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Abstract

In fabricating organic field-effect transistors (OFET) the deposition of a very thin and electrically continuous semiconductor layer
using a low-cost process such as a printing method is a challenge. A simple model is proposed which relates performance to thickness,
and shows that the thick layers typical of low-cost methods lead to poor device properties. The analytical model of thickness dependence
is shown to match OFET simulation results for a range of thickness. These results indicate a change in the threshold voltage and drops in
the output impedance and the current ratio with an increase in the semiconductor thickness.

As a solution a dual gate structure is suggested for organic transistors, in which the secondary gate controls the effective thickness of
the organic layer through a Schottky contact with the semiconductor. Simulation results for a 200 nm thick dual gate OFET show a
performance much better than is observed in a near optimal 20 nm thick OFET, by achievement of a current ratio of 10°, versus

2500 in the OFET.
© 2007 Published by Elsevier Ltd.
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1. Introduction

Methods including printing, casting, stamping, spin
coating and vapor deposition have been used to fabricate
organic field-effect transistors (OFETs) [1]. Most of the
high-performance OFETs that have been demonstrated
are made by vapor deposition methods from small organic
molecules as the semiconductor [2]. Although the evapora-
tion methods have been very useful to study the electrical
characteristics of the organic semiconductors, the methods
are too expensive to be used for low-cost electronic appli-
cations such as RFID tags [3]. Among different techniques,
the printing methods are the most inexpensive patterning
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and deposition processes with the capability of roll-to-roll
production for the organic electronics, but the device per-
formance is relatively poor because the deposited film is
too thick with a poor molecular order [4]. Most of the sim-
ple printing techniques such as inkjet printing have a thick-
ness resolution around a few hundred of nanometers [5],
whereas the optimum thickness for an OFET is about
30 nm [6]. Many research groups around the world are
working on the development of printing techniques to meet
the organic electronics requirements [7]. However, the price
of advanced printing machines affects the cost of the prod-
uct especially in low production quantities.

In this paper, the dependency of OFET characteristics
on the semiconductor thickness is studied by simulation
of the device. Then, the application of a Schottky contact
as the secondary gate is shown to greatly enhance the per-
formance of a thick film transistor.
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2. Modeling

An OFET (Fig. 1a) is basically an isolated-gate field
effect transistor (IGFET) which works in the accumulation
mode when the transistor is on. In this case, the applied
gate voltage accumulates carriers at the insulator—semicon-
ductor interface to increase the conductance between the
drain and the source contacts. The depth of the accumula-
tion layer is about 2-3 nm which is equal to a few monolay-
ers of the organic semiconductor [8]. The remaining
thickness in the semiconductor acts as a resistor between
the drain and source. Excluding the effect of the resistor,
similar to any IGFET, the output characteristic of the tran-
sistor shows two distinct regimes: linear and saturation.
When |Vgs — V1| > |Vps| the transistor is in the linear
regime, where Vg is the gate voltage versus the source,
V1 is the threshold voltage and Vpg is the voltage between
the drain and source. The transistor saturates when
|Vas — V| <|Vps|. Ideally, in the off mode, the transistor
has a zero conductance between the drain and source when
[Vas| < |Vl

Fig. 1 shows a schematic of a bottom contact OFET
with an equivalent circuit for the device, in which the effect
of the bulk resistance is represented by the parallel resistor
(Rp). Assuming that the thickness of the semiconductor is
much larger than the depth of the accumulation layer, Rp
is expressed by

I (1)

ooty

where L is the distance between the drain and source, Z is
the width of the drain/source electrodes and ¢, is the thick-
ness of the semiconductor in the channel and oy is the
bulk semiconductor conductivity.

