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Dual-gate organic field effect transistors (DG-OFETSs), where two separate channels are formed at the or-
ganic semiconductor-dielectric interface, have attracted much attention owning to their high performance in
comparison to single-gate OFET (SG-OFET). In this paper, an organic module of Atlas device simulator for a
low voltage SG-OFET has been used to predict the electrical characteristics and performance parameters.
Thereafter, an additional dielectric and gate electrode has been introduced to SG-OFET to achieve better per-
formance. Electrical behaviors of low-voltage (< 3 V) DG-OFET have been studied by employing a symmetric
configuration. This architecture exhibits a high drive current due to injection of sufficient charge carriers in
both channels. The simulation results show higher drive current, carrier mobility and current on-off ratio,
lower threshold voltage and subthreshold slope. These results demonstrate that the proposed symmetric con-
figuration provide better performance when compared to the single gate.
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1. INTRODUCTION

Nowadays, organic electronics has attracted great
attention since it has become the next promising gener-
ation of technology due to its advantages over inorganic
electronics. Hence, using organic materials has become
an important topic in the development of low-cost, flexi-
ble, large area, and lightweight devices [1]. Organic
electronics is one of the fastest growing technology
sectors, with a wide variety of applications already on
the market, organic field-effect transistors (OFETSs),
organic light-emitting diodes (OLEDs), and Organic
photovoltaics (OPVs) are now the most researched
device applications. Lots of efforts have been devoted to
improving performance and stability of OFETs, which
is the key component of various flexible circuits; have
led to the development of organic devices with high
performance comparable to amorphous silicon-based
semiconductors Si: H TFTs [2]. Research is going on to
improve the OFET performances, in terms of high car-
rier mobility (1) and on-current (ION), low operating
voltage, scaled down of channel length (L) and gate
dielectric thickness [3, 4].

Also, the improvement in the OFET parameters can
be achieved by variations in the structural placements [5].
OFETs are a construction containing an organic semicon-
ductor (OSC) as active layer, an insulating layer, and
source-drain-gate electrodes. These layers and electrodes
are arranged in different devices structure, four OFET
structures can be defined by the positions of the gate,
source and drain electrodes according to the gate dielec-
tric and organic semiconductor layer respectively, which
is known as top gate (T'G) and bottom gate (BG), top
contact (T'C) and bottom contact (BC). One other solution
is the dual-gate (DG) configuration, the secondary gate
helps to improve the performance of OFET in compari-
son to the single gate (SG) such as, higher device mobili-
ty and current on-off ratio, lower threshold voltage and
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subthreshold slope [6]. Extensive research in which field,
process development and device optimization have
shown that the characteristics of organic transistors can
be certainly improved when the OFETSs operated in a
dual gate mode [7].

OFETSs operate in the accumulation mode, source and
drain electrodes are meant for charge carriers injection
and extraction, respectively from the OSC layer whereas;
the biasing of the gate electrode induces the charging of
the insulator-OSC interface. The DG OFET can be oper-
ated in two different modes, such as single gate (top gate
or bottom gate) and dual gate mode. So, there can be two
conducting channels for this configuration, which are
formed at both top and bottom insulator-OSC interface
when an adequate biasing is applied to both electrodes
gate [6]. OFET low-voltage operation can be achieved by
increasing the capacitance of gate dielectric, i.e. a dielec-
tric having either a small thickness of dielectric layers
and/or a high-k dielectric permittivity [8]. Low-voltage
operation with low leakage current including Al20s as
gate dielectric has been studied, which is indicated the
high quality of the Al203 dielectric. The merit of Al2Os is
that is can be fabricated at low temperature as well as
does not damage the active layer [9]. Shiwaku et al. [10]
was the first to report the low voltage (< 5 V) DG-OTFT in
2018, to obtain a high-performance with charge carrier
distributions was imaged.

Analysis behaviors of low-voltage and high-voltage
dual gate organic thin-film transistors have been pro-
duced with an asymmetric contact configuration,
whereas the source and drain electrodes are placed
under or the above the OSC. Most of charge carriers
accumulate in the first monolayer next to the insulator-
OSC interface in both sides, and thus justifies forming
two separate channels in DG OFET. However, the
charge carriers have different concentration even with
similar gate biasing due to thickness of dielectric re-
sulting in a higher or lower capacitance.
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This paper presents the performance of low-voltage
organic transistor in TC configuration. The OFET sim-
ulation was performed using finite element device sim-
ulator, the electrical characteristics obtained by simu-
lation are verified with experimental results. Thereaf-
ter, SG-OFET is analyzed with an additional dielectric
and top gate electrode. The proposed DG-OFET with
symmetric contact configuration is analyzed using
organic module of Atlas device simulator to present the
performance of the device in terms of electrical parame-
ters such as mobility x4, on-off current, threshold volt-
age Vi, and subthreshold SS.

