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We have demonstrated threshold-voltage control of p- and n-channel organic transistors with a
floating-gate structure and self-assembled monolayer-based gate dielectrics and applied this
technique to tune the switching voltage of organic complementary inverters. The threshold voltages
of the p- and n-channel transistors are changed independently and systematically across a wide
range from +2.4 to —1 V and from -0.3 to +1.5 V, respectively, when the program voltages of —6
Vand +6 V are applied to the p- and n-channel transistors, respectively. Furthermore, we fabricated
tunable organic complementary inverters, and ring oscillators whose oscillations are controlled by
varying floating-gate charges. © 2011 American Institute of Physics. [doi:10.1063/1.3589967]

Organic thin-film transistors (TFTs) have recently at-
tracted considerable attention for realizing large-area flexible
electronics, such as robotic sensory arrays, e—papers,z’3 and
radio-frequency identification tags.4’5 In order to reduce the
power consumption of organic electronics systems, it is im-
portant to realize p- and n-channel organic TFTs and comple-
mentary circuits® with low operating Voltages,7 and to be
able to control the threshold voltages of the TFTs in a sys-
tematic manner. There are several approaches to control the
threshold voltage of organic TFTs, such as surface modifica-
tion of the gate dielectric with a self-assembled monolayer
(SAM) haVin% electron-donating or electron-withdrawing
substituents® '° and surface modification of the contact
metals.'' In these approaches, the threshold voltage of the
transistors can be set to a specific value during manufactur-
ing. On the other hand, it is often desirable to control the
threshold voltage after manufacturing, since the threshold
voltage of organic transistors is known to change inadvert-
ently during operation due the dc bias-stress effect and air
exposure.12 Previously, the double-gate structure'>'* has
been used to control the threshold voltage of organic TFTs
after manufacturing. However, this structure was impossible
in low operational TFTs because the operational voltage was
very large.

In this letter, we demonstrate the threshold-voltage con-
trol of low-voltage organic TFTs with a floating-gate struc-
ture after manufacturing, which allows us to control the be-
havior of low-voltage organic complementary inverters and
ring oscillators during operation. Control of the threshold
voltage is achieved by charging the floating gates of the
TFTs by applying a program voltage to the control gate.

A floating-gate transistor is a field-effect transistor with
two gate electrodes; in addition to the control gate, it has
a floating gate embedded in the gate dielectric. When the
dielectric is sufficiently thin, electronic charge can be
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brought onto the floating gate by quantum tunneling or ther-
mal emission, simply by applying a sufficiently large pro-
gram voltage between the control gate and the source con-
tact. Charging the floating gate changes the transistor’s
threshold voltage (Vy,), because the charge on the floating
gate partially screens the electric field between control gate
and semiconductor. This Vy, shift can be detected by mea-
suring the drain current at a certain gate source voltage. Be-
cause the floating gate is completely isolated, charge stored
on the floating gate remains there without the need for any
applied voltage.

In the fabrication process, a 25-nm-thick aluminum (Al)
layer was thermally evaporated as the control gate onto a
silicon substrate using a shadow mask. As the bottom dielec-
tric, a 4-nm-thick aluminum oxide (AlO,) layer was formed
by oxygen-plasma treatment (300 W for 30 min at 8.45
%107 Pam?/s oxygen) and covered with a 2-nm-thick
SAM by immersion into a 2-propanol solution containing
5-mM of n-octadecylphosphonic acid for 16 h at room
temperature.7’14 Subsequently, the floating gate (Al) and the
top dielectric (4-nm-thick AlO, +2-nm-thick SAM) were cre-
ated in a similar manner, as described in Ref. 15. Purified
pentacene and F 4CuPc (Ref. 16) were deposited in vacuum
through shadow masks onto the top dielectric to form the
50-nm-thick organic semiconductor layers for the p- and
n-channel TFTs, respectively. Finally, a 50-nm-thick Au
layer was evaporated through a shadow mask to form the
source and drain contacts (Fig.1(b)).

