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Triarylamine derivatives are widely used as hole-transport
materials in various fields such as in organic electroluminescent
(EL) devices.[1–3] Normally, in EL devices molecular materials are
required in an amorphous state, so that the injected electrons and
holes can be confined in the amorphous layer for efficient EL
emission.[3,4] However, molecular materials with high crystallinity are required for organic field-effect transistors (OFETs), so
that the semiconductor layer contains as few defects (e.g.,
disorders, grain boundaries) as possible, that is, the mobility of
the molecular materials is as high as possible.[5] The different
requirements limit the application of triarylamine derivatives in
OFETs.
Shirota (a pioneer of amorphous molecular glasses and organic
electroluminescence) suggested that a nonplanar molecular
structure could prevent the easy packing of molecules and hence
the ready crystallization.[4,6,7] Based on this principle, a series of
starburst molecules of triarylamine derivatives was synthesized as
amorphous molecular materials.[4,6,7] Contrarily, if the rotation of
the phenyl groups of triarylamine derivatives could be restricted
and the planarity of the molecules could be improved, the
crystallinity of the compounds should be improved. Recently,
Song et al. synthesized a new triarylamine derivative as a
semiconductor for an OFET with a macrocyclic structure (Fig. 1a,
compound 1).[8] A closed ring and steric crowded structure were
used to restrict the rotation of the phenyl groups to increase the
molecular planarity, which was different from the linear,
star-shaped, or dendrimeric triarylamines. Thin-film OFETs of
compound 1 suggested that the mobility of the macrocyclic
structure was much higher than that of the linear compound
triphenyldiamine.[9–13] In this paper, we will focus on i) the
crystallinity of the macrocyclic structure, ii) the synthesis of its
micrometer/nanometer-sized single crystals, iii) the transport
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properties of the micro/nanometer-sized single crystals in
OFETs, and iv) the mobility dependence of the micro/
nanocrystals on their size. It is expected that the understanding
of the structure and property relationship of the macrocyclic
structure will be beneficial for the further design and synthesis of
materials with high crystallinity and mobility, to further extend
their application in OFETs.
Vacuum-deposited thin films of compound 1 showed a series
of sharply resolved peaks assignable to multiple (00l) reflections
in their X-ray diffraction (XRD) patterns,[8] indicating the good
crystallinity of this compound in thin films. Transmission
electron microscopy (TEM) images of the vacuum-deposited
films on a copper grid are shown in Figure 1b and c, and the
corresponding selected-area electron diffraction (SAED) pattern
is shown in Figure 1d. The SAED pattern of the film confirmed
the excellent crystallinity of the macrocyclic structure, which was
the basis of controlling the synthesis of single-crystalline
structures of the triarylamine derivative.
Physical vapor transport is a well-known technique to grow
high-quality single crystals of organic semiconductors.[14] Here, it
was extended to compound 1 by using a two-zone horizontal tube
furnace.[14] A quartz boat loaded with powders of 1 was placed at the

Figure 1. a) Chemical structure of compound 1. b) TEM image of the
deposited film over a large area on a copper grid. c) TEM image of an
enlarged area, and d) the corresponding SAED pattern of the selected area
(the circled area in c).
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Figure 2. a) Nanometer- and micrometer-sized ribbons of compound 1
produced by the physical vapor transport technique. b) An individual bent
ribbon of several tens of micrometers in length. Ribbons with different
diameters: c) 250 nm, d) 500 nm, e) 1 mm, and f) 4 mm.

