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In-plane isotropic charge transport characteristics
of single-crystal FETs with high mobility based
on 2,6-bis(4-methoxyphenyl)anthracene:
experimental cum theoretical assessment†
Aiyuan Li,‡a Lijia Yan,‡b Chao He,a Yanan Zhu,a Dongwei Zhang,a Imran Murtaza,b
Hong Meng*ab and Osamu Goto*a
In-plane isotropic charge transport in single crystals is desirable in large-area single-crystal thin-film
transistor (FET) arrays because it is independent of crystal direction. However, most organic semiconductors show anisotropic charge transport, while only a few show isotropic or moderately isotropic
charge transport characteristics. We report a highly isotropic charge transport semiconductor material,
2,6-bis(4-methoxyphenyl)anthracene (BOPAnt), and demonstrate BOPAnt-based single-crystal FETs with
a high mobility of 13–16 cm2 V 1 s 1 and an anisotropic mobility ratio (mmax/mmin) of approximately 1.23,
the lowest value yet reported. Using the single-crystal structure of BOPAnt, the rectangular diffraction
patterns of the molecular lattice parameters in single-crystal thin films were analysed by transmission
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electron microscopy and polarized optical microscopy. The highly isotropic properties are attributed to
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orthorhombic lattice arrangement in the solid state, with the molecules packed in an unusual fashion in

the molecular structure enhancement by incorporation of methoxyphenyl units; our analysis revealed an
this particular stacking mode. In addition, hole mobility calculations combining the transfer integrals and
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the reorganization energy are used to explain the charge-transport properties.

Introduction
The absence of grain boundaries and the presence of highly
ordered molecular structures in organic single crystals are
extremely useful for exploring the intrinsic properties of a
material. Very high-field eﬀect mobilities of both p-type and
n-type materials can be obtained using single-crystal thin-film
transistors (TFTs).1–5 Although high-mobility organic TFTs
(OTFTs) have been fabricated based on polymers6,7 or small
molecules,8–11 these OTFTs still require complex processing to
control their molecular alignment, and they suffer from
instability. The mobility of a single crystal-based FET is much
higher than that of the corresponding thin-film FET; thus,
single-crystal FETs constitute a competitive technology candidate
for large-area flexible electronics applications.
a
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Elucidating the relationship between molecular packing
and charge-transport properties would be very interesting and
would provide valuable feedback to guide the design of
new materials. The charge-transport properties are strongly
influenced by the molecular packing direction in single-crystal
FET devices; therefore, studying orientation-dependent chargetransport characteristics is important. Notably, most organic
semiconductors have a weak charge transport along the direction
perpendicular to the substrate. Such weak transport is determined
by their weak molecular interactions in this direction. Unless
specifically noted, orientation-dependent charge transport is
confined to the two dimensions that are parallel to the substrate.
In such studies, single-crystal FET devices are fabricated with
channels in diﬀerent crystallographic directions, and the ratio
between the highest and lowest mobility (mmax/mmin) or between
the long- and short-axis channel mobilities is used to express
the extent of anisotropy. Most organic semiconductors, such
as rubrene,12 pentacene,13 tetracene14 and some nano-ribbon
single-crystal materials,15 show anisotropic charge-transport
characteristics. The anisotropic mmax/mmin ratios of these materials
reportedly range from 2 to greater than 100. Many reports have
addressed large-area, single-crystal TFT arrays.16–19 In such
studies, single crystals can be grown at designated positions,
but the orientation control of single crystals remains highly
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problematic, and thus the potential of single-crystal FETs
cannot be fully realized. Nonetheless, a few reports have focused
on the isotropic or weakly anisotropic charge transport of singlecrystal TFTs, as summarized in Table S1 (ESI†). Batlogg reported
isotropic charge-transport single-crystal transistors based on
dinaphtho-thieno-thiophene (DNTT),20 which had mmax/mmin ratios
of 1.3–1.7 and mobilities approaching 10 cm2 V 1 s 1.21 Bao et al.
described end-capped [1]benzothieno[3,2-b]benzothiophenebased single-crystal FETs with a mobility of 17 cm2 V 1 s 1.22
For this material, the transfer integrals in all directions were similar,
molecular modelling results showed isotropic characteristics.
Isotropic (weakly anisotropic) semiconductors have one common
characteristic, strong and balanced electronic coupling in the
molecular packing that provides sufficient charge transport in
different crystallographic directions. Notably, there are no absolutely isotropic charge transport characteristics; when the ratio
mmax/mmin is lower than 1.5, the charge transport can be considered
to be isotropic or weakly anisotropic. Such low anisotropy ratios
are rare for organic semiconductors, which facilitate the future
application of single-crystal FET arrays by eliminating the need to
consider the effect of single-crystal growth orientation.
Anthracene derivatives, a class of organic semiconductors
with excellent performance, have been used to fabricate TFT
devices with high mobility and excellent stability.23 These
materials also show great potential as isotropic charge-transport
semiconductors. In our previous work, we reported single-crystal
transistors based on di(phenylvinyl)anthracene (DPVAnt) with
ma/mb values of 1.5–1.9.24 Following our report, Hu and colleagues
recently reported 2,6-diphenyl anthracene (DPA) with both high
mobility and high luminescence,25,26 and their single-crystal TFTs
showed the mc/mb values of 1.3 to 1.5. However, these devices were
fabricated with ultra-thin wires as the shadow mask, and they only
measured the devices in two directions. Additional crystallographic
directions with higher-resolution single-crystal FET devices are
needed to obtain more convincing results.
Recently, our group introduced diﬀerent heteroatoms into
the peripheral side chains of anthracene derivatives to tune
their optical and electronic behaviours. As a result, the mobility
of the evaporated TFTs exceeded 3.72 cm2 V 1 s 1.27 In this
report, we fabricated single-crystal FET devices based on
2,6-bis(4-methoxyphenyl)anthracene (BOPAnt) with both gold
wire and fan-shaped shadow masks to study their orientationdependent charge-transport characteristics. Both types of FETs
show isotropic charge-transport characteristics, with mmax/mmin
(or mb/ma) values of approximately 1.2 and mobilities in the
range of 13.4–16.6 cm2 V 1 s 1. To the best of our knowledge,
the present communication presents the first example of a
very high-charge-mobility organic semiconductor with isotropic
behaviour.