2. METHODS AND SIMULATION SETUP

Silvaco (Atlas) 2-D numerical device simulator has
been used to investigate the transfer and output cha-
racteristics of the single gate p-type OFET. Then, we
exploit the results obtained and suggest a dual-gate
OFET with symmetric configuration, for predicting
electrical behaviors and properties which are linked
with physical structure and biasing conditions

The device structure of low-voltage SG-OFET is
formed by stacking several layers as shown in Fig. 1,

Al203 is used as dielectric with capacitance of
0,7 uF/em2 [11].
Y .
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Fig. 1 - Schematic structure of single gate top contact organic
field effect transistor

The simulation was based on the Poisson’s and car-
rier continuity equations, which is done with a one-
carrier model of the hole.

&y =-pq, (2.1)

@_lvj +G,-R

ot gl OB (2.2)
where ¢ is dielectric constant, y is electrostatic poten-
tial, p is hole carrier concentration, ¢ is the elementary
charge, Jp is the hole current density, Gp and R, are the
carrier generation and recombination rate.

The drift and diffusion charge transport model for
the hole current density is given by:

Jp =Pqu,F+qD 1, (2.3)
where 14 is the hole mobility, F'is the electric field, and
Dy is the hole diffusion coefficient.

To analyze the static and dynamic behavior of the
device, Poole-Frenkel mobility model for holes is ap-
plied to define the dependency of mobility capability
due to electric field @(E), which is expressed as [12,13].
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u(E) =y exp{AwL(ﬂ]/J\/E} , 24
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Here wo is the zero field mobility (when the drain
voltage Vp = 0), E is the electric field, £ and T represent
the Boltzmann constant and temperature, respectively.
Parameters A, g and yis the activation energy and hole
Poole-Frenkel factor respectively, whereas, yis used as
the fitting parameter.

Table 1 — Device dimensions of SG-OFET [11]

Dimensional parameter Value
Channel length 10 pm
Channel width 100 um
Thickness of OSC (Pentacene) 30 nm
Thickness of Dielectric ( Al20s) 5.7 nm
Thickness of gate electrode (Aluminum) 20 nm
Thickness of S/D contact (Gold) 30 nm

Table 2 — Parameters used in 2-D numerical device simulator

Material Parameters Value
Band gap (Ey) 2.2eV
Affinity (y) 2.8 eV
Permittivity (&) 4.0
Density of conduction s
band (Nc¢) 2x 10 em
Density of valence o
Pentacene band (NV) 2 x 102 cm
Acceptor doping concen- o
tration (Da) 410 em
Activation energy (A) 0.018 eV
Hole Poole—Frenkel | 7.758 x 10-5
factor (f) eV (em / V)05
Aluminum . .
oxide (Al:03) Dielectric constant (K) 4.5
Al2O3 / penta- oy
cone interface Interface charge (Qr) 2% 1012 cm
Gom (source & work function 5.1
drain)
Aluminum .
(Gate) work function 4.3
- Temperature (T) 300 K

The material and model parameters of SG-OFET used
in the simulation are summarized in Table 1 and Table 2.

3. RESULTS AND DISCUSSION
3.1 Performance of Single Gate OFET

When the bias voltage is applied to the gate elec-
trode, a thin accumulation region constitutes the major
current flow near the OSC-dielectric interface, which is
called the accumulation layer of the OFET. The 2D
simulation visualizes the current flow lines contour and
hole concentration at dielectric interface in the OSC of
the SG-OFET, as illustrated in Fig. 2.

Fig. 2 shows the simulated structures of SG-OFET,
where a thin accumulation layer at OSC—dielectric inter-
face can be clearly observed, that representing channel
formation from source to drain contacts.

The hole concentration is higher and homogeneous in
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the linear regime than the saturation regime as depicted
in Fig. 3. Moreover, the hole concentration degrades from
the drain side due to the depletion mode.

