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With the advantages of flexibility and large-area fabrication, organic
semiconductors have shown tremendous potential for future
applications in organic optoelectronics. One of the most repre-
sentative and extensive applications within this field developed
over the past decades have been organic field-effect transistors
(OFETs).[1,2] The development of OFETs has focused on the
design and synthesis of novel materials, the fabrication of high
performance devices, and the understanding of device physics,
and principles of charge transport.[3–6] Among these works,
single-crystal field-effect transistors (SCFETs) have attracted
considerable attention as they offer insight into the intrinsic
charge transport properties in organic semiconductors, which
have already become a strong tool for exploring the structure–
property relationships.[7–22] Recently, we reported the thin film
transistors based on a pentacene analogue: 6H-pyrrolo-
[3,2–b:4,5–b́]bis[1,4]benzothiazine and its 6-substituted deriva-
tives (PBBTZ 1–3, see Scheme 1).[23] A high mobility up to
0.35 cm2V�1 s�1 and an on/off ratio of around 1.5� 107 have
been obtained from the devices of 1. Moreover, these materials
also display other advantages such as facile synthesis and
increased stability compared with that of pentacene. All these
imply the promising potential of the PBBTZ series in organic
electronics. Hence, it is worth to further explore thesematerials to
reveal their structure–property relationships by SCFET studies
through detailed investigations on the single-crystal structures
and quantum chemical calculations of the main parameters
related to the charge transport.
Here, we report SCFETs based on single crystalline sub-
micrometer sized ribbons of PBBTZ 1–3. All the SCFETs show
higher mobilities than their corresponding thin film transistors
of the same materials. Excellent performance with a mobility as
high as 3.6 cm2 V�1 s�1 and an on/off ratio larger than 106 was
obtained from the device of 1. Moreover, excellent environmental
stability was also observed for the SCFETs of 1. The substitution
on the central pyrrole N-atom had a large influence both on the
crystal structure and the SCFET performance, which are
experimentally and theoretically discussed.

Single-crystalline sub-micrometer ribbons of 1–3 were grown
by physical vapor transport processes.[24] As shown in Figures 1a,
d, and g, the single crystalline ribbons have a width from
hundreds of nanometers to several micrometers, and a length
from tens to hundreds of micrometers. The individual
single-crystalline ribbons were further investigated by transmis-
sion electron microscopy (TEM) (Fig. 1b, e, and h) and
selected-area electron diffraction (SAED) (Fig. 1c, f, and i) to
define the growing habits. The measured spaces from the SAED
patterns were in good agreement with the crystallographic data of
large-scale single crystals. The diffraction spots suggest that the
growth direction of the 1 single-crystalline ribbon was [100] (i.e., a
axis), as shown in Figure 1c. When substituted with phenyl and
alkyl groups, the growth directions of single-crystalline ribbons of
2 and 3 were changed to [010] (i.e., b axis), as shown in
Figures 1f and i. The electron diffraction data agreed well with the
morphologies theoretically predicted by the Bravais–Friedel–
Donnay–Harker (BFDH)method as shown in the left of Figure S3
(see Supporting Information). For these three crystals, the
primary growth directions were all along the p-stacking directions
as shown to the right of Figure S3. This indicates that the strong
p–p interactions between the adjacent molecules may play a
dominant role in the growth of the 1–3 single crystalline ribbons.
It has been addressed that organic thin films or crystals with the
intermolecular p-stacking directions parallel to the conducting
channel of the OFETs would result in a high performance because
of the efficient overlap of the intermolecular p-orbits.[1] For details
of the intermolecular p–p interactions and molecular overlaps in
the single crystals of 1–3, see the Supporting Information.

The SCFETs based on 1–3 single crystalline ribbons grown on
octadecyltrichlorosilane (OTS)-treated Si/SiO2 substrates were
fabricated. Thin Au films (�100 nm thick) were glued in situ onto
the individual ribbons[10,25] and functioned as source/drain
H & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 2458–2462
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Scheme 1. Molecular structures of PBBTZ 1–3.

