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Ambipolar Pentacene
Field-Effect Transistors and

Inverters
J. H. Schén,* S. Berg, Ch. Kloc, B. Batlogg

Organic field-effect transistors based on pentacene single crystals, prepared
with an amorphous aluminum oxide gate insulator, are capable of ambipolar
operation and can be used for the preparation of complementary inverter
circuits. The field-effect mobilities of carriers in these transistors increase from
2.7 and 1.7 square centimeters per volt per second at room temperature up to
1200 and 320 square centimeters per volt per second at low temperatures for
hole and electron transport, respectively, following a power-law dependence.
The possible simplification of the fabrication process of complementary-logic
circuits with these transistors, together with the high carrier mobilities, may be
seen as another step toward applications of plastic electronics.

Organic thin-film field-effect transistors (FETSs)
have been studied extensively throughout the
last decade, and tremendous progress in perfor-
mance of these devices has been achieved (/-
4). Among these organic materials, pentacene
has been found to have the highest mobilities for
hole transport (p channel) (5, 6). State-of-the-art
organic thin-film transistors reach performances
similar to those of devices prepared from hydro-
genated amorphous silicon (a-Si:H), with mo-
bilities around 1 cm? V™! s™! and on/off ratios
surpassing 10°, and with the use of high—dielec-
tric constant gate insulators, operating voltages
as low as 5 V can be achieved (7). These
accomplishments demonstrate that the use of
organic electronic devices may become feasible
and desirable in areas in which large area cov-
erage, mechanical flexibility, low-temperature
processing, and overall low cost are required.
Potential applications include low-end data stor-
age, such as identification tags or smart cards
(8), and even switching devices for active dis-
plays (9), especially because the integration of
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organic FETs and organic light-emitting diodes
into smart pixels has been demonstrated (9—11).
However, organic FETs have worked only as
unipolar devices in accumulation or depletion,
never in inversion. To exploit advantages of
complementary logic, such as low-power dissi-
pation, good noise margins, robust operation,
and ease of circuit design, two different organic
materials have to be used. The different semi-
conductors can be embedded into one hetero-
structure device (/2, 13) or into many separate
devices (14—17), leading to all-organic digital
circuits. The limitation of charge transport by
only one carrier type is generally ascribed to
effective trapping of the other carrier in the
material itself as well as at the interface to the
gate dielectric (/2, 13). Therefore, the use of
ultrapure, high-quality materials seems to be a
prerequisite to overcome this limitation.

Here, we report on organic FETs based on
pentacene single crystals working as ambipolar
devices both in accumulation (p type) and in-
version (n type). High-purity pentacene single
crystals were grown by physical vapor transport
in a stream of hydrogen (/8). Space-charge-
limited current measurements (/9) revealed trap
concentrations (for holes) and acceptor densities
as low as 10" and 10'' cm 3, respectively.
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Gold source and drain contacts (thickness of 50
nm) were evaporated through a shadow mask,
defining a channel length between 25 and 50
pm and a width of 500 to 1500 wm. AL,O, was
deposited as gate dielectric layer by radio fre-
quency-magnetron sputtering (capacitance C, ~
30 nF cm™2; thickness of 250 nm). Finally, the
gate electrode (thickness of 100 nm) was pre-
pared by thermal evaporation of gold (Fig. 1).

Typical device characteristics at room tem-
perature of a pentacene single-crystal FET (Fig.
2) show the device working in both accumula-
tion and inversion modes. The device operation
of organic transistors is well described by stan-
dard FET equations (20), as previously shown
(7). For accumulation (hole transport), the mo-
bility is 2.7 cm® V! s7!, and the on/off ratio at
10 V is 10°. Typical threshold voltages are in
the range of —1 V. In combination with the
steep subthreshold slope of 200 meV per de-
cade (Fig. 3), this low threshold voltage indi-
cates the high quality of the pentacene single
crystal as well as the pentacene-Al,O, inter-
face. An electron mobility of 1.7 cm?> V™! s™!
and an on/off ratio of 10® are measured for
operation in inversion. The higher threshold
voltage of about 5 V reveals a higher density of
traps for electrons than for holes. Nevertheless,
n-channel transport can be obtained in penta-
cene devices. The observed field-effect mobil-
ity is similar to previous time-of-flight mobili-
ties measured on related compounds such as
naphtalene or anthracene (21).

