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We report on the fabrication and characterization of field-effect transistors based on single crystals
of the organic semiconductor dibenzo-tetrathiafulvalene(DB-TTF). We demonstrate that it is
possible to prepare very-good-quality DB-TTF crystals from solution. These devices show high
field-effect mobilities typically in the range 0.1–1 cm2/V s. The temperature dependence was also
studied revealing an initial increase of the mobility when lowering the temperature until it reached
a maximum, after which the mobility decreased following a thermally activated behavior with
activation energies between 50 and 60 meV. Calculations of the molecular reorganization energy
and intermolecular transfer integrals for this material were also performed and are in agreement with
the high mobility observed in this material. ©2005 American Institute of Physics.
[DOI: 10.1063/1.1848179]

The improved electronic performance of organic field-
effect transistors(OFETs) over the last few years has shown
great potential for a wide range of functional applications
where low-cost, light-weight, flexibility, and large-area cov-
erage are required.1 Although most previous studies on
OFETs have focused on the fabrication and improving the
quality of organic thin films,2–5 currently, a few groups are
devoting their efforts to the preparation of single-crystal
OFETs as they typically show higher charge carrier mobili-
ties because of their high molecular order. Crystals of
oligoacene6–10 and thiophene11 derivatives have been studied
and OFET mobilities of up to 15 cm2/V s have been re-
ported for rubrene crystals.7 In all these cases, the samples
were prepared from the vapor phase in order to obtain high
purity materials and/or because of the low solubility of these
materials in common organic solvents. In this letter, we re-
port on the preparation of single crystal OFETs based on an
organic semiconductor, dibenzo-tetrathiafulvalene[DB-TTF,
Fig. 1(a)]. Moreover, we show that it is possible to prepare
good quality DB-TTF crystals with very high mobilities
from solution, which makes this material very interesting for
potential applications in low-cost electronics.

Very recently, we studied the correlation between crystal
structure and mobility in single-crystal OFETs based on
tetrathiafulvalene derivatives.12 A correlation between the
mobilities and the different investigated crystal structures
was observed. This was corroborated by density functional
(DF) calculations of the molecular reorganization energies
slreorgd

13 and the maximum intermolecular transfer
integrals.14 It was observed that the molecules showing the
best performance for OFETs crystallize forming uniform
stacks of almost planar molecules in a herringbone pattern.

In addition, these molecules were the ones showing higher
intermolecular transfer integrals and lower reorganization en-
ergies. In particular, dithiophene-tetrathiafulvalene[DT-TTF,
Fig. 1(a)] exhibited a mobility of up to 1.4 cm2/V s.15

DB-TTF seems,a priori, a very promising candidate
molecule to study for the preparation of OFETs as, like DT-
TTF, it is symmetric and completely conjugated(i.e., alter-
nation of single and double bonds). Also, DB-TTF crystal-
lizes in a similar way to DT-TTF forming stacks of planar
molecules with an interplanar distance of 3.948 Å[Fig.
1(b)]. In addition, the calculated highest occupied molecular
orbital (HOMO) energy levels(see details to follow) in DB-
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FIG. 1. (a) Molecular structure of dithiophene-tetrathiafulvalene(DT-TTF)
and dibenzo-tetrathiafulvalene(DB-TTF). (b) Crystal structure of DB-TTF
viewed along thea axis.(c) Single-crystal of DB-TTF on prefabricated gold
electrodes. The scale bar corresponds to 100mm.
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TTF s4.88 eVd and DT-TTF s4.94 eVd are very similar,
which was experimentally confirmed by cyclic voltamper-
ometry measurements of DB-TTF. The experiment showed
two separate reversible one-electron oxidations withE1/2

1 and
E1/2

2 of 0.62 and 0.97 V, respectively (in
CH3CN/0.1 M TBAPF6 vs SCE) very similar to the values
found for DT-TTF in the same conditions(E1/2

1 =0.67 V and
E1/2

2 =0.97 V).
We performed DF calculations, at a 6-31Gsd,pd /

B3LYP16 level of theory usingGAUSSIAN 98,17 to estimate
thelreorgof the isolated DB-TTF molecule in the planar con-
formation found in the crystal.12–18A lreorgvalue of 0.248 eV
was found for this molecule, which is close to the one re-
ported for the best performing molecule in single-crystal
OFETs (DT-TTF, lreorg=0.238 eV) in the studied sequence
of crystals of molecules of this family.12 Previously, we dem-
onstrated that an additional drop in thelreorg value of DT-
TTF is observed if one considers the effect of the local crys-
talline environment, rather than using an isolated molecular
representation, helping to explain the observed high
mobilities.18 This effect is also expected to occur in DB-TTF.
The maximum intermolecular electronic coupling, estimated
via the calculation of the transfer integrals,19 was also calcu-
lated for DB-TTF giving a value of 0.037 eV(0.034 eV for
DT-TTF). It therefore could be expected that DB-TTF, due to
its similar characteristics to DT-TTF, might be an interesting
material to study for the preparation of OFETs.