Figure 2. a) Schematic structure of a SCFET device based on an individual
single-crystalline ribbon of PBBTZ. b–d) SEM images of typical SCFET
devices based on individual single-crystalline ribbons of 1, 2, and 3,
respectively.
electrodes. Figure 2a shows the schematic structure of a SCFET
device fabricated by such a method. Figure 2b–d show the
corresponding scanning electron microscopy (SEM) images of
the SCFET devices. All the SCFETs showed p-type properties
under ambient conditions. Typical transfer and output character-
istics of the SCFETs are shown in Figure 3. The best results are
obtained from devices of 1, which shows the highest mobility of
3.6 cm2 V�1 s�1 with an on/off ratio of 1.9� 106 and a low
threshold voltage of 6.7 V. Here, themobilities (m) were calculated
in the saturation regime by the following equation: ID¼mCi(W/
2L)(VG – VT)

2, where ID is the drain current, m is the field-effect
mobility, Ci is the gate dielectric capacitance, W and L are the
channel width and length, respectively, and VT is the threshold
voltage. The highest mobilites of the SCFETs were 10, 80, and 130
Figure 1. a,d,g) SEM images of large area single crystalline ribbons of 1, 2, and 3, the insets show
individual single-crystalline ribbons, respectively. b,e,h) TEM images of individual single-
crystalline ribbons of 1, 2, and 3, and c,f,i) their corresponding selected-area electron diffraction
(SAED) patterns.
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times higher than those of the thin film devices
of 1, 2, and 3, respectively.[23] Based on the
individual single-crystalline ribbons of 1–3, a
total of 100 SCFETdevices were fabricated and
examined. Their performance data, including
field-effect mobility (m), on/off current ratio
(Ion/Ioff), and threshold voltage (VT) are
summarized in Table 1. It is noticed that the
mobilities of the devices exhibit a relatively
wide distribution, which might be due to the
difference in the quality of the used crystals
and the influence of device physics during
their fabrication. It is well known that many
factors, such as the position and deposition
process of the source/drain electrodes, i.e., the
precise orientation of the electrodes with
respect to the p-stacking axis of the crystals,
the gate electrode, the used material and
flatness of the insulating layer, the quality of
the crystal and crystal-insulator interface, etc.
could affect the device performance, i.e., the
value of the mobility. It was found that near
75% of the devices of compound 1 exhibited a
mobility >0.1 cm2 V�1 s�1 with the highest
mobility of 3.6 cm2 V�1 s�1 (Fig. S4), which
indicates the prospective future of the com-
pound in organic electronics.

One of the challenges for the industrial
utilization of organic electronics is environ-
mental stability. Besides high mobility, PBBTZ
SCFETs also exhibit excellent stability. Figure
S5 shows the stability of a typical PBBTZ 1
SCFET stored at room temperature in air.
heim 2459
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Figure 3. a) Typical transfer curve (VD¼ –60 V) and b) the corresponding output curve of a SCFET based on an individual single-crystalline ribbon of 1, with
W/L¼ 2.38mm/9.12mm. c) Typical transfer curve (VD¼ –60V) and d) the corresponding output curve of a SCFET based on an individual single-crystalline
ribbon of 2, withW/L¼ 0.89mm/19.13mm. e) Typical transfer curve (VD¼ –30 V) and f) the corresponding output curve of a SCFET based on an individual
single-crystalline ribbon of 3, with W/L¼ 8.82mm/17.5mm.

2460
During a long period of one year, both the mobility and the on/off
ratio of the device are maintained at high values without obvious
decrease.

