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Organic zero drive load inverters based on pentacene thin film transistors with periodic
groove patterned dielectrics are fabricated using nanoimprinting and soft-contact lamina-
tion methods. Depletion mode transistor behavior is achieved when the current direction is
parallel to groove direction and enhancement mode transistor behavior is achieved when
the directions are crossed. An organic inverter is created after connecting two soft-contact
laminated transistors. The electrical performance of the drive transistor can be varied and
the organic inverter is tunable. This is done by utilizing a PDMS stamp with the source–
drain electrode and changing the angle between the current direction and groove direction.
The gain and symmetry of the VTC is improved by using an enhancement mode transistor
where the source–drain electrode formed by thermal evaporation instead of being a soft
contact-laminated device.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

With the increasing requirements for new functional
electronic products, soft, flexible organic electronics have
been extensively studied looking to improve upon tradi-
tional inorganic silicon techniques [1,2]. Inverters (logic
doors) are elementary components for electrical circuits
and are heavily used in those traditional techniques. Re-
cently, organic inverters have been considered as one of
the key elements in organic flexible circuits and have
drawn more attention because they are flexible and eco-
nomic to produce. Complementary circuits composed of
both p-type and n-type transistors are typically used in sil-
icon technology. However, in organic electronic circuits,
organic inverters with only two p-type organic transistors
also have been studied and accomplished by many re-
search groups because of poor performance and instability
in air of n-type organic transistors [3–6].

Among various organic inverters with two p-type tran-
sistors, a zero drive load inverter composed of both deple-
. All rights reserved.

eo).
tion mode transistor (loader) and enhancement mode
transistor (driver) has been widely studied [7]. In a zero
drive load inverter, as shown in Fig. 1(a), the source elec-
trode of loader is connected to the gate electrode and the
output voltage (Vout) is automatically obtained by the input
voltage (Vin) since the current in the two transistors should
be same. In fabrication of a zero drive load inverter, it is
important to realize a large separation between source–
drain current transfer curves (CTCs) of the driver and loa-
der. Varying the ratio between the channel width and
length (W/L) in the driver and loader is a simple and com-
mon method. Furthermore, changing channel thickness,
utilizing different gate dielectrics, UV illumination and
using dual gates are efficient methods for fabricating
inverters [3–6]. Tuning of threshold voltages (Vth) can also
be used for fabricating zero drive load inverters [8]. In pre-
vious work, the characteristics of pentacene thin film tran-
sistors with periodic groove patterned poly(methyl
methacrylate) (PMMA) dielectrics have been studied [9].
When the angle between the source–drain current (Isd)
direction and groove direction increases from 0� to 90� by
laminating with polydimethylsiloxane (PDMS) stamp [10–
12], the current output and mobility of the charge carrier
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decreases with a negative shift in threshold voltage. Coinci-
dently, these electrical phenomena including separation of
the transfer curves and shift of threshold voltage are basic
requirements for establishing a zero drive load inverter,
therefore, adopting transistors with nano-groove patterned
dielectrics combined with flexible stamps supplies us alter-
native methods for fabricating novel tunable organic
inverters. Compared with known methods for making zero
drive load inverters [3–6], it is possible not only to produce
a zero drive load inverter, but also to tune the voltage trans-
fer curves (VTCs) in one inverter by laminating it with a soft
PDMS stamp and then changing the angle between the Isd

direction and groove direction without any input variation.
In this work, a VTC tunable zero drive load inverter is

introduced by using pentacene thin film transistors with
groove patterned PMMA dielectrics with soft-contact lam-
ination from a PDMS stamp. The electrical performance of
an inverter can be varied by utilizing the PDMS stamp with
an Au electrode and changing the angle between the Isd

direction and groove direction.

