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In recent years, a large number of molecular materials with
relatively high carrier mobilities have been reported for the
use as channels of organic field-effect transistors (OFETs),
which are envisioned as key components of low-cost, large-
area, and flexible electronic devices.1–7 Attention is being
focused on modifications of polycyclic aromatic hydrocar-
bons like pentacene to realize a high performance and easy
processability.2–4 Other potential candidates are tetrathiaful-
valene (TTF) analogues, which are well-known as electron-
donor molecules in organic charge-transfer (CT) complexes.8

The ability of these compounds to form a wide variety of
organic metals and superconductors should permit their use
in high-performance, single-component semiconducting ma-
terials. In fact, a mobility of about 0.1–1.4 cm2/Vs has been
reported for some TTF analogues.6,7 In addition, the higher
solubility of these molecules, compared with polyacenes, is
advantageous as it permits low-cost solution processing.

In this communication, we report that the OFETs based
on solution-grown as well as vapor-transport grown hexam-
ethylenetetrathiafulvalene 1 (HMTTF; C12H12S4)9 single
crystals exhibit a field-effect mobility exceeding 7–10 cm2/
Vs. To achieve this high device performance we found it
necessary to optimize carrier injections at the source/

drain contacts by using TTF-TCNQ thin-film electrodes
(TCNQ ) tetracyanoquinodimethane).10

Yellow-colored and elongated-block single crystals of
HMTTF with a typical size of 0.8 × 0.2 × 0.2 mm3 were
obtained both by vapor transport with N2 gas and by
recrystallization from chlorobenzene solution in darkness.
In the former process, care was taken to halt the crystal
growth after about 2 days, because the color of the crystal
surface turned into dark brown possibly as a result of thermal
degradation of the molecules in longer runs of crystal growth.
In the latter process, on the other hand, crystals were obtained
over a longer term of several weeks at room temperature.
The solution- as well as vapor-transport grown products
formed the identical monoclinic crystal structure with space
group P21/c and unit cell parameters of a ) 6.376(6) Å, b
) 14.54(1) Å, c ) 12.92(1) Å, and � ) 94.689(16)° (Z )
4). The packing motif is shown in Figure 1. An intermo-
lecular side-by-side arrangement along the a-axis affords
largeπ–πinteractionswithcloseS–Scontactsof3.545(3)–3.647(3)
Å. On the other hand, molecules are stacked along the b-axis
in a brickwork arrangement in which molecules are slipped
by half their length along the molecular long axes. For
crystallographically independent three intermolecular contacts
shown in Figure 1, the transfer integrals were estimated by
extended Hückel molecular orbital calculations;8 t1 ) 0.1151
eV (side-by-side), t2 ) –0.0113 eV (slipped stack), and t3 )
0.0176 eV (slipped stack).

Single-crystal OFETs with parylene C gate dielectric layers
were fabricated as reported previously.10 The dielectric
thickness we used is 1.0 µm with gate capacitance of about
1.90–2.12 nF/cm2. We used thermally evaporated Au, Ag,
or TTF-TCNQ metallic thin films as the source/drain
electrodes. The sheet resistance of the TTF-TCNQ films is
1–1.5 kΩ at the thickness of about 300 nm. Typical channel
length L and width W is about 100 µm. All the properties of
the transistors were measured with a source/drain current
along the a-axes which correspond to the direction of the
longest dimension of the crystal.

Transfer characteristics of the devices are shown altogether
in Figure 2 in linear scale. All the devices exhibited p-type
feature, the size of which depended significantly on the kinds
of electrodes. The mobility of the device was calculated by
using the standard formula in the linear region; µlin ) (dID/
dVG)[L/(WCiVD)], where ID, VD, VG, and Ci are drain current,
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drain voltage, gate voltage, and gate dielectric capacitance
per unit area. We note that there is no serious leakage path
outside the channel, because the W is limited by the size of
the single crystals. The result for the device with TTF-TCNQ
thin-film electrodes was estimated as about 2–10 cm2/Vs
(average value was 7 cm2/Vs among 12 devices examined)
in the linear region, while devices with Ag or Au electrodes
showed much lower mobilities of about 0.12 cm2/Vs and
0.02 cm2/Vs, respectively, with larger off currents. It is clear
from this that the use of TTF-TCNQ organic metal electrodes
is essential to achieve a high performance with HMTTF

