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Interface-Controlled, High-Mobility Organic Transistors**
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Electronic devices based on organic semiconductors have
gained considerable industrial and academic interest in recent
years.[1–17] Organic materials present new semiconductors for
flexible, low-cost, and light-weight electronic devices. Penta-
cene has become a prominent choice for both industrial
applications as well as fundamental studies. The device
functionality remains limited by the relatively low electron
mobility, which, for thin-film devices, is partially caused by a
large grain-boundary resistance.[18] Rapid technological
progress has been made in the fabrication of field-effect tran-
sistors (FETs) at the organic semiconductor surface;[19–24]

however, the electron mobility of such FET devices is typical-
ly much smaller than that which can be obtained in bulk mate-
rials.[25–27] We demonstrate that this is related to the surface
properties of the crystal. We use a new method to deactivate
the impurity states at the interface in single-crystal devices by
incorporating them into the dielectric gate barrier. In this
manner, high-mobility devices can be reproducibly con-
structed, in which bulk mobility, evaluated from space-charge
limited current (SCLC) measurements, is reached.

Recent progress in organic single-crystal FET devices has
shown that the surface layer of the semiconductor, which
forms the conduction channel between the source and the
drain electrode, contains a broad distribution of interface
states.[2] To minimize the trap density, organic dielectrics (e.g.,
parylene) have been used as gate dielectric.[1,19,20,25] Previous
attempts, which made use of more robust dielectrics such as
SiO2 and Al2O3, involved too many chemical reactions and
led to structural disorder. Nevertheless, even organic dielec-
trics often yield limited mobilities, which is partially attributed
to damage below the metal electrodes.[5] However, little de-
tailed knowledge is available on the nature of the defect states
and traps. The mobility of such high-purity organic field-effect
transistors (OFETs) is usually much lower than the value

determined from SCLC measurements. This can be attributed
to the fact that in FET devices the surface conduction is mea-
sured, whereas the bulk mobility is probed in SCLC measure-
ments. The bulk mobility can be increased by reducing the
number of traps through controlled processing. We have cho-
sen to investigate pentacene. This material is used for rollable
displays in prototypes of commercial devices[3] and exhibits
the highest reported electronic mobility: 35 cm2 V–1 s–1 at
room temperature[27] in bulk single crystals. However, a
charge-carrier mobility (l) value of 0.3 cm2 V–1 s–1 was mea-
sured for FET devices built on pentacene crystals using a
parylene gate dielectric.[25] This value was improved to
2.2 cm2 V–1 s–1 for purified pentacene.[7] A mobility of
1.4 cm2 V–1 s–1 was measured for pentacene single crystals
using a SiO2 gate dielectric that was treated with self-as-
sembled monolayers.[26] The different mobilities of the bulk
compared to FET devices built on pentacene single crystals
indicate the necessity of a structurally and chemically clean
interface. The morphology, spatial ordering, and roughness at
the interface are as important as the purity of the active area
of the devices.[13–15]

Our OFETs, fabricated using the method described in the
Experimental, have typical charge-carrier mobility values in
the range of 15–40 cm2 V–1 s–1 at room temperature, similar to
the values measured in bulk, ultrapure single crystals.[27] The
on/off ratios are as high as Ion/Ioff = 106. The large mobility
values and high on/off ratios result from a reduction in the
number of scattering sites at the interface between the semi-
conductor and insulator. The method developed in this Com-
munication leads to remarkably good reproducibility of the
devices.

We have previously established that 6,13-pentacenequinone
(PQ) constitutes the largest impurity fraction in pentacene
single crystals.[27] Pentacene is usually synthesized from PQ,
and thus small fractions of the quinone can be recovered in
the final reaction product. The purity of the material can be
improved by repeated vapor-transport crystallization.[20] In
typical crystal, PQ may be present at a concentration of
0.11 %, and even after repeated distillation we observed a
fraction of 0.028 %.[27] Thus far it has been commonly as-
sumed that the impurity is evenly distributed throughout the
lattice. We demonstrate that this is not the case, and that PQ
is in fact located preferentially at the surface. This is reason-
able and can be expected from the dynamics of the crystal-
growth process. Also, the quinone is easily formed by oxida-
tion of the relatively reactive conjugated pentacene molecule.
At the interface, PQ molecules form scattering centers that
reduce the mobility, or even prevent transistor action alto-
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gether. However, PQ can be incorpo-
rated into the gate dielectric by growing
additional quinone layers epitaxially on
the surface. Thus, the PQ can form a
pinhole-free gate barrier and consider-
ably minimize the trap states.