Experimental
Single-crystal growth
BOPAnt was synthesized in-house according to a synthesis
procedure described elsewhere.27 The single crystals were grown
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via PVT using a horizontal tube furnace. The raw BOPAnt was
purified three times by sublimation before single-crystal growth.
During the 45 minute process of single-crystal growth, the raw
material was placed in the sublimation regime and vapourized at
310 1C; the growth temperatures in zones 2 and 3 were 240 1C and
200 1C, respectively.
Device fabrication and characterization
As the substrate, n-Si wafers with 250 nm thermally grown
silicon dioxide as the dielectric layer were used. They were
ultrasonically cleaned with piranha solution, acetone and
isopropyl alcohol (IPA). After cleaning, the substrates were
surface-treated with OTS before device fabrication. The singlecrystal TFTs were fabricated in a top contact/bottom gate
configuration. The cleaned substrates were placed directly into
the PVT growth zone to grow large and thin single crystals
prior to shadow mask alignment under a microscope. Gold was
evaporated to create the source and drain electrodes. The
shadow masks used in this report were either gold wires or a
fan-shaped shadow mask with a channel length of 50 mm.
The transfer and output characteristics of the TFT were
characterized in air using an Agilent B1500A combined probe
station. The carrier mobility (m) was extracted using the equation
Isd = mCi(W/2L)(Vg Vt)2 under the saturation regime.
TEM, XRD, POM and thickness characterization
XRD data were obtained from single crystals grown directly on
the SiO2/Si substrate using a BrukerD8 Advance instrument.
POM characterization was performed with a Shanghai BIMU
Company XP-213, and TEM characterization was conducted
with an FEI Tecnai G2F30. The thicknesses of the single-crystal
films were measured using a Bruker Dektak XT Profilometer.
Theoretical modelling
All of the geometric optimizations of the monomer molecules
and the reorganization energy calculations were conducted
using the B3LYP functional set and the 6-31G(d) basis set.
These calculations and the transfer integral calculations were
performed using the Gaussian 09 package and J_from-g03
software. The reorganization energy consists of the inner
sphere contribution and the outer sphere contribution. Here,
we focused on the inner sphere, which represents the relaxation
in the molecular geometry.