OFETs. We consider that this higher performance is associ-
ated with several features of organic metal electrodes. First,
the Fermi energy in TTF-TCNQ well matches with the
valence band of HMTTF crystals, as the ionization potential
of HMTTF (6.4 eV) is close to that of TTF (6.7 eV). This
should lead to efficient hole injection into the channel
semiconductors at the source/drain contacts. Second, com-
pared with Au or Ag with high melting temperature (1064
°C for Au and 961 °C for Ag), TTF-TCNQ thin-film
electrodes are fabricated by thermal evaporation at much
lower temperatures (source temperature of only about 180
°C), which could suppress thermal damage to the crystal
surfaces on which the electrodes are deposited during
fabrication of the electrodes. These effects are useful to
minimize the contact resistance at the source/drain electrodes,
which should lead to the observation of real bulk mobility
without voltage drops at the contacts.

Figures 3 shows the transfer characteristics of the best
performance devices composed of (A) solution- and (B)
vapor-transport grown channel single crystals, respectively,
in logarithmic scale. In the devices, the field effect mobility
in the linear region reached 11.2 cm2/(Vs) in vapor-transport
grown crystals and 10.4 cm2/(Vs) in solution-grown ones.
We note that the output characteristics shown in the inset
present the sign of current saturation at high VD range, if we
presume the additional bulk current in the current–voltage
characteristics.We found that the devices keep high perfor-
mance at atmospheric conditions for several weeks. (The

Figure 1. [A] Crystal structure of HMTTF single crystals grown both by
vapor transport and by recrystallization. The brickwork packing motif is
shown with the view parallel [B] and perpendicular [C] to the molecular
planes.

Figure 2. Transfer characteristics of HMTTF single crystal transistor with
a variety of source/drain electrodes; [A and B] with TTF-TCNQ electrodes
(VD ) –1 V), [C] with Ag electrodes (VD ) –5 V), and [D] with Au
electrodes (VD ) –1 V).

Figure 3. Transfer and output (inset) characteristics of OFETs composed
of single crystals grown by [A] vapor transport and [B] recrystallization.
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mobility of the former device was estimated as 7 cm2/Vs
after 2 months of fabrication). The high performance may
be attributed to the close side-by-side and brickwork mo-
lecular packing of HMTTF, which is in contrast to the
herringbone molecular arrangement of rather high mobility
materials such as pentacene. We note that the above value
is, to the best of our knowledge, second best for single-crystal
OFETs11 and the highest with solution-grown channel
material. The results clearly demonstrate the high potential
of the TTF analogues. The direct use of the single-crystal
devices is also expected by possible low-cost solution
patterning processes.12

As presented in Figure 3, a normally on state with
threshold gate voltage (Vth) of 13 V and a high on/off ratio
(∼600) is observed in the device containing vapor-
transported crystals, whereas a normally off state with Vth

of about -6 V and a much lower on/off ratio (<3) is seen
in the device containing solution-processed crystals. We note
that similar difference in the Vth and on/off ratio is observed
for all the devices with the vapor-transported and solution-
processed crystals. Noticeable nonlinearity, or gate voltage-
dependent mobility, is also seen in the former device. These
different features give a clue to understanding the relationship
between crystallinity and charge-carrier dynamics in the
channel molecular semiconductors. We hypothesize that the
vapor-transport grown crystals could include a larger number

of bulk carriers inside the crystals, possibly associated with
the thermal decomposition during the crystal growth at
relatively high temperature. Bulk carriers could be depleted
by the reverse gate biases. This may provide the origin of
the normally on behavior in the transfer characteristics and
low off current at high positive voltages, as observed in
Figure 3A. In contrast, we also consider that the larger off-
current, as observed in Figure 3B, is possibly associated with
conductive paths remaining on the crystal surfaces during
the drying process just after the recrystallization from
solution. For example, adsorption of a tiny amount of CT
compound (composed of HMTTF with some impurities) on
the crystal surfaces could be the origin of large off current
in the single crystal FET.13 It may afford the conductive
surface layer whose current is hardly eliminated by the
reverse gate biases.

In summary, we identified a rather high mobility, exceed-
ing 10 cm2/Vs, in HMTTF OFETs composed of solution-
as well as vapor-transport grown single crystals with TTF-
TCNQ thin-film electrodes. This observed high performance
can be attributed to the large π–π intermolecular interactions
in HMTTF as well as to efficient carrier injections at the
source/drain contacts achieved through the use of organic
metal electrodes. The results indicate the potential of TTF
analogues as channel semiconducting materials suitable for
the fabrication of high-performance and low-cost devices.

Supporting Information Available: Experimental procedures
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