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Organic complementary inverter and ring oscillator on a flexible substrate
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A complementary inverter was fabricated using pentacene and N-N′-dioctyl-3,4,9,10-perylene tetracarboxylic diimide-C8
(PTCDI-C8) for p- and n-type transistors on a poly(ether sulfone) substrate, respectively. The mobilities of the p- and n-type
transistors were 0.056 and 0.013 cm2/V s, respectively. The inverter, which was composed of p- and n-type transistors, showed
a gain of 48.6 when VDD = −40 V and at the maximum noise margin of VDD/2. A ring oscillator was also fabricated by
cascading five inverters. The five-stage ring oscillator showed the maximum output frequency of 10 kHz when VDD = −170 V.
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1. Introduction
Organic field-effect transistors (OFETs) such as flat panel
displays [1], flexible sensors [2], and radio frequency iden-
tification (RFID) tags have an enormous potential for
low-cost, large-area, and flexible electronics [3], for which
reason they are attracting much attention. OFET-based
inverters and ring oscillators have been studied by many
researchers as basic building blocks for complex integrated
circuits. At first, researches on unipolar circuits of inverters
were actively conducted [4,5] because of the higher hole
mobility of organic materials compared to electron mobil-
ity. Furthermore, most low-work-function metals as source
and drain electrodes for lowering the electron injection
barrier are easily oxidized in ambient air. This notwithstand-
ing, complementary circuits made of both n- and p-type
transistors have many advantages, such as low power con-
sumption, high noise margin, and robustness. As such, since
the release of the initial results of Bell Labs [6], several
groups have studied and have reported the results of their
researches on complementary OFET circuits [7–9]. In these
studies, the photolithography process was used to deposit
electrodes. Photolithography has the advantages of narrow-
ing the width of the source and drain electrodes and of
minimizing the overlap area between the gate electrode
and the source and drain electrodes so that the overlap
capacitance can be reduced, but it is difficult to form a top-
contact structure using it, and to process it on a flexible
plastic substrate.

In this study, source and drain electrodes were fabricated
via vacuum deposition, which is a more cost-effective
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process compared to photolithography. Not only the elec-
trodes but also the active layers were deposited via
vacuum deposition, using the following materials. Pen-
tacene, which is well known to have high hole mobility
reaching 5.5 cm2/V s [10], was used as the active layer
for the p-type transistors in this study, and N-N′-dioctyl-
3,4,9,10-perylene tetracarboxylic diimide with eight alkyl
chains (PTCDI-C8) was used for the n-type transistors,
among some possible n-type materials [11–13].

2. Experiments
All the devices were fabricated with a bottom-gate top-
contact structure, as shown in Figure 1. At first, indium-tin-
oxide (ITO) gate electrode was deposited on a 2 × 2-cm
poly (ether sulfone) (PES) substrate by sputtering, and
the substrate was rinsed with isopropyl alcohol (IPA).
Then a dielectric layer was formed by spin-coating poly-4-
vinylphenol (PVP, Sigma Aldrich) solution (12 wt%) con-
sisting of PVP, poly(melamine-co-formaldehyde) (PMCF,
Sigma Aldrich) cross-linker, and propylene glycol methyl
ether acetate (PGMEA, Sigma Aldrich) at the ratio of
12:12/5:100, followed by curing in a vacuum oven at
200 ◦C for 30 min. The PVP dielectric layer was about
460 nm thick. Subsequently, 60 nm PTCDI-C8 (Sigma
Aldrich) and pentacene (Tokyo Chemical Industry) were
deposited via thermal evaporation under 1 × 10−6 Torr
pressure. PTCDI-C8 was evaporated at a rate of 0.5 Å/s
with the substrate temperature of 100 ◦C, and then pen-
tacene was deposited at a rate of 0.3 Å/s with the substrate
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Figure 1. Structure of the complementary inverter.

temperature of 70 ◦C. At last, source and drain electrodes
were formed by evaporating Au onto the active layer at a
rate of 1.0–1.5 Å/s. The channel width and length of each
transistor were 10,900 and 50 μm, respectively. Especially,
the source and drain electrodes were deposited in the form
of multifinger electrodes for a wide channel width, which
makes a large amount of the current flow at each inverter.
Therefore, this makes it possible to drive a large load con-
nected at the output terminal of a ring oscillator rapidly. The
characteristics of the transistors and inverters were mea-
sured using an HP 4155C semiconductor analyzer, and the
output of the ring oscillator was measured using a Tektronix
TDS5054B digital oscilloscope with a Keithley 236 source
measure unit. All the measurements were performed in a
glove box filled with nitrogen gas.

