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Complementary logic circuits with self-alignment organic/oxide thin-film transistors (TFTs) were investigated. The layout and process steps of a

self-alignment bottom-contact-type organic TFT and a top-contact type oxide TFT with a common layout pattern of the gate, source, and drain

electrodes were proposed, and an integrated circuit was realized. The estimated field-effect mobilities, threshold voltages, and on-off ratios of the

organic and oxide TFTs were 0.16 and 2.2 cm2 V�1 s�1, 2.2 and 2V, and 3� 103 and 5:2� 106, respectively. From the complementary inverter

characteristics, the voltage gain was 13 and the logic swing was 9.8V at an applied voltage of 10V. From the switching characteristics of the

inverter, the rise and fall times were 18 and 46 �s, respectively. The operations of the NAND and NOR logic circuit configurations were confirmed,

and the maximum operational frequency of NAND logic was estimated to be over 100 kHz. # 2012 The Japan Society of Applied Physics

1. Introductions

Organic thin-film transistors (TFTs)1–7) and their logic
circuits8–13) are extensively studied with the aim of realizing
their flexible applications in liquid crystal,2,3) and organic
light-emitting diode4) displays, electronic paper,5,6) and radio
frequency identification tags.7) For organic TFTs, their order
of mobility is comparable to that of an amorphous silicon
TFT, solution-processed film formation is possible, and p-
channel (p-ch) operation is easily achievable, as represented
by pentacene. On the other hand, stable n-ch operation
with high mobility remains an issue to be resolved. The
transparent amorphous oxide semiconductor (TAOS) TFT is
also extensively studied for transparent14,15) and flexible16–19)

applications. In the TAOS TFT, most reports are on its n-ch
operation, similarly to the amorphous indium gallium zinc
oxide (a-IGZO) TFT, and p-ch operation is not realized
well owing to a large gap state near the valence band.20) To
obtain the high-speed operation of the TFT circuit and the
application of the TFT circuit on flexible substrates, self-
alignment (SA) technology is inevitable because flexible
substrates expand during heating. We have proposed the SA-
TFT using organic12,21) and oxide22,23) semiconductors and
have been studying them. From the aspect of complementary
circuit application, p-type and n-type TFTs can be realized
using organic and oxide TFTs. As a result, a complementary
TFT (C-TFT) circuit is effective for achieving low power
consumption and high-speed operation.24,25) We have also
developed a C-TFT circuit composed of p-ch pentacene and
n-ch indium–zinc oxide (IZO) SA-TFTs.

2. Proposed Device Process of Self-Alignment

Complementary TFTs

To integrate both the p-ch pentacene and n-ch TAOS SA-
TFTs simultaneously, the following process steps are
proposed (Fig. 1). First, the gate electrode is deposited on
the substrate and patterned. Second, the gate insulator and
n-type semiconductor of TAOS are sputtered. Next, the
semiconductor is patterned. Then, the contact hole is
patterned using reactive ion etching. Third, the photoresist
is spin-coated, and back surface exposure is carried out,
in which the gate electrode is used as the photomask and
the pattern of the photoresist is formed on only the upper
part of the gate electrode. Next, the source/drain electrode

is evaporated and a lift-off process is carried out. Finally,
the source/drain electrodes are patterned and an organic
semiconductor is deposited by evaporation. Thus, a com-
plementary organic/oxide SA-TFT circuit is fabricated.
Four photomasks and one evaporation mask for the
patterning of the organic semiconductor are used. During
this process, common patterns of gate, source/drain, and
contact holes are used. Therefore, the number of process
steps is minimized. For TAOS sputtering, the continuous
sputtering between the insulator and the oxide semiconduc-
tor makes the interface clean. In addition, the TAOS layer
is protected by the photoresist during the patterning of the
source/drain electrodes. Moreover, the evaporation of the
organic semiconductor is performed as the last process to
avoid the exposure of the organic semiconductor to the
solvent or water. To fabricate logic circuits, interconnections
between the gate and source/drain electrodes are necessary.
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Fig. 1. Fabrication process of self-aligned organic/oxide TFTs.
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Interconnections can be fabricated, for example, by the lift-
off technique.

3. Experimental Results

The channel length of the TFTs was 20 �m. The glass
substrate used was Corning 1737. The gate electrode was Ta
(500 �A), the gate insulator was Ta2O5 (1,800 �A), the source/
drain electrodes were Cr/Au (50/400 �A), the n-type TAOS
was IZO (200 �A), and the p-type organic semiconductor
was pentacene (1,000 �A). The composition ratio of the IZO
target was In2O3 : ZnO ¼ 90 : 10. During IZO sputtering,
the target size was 100mm, the power was 25W, the
pressure was 5:0� 10�3 Torr, and the partial pressure ratio
of Ar to O2 was 90 : 10. For the evaporation of pentacene,
the substrate temperature was 60 �C. The interconnection
used was a stacked layer of Cr (50 �A)/Al (500 �A). The
channel length and width of these TFTs were 20 and 200 �m,
respectively.

