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Influence of the gate dielectric on the mobility of rubrene single-crystal
field-effect transistors

A. F. Stassen,a) R. W. I. de Boer, N. N. Iosad, and A. F. Morpurgo
Kavli Institute of Nanoscience, Delft, University of Technology, Lorentzweg 1, 2628 CJ Delft
The Netherlands

(Received 15 July 2004; accepted 13 September 2004)

We have performed a comparative study of rubrene single-crystal field-effect transistors fabricated
using different materials as gate insulator. For all materials, highly reproducible device
characteristics are obtained. The achieved reproducibility permits one to observe that the mobility
of the charge carriers systematically decreases with increasing the dielectric constant of the gate
insulator, the decrease being proportional to«−1. This finding demonstrates that the mobility of
carriers in organic single-crystal field-effect transistors is an intrinsic property of the crystal/
dielectric interface and that it does not only depend on the specific molecule used. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1812368]

Recent research efforts have led to the successful fabri-
cation of field-effect transistors at the surface of single crys-
tals of organic molecules. Work performed by different
groups has resulted in single-crystal devices of very high
quality, exhibiting an unprecedented level of reproducibility.
For molecules such as tetracene, pentacene, and rubrene, es-
sentially identical results(e.g., comparable values for charge
carrier mobility) have been obtained in different laboratories
and using different device fabrication techniques.1–6

The quality of organic single-crystal field-effect transis-
tors (FETs) opens new opportunities for investigations of
both fundamental and applied character. In particular, the use
of single-crystalline devices permits one to study the
intrinsic—not limited by disorder—transport properties of
organic semiconductors as a function of carrier density, as
recently demonstrated by the observation of an anisotropic
mobility in rubrene FETs exhibiting a “metallic-like” tem-
perature dependence.7,8 In addition, the reproducibility of
single-crystal FETs permits one to investigate in detail how
different aspects of the devices influence transistor operation,
which is necessary to individuate the ultimate performance
limits of organic transistors.

In this letter, we report a comparative experimental study
of the electrical characteristics of rubrene single-crystal FETs
fabricated using Ta2O5, Al2O3, SiO2, and Parylene C as gate
insulator. For the different dielectrics, field-effect transistors
exhibiting stable and hysteresis-free electrical behavior can
be reproducibly realized. In all cases, the hole mobility ex-
tracted from room-temperature measurement of the transistor
characteristics is remarkably gate–voltage independent.
From these measurements, we find that the mobility de-
creases from 10 cm2/V s (Parylene C, «=3.15) to
1.5 cm2/V s sTa2O5,«=25d with increasing the relative di-
electric constant. By comparing our data to those recently
reported for transistors fabricated using Parylene Nsm
=15 cm2/V s;«=2.65d2,9 and polydimethylsiloxane(PDMS)
air-gap stampssm=20 cm2/V s;«=1d,7 we conclude that a
decrease in mobility with increasing the dielectric constant
of the gate dielectric occurs systematically in rubrene single-
crystal FETs. This result demonstrates that the mobility mea-
sured in organic transistors is not only a property of the

specific organic molecule used, but that it intrinsically de-
pends on the organic/dielectric interface.

The devices used in our investigations have been fabri-
cated by means of two different, recently developed tech-
niques. Transistors based on Parylene C have been built fol-
lowing the processing described in Ref. 1, using aqueous
colloidal graphite or silver epoxy for the source, drain, and
gate electrodes(with colloidal graphite resulting in better
performances as compared to epoxy). For these devices,
rather thick crystals(typically 100mm or thicker) were used.
All other transistors were fabricated by means of electrostatic
bonding of much thinner(approximately 1mm thick) crys-
tals on doped silicon substrates with prefabricated FET cir-
cuitry, using a process identical to the one described in Ref.
3. In all cases, the crystals were grown in a horizontal oven
similar to the system used in Ref. 10 with argon as carrier
gass50 ml/mind. The majority of the rubrene crystals used
in our investigations were needle shaped. As discussed in
Ref. 7, these needle-shaped crystals grow preferentially
along the crystallographicb axis, which corresponds to the
direction of highest hole mobility.7 Both the parylene gate
and the oxide-gate transistors were fabricated with a large
source–drain distance(always larger than 300mm and typi-
cally ,1 mm) to ensure that the measured transport occurred
preferentially along this direction and to minimize contact
effects on measurements performed in a two-terminal con-
figuration.