Pentacene is a layered material that is
characterized by a herringbone pattern
within the layers; adjacent layers are
bonded by van der Waals forces. Penta-
cene has several polymorphs, each with
a particular d(001)-spacing along the
c*-axis. This length varies from 14.1 to
15.5 Å, but is unique for pentacene sin-
gle crystals: dP(001) = 14.1 Å.[28] This
polymorph is already adopted in the
first monolayers. The d(001) spacing is significantly different
in 6,13-pentacenequinone: dPQ(001) = 17.79 Å.[29] This allows
us to distinguish the two types of molecules present at the
surface by atomic force microscopy (AFM) experiments.

To characterize the surface morphology of pentacene single
crystals, we investigated several crystals by using the AFM
technique. We measured on different areas of the crystals. We
observed terraces at the surface (see Fig. 1) that exhibited
step heights with, predominantly, two values: (14.1 ± 0.5) Å
and (17.79 ± 0.75) Å. The former value corresponds to the
d-spacing of single-crystal pentacene, and the latter to that of
PQ. As a reference, we studied the surfaces of the same crys-
tals after cleavage (i.e., the bulk material). There, we observed
only terraces with (14.1 ± 0.5) Å steps, characteristic of penta-
cene.

We conclude that the impurities (PQ molecules) agglomer-
ate in patches that are distributed over the surface of the pen-
tacene crystals (see Fig. 2a). Although we have no detailed
quantitative analysis over the entire crystal, we observe that
the 14.1 Å step occurs approximately five times more often
than the 17.79 Å step (see Experimental section). The results

differ slightly between crystals, depending on the measured
surface area. Similar effects were reported for acenes with a
lower number of benzene rings. Quantitative analysis on tet-
racene single crystals, via gas chromatography (GC), allowed
the detection of the tetracenequinone surface concentration,
which was one order of magnitude larger than in the bulk.[30]

Because the quinone is preferentially located at the surface in
both pentacene and tetracene, more scattering sites are
formed in the FET geometry than we determined for the
bulk.[27] This is critical for the performance of the FETs,
because the traps are located at the interface with the gate
insulator where the active channel forms.

In the case of OFETs built on the surface of pentacene sin-
gle crystals by using conventional methods (Fig. 2a),[7,25,26] the
charge transport is dominated by disorder, and thus the mo-
bility is lower than the bulk value. We assign this reduction to
the presence of pentacenequinone molecules at the surface.
The interactions between the p-systems of the “host” and the
“impurity” molecules introduce additional scattering sites to
the inevitable traps formed during the deposition of the gate
insulator. The electric field applied at the gate electrode first
has to fill these trap states. Only a higher gate bias can popu-
late the density of states (DOS) of pentacene, and modulate
the drain current for proper FET operation. Moreover, ran-
dom dipoles and quadrupoles[31] are locally introduced at the
interface as a result of the presence of the impurity molecules.
This leads to energetic disorder, and an increase in carrier
localization by electronic polarization. It has been shown by
Lang et al.[2] that even high-quality pentacene single crystals
have a relatively broad distribution of states (ca. 1 eV) above
the edge of the valence band. The different intermolecular
interactions between pentacene, pentacenequinone, and the
gate insulator material modulate the energy levels of the
states. This results in a broadening of the DOS, and the forma-
tion of an increased number of tail states.

We replaced the conventional gate dielectrics (e.g., SiO2,
parylene, polymers) with ordered pentacenequinone films
(P–PQ OFET, Fig. 2b). This method presents the unique ad-
vantage of being able to transform the scattering sites present
at the surface of the single crystals into a uniform, high-qual-
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Figure 1. AFM picture at the surface of a pentacene single crystal, show-
ing characteristic steps. The step height coincides with the interlayer
separation distance d(001).

Figure 2. Schematic cross section of a field-effect transistor fabricated on a pentacene single crys-
tal. The bond-line chemical formulae for 6,13-pentacenequinone (PQ) and pentacene (P) are
drawn. a) Conventional gate dielectric deposited onto the surface of the pentacene crystal. Here,
pentacenequinone molecules present at the interface form scattering sites and decrease the mobil-
ity. b) P–PQ OFET. Highly ordered pentacenequinone films act as gate insulators and reduce the
number of scattering sites at the interface.



ity semiconductor/gate interface. In this device, the electric
field applied at the gate is able to inject directly into the DOS
of pentacene. This is reflected by a smaller value of the
threshold voltage (VT = ± 2 V) for devices built according to
the geometry in Figure 2b, compared with devices fabricated
by conventional methods (VT = 5 V, reported by Ramirez and
co-workers,[25] and VT = –10 V, reported by Batlogg and co-
workers[26]).