A manual prober (Micronics 705A-6) was used to
measure the electrical characteristics. A parameter analyzer
(HP 4155B) was used to measure the current vs voltage and
inverter characteristics. For the switching characteristic and
logic circuit operational measurements, a manual prober and
a digitizing oscilloscope (HP, 54602B) controlled by a
computer and a function generator (Tektronix AFG3101)
and an external Si external half-frequency prescaler were
used for clock generation. For simplicity, we fabricated the
Si external prescaler on a breadboard. The logic circuits
under study were NOR and NAND circuit configurations.

Figure 2 shows optical micrographs of the fabricated p-ch
pentacene and n-ch IZO TFTs. In the case of the pentacene
TFT, rugged patterns due to the grain boundary of
polycrystalline pentacene are observed. The observed over-
lapping lengths of the p-ch and n-ch TFTs are 0.24 and
0.22 �m, respectively. From the capacitance vs voltage
characteristics, the overlap length was also estimated as
0.23 �m under forward and reverse bias conditions for the
p-ch and n-ch TFTs, respectively.20,21)

4. Results and Discussion

4.1 Static characteristics

Figure 3 shows the transfer characteristics of the organic and
oxide TFTs. All of the device characteristics are measured
within an applied voltage of 6V. The evaluated field-effect
mobilities, threshold voltages, and on-off ratios of the p-ch
organic and n-ch oxide TFTs were 0.16 and 2.2 cm2 V�1 s�1,
2.2 and 2V, and 3� 103 and 5:2� 106, respectively.
Relatively good characteristics with a lower series resistance
and a steeper subthreshold region were obtained, even in a
quite smaller overlap length between gate-source/drain
regions. The threshold voltage of the p-ch and n-ch TFTs
was approximately 2V. Therefore, a lower operational
voltage is expected.
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Fig. 2. (Color online) Optical micrographs of p-ch pentacene and n-ch

IZO TFTs.
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Fig. 3. Static and transfer characteristics of organic and oxide TFTs:

(a) drain voltage vs drain current characteristics of p-ch pentacene TFT,

(b) drain voltage vs drain current characteristics of n-ch IZO TFT, and

(c) transfer characteristics of p-ch pentacene and n-ch IZO TFTs.
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Figure 4 shows the inverter characteristics, for which the
power supply voltage was changed between 2 and 10V. The
inset shows the inverter circuit. The obtained maximum
voltage gain, defined as dVout=dVin, was 13, and the logic
swing was 9.8V at VDD ¼ 10V. Even at a small power
supply voltage of 2V, the inverter characteristics were
obtained. The voltage reduction in the lower-input-voltage
region from 10 to 9.5 V was due to the relatively lower-
subthreshold region of the p-ch pentacene TFT than of the n-
ch IZO TFT.

4.2 Inverter and logic circuit operations

Before evaluating the circuit performance, we evaluated
contact hole chains. The structure of the contact hole chains
had repeated units of Ta (gate)/Cr/Al (wire)/Au/Cr (source
and drain)/Cr/Al (wire). Seven connections of the above
units were evaluated and the resistance obtained at one
unit of the contact hole chain was 58�. For example, the
resistance of the p-ch pentacene TFT was approximately
500 k�, as shown in Fig. 3. Therefore, this value was clearly
lower than that of TFTs, and thus sufficient circuit operation
is expected.

Figure 5 shows typical switching characteristics at a
power supply voltage VIN of 5V and a pulse voltage Vin

of 5V applied to the gate electrode. The rise and fall times
of the output voltage were 46 and 18 �s, respectively.
The organic TFT has a high series resistance and a low
field-effect mobility because of its bottom contact struc-
ture. However, excellent inverter characteristics were
obtained because of the small high-series-resistance effects
on the inverter and switching characteristics because the
organic TFT acts as an electrical load for this circuit
configuration.