In the case of SiO2-based transistors, the gate insulator
was a 200-nm-thick, thermally grown oxide layer. In the case
of Ta2O5, a Nb layer acting as a gate was sputter-deposited
onto the Si substrate, followed by a 375-nm-thick layer of
Ta2O5. Sputtering of Ta2O5 was performed from a metallic
Ta target in the presence of oxygen in an argon plasma, with
the substrate held at approximately 300°C, according to the
procedure developed in Ref. 11. Contrary to the case of
Ta2O5 layers sputtered from a ceramic target,12 this proce-
dure results in negligibly low leakage current, at least up to
gate fields of 3 MV/cm. Finally, Al2O3 devices were fabri-
cated by sputtering a 25 nm layer of Al2O3 on top of a Ta2O5
layer. The roughness of the three different oxide layers was
measured using an atomic force microscope and found to be
less than 0.1 nm. Figure 1 shows optical images of two ru-
brene single-crystal FETs fabricated by means of electro-a)Electronic mail: a.f.stassen@tnw.tudelft.nl
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static bonding on Al2O3 [1(a)] and on SiO2 [1(b)].
Figure 2 shows typical source–drain voltage-currentId

versusVsd sweeps taken at different values of the voltage
applied to the gate electrodesVgd for a single-crystal FET on
SiO2 (the inset shows similar data for a transistor fabricated
using Parylene C). All measurements discussed here were
performed in a two-terminal configuration in vacuum
s10−6 mbard, at room temperature, using a HP4156A semi-
conductor parameter analyzer. As shown in Fig. 2, essentially
no hysteresis is present in the measurements and theId ver-
sus Vsd are linear down to small appliedVsd voltages. For
electrostatically bonded transistors we performed in a num-
ber of cases four-terminal measurements and observed that
owing to large length of the FET channel the contact resis-
tance does not significantly affect the value of mobility ob-
served in a two-terminal configuration. In the case of
Parylene C, the manually deposited contacts are often of
lower quality and the application of a large source–drain bias

is required to avoid contact limitations to the current flowing
through the devices.

We use the relation(W is the channel width,L the chan-
nel length, andCd the capacitance per unit area)

m =
L

W
3

1

Cd
3

1

Vsd
3

dId

dVg
s1d

to extract the value of the mobility from the linear part of the
transistor characteristics, as a function of gate voltage. Figure
3(a) shows the mobility data obtained using this relation for
different values of the source drain voltage(Vsd=−5, −7.5,
−10, −12.5, and −15 V, respectively) for one of the electro-
statically bonded transistors with SiO2 gate insulator. The
same value of mobility is obtained independent ofVg andVsd
in all cases, as long as the device operates in the linear re-
gime for which Eq.(1) applies, i.e., ifVg is sufficiently larger
thanVsd (the apparent peak in mobility present at lowVg is
an artifact due to the violation of this condition). The field-
effect mobility extracted from the transistorI –V characteris-
tics as a function of the applied gate voltage is shown in Fig.
3(b) for transistors fabricated using all the different gate
insulators.

Figure 3(b) also shows that the mobility of rubrene
single-crystal FETs is different for devices fabricated with
the different gate dielectrics. Although all transistors fabri-
cated show a spread in the values of measured mobilities,
probably originating from defects induced by the crystal han-

FIG. 1. (Color online) Two rubrene single-crystal FETs fabricated by means
of electrostatic bonding on Al2O3 (a) and SiO2 (b). In (a) the electrodes have
been defined by evaporation through a shadow mask, whereas in(b) photo-
lithography and lift-off were used. In both(a) and (b) the bar is 200mm
long.

FIG. 2. Source–drain current vs source–drain voltage measured at different
gate voltages for a device fabricated on SiO2, with an L=1.2 mm channel
length andW=200mm channel width. The inset shows similar data for a
FET fabricated using parylene CsL=650mm,W=340mmd.