2. Experimental

The driver and loader are connected as shown in Fig. 1(a)
and the structures of the driver and loader are illustrated in
Fig. 1(b). Indium tin oxide (ITO) on glass substrate is used as
the gate electrode and patterned by photolithography and a
wet etching process. It is then cleaned with detergent, de-
ionized water, and with sonication in trichloroethylene,
isopropyl alcohol and acetone. The PMMA thin film
(10 wt.% in toluene) used as the gate dielectric is spin
coated onto the ITO electrodes for 30 s at a rate of
3000 rpm and is annealed on a hot plate at 130 �C for 1 h.
For nanoimprinting on the PMMA film, a UV curable
poly(urethaneacrylate) (PUA) mold is prepared [13]. This
Fig. 1. Schematic illustrations of (a) circuit diagram of a zero drive load
inverter, and (b) structures of driver (enhancement mode transistor) and
loader (depletion mode transistor). S, D, and G are abbreviations for
source, drain and gate electrode, respectively. The arrows on PDMS molds
indicate directions of grooves and currents.
PUA mold with periodic, 120 nm high and 70 nm wide,
line-and-space patterns are replicated from a silicon master
and it is treated with monoglycidyl ether terminated PDMS
to lower the surface energy [14]. The PMMA film is then
pressed in the PUA mold under a pressure of 2.5 MPa at
130 �C for 5 min and the mold is demolded after cooling
down to room temperature. Pentacene film (70 nm) is ther-
mally evaporated onto the PMMA layer at a rate of 1 Ås�1

under vacuum condition (<5 � 10�6 Torr). For soft-contact
lamination, an elastomeric flat PDMS stamp is cured at
60 �C for 24 h with a curing agent (Sylgard 184, Dow Corn-
ing), an Au source–drain electrode with a channel length of
120 lm and a width of 2500 lm is thermally evaporated
onto the PDMS stamp through a shadow mask. This PDMS
stamp with Au electrodes is brought into contact with the
pentacene film. A pentacene transistor with a non-pat-
terned PMMA dielectric is also used for improving the char-
acteristics of the inverter and this device is known as the
‘evaporated device (Devap)’ in this work. In the evaporated
device, flat PMMA film on ITO patterned glass is used and
the Au source–drain electrode is directly evaporated onto
the pentacene film instead of the PDMS stamp. Zero drive
load inverters are fabricated by connecting two pentacene
transistors with electric wires and the characteristics of
the devices are measured by a semiconductor parameter
analyzer (4200-SCS, keithley).

3. Results and discussion

The CTCs of both soft-contact laminated transistors and
the evaporated devices are shown in Fig. 2(a). In the soft-
contact laminated device with grooves on the PMMA
dielectric, the output current increases gradually when
the angle between the Isd and groove direction decreases
from 90� to 0� as shown in Fig. 2. The charge carrier mobil-
ity also increases from 0.05 to 0.25 cm2 V�1 s�1, whereas
the mobility of the evaporated device is 0.1 cm2 V�1 s�1.

In addition, the threshold voltage (Vth) is shifted from
�23.33 to �10 V in the soft-contact laminated transistors
with patterned dielectrics when the angle decreases due
to the variation of the capacitance and electric field along
the current direction [9]. Interestingly, this stepped shift
by angle variation is similar to the result achieved by
changing the W/L ratio in the transistors when fabricating
a zero drive load inverter. Consequently, a ‘0� device’ where
the Isd is parallel to groove direction can be used as a loader
and is abbreviated to ‘L0’ in this work. Soft-contact lami-
nated devices which have different crossed angles (30�,
45�, 70� and 90�) also can be used as drivers and are abbre-
viated to ‘D30’, ‘D45’, ‘D70’ and ‘D90’, respectively. Four differ-
ent zero drive load inverters are fabricated by connecting a
driver and loader with electric wires and their types are de-
noted by ‘D30–L0’, ‘D45–L0’, ‘D70–L0’, and ‘D90–L0’. Under an
input voltage from 10 to �30 V, the VTCs are obtained as
shown in Fig. 2(b). According to the results in Fig. 2(b), an
increase of angle in the driver causes the separation of the
CTCs between the driver and loader to become larger and
the VTC is shifted in a negative direction when the angle
in the driver is changed from 30� to 90�.

If CTCs separation between the driver and loader be-
comes larger, causing the loader (depletion mode) to show



Fig. 2. (a) Current transfer curves of soft-contact laminated devices with different crossed angles (0�, 30�, 45�, 70� and 90�) and evaporated device. (b) The
VTCs of zero drive load inverters consist of two soft-contact laminated devices with patterned PMMA dielectrics. Device with crossed angle of 0� is used as a
loader and others with crossed angles of 30�, 45�, 70� and 90� are used as drivers.
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a better turn-on state (higher source–drain current), when
input voltage of the inverter is 0 V, the loader can supply a
higher current than the driver. However, the output volt-
age, which comes from the gate electrode of the loader,
would be pulled down to Vdd to decrease the source–drain
voltage (Vsd) of the loader since the current in the two tran-
sistors should be same. On the other hand, Vout would not
be instantly pulled down to Vdd, if the separation of the
CTCs between the driver and loader is not large enough.
That is, at certain Vin, a larger separation of VTCs between
the driver and loader leads to lower (or a more negative)
Vout, whereas a smaller separation leads to higher (or a less
negative) Vout.