Figure 6 shows the circuit configurations under study.
Figures 7(a) and 7(b) show typical operational waveforms of
the NOR and NAND logic circuit configurations, respec-
tively. The frequency of input 1 was set at 1 kHz and
the power supply voltage was 5V. Here, there were many
overshoots of the rise and fall times of the clock waveforms
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Fig. 4. Inverter characteristics, for which power supply voltage was

changed between 2 and 10V.
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Fig. 5. Typical switching characteristics at power supply voltage

VDD ¼ 5V and applied pulse voltage VIN ¼ 5V.
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Fig. 6. Logic circuit configuration under study: (a) NOR logic circuit and

(b) NAND logic circuit configurations.
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VIN1 and VIN2. These overshoots were due to the large
parasitic capacitances of the Si external circuit wired on the
breadboard for clock waveform generation. Clear logical
values were observed and a complete swing of logic circuit
operation was confirmed. Figure 8 shows the frequency vs
logic swing characteristics. By changing the operational
frequency above 5 kHz, the output voltages of ‘‘High’’ and
‘‘Low’’ in Fig. 8 were gradually decreased and increased,
respectively. However, even at a frequency above 100 kHz,
the output voltages of ‘‘High’’ and ‘‘Low’’ were kept at
certain logic levels in the NAND logic circuit.

4.3 Discussions of switching characteristics

Let us discuss the switching characteristics of the comple-
mentary logic circuits with self-alignment pentacene/IZO
TFTs. We assume that organic and oxide TFTs operate
in saturation regions, thus, turn-off (on ! off) and turn-
on (off ! on) times can be calculated using differential
equations as26,27)

�OFF ¼ 2:2
COUT

�pðVDD � jVTpjÞ ; ð1Þ

�ON ¼ 2:74
COUT

�nðVDD � VTnÞ ; ð2Þ

where

�p ¼
W

L
�pCOX; ð3Þ

�n ¼
W

L
�nCOX; ð4Þ

and �p and �n are the mobilities of the pentacene and IZO
TFTs, respectively. COUT is the capacitance connected to the
VOUT terminal. For the pentacene and IZO TFTs, the gate
capacitance per unit area, COX, was 9:3� 10�8 F/cm2 from
the dielectric constant of Ta2O5 using the sputtering gas of
Ar : O2 ¼ 90 : 10. Using the estimated mobility from Fig. 3,
eqs. (3) and (4), �p and �n can be estimated to be 1:5� 10�7

and 2:0� 10�6 S/V, respectively. In the inverter character-
istic measurement, the oscilloscope with a probe capacitance
and an input capacitance of approximately 10 pF was di-
rectly connected to the VOUT terminal of the inverter circuit.
From eqs. (1) and (2), �OFF and �ON can be calculated as 52
and 4.5 �s, respectively. These values are slightly different,
however, from the experimental values of 46 and 18 �s
because of the stray capacitances and nonideal operation of
the pentacene and IZO TFTs. Therefore, it is considered that
one of the main reasons for the longer response time is the
large output capacitance of the oscilloscope.

Next, let us consider the operation of the NOR and NAND
logic circuits. The overshoot of VIN was already discussed in
Fig. 7. Note the charge sharing of the output voltage VOUT

due to capacitive coupling at a time of 1.5ms, as shown in
Fig. 7(b). At a rising time of VIN1, VOUT increased to 0.08V.
At a fall time of VIN2, VOUT decreased to 0.16V. The charge
sharing of the output voltage is described as27)

�Vf ¼ Cf

Cp þ Cf
�VOUT; ð5Þ

where Cf is the feedback capacitance between the gate
and the drain/source, Cp is the capacitance related to VOUT.
Under the measurement conditions, Cp is mainly from
the probe and input capacitances of the oscilloscope of
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approximately 10 pF. In the SA-TFT structure, Cf is
composed of the overlap capacitance connected between
VIN and VOUT, and its capacitance is calculated as 0.043 pF.
In the actual input waveform, first, the rise time of VIN1

(0 ! 5V) was introduced into charge sharing, where, a
voltage rise of 0.08V occurred owing to the overlap
capacitances of the gate and source in p-ch TFT1. Then,
the fall time of VIN2 (5 ! 0V) was introduced into charge
sharing, where a voltage drop of 0.16V occurred owing to
the two feedback capacitances of the gate and source in p-ch
TFT2 and of the gate and drain in n-ch TFT2. This value
is small compared with the conventional TFT with an
alignment margin between the gate and the source/drain of
3 �m, where the alignment margin is determined by a
lithographic process to be about 3 �m in practical display
panels. It is assumed that the charge sharing of the output
voltage with the conventional TFT will be ten times larger
than that of the SA-TFT. Because of these small parasitic
capacitances, higher-frequency operation above 100 kHz can
be achieved in the NAND logic circuit operation in the
complementary circuit with SA organic/oxide TFTs.

5. Conclusions

NOR and NAND complementary logic circuits with a self-
alignment organic/oxide TFT were demonstrated, and the
maximum operational frequency of the NAND logic was
estimated to be over 100 kHz. This higher-operational-
frequency arises from the lower parasitic elements of the
overlap length between the gate and source/drain electrodes.
The next issue to resolve is the operation of a ring oscillator
and other types of logic circuit operation, for example, radio
frequency identification circuit and the logic circuit on
flexible substrates.
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