The current in the transistor element (/) is a function of
the gate voltage. In the linear regime, /; is [9]

Ii_tin = (uf%) [(Vgs — V1)Vps) (2)

where C; is the gate capacitance per unit of area and pigeq 1S
the field effect mobility of the carrier in the channel. For the

alti Organic Semiconductor
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Fig. 1. (a) A schematic of a bottom contact OFET and (b) a simple model
for the device consisted of an ideal IGFET and a parallel resistor.

saturation regime, the current is a quadratic function of the
gate voltage:

ZlqCi
Il—sat = (%) (VGS - VT)2 (3)

and in the off mode, ideally 7;_,5=0.

According to the model the drain terminal current for the
device is the summation of the currents in the transistor and
the resistor. Therefore, the current in the linear regime is

Ip_jin =Ii_Lin + 1>

ZitgayCi v
— (2 (Vi — P)Pos] + 722 @
P

Replacing Rp from Eq. (1) into Eq. (4) and rearranging
after gives

zZ ie Ci
Ip_jin = (’uf%) Vs — Virapp) Vs (5)
where V,pp is the apparent threshold voltage described by
Obikls
V tamn = (VT S —> 6
- HrielaCi ©

As Egs. (5) and (6) suggest, the effect of the parallel resistor
appears only in the threshold voltage of the device in the
linear mode. Therefore, the field effect mobility can be cal-
culated from the slope of Ip—Vgs plot [7] in the linear re-
gime regardless of the semiconductor thickness, but the
apparent threshold voltage is a function of the thickness.
Indeed, for a very thick semiconductor, especially when
the bulk conductivity is relatively high, the sign of the
apparent threshold voltage is different from V1 which
means that the transistor can not be switched off even at
Vs = 0. The implication for device operation is that high
on/off ratios can only be obtained when gate voltages can
be made both negative and positive relative to the source,
a significant disadvantage, particularly in a low-cost device.

Considering the effect of the parallel resistor, the satura-
tion current is not independent of the Vpg anymore, and
the slope of the Ip—Vps curve is R; L

ZUgaCi Vv
[D—sat - ('ulel‘d) (VGS - VT)2 + ﬂ (7)

Since Rp is proportional to the inverse of the semiconduc-
tor thickness, the slope of the current in Ip—Vpg increases
with the thickness (#;). Indeed, Rp is the output impedance
(Zou) of the device in the saturation regime which drops
with the semiconductor thickness. Also, Eq. (7) indicates
that derivation of the field effect mobility from /Ip—Vgs
curve is not accurate in the saturation regime, except when
Rp is very large.

Furthermore, the semiconductor thickness has a signifi-
cant effect on the off mode of the device as the current is
not zero when |Vgs| <|Vr|. Assuming that the transistor
is off when Vgg =0, the device behaves as a resistor
between the drain and source terminals. The value of the
resistance in the off mode R}, is actually different from the
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Fig. 2. The energy band diagram for a MIS device at the equilibrium
(Vgs =0).

bulk resistance (Rp) because of the depletion region pro-
duced from the band bending at the Vg5 = 0. Fig. 2 depicts
the band bending at zero gate voltage for a p-type metal—
insulator—semiconductor (MIS) device. Because of the
depletion region, the effective thickness of the semiconduc-
tor is reduced to 7—tq4ep. Therefore R}, is expressed as:

L

) 8
P O-blkZ(ts - tdep) ( )
And consequently the off current is
Z(ts — tge
Ipoir = M Vv 9)

L

To reduce the off current, one can apply large enough volt-
age to the gate in the depletion mode to extend the depletion
region close to #;. For a thick layer of the semiconductor the
required gate voltage is so high that insulator breakdown
will likely occur before the semiconductor can be fully de-
pleted. In a very thin semiconductor layer, ¢, might be even
smaller than #4., which in this case, the depletion region is
restricted to the semiconductor thickness and the semicon-
ductor is fully depleted at Vgg = 0.

Considering Vgs = 0 as the off state, the on/off current
ratio is written in the linear mode by taking the ratio of
Egs. (5) and (9):

Ion KietaCi

Tor (Ublk(ls — tdep)) Vs = Vrapp) (10)
The current ratio drops with increasing semiconductor
thickness, and there is also an influence due to a shift in
the apparent threshold. Eq. (10) also shows that the current
ratio is independent of the channel length (L) and width
(Z). Increasing the value of Rp by changing L and/or Z
does not improve the current ratio.