FIG. 3. (a) Mobility vs gate voltage for a device on SiO2, measured at
different values of source–drain voltage(Vsd=−5, −7.5, −10, −12.5, −15 V,
respectively), obtained using Eq.(1). Note that in the linear regimesVg

@Vsdd m does not depend onVg andVsd [the apparent peak at lowVg values
is an artifact originating from the use of Eq.(1) outside the linear regime].
(b) msVgd curves as measured for the four different gate insulators. For
device based on parylene C, the suppression of contact effects often requires
the use of a rather large valueVsd (and thusVg, to remain in the linear
regime).
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dling during the fabrication process, we found that a large
fraction of devices exhibit mobilities in a rather narrow range
of values. Specifically, for transistors fabricated using
Parylene Cm typically ranges between 6 and 10 cm2/V s,
for SiO2 between 4 and 6 cm2/V s, for Al2O3 devices bestm
values are 2–3 cm2/V s, and for Ta2O5 1–1.5 cm2/V s.
From these data, it is apparent that for all investigated ru-
brene FETs the measured mobility systematically decreases
when increasing the dielectric constant of the gate insulator.
This trend is consistent with the results obtained by others on
rubrene FETs fabricated using Parylene Ns«=2.65d, for
which the measure mobility ranges between 10 and
15 cm2/V s,9 and vacuums«=1d where the mobility range is
16–20 cm2/V s.7

Figure 4 summarizes the available data and clearly dem-
onstrates the dependence ofm on the dielectric constant«.
The inset of Fig. 4 additionally shows that, when plotted on
a log–log scale, the mobility decrease with increasing« as
«−1 over the entire range available(slightly more than one
decade). From these data we directly conclude that the mo-
bility of organic FETs cannot be simply considered to be an
intrinsic property of the molecular material used but rather
that it is intrinsically a property of theorganic/dielectric in-
terface. This conclusion is also supported by our measure-
ments on tetracene single-crystal FETs, in which we have
observed that the mobility of SiO2-based devices is system-
atically larger than that of transistors fabricated using Ta2O5
as a gate insulator.

A systematic decrease inm with increasing« has re-
cently been reported for disordered polymeric organic FETs
of lower mobility.13 In that context, the effect has been at-
tributed to the localized nature of the charge carriers in the
material and their interaction with the induced polarization in
the gate insulator. Specifically, according to the authors of
Ref. 13, dipolar disorder in the dielectric, which is stronger
the larger the value of the dielectric constant, induces a
broadening of the density of states(DOS) at the polymer/
insulator interface. This broadening results in a decrease of
the DOS at the Fermi energy, which, in a disordered mate-
rial, causes a lower hopping probability. This lower hopping
probability leads to a suppression of the carrier mobility, in
agreement with theoretical work by Bassler.14

In single-crystalline devices, disorder is much weaker
than in polymers. Nevertheless, even in the best rubrene

single-crystal FETs at room temperature holes are nearly lo-
calized by polaronic effects and cannot be described in terms
of extended states, as is the case for conventional inorganic
semiconductors. Therefore, also in single-crystal FETs, a
(nearly) localized charge carrier at the rubrene/dielectric in-
terface locally polarizes the dielectric. The electrostatic po-
tential generated by the induced polarization exerts an attrac-
tive force on the charge carrier itself that increases the
tendency toward carrier self-trapping. As the attractive force
is larger for larger«, this qualitatively explains why the mo-
bility is reduced with increasing«. Stated differently, at the
interface between the crystal and the gate insulator, the elec-
trical polarizability of the environment experienced by the
charge carriers is determined by the dielectric constant of the
insulating material. In this way, the polaronic dressing of
charge carriers is enhanced by the presence of a gate insula-
tor with a large dielectric constant. As a consequence of this
enhanced polaronic dressing, the mobility is reduced.

The detailed microscopic understanding of the mecha-
nism just proposed clearly requires(and deserves) further
experimental and theoretical investigations. From a funda-
mental perspective, this mechanism is interesting, since it
permits one to tune polaronic effects in a FET configuration,
thus offering a tool for their study. For instance, experimen-
tally, it will be interesting to look in detail at how the tem-
perature dependence of the mobility evolves from the
metallic-like regimesdm /dT,0d8 to the thermally activated
regimesdu/dT.0d15 with increasing« (work is in progress
in this direction). Finally, the findings are also relevant for
applications, as they clearly demonstrate that the speed of
organic transistors can be enhanced by using low-« gate
insulators.
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available data show a linear dependence with slope −1(i.e., the variation in
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