DB-TTF was synthesized as previously reported20 and
purified by recrystallization in chlorobenzene. The electrodes
(4 nm of Ti, acting as a sticking layer, covered by 26 nm of
Au) were fabricated by e-beam lithography on a silicon wa-
fer with a 200-nm-thick oxide. A warm solution of DB-TTF
in chlorobenzene was then poured over the electrodes and
the solvent was allowed to evaporate slowly. This resulted in
the formation of transparent long regular plate-like crystals,
some of which connected two of the microfabricated elec-
trodes[Fig. 1(c)]. In some cases, the formation of long crys-
talline dendrites was also observed. The long axis of the
crystals was determined to be the stacking direction(the
crystallographicb axis).

Transport measurements were carried out using a Probe
Station Microscope coupled to an ADwin Gold external data
acquisition system in air. The electrical characterization of
the devices was performed by measuring the source–drain
current, ISD, while sweeping the applied source–drain volt-
age,VSD, across the two electrodes for different gate volt-
ages,VG, applied to the silicon substrate. Figure 2(a) shows
the outcome of the measurements performed on the crystal
shown in Fig. 1(c). The resulting graph is typical of ap-type
semiconductor: the current increases with increasing nega-
tive gate voltage. The investigated OFETs were stable and all
the data could be reproduced after several weeks.

The current–voltage characteristics could be modeled
with

ISD= sWCm/LdsVG − VT − VSD/2dVSD, s1d

whereC is the capacitance per unit area of the gate,VT the
threshold voltage,W andL the width and length of the crys-
tal between the source and drain electrodes, respectively, and
m the mobility that can be calculated in the linear regime
from

m =
]2ISD

]VSD]VG

L

CW
. s2d

This formula neglects the influence of contact resis-
tances and charge traps in the gate oxide and, therefore, pro-
vides a lower limit on the device mobility.21 The mobility of
this device calculated in the range 0ùVGù−20 V was found
to be 0.1 cm2/V s and the ON/OFF ratio was of the order of
106.

We characterized 18 OFET devices, of which 9 exhibited
mobility values larger than 0.01 cm2/V s and 6 higher than
0.1 cm2/V s. The highest mobility found was as high as
1.0 cm2/V s. The ISD–VSD characteristics of this crystal in
the linear regime are shown in Fig. 2(b). From this graph, we
can extract the dependency of the conductancesdISD/dVSDd
with VG [see inset Fig. 2(b)].

The measured threshold voltageVT of these devices is
always positive(in the range 10–100 V), indicating that
there is conduction even without applying a gate voltage.

FIG. 2. (a) ISD vs VSD at differentVG measured for the crystal shown in Fig.
1(c), which has a lengthsLd and widthsWd of 130 and 70mm, respectively.
In the inset the transfer characteristics of this device atVSD=−5 V are
shown. (b) ISD vs VSD at VG (0, −5, −10, −15, −20, −25, −30, −35, and
−40 V) for a crystal withL=280mm andW=15 mm. In the inset of this
graph the conductancesdISD/dVSDd vs VG is plotted.
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This might be due to some unintentional doping and/or to
charge accumulated at the interface between the crystal and
the substrate. We noted that by annealing one of the samples
at about 90 °C for 20 min, a slightly higher mobility and a
VT of only 1 V was obtained. The annealing step may have
driven off solvent initially in the crystal or at the interface
between the crystal and the substrate.

We studied the temperature dependence of the mobility
in the range 320–180 K for two different OFETs(Fig. 3). In
both crystals, the mobility initially increased with decreasing
temperature until a maximum was reached, after which the
mobility decreased following a thermally activated behavior.
Similar trends have been observed for high-mobility OFETs
based on pentacene, tetracene, and rubrene.8,22,23 Thus, this
nonmonotonous temperature dependence is an indication of
the good quality of the crystals. The mobility drop at low
temperature resembles the prediction of Holstein’s model for
thermally activated hopping transport.24 In this regime, the
mobility was fit to the expressionm a exps−Ea/KBTd to de-
termine the activation energies,Ea, which were found to be
51 and 56 meV for crystals A and B, respectively.
Previously,8 this type of temperature dependence was related
to a model which assumes the presence of shallow traps and
is modeled bym a Tn exps−Et /KBTd, whereEt is the trap-
ping depth.25 This model predicts that the temperature depen-
dence of the effective mobility should reveal a maximum,
Tm, dependent on the density of traps and the trapping depth.
In the high-temperature region forT.Tm, the microscopic
mobility would be dominant and, forT,Tm, the exponential
term of thermally activated mobility would prevail. Thus, the
shifting of Tm to lower temperatures would indicate a de-
crease inEt and trap density. Our measurements, therefore,
point to lower Et and trap density in crystal B, although
crystal A exhibits higher mobility at room temperature(see
Fig. 3). However, further systematic temperature measure-
ments are required to fully understand the transport mecha-
nisms in these organic crystals.

In conclusion, we showed here that DB-TTF is a very
promising molecule for the preparation of single-crystal
OFETs. The devices based on this molecule display very
high mobilities of the order of 0.1–1 cm2/V s. This material
could also be interesting as solution-processable transparent
conductor. The high performance of the devices together
with the nonmonotonous temperature dependence demon-
strates that it is possible to prepare very good-quality crystals
of this material from solution, which opens new perspectives
for applications in low-cost electronics.
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FIG. 3. Field-effect mobility vs temperature for two different single-crystal
OFETs of DB-TTF.
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