Fig. 2 — Current flow lines contour profile on the SG-OFET
structure at Vgs=—3Vand Vus=— 0.1V
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Fig. 3 — Hole concentration along x-distance at the insulator/OSC
interface for linear regime (Vas = — 0.1 V), and saturation regime
Vas=—3V)
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Fig. 4 - Comparison of experimental and simulation: (a) output
characteristics, (b) transfer characteristics of SG-OFET

The output and transfer characteristics of p-type
SG-OFET are shown in Fig. 4 a, b, respectively. It is
observed that the simulation results predicted from the
Atlas 2D numerical device simulator are in good
agreement with the experimental data.

The performance parameters for SG-OFET struc-
ture are verified with reported experimental results, as
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summarized in Table 3. We note that the difference in
the simulation results is caused by several parameters
fittings in the device simulator.

Table 3 — Simulated and experimental parameters of SG-OFET

SG-OFET
Parameters [Vgs>—25V, Vas=—15V]
Simulated |Experimental [11]
'(Igl)reshold voltage, Vru| 1.305 19
Mobility, g(cm?2/V-s) 0.57 0.4
Subthreshold slope, SS
(mV / dec) 86.72 100
Transconductance, 413 4
gm(1S)
Current on-off ratio,
Ion/Ioff [Vgs =Vis=-3 V, 5.88 x 107 107
Vgs = O]

The performance parameters for SG-OFET struc-
ture are verified with reported experimental results, as
summarized in Table 3. We note that the difference in
the simulation results is caused by several parameters
fittings in the device simulator.

3.2 Performance of Symmetric dual gate OFET

Structural modification of placements of contact is a
well-known scheme to improve the performance of dual-
gate organic transistors. DG-OFET structure is classified
as top contacts organic field effect transistors (TC-OFETs)
and bottom contact organic field effect transistors (BC-
OFETs), depending on the placements of source/drain
(S/D) electrodes above or below the OSC. Therefore, two
separate channels can be formed within a few nanometers
from the gate dielectric-OSC interface. This configuration
exhibits a large difference of charge injection from source
to the OSC in both channels [14].

The improvement in the performance of DG-OFET
can also be achieved by forming a good interface at
OSCl/dielectric, which is leading to lesser traps and
benefits the charge transport interface in device. AloO3
is good for low-voltage operation of OFETs due to its
low trap density, low temperature fabrication which
has the advantage of avoiding damage the organic
semiconductor layer [9, 14]. The proposed dual-gate
symmetric-contact device structure of the low-voltage
OFET was obtained by placing two S/D electrodes ei-
ther in the middle of active layer, as shown in Fig. 5.

The performance of SG-OFET and DG-OFET configu-
rations is analyzed in terms of parameters and electrical
characteristics with geometric symmetry, same materials
and operating conditions to make an appropriate compari-
son between them (Table 1 and 2).

Atlas 2D numerical device simulator displays the
current flowlines contour and hole concentration along
x-distance at the insulator/OSC interface in the DG-
OFET while transistor is operated in the top, bottom
and dual-gate modes, respectively as shown in Fig. 6 a,
b, and c¢. However, it should be mentioned that the
bottom and top gate electrode was connected each other
for the dual-gate mode (Vr¢ = Ve = Vis).
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Fig. 5 — Schematic structure of the proposed Symmetric dual organic field effect transistor
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Fig. 6 — Simulated contour of current flowlines and hole concentration nearby the dielectric interface of the DG-OFET with three
different configurations at Vps=—1 V: (a) Top gate mode (Vr¢ =—-3V, Ve = 0V), (b) bottom gate mode (Vi¢=0V, Ve =—3V) and

(c) dual gate mode (Vi = Vee=—3V)

The hole concentration is equally in both single-gate
mode (top gate or bottom gate modes), which means that
the majority charge carriers is concentrate properly at
the dielectric-OSC interface (accumulation layer) while

biasing is applied at the gates as shown in Fig. 6, where-
as it is higher for dual-gate mode in both channels.

The output and transfer characteristics of DG-
OFET with three different configurations under differ-
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ent Vi values are shown in Fig. 7. It can be observed
that during TG or BG mode, the proposed dual-gate
exhibited identical transfer and output characteristics,
which leads to symmetric operation.