Figures 2(a)-2(d) show the current-voltage characteris-
tics of pentacene and F;sCuPc floating-gate transistors. Each
transfer characteristic was measured after a program voltage
had been applied to the control gate; note that this program
voltage was not present during the measurement.

In Fig. 3, the threshold voltages of the p- and n-channel
TFTs are plotted as a function of the program voltage that
had been applied to the control gate before the measurement.
As can be seen, for program voltages between 0 and -6 V
for the p-channel TFTs and between 0 and +6 V for the

© 2011 American Institute of Physics

Downloaded 11 May 2011 to 84.160.60.190. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3589967
http://dx.doi.org/10.1063/1.3589967
http://dx.doi.org/10.1063/1.3589967

193302-2 Yokota et al.
(@)
source & drain contacts (Au)
pentacene
top dielectric
(AIO, + SAM) F1sCuPc

bottom dielectric
(AIOy + SAM) A o \
/»‘W HEHHGHN o’ I

(o —
LR S ITTTTTTITTINNIESS: oy, _
B

4
SIESSEsIssssssess 4y,

b % i

¢ /S 554

V

floati te (Al
oating gate (Al control gate (Al)

Voo
|
Vour
I
GND

(b) control gate

Si/Si0, substrate

floating gate

+ o+ o+ o+
TEEEE T
| FETEEE

Y e
+ 4+ o+

P

F,sCuPc
pentacene

—
1 mm

1cm

FIG. 1. (Color online) (a) Schematic cross-section and circuit diagram of the
floating-gate complementary inverters. The substrate is silicon covered by
thermally grown silicon dioxide. (b) Optical microscope images of floating-
gate complementary inverters.

n-channel TFTs, the threshold voltages were controlled sys-
tematically over a wide range, from +2.4 to —1 V for the
p-channel TFTs and from —0.3 to +1.5 V for the n-channel
TFTs.
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FIG. 2. (Color online) Electrical characteristics of p-channel pentacene and
n-channel F4CuPc TFTs with channel length and width of 50 um and
3500 wm, respectively. (a) Transfer characteristics of pentacene TFTs re-
corded after program operations performed with program voltages ranging
from —1 to —6 V. The duration of each program pulse was 1 s. (b) Transfer
characteristics of F;CuPc TFTs recorded after program operations per-
formed with program voltages ranging from 1 to 6 V. The duration of each
program pulse was 1 s. [(c) and (d)] Output characteristics of pentacene and
F,¢CuPc TFTs prior to applying any program voltages.
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FIG. 3. (Color online) Threshold voltage of the (a) p-channel TFTs and (b)
n-channel TFTs as a function of the program voltage applied prior to the
measurement for a duration of 1 s.

Figure 4(a) shows the transfer characteristics of a
complementary inverter for supply voltages of 1.5, 2.0, 2.5,
and 3.0 V. These characteristics were measured before any
program voltages that exceed the inverter-input voltage had
been applied. The inverter is composed of a pentacene TFT
with a channel width of 1000 um and a F;(CuPc TFT with
a channel width of 3000 wum; both TFTs have a channel
length of 50 wm. The inverter exhibits a small-signal gain
larger than 10 at a supply voltage of 1.5 V.

