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Low-voltage operation of organic thin film transistors (OTFTs)
is of considerable interest for a variety of inexpensive electronic
applications.1 Because improvements in charge carrier mobility in
polymeric and polycrystalline organic semiconductor thin films have
begun to plateau around the mobility of amorphous hydrogenated
silicon (1 cm2/V‚s),2 recent efforts have turned to the development
of high capacitance gate dielectric materials to boost OTFT currents
and enable lower operating voltages. Materials for increasing the
capacitance of OTFT dielectric layers have included high dielectric
constant ceramics,1a thin oxides formed by anodization,1b self-
assembled monolayer dielectrics,1c and both solid and solution-
based electrolytes.3

Attaining very high (>1014 charges/cm2) carrier densities in
OTFTs has not been possible with most dielectric materials due to
their relatively low specific capacitance values (<1 µF/cm2) or the
use of narrow voltage ranges to avoid dielectric breakdown. In fact,
recent reports of high charge carrier densities achieved in OTFTs
typically correspond to only∼2 × 1013 charges/cm2.1a,c,4Extremely
high charge densities (up to 4.2× 1017 charges/cm2), however, have
been obtained in polythiophene electrochemical transistors by the
Wrighton group using a liquid SO2 electrolyte medium as the gate
dielectric.3g Interestingly, this group observed finite regions of high
hole conductivity (increasing, then decreasing source-drain current
with continuously increasing gate voltage) for several polymeric
semiconductors when both solution-based and solid polymer
electrolyte dielectrics were used.3c,g,h

Here, we report the observation of finite regions of high
conductivity in both n- and p-channel OTFTs based on vapor-
deposited, polycrystalline organic semiconductor films using a
solution-processed, solid polymer electrolyte gate dielectric. OTFTs
were prepared by thermal evaporation of eitherN,N′-dioctyl-
3,4,9,10-perylene tetracarboxylic diimide (PTCDI-C8) or pentacene
as the organic semiconductor with a spin-coated poly(ethylene
oxide) (PEO)/lithium perchlorate polymer electrolyte dielectric as
described previously.3f Figure 1 shows a schematic of the device
in cross section. The key improvement made to the OTFT
architecture since our previous report was the careful alignment of
a 200µm wide gold gate (G) electrode to the 200µm channel length
(defined by 2000µm wide gold source (S) and drain (D) electrodes),
which dramatically lowered leak currents to the gate and allowed
us to operate at larger gate voltages.

Figure 2 shows the source-drain current (ID) and the source-
gate current (IG) versus gate voltage (VG) measured simultaneously
at 295 K for an n-channel PTCDI-C8 OTFT while sweepingVG

from -0.5 to+2 V (forward) and back at a rate of approximately
40 mV/s. All electrical measurements were performed in a
temperature-controlled probe station under a∼10-6 Torr vacuum.
The top panel of Figure 2 shows strong device turn-on (large
increase inID) aroundVG ) +0.5 V, indicating n-channel (electron)

conduction, followed by a clear maximum in conductivity nearVG

) +1 V and a gradual decrease inID asVG increased from+1 to

Figure 1. Schematic of a polymer electrolyte-gated OTFT.

Figure 2. Source-drain current (ID, top panel) and source-gate current (IG,
bottom panel) versus gate voltage (VG) measured simultaneously for a
PTCDI-C8 OTFT gated by a polymer electrolyte at 295 K. The source-
drain voltage was+0.5 V, and theVG sweep rate was∼40 mV/s. Estimated
induced electron densities (nind) were obtained by integratingIG versus time
for the forward sweep. Inset to the lower panel shows the evolution ofnind

(charges/cm2) with VG for the forward sweep.
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+2 V. The process that yielded a maximum inID appeared to be
reversible, as seen in the similar shape of the reverse sweep trace.
Additionally, an alternative electrical characterization setup in which
both the source and drain currents were monitored individually
while sweepingVG revealed close agreement between the two,
indicating that leak to the gate was not responsible for the observed
drop in conductivity. Rather, we postulate that the very high degree
of reduction (∼1 e-/molecule) achieved with a polymer electrolyte
dielectric revealed a reversible transition in the PTCDI-C8 film from
a highly conductive state to a more insulating one.3g

By measuringIG simultaneously withID, we were able to
determine the amount of charge induced by the polymer electrolyte
dielectric in the semiconductor film directly via integration ofIG

versus time, much like cyclic voltammetry. Note that theIG-VG

characteristic depends on the gate voltage sweep rate; in the limit
of sweepingVG very slow, the transient displacement current (IG)
would decay essentially to zero for a dielectric that did not leak.
While it is difficult to make any interpretations at this point of the
structure seen in theIG-VG characteristic, it is worth pointing out
that integration of the forward and reverseIG sweeps yields
approximately the same magnitude of induced charge (∼4.2× 10-7

C), which corresponds to a maximum charge density of∼6.5 ×
1014 charges/cm2 in the OTFT channel atVG ) +2 V.

Figure 3 shows theID-VG andIG-VG characteristics of a polymer
electrolyte-gated pentacene (p-channel) OTFT at a sweep rate of

∼50 mV/s. An estimated induced hole density of∼2.2 × 1015

charges/cm2 was reached atVG ) -3 V. Again, at approximately
VG ) -2.5 V on the forward sweep, a maximum inID was observed.
While increasing the temperature of the system to 310 K for the
pentacene OTFT characterization eliminated some of theID

hysteresis, a delay in the appearance of the maximum inID on the
reverse sweep indicates that causes of hysteresis remained. This
observation, coupled with the relatively slow polarity switch of the
pentaceneIG-VG curve on the reverse sweep in comparison to that
of the PTCDI-C8 OTFT, leads us to propose that some of the
hysteresis observed in the case of pentacene could be due to
differences in the Li+ and ClO4

- transport in the PEO under
negative and positive gate bias polarities.

Linear regime mobility values calculated from Figures 2 and 3
are approximately 4× 10-4 and 3× 10-4 cm2/V‚s for pentacene
and PTCDI-C8, respectively; both higher and lower values than
these were observed upon testing of several devices. Since the
relatively rough top surfaces of the polycrystalline semiconductor
films were gated here, these low mobility values are not surprising.
Note that despite the low mobility values, relatively largeID levels
are obtained in the pentacene device because of the very large
induced hole concentration. The specific capacitance of the PEO/
LiClO4 polymer electrolyte was found to be an increasing function
of the gate voltage, with typical values between 60 and 110µF/
cm2 near the maximum inID. We anticipate that polymer electrolyte-
gated OTFTs can achieve switching speeds of∼1 kHz or higher;
experiments are underway to test this.

In summary, we have achieved induced charge carrier densities
well above 1014 charges/cm2 in polycrystalline n- and p-channel
OTFTs gated using a polymer electrolyte dielectric. At very large
charge densities, finite regions of high conductivity were observed.
A transition in the semiconductor film from a highly conductive
state to a more insulating state may be ascribed to the high degree
of reduction/oxidation achieved at large charge carrier concentra-
tions; work is ongoing to better understand this phenomenon.
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Figure 3. Source-drain current (ID, top panel) and source-gate current (IG,
bottom panel) measured simultaneously for a pentacene OTFT gated by a
polymer electrolyte at 310 K;VD ) -0.5 V. VG was swept at∼50 mV/s.
Estimated induced hole densities (pind) were obtained by integratingIG versus
time for the forward sweep. Inset to the lower panel shows the evolution
of pind (charges/cm2) with VG for the forward sweep.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 19, 2005 6961