Results and discussion
Fig. 1(a) shows the BOPAnt molecular structure; the BOPAnt
synthesis procedure has been reported elsewhere.27 The torsion
angles between the substituted phenyl groups and the anthracene
core are 15.21 and 16.31, and the planar molecular structure
guarantees relatively strong intermolecular packing. Fig. 1(b)
shows the single-crystal molecular stacking in the a–b plane, as
derived from the cif file of the single-crystal X-ray diffraction
(XRD) data.24 The BOPAnt crystals belong to the Pbca space group
of the orthorhombic crystal system, with unit cell parameters
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Fig. 1 (a) BOPAnt molecular structure; (b) and (c) BOPAnt molecular
packing.

a = 7.44 Å, b = 6.16 Å and c = 42.30 Å, a = b = g = 90.01. Crystal
structure analysis revealed that the BOPAnt molecules are packed
with a herringbone geometry. The molecular packing of BOPAnt
in the a–b plane shows that the angle between the {1 1 0} and
{ 1 1 0} facets is 100.71, whereas that between the { 1 1 0}
and {1 0 0} facets is 129.61. Fig. 1(c) shows the molecular packing
in the b–c plane; without sufficient p–p stacking, the interaction
between the molecules along the c axis is very weak.
High-quality single crystals were grown by physical vapour
transport (PVT), and the source material was purified three
times by sublimation prior to use. A diagram of the instrument
used to grow the single crystals in this work is shown in Fig. S1
(ESI†). The sublimation and growth temperatures were set at
320 1C and 240 1C, respectively, and the sublimation temperature
was set according to the diﬀerential scanning calorimeter (DSC)
data to prevent the material from melting.24 The growth temperature was set below 250 1C to avoid the destruction of the octadecyltrichlorosilane (OTS)-treated surface. Using high sublimation and
high growth temperatures, large and thin single crystals were grown
directly on the OTS-treated SiO2/Si substrates.
To further analyse the single-crystal structure and to assign
the X-ray diﬀraction patterns of the molecular lattice parameters,
transmission electron microscopy (TEM) was performed. Fig. 2(a)
shows that the single crystal has typical facet angles, and the
corresponding selected area electron diﬀraction (SAED) pattern
clearly shows fringes and diﬀraction spots. No changes in the
SAED pattern were observed in diﬀerent parts of the image,
confirming the growth of a single crystal.
Fig. 2(b) shows the indexed powder XRD spectra of the single
crystals grown directly on the substrate; the spectra show (0 0 h)
peaks, including 8.331 (0 0 4), 12.661 (0 0 6), 16.91 (0 0 8), 25.281
(0 0 12) and 29.521 (0 0 14), indicating that the single crystals
were aligned along the c-axis on the substrates. The full width
at half maximum (FWHM) values of these peaks are very small,
indicating that high-quality single crystals were obtained with
this method.
Fig. 2(c) and (d) show polarized optical microscopy (POM)
images of the single crystals. While rotating the sample holder
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Fig. 2 (a) TEM image of a single BOPAnt crystal and its corresponding
SAED spectrum; (b) powder XRD spectra of single crystals grown directly
on the substrate. (c and d) POM images of BOPAnt single crystals.