In summary, the thickness of the semiconductor has
negative effects on the apparent threshold voltage, output
impedance, and the on/off current ratio. Hence, the perfor-
mance of the device improves with a reduction in the semi-
conductor thickness. Theoretically, the peak performance
is achieved when the semiconductor is just as thick as the

depth of the accumulation layer, which is less than 3 nm.
In practice, such a thin film is hardly continuous and shows
a poor current ratio due to the contact resistances and leak-
age current in the off mode [6]. Consequently, the optimum
thickness is measured to be around 30 nm [6]. Most of the
inexpensive deposition methods such as printing or dip
casting have resolution much lower than 30 nm. As a result
the performance is very poor in the devices made with these
simple methods relative to those made by evaporation
techniques.

To reduce the effect of the thickness on device perfor-
mance a secondary gate is suggested on top of the semicon-
ductor. The top gate (TG), shown in Fig. 3, makes a
Schottky contact with the semiconductor, which produces
a depletion region in the semiconductor with a depth of
tsen- Therefore, the effective semiconductor thickness in
the linear and saturation regimes iS ffsen, and it is 7
tsch—tdep in the off mode. The depth of the depletion region
in a crystalline semiconductor is given by [9]:

283
— 11
AT (1

fsch =

where V, is the applied voltage in the reverse bias across the
Schottky junction, V4, is the built in voltage in the junction,
&g 1s the permittivity of the semiconductor and ¢ is the unit
charge. Ng is the charge density in the depletion region,
which is assumed to be uniform all along the depletion re-
gion. For crystalline semiconductors, Ng is usually equal
to the dopant density, but in amorphous semiconductors,
such as organics, the trapped charge in the localized states
is considered as well. Nevertheless, ts., increases with ap-
plied voltage in the reverse bias which shrinks the effective

a Top Gate (TG)

Organic

Drain I Semiconductor Source

b Insulator ts

Er

Top

Gate E Gate

Organic
Semiconductor

Fig. 3. (a) A schematic of a dual gate OFET and (b) the energy band
diagram at the both gate interfaces (equilibrium condition — Vgs =
VTG =0 V)

(2007), doi:10.1016/j.sse.2007.07.011

Please cite this article in press as: Takshi A et al., Simulation of a dual gate organic transistor compatible ..., Solid State Electron

184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202

204

205
206
207
208
209
210
211
212
213
214



215
216
217
218
219
220
221
222
223
224
225

226

227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269

4 A. Takshi et al. | Solid-State Electronics xxx (2007) xxx—xxx

semiconductor thickness. The absence of the insulator be-
tween the top gate and the semiconductor is an advantage
for extending fs., to a much larger distance than 74, can
reach for the same voltage applied to the gates.

At a certain voltage applied to the top gate such that
ts = tsch, the depletion region is extended through the semi-
conductor thickness and the effect of the parallel resistance
is eliminated.

Simulations were done in order to verify the effectiveness
of the top gate and the correctness of the simple model of
the effects of thickness.

3. Simulation

A set of transistors are simulated with organic layer
thicknesses ranging from 20 to 200 nm, with the thickest
layer mimicking a device made by a low-cost printing
method [5]. In addition the dual gate configuration is
applied on the 200 nm thick film to show the enhancement
in the performance of the device.

Medici version 4.0 (produced by Synopsys [10]) is used as
the CAD tool for the device simulation. Medici models the
two-dimensional distributions of potential and carrier
concentrations in a device. The program solves Poisson’s
equation and the continuity equation in every node of a
two-dimensional mesh determined by the user. The third
dimension is always assumed to be 1 um. Since in a FET
transistor the currents are proportional to the width of
the device, the simulation results are normalized for a
1 pm width. Medici 4.0 supports amorphous semiconductor
simulation by including the effect of localized states as
traps.