high-temperature zone. High purity Ar was used as the carrier gas,
and the system was evacuated by a mechanical pump. Products
were obtained at the low-temperature zone and characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD), and
TEM. As shown in Figure 2, the crystals appeared as micrometer or
nanometer-sized ribbons with a regular morphology and a smooth
surface. The width of the ribbons ranged from several tens of
nanometers to several tens of micrometers, and the length varied
from 15 to 70 mm. Several key factors were found to affect the size
and quality of the ribbons, such as the temperature of the zones for
material sublimation (Tsblm) and crystal growth (Tgrowth). The size
of the ribbons could be tuned by the temperature drop between
Tsblm and Tgrowth (DT ¼ TsblmTgrowth): the steeper the temperature
drop, the thinner the crystals obtained. When Tgrowth was held at
190 8C, the diameter of the crystals could be tuned from several tens
of micrometers to several tens of nanometers by changing DT from
50 to 80 8C. This facile method was useful for the controlled
synthesis of ribbons of the triarylamine derivative with different
sizes.
The powder X-ray diffraction patterns of the ribbons (see
Fig. 3a) showed an intense peak at 2u ¼ 6.72 8, which corresponds
to a d-spacing of 13.14 Å and indicates that the structure of the
micrometer and nanometer crystals is the same as that of the bulk
crystals of the macrocyclic structure.[8] A typical TEM image of an
individual ribbon is given in Figure 3b, and the corresponding
SAED pattern is shown in Figure 3c. Several SAED patterns
have been indexed with lattice constants obtained from the
bulk single-crystal data:[8] a ¼ 10.642(2) Å, b ¼ 10.657(2) Å,
c ¼ 13.974(3) Å, a ¼ 103.89(0) 8, b ¼ 105.11(0) 8, g ¼ 90.89(0) 8.
It can be concluded that the single-crystals grew along the [010]
direction, which coincided with the p–p stacking direction of the
molecules (Fig. 3d). The diffraction pattern did not change as
the electron beam was moved along the crystal, indicating that
the whole ribbon was a single crystal. As we know, single crystals
not only have prominent merits in the study of intrinsic
charge-transport properties of organic semiconductors, but also
open up prospects for the fabrication of high-quality devices and
circuits.[15,16]
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Figure 3. a) Powder diffraction pattern of the ribbons. The peaks were
indexed with lattice constants of the bulk crystal. b) TEM images of an
individual ribbon and c) the corresponding SAED pattern, indicating that
the ribbons grow along the [010] direction. d) Molecular arrangement in the
ribbon.

For the potential application of the ribbons in devices, for
example, in OFETs, it is important to grow them in situ directly
onto a substrate, so that the disadvantages of the handpicking
process of crystals from one place to another (e.g., a substrate) for
the fabrication of devices could be avoided. Previously, we
demonstrated that nanoribbons of CuPc and F16CuPc could be
grown in situ on a SiO2 surface.[17,18] Fortunately, the micrometer
and nanometer ribbons of compound 1 could be patterned in situ
on octadecyltrichlorosilane (OTS)-modified SiO2 substrates by the
same technique. The exemplified patterned ribbons with
different sizes are shown in Figure 4. These patterned ribbons
are not only free from surface pollution and damage of single
crystals, but also provide a high-quality crystal/SiO2 interface for
devices.
As an example of the application of the single-crystalline
ribbons, OFETs of individual ribbons were fabricated (as shown
in Fig. 5a) by the ‘multitime gold-wire mask moving’ technique[19]
based on the in situ patterned ribbons of compound 1. Over

ß 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2009, 21, 1605–1608

www.advmat.de

COMMUNICATION

Figure 4. In situ patterned ribbons of compound 1 with different size on
OTS-modified SiO2: a) 2.1 mm, b) 250 nm, c) 195 nm, d) 150 nm, e) 95 nm,
and f) an individual ribbon several tens of micrometers long.

50 devices of individual ribbons with different sizes have been
constructed. The width of the ribbons used ranged from several
tens of nanometers to several tens of micrometers (see
Supporting Information, Fig. S1). An exemplified device is
shown in Figure 5b, and typical output and transfer characteristics are shown in Figure 5c and d. The output characteristics
(Fig. 5c) show highly linear and saturation characteristics without
obvious contact resistance. Figure 5d shows the transfer
characteristics of the device. The field-effect mobility of the
device was estimated at around 0.032 cm2 V1 s1 from the
saturation region, and the on/off ratio of the device was calculated
at 103 with a threshold voltage of 1.4 V. To the best of our
knowledge, the mobility is one of the highest of the triarylamine
derivatives.
It was found that the mobility of the single-crystalline devices
was dependent on the size of the crystals used. When crystals with
a width greater than 6 mm were used, the devices exhibited
mobility lower than 0.001 cm2 V1 s1, and the mobility of the
devices increased rapidly from below 0.001 to 0.05 cm2 V1 s1
when the width of the single crystals decreased from 6 mm to
200 nm. The mobilities of the 50 devices with different ribbon
widths are shown in Figure 5f. This ‘size effect’ is tentatively
explained by three factors. First, the smaller the crystal, the higher
the quality. It is well known that nanometer-sized crystals are
typically defect free.[20] As the crystals grow larger, more lattice
defects (point, linear, and planar) may appear and deteriorate the
device performance. For example, dislocations in real crystals are
typically in the order of 106–8 cm2, and most are introduced in
the crystals during growth.[21] Similar results were found by Bao
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Figure 5. a) Schematic diagram and b) SEM images of the devices with an
individual ribbon, c) output and d) transfer characteristics (channel length,
L ¼ 17.9 mm, channel width, W ¼ 190 nm) of the devices, and e) mobility
and f) threshold voltage distribution of 50 devices as a function of crystal
size.