in the polarized mode, the crystals were observed to exhibit
uniform colour and to change from dark to bright.
Single-crystal TFTs were fabricated using ultra-thin wires as
the shadow mask, and a POM image of the resulting device and
its characteristics are shown in Fig. S2 (ESI†). The characteristics of a TFT with channel lengths of 50 mm along the
a and b axes were measured. The results showed that the
anisotropy ratio ma/mb was 1.24 (Table S2, ESI†), indicating that
this material may have isotropic charge-transport characteristics.
To further analyse the orientation-dependent charge-transport
characteristics, several TFT devices that continuously ranged
from the a-axis to the b-axis were required.
We grew large, thin single crystals by combining PVT with a
precise fan-shaped shadow mask to obtain FETs with diﬀerent
orientations. The single crystals were grown directly on the
OTS-treated SiO2/Si substrates, as discussed previously, and
the molecules were packed along the c-axis, perpendicular to
the substrate. The FET devices were fabricated with regularly
shaped single crystals, and the orientations of the single
crystals, i.e., along the a and b axes, can be identified according
to the conservation law of the crystal face angle, as shown in
Fig. 3(a). The W and L values as well as the facet angle were
measured using POM software, as shown in the Fig. S3 (ESI†).
The W value for each FET is calculated using W = (W1 + W2)/2,
the L value is about 50 mm as determined by the fan shaped
shadow mask. The device characteristics were measured using
an Agilent B1500A. The transfer characteristics were measured
under Vd = 80 V, and the saturation mobility values at diﬀerent
positions are shown in Fig. 3(b). The anisotropy ratio of the
highest mobility to the lowest mobility, i.e., mmax/mmin = 1.23,
indicates that the BOPAnt single crystal shows isotropic chargetransport characteristics. The device performance data are
listed in Table 1 and showed highest maximal mobility of
16.6 cm2 V 1 s 1. Although the single crystal was not large
enough to fully cover the fan-shaped shadow mask, the molecular
packing was symmetrical, and all the crystallographic directions
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Fig. 3 (a) POM image of BOPAnt single-crystal transistors obtained with a
fan-shaped shadow mask in diﬀerent orientations. (b) Mobility values along
diﬀerent directions. (c) Transfer curves of FETs with channels along the
a-axis (2#) and the b-axis (5#). (d) Output characteristics of TFT 5.

Table 1 Device performance of single-crystal TFTs along diﬀerent
crystallographic directions. All devices were measured under Vd = 80 V

Device

Mobility (cm2 V

1
2
3
4
5

13.1
16.6
16.0
13.5
13.4

1

s 1)