According to the output characteristics of Fig. 7 a, b,
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and ¢, the on-current of DG-OFET mode Ionpc (at
Vas = Vi = Ve =— 3 V) is higher by 2.8 times than the
Iont¢ in TG mode or Ionsc in BG mode
(Ionpe = (Ionse + Iont) x 1.4).
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Fig. 7— Output and transfer characteristics of DG-OFET with three different configurations: (a) Top-gate (TG), (b) Bottom-gate

(BG), and (c) Dual-gate (DG)

The extracted performance parameters, such as
Vra, u, SS, gm and Ion/Iof of the low-voltage Symmetric
DG-OFET for different operating modes are summa-
rized in Table 4.

It is observed that DG-OFET configuration shows

the superior result when compared with TG and BG
modes. The DG-OFET demonstrates an increment of
2.6 and 5 times for hole mobility and current on-off
ratio, respectively in comparison to the TG and BG
modes.
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Table 4 — Simulated parameters of Symmetric DG-OFET
operating in top, bottom, and dual gate configurations

[Vgs >-2.5 V, Vas=—1.5 V]
Parameters TG BG TG
Threshold voltage, | _
Vi (V) 1.215 —-1.215 0.75
Mobility,
s(em? 1 V.s) 0.543 0.539 1.42
Subthreshold
slope, SS 204 212 153
(mV / dec)
Transconductance,
5.648 5.639 11.49
gm (US)
Current on-off
ratio, Lon/Loff 3.634 x . | 179 %
[Ves = Vas=—3V, | 107 8.627>107 1 47
Vgs = 0]

Additionally, a reduction of 38 % in threshold voltage is
observed, the transconductance in the DG mode is also
higher by two times than the TG and BG modes. Be-
sides this, sub-threshold slope is reduced by 25 and
28 % for TG and BG modes.

Compared to single-gate (Table 3), the OFET in dual-
gate mode demonstrates an improvement of 44 % and
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HusbkoBOABTHHI CUMETPUYHUN JBO3ATBOPHUN OPraHiYHUI MOJIFOBUHA TPAH3IUCTOP

Imad Benacer!, Fateh Moulahcene!, Fateh Bouguerra2, Ammar Merazga!
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JlBozarBopHi opraniuni mosibosi Tpansucropu (DG-OFET), ne nBa okpemi kamamm gopMyoThes HA MKl
TOMi/Iy OpraHIYHWI HAIIBIPOBIIHUK-II€JIEKTPUK, IIPUBEPTAIOTH BEJIUKY YBATY 3aBIAKH CBOIM BHCOKIN IIPOAYK-
tusHocTi nopiBHsaHO 3 ogHo3aTBopHuMu OFET (SG-OFET). V wmiit craTTi oprasivyHuil MOyJIb CUMYJISTOPA IPU-
crporo Atlas st HusproBosibTHOTO SG-OFET BuKOpHCTOBYBABCS [UIsT IIPOrHO3YBAHHS €JIEKTPHYHUX XapaKTe-
puctuk 1 mapamerpis npogykrusHocti. [licis mporo 8 SG-OFET 6yso BBeieHO 101aTKOBHII [1I€JIEKTPHK 1 €JIEK-
TPOJT 3aTBOPA JIJIsT JOCATHEHHS KPaIol MpoIyKTUBHOCTI. EekTpryna moBeminka Hu3bkoBoIbTHOTO (< 3 B) DG-
OFET nocmimpryBaiach 13 3acTocyBaHHSIM cHMeTpHUYHOI KoH(iryparii. I{s apxiTekrypa JeMoHCTpPYe BUCOKMIA
CTPYM IPUBOJY Yepe3 1HMKEKIMIO JOCTATHLOI KLIBKOCTI HOCIIB 3apsimy B 00maBa KaHaau. PesysisraTi Mozestio-
BAHHS IIOKA3YIOTh BUIIII CTPYM IIPUBO/LY, PYXJIMBICTH HECYUOl Ta KOe(IIieHT YBIMKHEHHS/BUMKHEHHS CTPYMY,
HUSKYY IIOPOrOBY HAIIPYTY Ta IIAIOPOrOBY KPYTH3HY. 3aIlpOIIOHOBAHA CHMETPHYHA KOH(pIrypairis sabesmedye
Kpallly IpOAyKTHBHICTE B IIOPIBHAHHI 3 TPAH3UCTOPOM 3 OIHUM 3aTBOPOM.

Knrouogsi ciora: Opraniuni nossosi tparsucropu (OFET), Huserka manpyra, Onaosatsopsi (SG) Tpanswuc-
topu, JIBozarsopHi (DG) Tpansucropn, CumerpuuHi TpaHaucTopu, YuceIbHe MOIETIOBAHHI.
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