The substitution effects at the central pyrrole N-atom of
PBBTZ were theoretically studied in order to investigate the
relationship between crystal structure and charge carrier mobility.
It is believed that a hopping mechanism dominates the charge
transport process of organic semiconductors at room tempera-
ture. The charge transfer process can be considered as a
Table 1. FET performances of the PBBTZ 1–3 single-crystal devices.

PBBTZ m [cm2 V�1 s�1] Ion/Ioff VT [V] No. of devices

1 0.01 to 3.6 104 to 8� 106 –9 toþ 13 40

2 10�4 to 0.014 6� 102 to 104 –18 toþ 4 30

3 3� 10�4 to 0.4 2� 103 to 9� 105 –18 to –0.3 30

� 2010 WILEY-VCH Verlag Gmb
self-exchange reaction, in which the reorganization energy and the
electronic coupling parameters determine self-exchange reaction
rates and, thus, the mobility.[26,27] The quantum chemical
calculated reorganization energy of 1 (195 meV) and 3 (200
meV) are almost identical and about 15% lower than that of 2 (231
meV). It can be seen that the substitutions on the central pyrrole
unit induces limited changes in the reorganization energy and the
influence on the charge transport properties could be ignored, as
the alkyl chain and phenyl group made no contribution to the
frontier orbits of the whole molecules and have no effect on the
charge delocalization of the cation of PBBTZs.

The transfer integral (Vh) for all the hopping pathways of
PBBTZ 1–3 are listed in Table S2 of the Supporting Information.
According to a neighbor transfer integral analysis, we found that
crystals of alkyl- and phenyl-group substituted PBBTZ molecules
(2 and 3) display a one-dimensional transport character along the
p-stacking direction, while other directions were relatively
H & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 2458–2462
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Figure 4. Transfer integral analysis of the crystals of a) 1, b) 2, and c) 3.
(The solid line represents neighbor molecules as charge transfer pathways,
the dashed lines label the possible charge transfer route.)
difficult for transport (Fig. 4b,c). As discussed above, crystal
structures of 2 and 3 show stacking along the [010] direction. The
intermolecular distance in the other direction is so large that
electronic coupling is very weak and can be neglected (as the
transfer integral values of the pathways 2–5 shown in Table S2 are
relatively low). There is a different intermolecular displacement
along the molecular long axis between 2 and 3. As mentioned in
the section on crystal structures (see Supporting Information), it
is important to note that the intermolecular relative slide distance
for 3 is larger than that of 2, but the molecular wavefunction
overlap is larger for 3 than that of 2, and intermolecular
anti-bonding interactions are formed for 3. PBBTZ 3 has a much
larger electronic coupling than that of 2. This means that the
intermolecular displacement is critical for the determination of
the intermolecular p–p interactions. Therefore, the intermole-
cular stacking style for 3 will be favorable for p–p intermolecular
charge transport. From the calculated charge transfer parameters,
we can infer that single crystal devices of 3 will have a higher
mobility than devices of 2. Such a result is fully consistent with
the experimental data in Table 1.

However, crystal 1 in particular displayed two-dimensional
transport properties (Fig. 4a). We found that there is large
Adv. Mater. 2010, 22, 2458–2462 � 2010 WILEY-VCH Verlag G
electronic coupling because of the interstacking S. . .S contacts
and hydrogen bonds. The transfer integral along the stacking
direction (V1¼ –33.054 meV) is much smaller than that of 3, but
two-dimensional electronic couplings were observed with
V2¼ 85.624 meV, V3¼ 3.451 meV, V4¼ 2.318 meV, and
V5¼ –18.121 meV (Table S2). The single crystal of 1 displayed
the highest charge transport mobility among the three crystals
(Table 1). It seems that the Marcus theory does not apply here. In
fact, different defects may exist in the crystal, which will act as
charge-carrier traps and lower the electrical transport properties
of the crystal. Previously, Bao et al. reported that rubrene crystals
showed poorer conformability and poorer interfacial contacts to
the dielectric interface when the size of the crystals increased.[28]

We also found that the smaller the crystal, the higher the mobility
observed in SCFETs based on crystalline ribbons of a cyclic
triphenylamine dimer.[29] This is also a result of the increase in
quality when the crystal size is reduced. In a one-dimensional
crystal the electrical transport should be more easily interrupted
by the defects, whereas in a two-dimensional crystal the influence
of the defects along the p–p stacking direction will be
compensated by the electrical transport along other directions.
So, the crystal with two-dimensional electrical transport capability
should possess a higher tolerance towards the defects. This could
be the possible reason why crystals of 1 display a higher mobility
than those of 3.