Vth (V)
63.0
65.0
63.0
63.0
65.0

On/oﬀ ratio
2.70
2.72
9.33
4.61
6.00







107
107
106
107
107

ranging from the a-axis to the b-axis were included in these
devices. Therefore, we conclude that high-mobility isotropic
characteristics were obtained.
Fig. 3(c) shows the transfer characteristic curves of the
TFTs with channels along the a and b axes, i.e., TFT devices
2 and 5, respectively. The mobilities of the two devices were
16.0 cm2 V 1 s 1 and 13.4 cm2 V 1 s 1, respectively; the on/oﬀ
ratio exceeded 107, and the threshold voltage was approximately 68 V. The voltage dependence of the mobility, as
evident in the Id1/2 B Vg curve, may be attributable to the
contact resistance,28 as the highest occupied molecular orbital
(HOMO) level of the BOPAnt was electrochemically determined
to be 5.45 eV,24 and the work function of Au is 5.1 eV.
As a result, a 0.35 eV barrier exists at the interface between the
Au and the single crystal. The contact-resistance problem also
influenced the Id B Vd curve in Fig. 3d, as indicated by the slow
enhancement of the Id current in the low-Vd region. The device
was fabricated and measured under ambient conditions. The
measurement was taken under a humidity of around 65%,
causing more traps in the single crystal/substrate interface,
thus the Vth value is quite high.29
The I–V curves of the FET without applying Vg are shown in the
Fig. S4 (ESI†). It is difficult to determine the charge transport
behavior from the results at Vg = 0, since the current is very low
and the measurement is not taken in the clean room or N2 glove
box, so we cannot exclude the noise from the surroundings.
In addition, we constructed several other devices with large
single crystals, using diﬀerent types of shadow masks, to fabricate
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single-crystal TFTs with diﬀerent orientations. The results are
shown in Fig. S5 and Table S3 (ESI†). Those results also show
isotropic charge transport characteristics, with mmax/mmin =
2.90/1.99 = 1.45.
The transfer integrals and the reorganization energies for
diﬀerent crystallographic directions24 are used to further analyse
the relationship between the molecular structure of a material
and its resulting properties. The hopping mode is always used to
explain organic semiconductor charge transport, and the mobility
is strongly influenced by the electronic coupling of the molecules,
which is reflected in the dimer transfer integrals along diﬀerent
crystallographic directions. Although the organic semiconductor
charge transport mechanism remains highly debated, and the
theoretical models still need improvement, they may be used as
references to explain the charge transport behaviour of organic
semiconductors.
The transfer integrals in the a–b plane are shown in Fig. 4(a).
The transfer integrals are sensitive to the distance between
dimers and can determine the charge transport in a specific
direction. The value along the diagonal directions is approximately 75.5 meV, while the dimers along the b-axis exhibit
values of 13.35 meV. The dimer spacing increases along the
c direction; the transfer integrals in this direction are extremely
small and are not shown here. The angle between the diagonal
lines is 81.61. Using the Marcus–Levich–Jortner simulations,22,30
the mobility values along different crystallographic directions
were calculated, and the results are shown in Fig. 4(b). The
mobility calculated by the transfer integrals P, T1 and T2 are
shown in Table S4 (ESI†). Although the transfer integral of P is
not small, when combined with the reorganization energy and
molecular distance, the calculated mobility with the transfer
integral P is only 0.19% of the mobility with the transfer integrals
T1 and T2, indicating that the contribution of P can be ignored.
Thus, the mobilities for different orientations are mainly determined by the transfer integrals T1 and T2, which constitute a
strong and balanced electronic coupling.
This strong and balanced electronic coupling can also be verified
by the shape of the single crystal, as the molecular interactions in
diﬀerent crystallographic directions determine the growth speed of
the facet. As an extreme example, the nano-ribbon shape has the

Fig. 4 (a) Transfer integrals in the a–b plane of BOPAnt molecular packing
27 and transfer integrals along the diagonal (blue) (i.e., T1 and T2)
are approximately 72.5 meV. The dimers along the b axis direction (red)
(i.e., P) are 13.35 meV, and the angle between the two diagonal lines is 81.61.
(b) The calculated orientation-dependent hole-transport mobilities.
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strongest molecular interactions along the long axis; thus, mobility
is much higher along the long axis than the short axis.15,30 The
relationship between charge transport mobility and facet growth
rate was also clarified by examining three-dimensional charge
transport characteristics, where the charge mobility in one direction
is in accord with the corresponding dimension.31 During the growth
of BOPAnt, the single crystals appeared as regular parallelograms; a
typical single crystal grown in zone 3 is shown in Fig. S6 (ESI†),
where the ratio of the growth speed along the a and b axes was 1.11.
These facets were still clearly seen in crystals grown in zone 2,
which has a higher temperature; here, the ratio of the growth
speed along the a and b axes was 1.03, as shown in Fig. 3(a).
The balanced growth speed along diﬀerent crystallographic
directions indicates that there is also balanced electronic coupling
in diﬀerent crystallographic directions, which is required for
isotropic charge transport.
To further explore the intrinsic charge transport characteristics,
as an extension of the current work, we will measure the orientation dependent charge transport under diﬀerent temperatures.

Conclusions
In conclusion, we have fabricated BOPAnt-based single-crystal
FET devices using both gold wires and a fan-shaped shadow
mask. The results obtained using both methods indicate isotropic
charge transport with the excellent anisotropic ma/mb ratios of
1.24 (gold wire devices) and 1.23 (fan-shaped devices), with the
maximal mobility of 16.6 cm2 V 1 s 1 representing the highest
mobility yet reported. Theoretical modelling supplements our
experimental results, which confirm the promise of BOPAnt
semiconductors for large-area, single-crystal FET arrays because
they overcome the diﬃculty in controlling single-crystal growth
orientation. The innovative structural design strategy enables the
design of a new series of highly isotropic materials for their
further utilization in organic optoelectronic devices.
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