The separation of logical levels, which means the dif-
ference between on and off state of an inverter, of the
four inverters are all around 15 V, which is within the
range of the input voltage (0 V � �20 V), and the maxi-
mum gains, defined as |dVout/dVin|max, are approximately
2.5 as shown in Fig. 2(b). A full swing can reach almost
19 V when the Vin sweep range is extended from 10 to
�30 V, however, this is not consistent with Vin range.
The full swing is large enough, but the logical separation
is limited to only 15 V due to the inconsistency between
Vout and Vin.

As shown in Fig. 2(a), the separation of CTCs between
the evaporated and soft-contact laminated devices is large
and this may lead to a proper operating range for the
inverters at zero gate bias since a larger separation of CTCs
between the driver and loader leads to lower (or more neg-
ative) Vout. Moreover, the evaporated device exhibits lower
off-current than the soft-contact laminated device in our
system and this is attributed to different source–drain con-
tact resistances in these two different devices [11]. The
evaporated device will be used as a driver in the inverter
for increasing gain because of its relatively lower off
current.

In general, the maximum gain (Amax) in the inverter is
given by [7]:

Amax � k
@Isd
@Vg
jvg¼0;Vsd¼VsdH

Isdjvg¼0;Vsd¼VsdH
� IsdjVg¼0;Vsd¼VSdL

ð1Þ

where Vg is input voltage, Isd is source–drain current of the
driver, Vsd is source–drain voltage of the driver, VsdH and VsdL

are logical high and logical low, and k = VsdL � VsdH in this
work. According to Eq. (1), the gain decreases when the
conductivity of a bulk semiconductor without field effect
increases because the current flow in a bulk semiconductor
increases Isd without changing the transconductance @Isd

@Vg

� �

[7]. Therefore, the conductivity of a bulk semiconductor is
reduced by decreasing the off-current of Isd for increasing
the maximum gain and the evaporated device is adopted
as the driver of the tunable inverter.



Fig. 3. The VTCs of inverters consist of evaporated device without nano-
grooves and soft-contact laminated devices with patterned PMMA
dielectrics. Evaporated device is used as a driver and soft-contact
laminated devices with angles of 0�, 30�, 45�, 70� and 90� are used as
loaders.
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With an angle variation from 90� to 0� in the soft-contact
laminated transistor, the CTCs separation between the evap-
orated device and soft-contact laminated device gradually
increases as shown in Fig. 2(a). This is reflected in the VTCs
of the different inverters, (‘Devap–L0’, ‘Devap–L30’, ‘Devap–L45’,
‘Devap–L70’, and ‘Devap–L90’), and is represented by a negative
shift and leads to a consistent Vin and Vout range as shown in
Fig. 3. As a result, their logical separations are all over 19 V,
and the maximum gain increases to 5.6. Symmetry with re-
spect to the trip point (Vtrip) gets better with the negative
shifting of VTC. Inverters where an evaporated device is con-
nected to a soft-contact laminated device with angle of 0� or
30� show a Vtrip of �11 and �9.3 V, respectively, revealing
better noise margins than other inverters with angles of
45�, 70� and 90�.

4. Conclusions

In conclusion, tunable organic zero drive load inverters
based on pentacene thin film transistors with periodic
groove patterned PMMA dielectrics are fabricated without
changing the W/L ratio of the electrodes. A depletion mode
transistor is produced when the current direction is paral-
lel to the groove direction and an enhancement mode tran-
sistor is produced when the directions are crossed. A
separation of the CTCs is achieved when the angle between
the current and groove directions varies, tunable voltage
transfer performance of the inverters can be realized by
using a soft-contact PDMS stamp with the source–drain
electrode. The gain and symmetry of the VTCs are im-
proved when the device whose source–drain electrode is
formed by thermal evaporation is used as the driver in-
stead of the soft-contact laminated driver. Unconventional
fabrication methods such as nanoimprinting and soft-con-
tact lamination are efficient and economical methods for
producing organic electronics and these techniques could
also be adopted in other polymer dielectrics for wider
applications. A series of experiments with other polymer
dielectrics are now in progress to improve their perfor-
mance and operation at low voltage.
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