Figure 4(b) shows the transfer characteristics of the same
inverter at a supply voltage of 1.5 V measured after a pro-
gram voltage had been applied to the input node (i.e., to the
control gates of the TFTs). As can be seen, the application of
a positive (negative) program voltage causes the threshold
voltages of the p- and n-channel TFTs and hence the switch-
ing voltage of the inverter to shift systematically toward
more positive (negative) voltages. In this way, the switching
voltage of the inverter can be shifted across the entire range
of input voltages (from 0 to 1.5 V) in a deterministic manner.
The small-signal gain is almost constant for program volt-
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FIG. 4. (Color online) (a) Transfer characteristics of a complementary in-
verter for supply voltages between 1.5 and 3 V, measured prior to applying
any program voltages. (b) Transfer characteristics of the inverter at a supply
voltage of 1.5 V measured after program voltages between —6 and +6 V had
been applied to the input node for a duration of 1 s. The switching voltage
is systematically controlled by the program pulses.
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FIG. 5. (Color online) (a) Circuit diagram and optical microscope image of
a five-stage complementary ring oscillator. (b) Output signal of the ring
oscillator at Vpp=3 V. (c) Signal propagation delay as a function of supply
voltage. (d) Output signals recorded at Vpp, of 1.5 V after the application of
program voltages of —6, 0, and 6 V to the control gates of all TFTs in the
ring oscillator for a duration of 1 s.

ages between —4 and +4 V. In the extreme cases, i.e., for
program voltages of —6 and +6 V, the switching voltage is
moved outside of the input voltage range, so that the output
voltage of the inverter is almost constant at 0 V and 1.5 V,
respectively.

We have also fabricated five-stage complementary ring
oscillators [Fig. 5(a)]. Figure 5(b) shows the oscillation of
the fabricated ring oscillator; the oscillation frequency is
17.9 Hz at a supply voltage Vpp of 3 V. Even at a supply
voltage as low as 1 V the ring oscillator is still functional,
with a frequency of 0.38 Hz. Figure 5(c) shows the signal
propagation delay as a function of Vpp. Figure 5(d) shows
the output signal of the ring oscillator at a supply voltage of
1.5 V measured after we had applied a program voltage to
the control gates of all TFTs in the ring oscillator. The oscil-
lator frequency is 2.3 Hz for a program voltage of 0 V. On
the other hand, when program voltages of +6 V and —6 V
are applied, the ring oscillator no longer oscillates, but ex-
hibits constant output voltages of 1.1 V and 0 V, respectively.
In this manner, the oscillation frequency is systematically
controlled by the program voltage.

In conventional silicone-based floating gate transistors,
carrier charging and discharging into floating-gate have been
understood as tunneling in which high-energy carriers (hot-
carriers) pass through gate dielectric layers, when very high
voltages as program voltages are applied to gate and source
electrodes. However, carrier densities in organic semicon-
ductors are two or three orders of magnitude smaller than
that in silicon semiconductors'’ so that hot-carriers could not
be generated in organic semiconductors. On the other hand,
we have clearly demonstrated in our previous report a
floating-gate embedded in SAM gate dielectric layers are
charged and discharged by nonlinear tunneling currents that
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was observed when very high voltages (program voltages)
are applied. Moreover, our previous work used only p-type
organic semiconductors, pentacene, and their charging and
discharging into floating-gate rely entirely on hole-tunneling
from channel layers.15 In this work, we clearly demonstrate
that tunneling passing through SAM layers is observed not
only in p-type, but also in n-type organic semiconductors.

The relationship between the program voltage and the
threshold voltage documented in Figs. 2(a) and 2(b) provides
some insight into the mechanism by which the threshold
voltages responds to the program pulse. Applying a negative
program voltage to the control gate [as in Fig. 2(a) for the
p-channel TFT] creates a potential gradient across the tran-
sistor that reduces the amount of negative charge on the
floating gate and thereby makes the threshold voltage more
negative. This is consistent with the results of our previous
report.15 In contrast, when a positive program voltage is ap-
plied [as in Fig. 2(b) for the n-channel TFT], the amount of
negative charge on the floating gate increases, shifting the
threshold voltage toward more positive values.

By systematically controlling the threshold voltage of
the transistors, the noise mar%in of the integrated circuits can
be increased signiﬁcantly.lo’ % In addition to improving the
noise immunity of the circuits this also makes them more
useful in applications in which the circuits are utilized to
re-shape the waveforms of digital signals that have become
degraded during signal processing.
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