oxide interface, where n-10*cm>, offering a
maximum drain current densities. In a holes favorable regime,
V16>0, Vpg<0, the holes density peak barely reaches
jP:0.168uA/cm2, while the total current density, jy, 1S
confounded with the electron peak jn:269uA/cm2. If Vig>0
was accompanied by a negative bottom gate bias, the proposed
device presented two accumulation channels: an upper
n-channel near oxide and a bottom p-channel near the
polyimide interface. When both gate voltages are positives,
the maximum drain current performances occurred:
jmt:1900uA/cm2 and Ip,=100fA. Bioelectronics or
biomimetics applications benefit from a low saturation
voltages and low carriers mobility. Low threshold voltages
and low drain saturation voltages are convenient parameters
for the low power consumption.
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