The transistors built by using the method presented here,
on the surface of ultrapure pentacene single crystals, exhibit
p-type conduction. We did not observe ambipolar transport
for this configuration. The sharp increase in drain current (ID)
in the transfer characteristics, presented in Figure 3a, is a typi-
cal feature of a high-performance FET device. We calculated
the field-effect mobility l from the transconductance
gm = ∂ ID/∂ VG, at low drain voltages VD (Fig. 3a) using Equa-
tion 1:

l � L
W

1
Ci

1
VD

∂ID

∂VG

� �����
VD→ 0

�1�

where L is the channel length, W is the gate width, and Ci is
the capacitance per unit area of the gate insulator. We observe
typical mobilities in the range of 15–40 cm2 V–1 s–1 for the
transistors fabricated using the PQ gate dielectric. The varia-
tions in mobility are caused by differences in crystal quality
and contact resistance. The on/off ratio is of the order of 106.
We measured 20 devices built on eight different crystals and
observed consistent behavior. The normalized subthreshold
slope (Si = S Ci, where S = ∂ (logID)/∂ VG) has a value of
33.7 V nF decade–1 cm–2. This value is higher, by a factor of 6–
8, than the value obtained for the best rubrene transistors.[19]

The quality of the manually deposited contacts is not very
good, and this is reflected in the I–V characteristics of even
the best devices. As a result, the contacts are not equivalent
and the device shows an asymmetry between VD = +1 V and
VD = –1 V.

Typical output characteristics of the P–PQ transistors are
plotted in Figure 3b. The current in the channel increases as
the negative gate bias (VG) is increased and saturates at
VD = VG – VT. We attribute the nonlinearities in the low VD re-
gime to the contact-injection issues. This is consistent with
previous studies that assigned superquadratic-like behavior at
low drain voltages to a Schottky barrier between the Fermi
level of the metal contact and the highest occupied molecular
orbital (HOMO) of the p-type organic semiconductor (lowest
occupied molecular orbital (LUMO) in the case of electron
conduction),[32] to (diffusion-limited) thermionic emission and
recombination at the metal/organic interface,[33] or to the
presence of a depletion area in the vicinity of the “top con-
tacts”, with a high density of localized states that induce a
parasitic resistance in the FET circuit.[5,34,35] Because of simi-
lar experimental I–V characteristics between OFETs and met-
al oxide semiconductor field-effect transistors (MOSFETs),
we have used this theory in modeling the OFET behavior.
The field-effect mobility, estimated from Figure 3b, repro-
duces the values obtained from the transconductance at low
drain voltages. At higher drain voltages, in the linear regime
as well as in the saturation regime, the value estimated from
this graph represents an overestimation of the real value as a
result of complementary contributions. Moreover, it increases
with the gate voltage. This feature has also been reported by
Goldman et al.[26] and Podzorov et al.[1] The overestimation
of the mobility value can be caused by the contribution of the
leakage current. Pentacenequinone is not as robust as an inor-
ganic insulator. For an enhanced performance of the penta-
cene single-crystal FETs, the insulator pentacenequinone may
be used as an interface layer between the organic crystal and
the actual gate insulator. This presents distinct advantages:
the inactivation of the scattering sites at the surface of the
crystal, the presence of a dielectric with low dielectric con-
stant where the active channel forms,[14] and the possibility of
deposition of the inorganic robust dielectric by protection
against the damage at the surface.

The method that we introduced for
the fabrication of high-mobility penta-
cene transistors may be applied for the
fabrication of FETs of similar materials.
Surface oxidation is widely encountered
in conjugated organic materials. Penta-
cene is highly susceptible to oxidation
at the most reactive positions, leading
to 6,13-pentacenequinone. The larger
acenes are even less stable. The attach-
ment of substituents on the acene back-
bone (e.g., phenyl in the case of
rubrene) makes these positions less
reactive and protects the molecule from
unwanted oxidation. In this case the
interaction of oxygen with the crystal
is significantly different; the oxidation
is reversible yielding endoperoxide in-
stead of quinones.[36]
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Figure 3. OFET fabricated on a high-purity pentacene single crystal with a 250 nm thick pentacene-
quinone film gate dielectric. The geometry of the device is L × W = 250 lm × 4 mm. a) Variation of
the drain current (ID) with respect to the applied gate voltage (VG), relative to the source contact
for VD = 1 V and VD = –1 V. The properties of the transistor are included in the inset. b) Drain cur-
rent (ID) versus drain voltage (VD) for different negative gate voltages. The inset shows the transis-
tor geometry.