In summary, crystal structures, SCFETs, and quantum
chemical calculations of PBBTZs 1–3 have been studied. The
results indicate that the different substitutes on theN-atom of the
central pyrrole units result in different crystal structures and
different charge transport properties. When comparing the
device made from 1 with the devices based on the other two
crystals, it displays the highest mobility of 3.6 cm2 V�1 s�1 in
SCFETs. Besides the good performance, excellent environmental
stability was also observed on the SCFETs of 1. During a testing
period of one year, no significant decrease in the performance
could be detected. The above results indicate that the PBBTZs are
promising organic semiconductors, and further improvement of
the transport properties may be achieved by chemical tailoring.
Experimental

Growth of the Single Crystals and Device Fabrication: PBBTZ 1–3 were
synthesized as previously described [23] and purified by gradient
sublimation twice before use as the source materials for the growth of
single crystals. PBBTZ 1–3 single crystalline ribbons were grown by physical
vapor transport processes in a horizontal tube furnace as reported [24]. A
quartz boat with powders of 1–3 were placed at the high-temperature zone
and vaporized at 165, 145, and 110 8C, respectively. High-purity Ar was
used as the carrier gas at a rate of 150mL�min�1, and the system was
evacuated by a mechanical pump. Single-crystalline sub-micrometer
ribbons of 1–3 were obtained in the low-temperature zone on
octadecyltrichlorosilane (OTS)-treated Si/SiO2 substrates. The deposition
time was 3 h. The Si/SiO2 substrate was a heavily doped n-type Si wafer with
a 500 nm thick SiO2 layer and a capacitance of 7.5 nF�cm�2. The device
fabrication process was carried out with a Micromanipulator 6150 probe
station as reported [10,25]. Thin Au films (�100 nm thick) were glued onto
the individual single crystalline sub-micrometer ribbons by van der Waals
forces with the help of the mechanical probes and functioned as source/
drain electrodes. The n-type Si substrate functioned as the gate electrode.

Measurements: SEM images were obtained with a Hitachi S-4300 s.e.
(Japan). TEM and SAED measurements were carried out on a JEOL 2010
mbH & Co. KGaA, Weinheim 2461
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(Japan). The FET measurements were carried out with a Micromanipulator
6150 probe station in a clean and metallically shielded box at room
temperature in air, and recorded using a Keithley 4200 SCS.

Quantum Chemical Calculation: The reorganization energies are
calculated at the DFT/6-31G* level with the hybrid B3 LYP function, as
implemented in the Gaussian 03 package [30]. The normal-mode analysis
and the Huang–Rhys factors, as well as the reorganization energies of
normal modes for both neutral and charged molecules, are obtained
through the DUSHIN program developed by Reimers [31]. The electronic
coupling term V is calculated through Equation 1 [6,32]:

V ¼
H12 � 1

2
ðH11 þH22ÞS12
1� S212

(1)

TheHmatrix elements are calculated byHij ¼ fih jHjfji, where fi and fj
represent the highest occupied molecular orbitals (HOMOs) for hole
transport of isolated molecules in the dimer. H is the self-consistent
Hamiltonian matrix of the dimer and S12 is the overlap integral. The
electronic coupling is calculated at the DFT/6-31G* level with the
pw91pw91 function, as implemented in the Gaussian 03 package [30].
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