Because no organic material has to be pat-
terned, the use of ambipolar devices can sub-
stantially simplify the fabrication of comple-
mentary metal oxide semiconductor (CMOS)-

Gate
dielectric Gate electrode (Au) Source and drain
(ALOy) - e/leclrodes (Au)

Pentacene (crystal)

Fig. 1. Schematic structure of the FETs based
on single crystalline pentacene. Gold and AL,O,
were used as electrode and gate insulator ma-
terials, respectively.
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Fig. 2. Drain current (/) versus drain-source
voltage (V) characteristics at room tempera-
ture of a pentacene single-crystal transistor in
inversion mode (n type, top) and accumulation
mode (p type, bottom). V., gate voltage.

like circuits. Complementary circuits in which
single transistors operate either as n- or p-chan-
nel device have been proposed and analyzed for
a-Si:H-based FETs (22, 23). From the transfer
characteristic of a CMOS-like inverter circuit
based on ambipolar pentacene FETs (Fig. 4), a
gain as high as 10 has been measured. More-
over, inverters with a gain as high as 23 have
been prepared with different metals as source
and drain electrodes for n- and p-channel oper-
ation. Because of the high mobilities observed
in the present devices, especially for n-type
transport, a substantial improvement of switch-
ing speed (15, 17) and performance of organic
complementary circuits can be expected from
the use of ambipolar transistors in addition to
the simplification of processing.

The high quality of the pentacene single
crystals and of the pentacene-AlL,O, interface
opens up possibilities for studying the physics

105 inversion
I accumulation (n-type)
g 10-7 F (p'type) 4
€ L ]
g
3 10} 1
£ r 1
g 101 | 1
Pentacene FET b
10.‘3 L L L 1 L L " L
10 -8 6 -4 2 0 2 4 6 8 10

Gate Voltage (V)

Fig. 3. Drain current versus gate voltage char-
acteristics at room temperature of a pentacene
single-crystal transistor. The on/off current ra-
tio (IVDR,= 10 V) is 10® and 10° for n- and
p-channel operation, respectively.
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Fig. 4. Transfer characteristic of a CMOS-like
ambipolar pentacene inverter circuit (see inset)
for a supply voltage V,,, of —10 V. The p-
channel transistor was used as driver for the
n-channel load. A gain of 10 was obtained. V,,
input voltage; V., output voltage.

ut’

of charge transport in these organic semicon-
ductors. Measurements on thin-film devices
demonstrated a wide variation of the tempera-
ture-dependent mobility even for nominally
similar preparation conditions, which is as-
cribed to trap levels, contact effects, and grain
boundaries (4, 24). However, it is worth men-
tioning that these extrinsic defects mainly influ-
ence the charge transport in thin films at low
temperature. At room temperature, however,
similar mobilities as in single crystals can be
achieved in pentacene thin films. We prepared
pentacene thin films by organic vapor phase
deposition on flexible plastic substrates and
used them as a basis for FETs, which also
revealed ambipolar activity. Growth of large
grain (>15 wm) films at elevated temperatures
with low grain boundary trap densities seems to
be the key parameter for such devices.

The field-effect mobility on single-crystal
devices in which the influence of grain bound-
aries, traps, and residual disorder is minimized
(Fig. 5) increases, following a power law from

T T
10° -.__--.‘*l p-type 4
l
O----0- _ !
o n
SR |
B 0tk n-type 0\:{ \ J
v ]
s AL
\
z ] ®
=
°©
= 10F E
(] PPy 1
10 10 100 300

Temperature (K)

Fig. 5. Temperature dependence of the field-
effect mobility of a pentacene single-crystal
FET showing a power-law dependence for p-
channel as well as for n-channel operation.
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2.7 or 1.7 cm? V™! s7! at room temperature up
to 1200 or 300 cm? V™! s™! at low tempera-
tures for holes or electrons, respectively. This
temperature dependence and the very high val-
ues of the mobility at low temperature suggest
that the charge transport is governed by band-
like motion rather than by hopping processes.
These results are in line with our temperature-
dependent space-charge-limited current mea-
surements on pentacene single crystals and also
with tihe-of-flight measurements on naph-
talene single crystals (20, 25), where mobilities
as high as 400 cm? V~! s~! were measured at
low temperatures. Therefore, it appears that on
a phenomenological level, classical inorganic
semiconductor physics may provide an ade-
quate description of charge transport and device
performance in polyacene materials.
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