3. Results and discussion
First, the electrical characteristics of pentacene and PTCDI-
C8 OFETs were measured to determine the performance
of each OFET. The transfer characteristics of the devices
were measured while varying the gate voltage (VG) from 10
to −60 V for the p-type device and from −10 to 60 V for
the n-type device at the drain voltage (VDD) of −40 V (or

40 V). The mobilities of the p- and n-type transistors were
0.056 and 0.013 cm2/V s, respectively, and their threshold
voltages (Vth) were −30 and 35 V. The devices showed
similar on-off current ratios of 105. The transfer curves
of both the p- and n-type transistors were nearly sym-
metric with respect to the axis of VG = 0 V, as shown in
Figure 2. Therefore, the level-transition voltage (Vinv) can be
expressed as the midpoint of VDD according to the following
equation [14]:

Vinv = VDD + V
p

th + V n
th

√
βn/βp

1 + √
βn/βp

,

where Vth is the threshold voltage and β = (W/L)μCg is a
factor for controlling the current of the OFETs. As a result,
the noise margin of the inverter was maximized as the value
of VDD/2. Figure 3 shows these characteristics through the
input–output (VIN − VOUT) transfer curves and gain curves,
depending on the applied bias voltage. The gain of the
inverter was about 48 when VDD = −40 V, which is large
enough for the inverter to be used as a voltage amplifier
that can amplify a small signal coupled with a DC voltage
of VDD/2.

Figure 4(a) shows an image of the five-stage ring oscil-
lator on the flexible PES substrate, and Figure 4(b) shows
a schematic diagram of the five-stage ring oscillator, com-
posed of five complementary inverters. The output terminal
(VO) of the last stage is connected to the input terminal (VI)
of the first stage with a feedback line. The output signal
observed at VO started oscillating with the oscillation fre-
quency (fOSC) of 12 Hz when VDD = −37 V was applied,
and fOSC simultaneously increased when the bias voltage
was increased, as plotted in Figure 4(c). Finally, the max-
imum output frequency reached 10 kHz at VDD = −170 V,
as shown in Figure 4(d). This value is not higher than the
previously reported one [7–9], but it was obtained from
devices that were fabricated via photolithography. Although
the fOSC value obtained in this work is slightly lower than
the previous values obtained, it is noticeable that a high fre-
quency of 10 kHz was achieved when thermal evaporation
was performed on the flexible substrate using commercial
organic semiconductors. It is thus believed that much higher

Figure 2. Transfer curves of (a) pentacene and (b) PTCDI-C8 transistors.
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Figure 3. (a) Schematic diagram of a complementary inverter. (b) Output characteristics of the complementary inverter: VIN − VOUT
transfer curves (solid line) and gains (dashed line).

Figure 4. (a) An image of the five-stage ring oscillator on the flexible PES substrate (PES). (b) Schematic diagram of the five-stage ring
oscillator. (c) Characteristics of the propagation delay in the one-stage inverter, and output frequency of the ring oscillator versus bias
voltage. (d) The output signal of the five-stage ring oscillator at VDD = −170 V shows fOSC = 10 kHz.

performances of inverters or multistage ring oscillators can
be obtained by using better organic semiconductors that
possess high mobilities.

4. Summary
Complementary inverters and five-stage ring oscillators
were fabricated on flexible substrates based on pentacene
and PTCDI-C8 as the p- and n-type active layers, respec-
tively. Both OFETs showed moderate mobilities (i.e. 0.056
and 0.013 cm2/V s for the p- and n-type transistors, respec-
tively) and similar on-off current ratios (about 105). The
complementary inverters showed good characteristics in
terms of gain (ca. 48 at VDD = −40 V) and maximum noise
margin (VDD/2). The five-stage ring oscillator started oscil-
lating from the bias voltage of −37 V, and it showed the

highest oscillating frequency of 10 kHz at VDD = −170 V.
The results presented in this paper are noteworthy as
high-frequency operation was achieved by using thermal
evaporation on a flexible substrate with typical organic
semiconductors. It also shows that OFETs can be used in
digital integrated circuits.
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