Regioregular-poly 3 hexylthiophene (rr-P3HT), which is
a very stable p-type polymer semiconductor [1], is chosen as
the semiconductor for the device simulation. Rr-P3HT has
shown the highest field effect mobility among the soluble
organic semiconductors [11], making it a good candidate
for printing. The band gap of this semiconductor is 1.7 eV
[12]. The electron affinity is calculated to be 3.15 ¢V from
the ionization energy and the band gap of rr-P3HT [13].
Since rr-P3HT is a p-type material, the simulation is done
on holes as carriers and the effect of electrons is ignored.
Therefore, only the density of localized states close to the
valence band is considered. The densities of localized states
are applied as discrete trap levels which are intended to
mimic the density of states measured by Tanase et al. [14].
In the trap model simulation, mobility of holes in the
valence band is required, which is different from the bulk
mobility resulting from hopping carriers between localized
states. Although the mobility in the valence band is not
available for rr-P3HT, the highest reported field effect
mobility (0.1 cm?/V s [11]), is used in the simulation. A rel-
ative dielectric constant, & = 3, is assumed [15], and the
doping density is set at 5x 10'® cm ™ for rr-P3HT, assum-
ing that the polymer is exposed to air for a long time [16].
For simplicity, gold with a work function of 5.1 eV, that
makes ohmic contact with rr-P3HT [17], is chosen for the

drain and source electrodes , and aluminum with work
function of 4.3 eV is considered for the gate. Also, alumi-
num is used for the top gate as we know that it makes a
Schottky contact with the semiconductor [17]. In the
OFETs, SiO, is chosen as the insulating layer, with a thick-
ness of 200 nm as most of the time such a thickness is
required for a low leakage current. The channel length (L)
is set to 4 um and as mentioned the width Z =1 pm. As
the effect of the channel length and width is not concerned
in our discussion they are chosen in a way to avoid the short
channel effect [18] and gain the maximum resolution given
the numerical limitations of the software.

4. Simulation results

To study the effect of the semiconductor thickness on
the transistor characteristic in the linear regime, Vpg is held
at —0.5V and Vgg is scanned from 0 to —40 V. Fig. 4
shows the transverse characteristic (Ip—Vgs) of the device
for 20, 100, and 200 nm OFETs in a semi-log plot. The cur-
rent overlap in —40V < Vgs < —20V suggests that gate
voltage is sufficiently higher than the threshold voltage
for the all thicknesses.

According to Eq. (5), Vrapp is obtained by fitting a linear
function to the Ip—Vgs curve when |Vgs| > | V| and find-
ing the voltage intercept. The apparent threshold voltages
are obtained for 11 transistors with different thicknesses
by the same method and their variations with the thickness
is indicated in Fig. 5.

As Eq. (6) predicts, the apparent threshold voltage is lin-
early dependent on the semiconductor thickness and it is
shifted to the lower magnitudes with the thickness. For
the selected parameters in the simulation the change in

1 0 ' v —_—

—— 20nm
—2— 100nm
—a— 200nm

ID (A)

-40 30 20 10 0
VGS (V)

Fig. 4. The transverse characteristics of the simulated OFETs with the
different semiconductor thicknesses (Vps = —0.5 V).
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Fig. 5. The variation of Vrup,, in the OFETs with the semiconductor
thickness (Vps = —0.5 V).

the threshold voltage is about 0.5 V when the thickness is
changed from 20 to 200 nm.

The saturation regime in the transistors is studied by
application of —40 V to the gate electrode and scanning
the drain voltage from 0 to —60 V. The output characteris-
tic (Ip—Vps) of transistors for three different thicknesses are
plotted in Fig. 6. The differences in the slopes in the satu-
ration regimes indicate the dependence of the output
impedance on the thickness of the semiconductor as Eq.
(7) suggests (the thickest layer has the lowest impedance).

x10"° .