In conclusion, we have been able to incorporate the inter-
face-scattering centers of PQ into the gate dielectric of organ-
ic field-effect transistors built on pentacene single crystals. In
this manner, we have obtained a semiconductor/dielectric
interface of extremely high quality. The field-effect transistor
mobility, l= 15–40 cm2 V–1 s–1, can reproduce the value ob-
tained in ultrapure single-crystal bulk devices. This demon-
strates that we were able to measure the intrinsic properties
of the single crystal by careful control of the interface proper-
ties, which implies minimizing the trap density in the active
channel.

Experimental

Single-Crystal Growth: Pentacene single crystals with a high degree
of purity were grown by using physical vapor transport [6]. The start-
ing material was obtained from Sigma–Aldrich and was purified by
using vacuum sublimation under a temperature gradient. Details con-
cerning this step have been described elsewhere [27]. The crystal
growth was performed in a horizontal glass tube under a flow of argon
and a temperature gradient. The tube was cleaned and heated at
350 °C for 15 h to remove the solvents. The powder, from which the
volatile impurities were removed, was placed in the hottest part of the
tube, in an alumina boat. Additional purification was applied to the
transporting gas by insertion of an aluminium oxide/hydrogen-acti-
vated BTS drying column (Merck, Germany). The sublimation tem-
perature, 280 °C, was kept as low as possible in order to obtain a low
crystallization rate that ensured a minimum formation of defects and
avoided side reactions [7]. The setup was placed in the dark to protect
against oxidation. This growth method yields platelets of pentacene
single crystals with in-plane dimensions of 1–4 cm and thicknesses of
10–50 lm.

AFM Measurements: The AFM measurements were performed in
tapping mode using a NanoScope IV multimode scanning probe
microscope from Digital Instruments. The as-grown crystals were
measured first. Steps characteristic of pentacene and pentacenequi-
none were detected. The occurrence of the 14.1 Å and 17.79 Å steps
at the surface of the pentacene single crystals, corresponding to penta-
cene and pentacenequinone, respectively, is shown in Figure 4a. The
crystals were then cleaved, and the new surface was mapped. Only the
step corresponding to pentacene was detected (Fig. 4b).

Device Preparation: We paid special attention to the fabrication of
the FETs on the organic crystal surface, to avoid damaging the surface
of the semiconductor. Silver–epoxy source and drain contacts were
painted onto the crystal. A film of PQ was deposited on top. The de-
position of the insulator was carried out in high vacuum (10–7 mbar;
1 mbar = 100 Pa) in a clean environment, and the growth was care-
fully controlled. The sublimation rate was low (5 Å min–1), to ensure
homogeneity of the film. The thickness was determined very precisely
during the growth by using a quartz crystal balance. Calibration of the
thickness measurements was preliminary performed with a Dektak
profilometer (Dektak 6M Stylus Profiler, Veeco Instruments). The sil-
ver–epoxy gate electrode was then painted on top of the device.

Device Characterization: FET measurements were performed in
the dark and under a vacuum of 10–6 mbar [8] in a home-built probe
station. The two-terminal configuration was used. The characteriza-
tion was done by using a Hewlett–Packard 4155B semiconductor
parameters analyzer. We investigated 20 FETs built on eight penta-
cene single crystals obtained from different batches. The electrical
properties of the devices were similar. Small shifts in the value of the
threshold voltage were recorded for different devices.

We performed I–V measurements on pentacenequinone single crys-
tals in order to estimate the electrical breakdown field of the gate di-
electric. We obtained a value of ca. 3 MV cm–1 for the PQ single crys-
tal insulator. Pinhole-free insulation was obtained for film thicknesses

greater than 200 nm. For the determination of the dielectric constant,
we performed capacitance measurements on single crystals of the PQ
gate dielectric material: er(PQ) = 3.5. An Andeen–Hagerling 2500A
ultra precision capacitance bridge was used for the dielectric measure-
ments performed on pentacenequinone and a Keithley 237 source
measure unit was used to determine the insulator breakdown voltage.
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Figure 4. a) Occurrence of the 14.1 and 17.79 Å steps at the surface of
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17.79 Å are a guide to the eye. b) Step-distribution characteristics for the
bulk (obtained after cleaving the crystals), where the 14.1 Å step is ob-
served.
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