and coworkers for rubrene single crystals, which confirmed that
the thinner crystals were nearly defect-free on the surface, while
the thicker crystals showed more frequent and much larger
surface steps.[22] The lowering of the threshold voltage with a
decrease in crystal size (Fig. 5e) also supports this assumption,
because the threshold voltage is proportional to the concentration
of charge-carrier traps.[23] Second, the smaller/thinner crystals
are more flexible, and have a better physical contact to the
substrate. As described previously, the in situ patterning of the
single-crystalline ribbons depends on the softness of the
nanoribbons and the weight of the ribbon itself.[17,18] The large
size of the microribbons results in a strong rigidity, such that the
weight of the ribbon itself is not enough to bend it down onto the
substrate. This will also lead to a decrease in the device
performance with an increase in crystal size. The third possibility
is that devices based on big/thick crystals (several micrometers to
several tens of micrometers in diameter) have a relatively large
contact resistance, because in top-contact devices carriers need to
cross the thickness of the crystal twice from the source to the
drain. If the crystal is thick, the contact resistance may be large at
a low drain–source voltage (VDS), so that the drain–source current
is decreased. It was found that the output curve was more or less
nonlinear at low VDS for devices based on large crystals (typical in
devices with a crystal diameter >1 mm), which indicates the
existence of contact resistance, while for devices based on small
crystals (diameter <1 mm), the output characteristics showed
highly linear characteristics at a low VDS without obvious contact
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resistance (see Fig. 5c). These merits indicate that small crystals
are more convenient to circumvent the contact resistance for the
fabrication of high-performance transistors, at least for devices
with top-contact configurations.
It is important to note that the obtained mobility mentioned in
this study means the effective mobility, which depends on device
physics. This is very common in organic transistors, such as the
transistors of rubrene. Podzorov and coworkers demonstrated
that the mobility of single-crystal rubrene was 0.1–1 cm2 V1 s1
at room temperature with a thin parylene films as the gate
insulator.[24] However, the elastomeric transistor stamp technique
could enable the mobility of rubrene to increase to 15 cm2 V1
s1.[25] And the ‘air-gap’ transistor stamp technique refreshed the
mobility up to 20 cm2 V1 s1 at 300 K.[23] The mobility
dependence on the interface/insulator was also confirmed by
other scientists such as Stassen et al.,[26] who found the mobility
of rubrene could change from 10 to 15 cm2 V1 s1 upon
increasing the relative dielectric constant,[26] and suggested the
mobility of organic single-crystal transistors depended not only
on the specific molecule used, but was also an intrinsic property
of the crystal/dielectric interface.[26] Jurchescu et al. suggested
that high-mobility organic transistors were interface controlled.[27] All the results indicate the importance of the device
physics, for example, Palstra and coworkers were able to measure
the intrinsic properties of a single crystal by careful control of the
interface properties, to minimize the trap density in the active
channel.[27] The selection of ‘small’ crystals instead of ‘large’
crystals is probably an effective way to approach this point.
In summary, high-quality single-crystalline ribbons of compound 1 have been successfully synthesized with sizes tuned
from micrometers down to nanometers. The ribbons could be
patterned in situ on a SiO2 substrate for device applications. A
series of organic transistors were fabricated based on individual
ribbons with field-effect mobilities up to 0.05 cm2 V1 s1. To the
best of our knowledge, the mobility is one of the highest results of
the triarylamine derivatives. Moreover, the mobility of the devices
depended greatly on the size of the ribbons; the smaller the
crystal, the higher the mobility of the transistors observed, which
indicates that ‘small’ crystals, that is, nanocrystals, are more
appropriate for the fabrication of high-performance devices.

Experimental
The SiO2/Si substrates used in this study were successively cleaned
using deionized water, acetone, and ethanol. The cleaned substrates were
modified with OTS by a vapor deposition method. Thin-film samples for
TEM observation were deposited on a Cu grid covered with an amorphous
carbon film. The deposition rate was controlled below 0.1 Å s1. Single
crystals of compound 1 were grown by a physical vapor transport (PVT)
method in a horizontal tube furnace. SEM images were obtained using a
Hitachi S-4300 (Japan). TEM and SAED were carried out using a JEOL
2010 (Japan). X-ray diffraction (XRD) was measured on a D/max2500 with
a Cu Ka source (k ¼ 1.541 Å). FET characteristics were measured using a
Keithley 4200 SCS and a Micromanipulator 6150 probe station in a clean
and shielded box at room temperature in air.
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