—— 20nm
| =&— 100nm
—&— 200nm

N
[$))
.

.

ID (A)

60 50 40 -30 20 -10 0
VDS (V)

Fig. 6. The output characteristics of the OFETs with the different
semiconductor thicknesses (Vgs = —40 V).

The output impedances calculated from the output charac-
teristics (Ip—Vps) are shown versus the semiconductor
thickness in Fig. 7. A drop of 300 G Q (equal to 26%) is
observed in the output impedance when the thickness is
increased from 20 to 200 nm.

The current ratio and the off current are obtained from
the simulation results shown in Fig. 4. The I values at
Vgs = —40 V are considered as I,, whereas the currents
at Vgs =0V are taken as /5. Fig. 4 shows a rapid drop
of the current below the threshold voltage for 20 nm thick
OFET, but the rate is much lower for the thick film transis-
tors. In Fig. 8 the off current and the on/off current ratio
are shown versus the semiconductor thickness. An approx-
imately two orders of magnitude rise in the off current is
the effect of increasing the thickness from 20 to 200 nm.
Extrapolating the off current in Fig. 8 to cross the thickness
axis gives #4ep = 16 nm for Vg = 0. Also, the current ratio
decreased from 2300 to 20 for the same range of the semi-
conductor thickness. A very rapid increase of the current
ratio from 40 to 20 nm is predicted by the simulations as
the semiconductor thickness, t5, approaches the depletion
depth, t4¢p (Eq. (10)).

The simulation results show that the 200 nm thick
OFET has a poor performance relative to the 20 nm tran-
sistor, especially in current ratio. 200 nm is a reasonable
thickness for most of the low-cost printing methods and
is generally needed in order to obtain an electrically contin-
uous film, making it currently impractical to achieve the
excellent performance of thinner devices using inexpensive
processing. We have chosen to simulate a 200 nm thick
dual gate organic transistor to compare its electrical char-
acteristics with those in the OFET. The top gate material

x10"

11.5

11

10.5f

10f

Zout (ohm)

9.5

8.5¢

& 20 80 120 160 200

t (nm)

Fig. 7. The variation of the output impedance in the OFETs with the
semiconductor thickness (—60 V < Vpg < —40V and Vg = —40 V).
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Fig. 8. The variation of the off current and the on/off current ratio in the
OFETs with the semiconductor thickness (Vps = —0.5 V).

is aluminum and makes Schottky contact with the organic
semiconductor [17]. To avoid the current leakage through
the top gate (TG), a positive potential has to be applied
to TG, which drives the Schottky junction in the reverse
bias.

To find out the depth of the depletion region from the
top gate (fsqn) at different voltages, the transistor is biased
at Vgs=0V and Vpg=-0.5V and then the Vig is
scanned from 0 to 6 V to measure the off current. Fig. 9,
shows the variation of the off current versus the top gate
voltage in a semilog plot.

A voltage about 5.4V to the top gate is sufficient to
deplete the entire semiconductor layer, which reduces the
off current by more than four orders of magnitude. Above

10 : - : : :

0 1 2 3 4 5 6
VTG (V)

Fig. 9. The variation of the off current in the 200 nm thick dual gate
OFET with the top gate voltage (Vps= —0.5V and Vgs =0V).

that voltage, the current saturates with the remaining cur-
rent due to the finite but very small conductance in the
depletion region.

To study the effect of the top gate voltage on the linear
regime, the drain—source voltage is held at —0.5 V when
the gate voltage is scanned from 0 to —40 V for discrete
values of Vrg from 0 to 6 V. Fig. 10 shows the results of
the simulation for three different values of top gate voltage.
Similarities between Figs. 4 and 10 indicate that the top
gate is controlling the effective thickness of the semi-
conductor.

The effect of Vg on the apparent threshold voltage is
shown in Fig. 11. Application of 6 V to the top gate has
changed Vrypp, for more than 0.5 V. Comparing values in
Figs. 5 and 11 indicates that when Vg = 5 V the threshold
voltage in a 200 nm thick dual gate OFET is same as that in
the 20 nm OFET.

The output resistance of a dual gate OFET in the satu-
ration mode is also controllable using Vtg. The output
characteristic of the device (Ip—Vpg) is simulated for dis-
crete values of Vg from 0 to 6 V when Vgg= —40V.

The results (Fig. 12) show a reduction of the current
slope as the top gate voltage is increased. The calculated
output resistances at different top gate voltages are plotted
in Fig. 13, which indicates the change of the output imped-
ance with top gate voltage. Comparing values in Figs. 7
and 13, the output impedance is 2.5 times larger in the dual
gate transistor when Vpg =6V than that in the 20 nm
thick OFET.

Also, the on/off current ratio is improved in the dual
gate structure as the off current is reduced from 107" to
1077 A (Fig. 9) when the top gate voltage is changed from
0 to 6 V. A ratio more than 10° is achieved for a 200 nm

ID (A)

L

40 30 20 10 0

10 :

VGS (V)

Fig. 10. The transverse characteristics of the simulated 200 nm dual gate
OFET at different top gate biases (Vps = —0.5 V).
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Fig. 11. The variation of the apparent threshold voltage in the 200 nm
thick dual gate OFET with the top gate voltage (Vps= —0.5V and
VGS = —40 V)

-05F

-1.5}F

ID (A

2t

& A AAAAADAND

60 50 40 30 =20 -0 0
VDS (V)

Fig. 12. The output characteristics of the simulated 200 nm dual gate
OFET in different biases of the top gate (Vgs = —40 V).

thick dual gate OFET (Fig. 14), whereas the ratio is about
200 for an OFET with the same thickness.

Although the simulation results show that the perfor-
mance of a dual gate thick film organic transistor can be
better than that in a thin film OFET, the approach has
some practical challenges. The most important one is the
voltage stress between the top gate and the drain when
the drain voltage reaches to —60 V. Such a large reverse
voltage across the Schottky junction might cause break-
down in the device. In practice, the dual gate transistor
approach is more suitable for a low voltage OFET or for

12

x 10

2.9r

2.8f

27r

26

Zout (ohm)

2.9

2.4

2.3

o —=&

1 2 3 4 5 6
VTG (V)
Fig. 13. The variation of the output impedance in the 200 nm thick dual

gate OFET with the top gate voltage (—60 < Vps<—40V and Vgs =
—40V).

lon/loft
)

0 1 2 3 4 5 6
VTG (V)

Fig. 14. The variation of the on/off current ratio in the 200 nm thick dual
gate OFET with the top gate voltage (Vps = —0.5V).

limited drain voltage which restricts the operation modes
to either the off mode or the linear regime same as in digital
circuit applications.

5. Conclusion
To study the effect of the semiconductor thickness, a

simple model consisting of an ideal IGFET and a resistor
is applied to organic field-effect transistors. The analytical
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approach shows degradation of the performance with the
thickness as the threshold voltage is changed and the out-
put impedance and the current ratio are dropped. Simula-
tion results from devices with thicknesses of between 20
and 200 nm support the model. A linear shift of the thresh-
old voltage of 0.5 V is observed when the thickness is chan-
ged. Also, a 26% drop of the output impedance and a
tenfold reduction in current ratio are obtained when the
thickness is increased from 20 to 200 nm.

As a solution a dual gate FET structure is suggested in
cases where there is a poor control of deposited semicon-
ductor film thickness. The simulation results for a 200 nm
thick dual gate OFET indicate an enhancement in the
device performance by changing the secondary gate volt-
age. Application of 6 V to the top gate has shifted the
threshold voltage by 0.5 V. Also, the output impedance is
increased by a factor of 2.5. The most significant effect is
on the current ratio which is improved by about four orders
of magnitude. Altogether, the performance of a 200 nm
thick dual gate OFET is better than a 20 nm thick OFET.
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