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The development of solution-processable, high-performance n-
channel organic semiconductors is crucial to realizing low-cost,
all-organic complementary circuits. Single-crystalline organic semi-
conductor nano/microwires (NWs/MWs) have great potential as
active materials in solution-formed high-performance transistors.
However, the technology to integrate these elements into func-
tional networks with controlled alignment and density lags far
behind their inorganic counterparts. Here, we report a solution-
processing approach to achieve high-performance air-stable n-
channel organic transistors (the field-effect mobility (�) up to 0.24
cm2/Vs for MW networks) comprising high mobility, solution-
synthesized single-crystalline organic semiconducting MWs (� as
high as 1.4 cm2/Vs for individual MWs) and a filtration-and-transfer
(FAT) alignment method. The FAT method enables facile control
over both alignment and density of MWs. Our approach presents
a route toward solution-processed, high-performance organic
transistors and could be used for directed assembly of various
functional organic and inorganic NWs/MWs.
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Solution-processable, high-performance n-channel (electron-
transporting) organic semiconductors are indispensable for

cost-effective production of all-organic, flexible complementary
logic elements (1–3). To date, however, very few solution-
processable, air-stable organic n-channel semiconductors matching
the performance of amorphous silicon (a-Si) (� � 0.1 cm2/Vs) have
been reported (4–8). Organic semiconductor nano/microwires
(NWs/MWs) have recently emerged as promising building blocks
for various electronic and optical applications such as light-emitting
diodes (LEDs) (9), field-effect transistors (FETs) (10), photo-
switches (11), vapor sensors (12), solar cells (13), nanoscale lasers
(14), optical waveguides (15), and memory devices (16). These
unique materials combine the high-performance of single-
crystalline structures with solution-processability by dispersion (17,
18). Several p-channel (hole-transporting) organic wires prepared
by solution-processing have exhibited � � 0.1 cm2/Vs for single-
wire transistors (19–22), whereas only a few solution-synthesized
n-channel organic wires have been reported, typically with low
performance (� �10�3 � 10�2 cm2/Vs) (23, 24).

Despite the intrinsic high mobility of single-crystalline wires,
precise wire placement and wire-to-wire performance variation,
due to the difference in the contact quality at the wire/insulator
and wire/electrode interfaces, substantially hinder successful
device integration (10, 25). Therefore, the technology to achieve
network films of organic MWs deposited from a dispersion with
controlled alignment and density is acutely desired. The inte-
gration of inorganic and metallic wires into functional network
films has been extensively explored by using a number of
methods such as the flow cell method (26), electric field (27, 28),
magnetic field (29), electrospinning (30), chemical and biological
surface-directed patterning (31, 32), Langmuir–Blodgett tech-
nique (33, 34), transfer-printing (35, 36, 37), and the blown-
bubble method (38). Compared with their inorganic counter-

parts, however, organic wires are typically mechanically less
robust, electromagnetically less active, and broader in size
distribution; hence, the aforementioned alignment techniques
cannot easily be applied to them.

Here, we report an approach for solution fabrication of
high-mobility, air-stable n-channel organic transistors from
aligned, single-crystalline organic semiconducting MWs using
N,N�-bis(2-phenylethyl)-perylene-3,4:9,10-tetracarboxylic diim-
ide (BPE-PTCDI, Fig. 1A Inset). The single-crystalline BPE-
PTCDI MWs exhibited � as high as 1.4 cm2/Vs for the individual
wire transistor, which is the highest reported for solution-
processed n-channel organic semiconducting wire devices as well
as an order of magnitude higher than the best performance (0.1
cm2/Vs) of the vacuum-deposited thin-film transistors (TFTs)
(39). Furthermore, we present a filtration-and-transfer (FAT)
method that allows for efficient alignment of organic wires with
controllable density as well as the formation of multiple, discrete
MW patterns aligned in different directions. The FAT method
produced highly aligned, densely packed MW networks with n-
channel � up to 0.24 cm2/Vs and good current output uniformity.
This work demonstrates a viable route toward solution-processed,
high-mobility n-channel organic transistors, which are very rare, but
essential for low-cost production of complementary circuits.

Results and Discussion
BPE-PTCDI molecules in a hot, concentrated solution readily
self-assemble into wire forms upon cooling or addition of a
nonsolvent. These wires usually adopt the bulk packing motif in
which �-electron-rich aromatic planes are either stacked or
slip-stacked. In such an arrangement, there is large anisotropy in
the surface free energies leading to the formation of needle- or
ribbon-shaped assemblies. In situ absorption spectral monitoring
[see supporting information (SI) Fig. S1] showed that the
absorption bands attributed to individual molecules (at 533, 494,
462, and 433 nm) decreased gradually with cooling time, whereas
a new band corresponding to the crystalline phase appeared at
a longer wavelength (�665 nm). The self-assembled structures of
BPE-PTCDI molecules can be assigned to the J-aggregates due
to the red-shifted absorption band, similar to other perylene
diimide derivatives (23, 40).

The diameter and the length of BPE-PTCDI wires could be
tuned across a wide range by either the nonsolvent nucleation
(seeded-growth) (18, 19) or solvent-exchange method (rapid
solution dispersion) (18, 20, 23, 40) (see Materials and Methods).
In the former, we controlled the nucleation density at the initial
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stage of self-assembly by adding a small amount of a nonsolvent
(typically �20 vol %), such as methanol, which leads to the
immediate formation of nuclei for the crystal growth. The
average diameter of wires decreased as the nucleation density
increased (Fig. S2). In the solvent-exchange method, a small
amount of concentrated solution was added to an excess of poor
solvent, resulting in high nucleation density and narrow wire
diameters down to several tens of nanometers. The length of the
wires could be tuned from several millimeters to several tens of
micrometers by controlling cooling speed and solvent mixing
ratio. (Figs. S2 and S3).

For this work, BPE-PTCDI MWs synthesized by the nonsol-
vent nucleation method (Fig. 1 A and B, average diameter: 519 �
194 nm and average length: 340 � 68 �m) were used because
they gave the best single-wire transistor performance. They
could be easily dispersed in a poor solvent such as methyl alcohol
or ethyl alcohol (Fig. 1C). The crystal structure and molecular
packing of the BPE-PTCDI MWs were characterized with
transmission electron microscopy (TEM). Several diffraction
images taken at different locations of the same wire show the
same diffraction pattern geometry, indicating the single-
crystalline nature of the MWs. A typical bright-field (BF) image
with the selected area aperture and the corresponding selected
area electron diffraction (SAED) pattern from a BPE-PTCDI
MW are shown in Fig. 1D. The diffraction patterns obtained on
a single MW correspond to a single-crystalline phase with lattice
constants of a � 8.7 Å, c � 4.7 Å, � � 79°, which is similar to
the (010) plane of the bulk crystal (41). The shortest vertical
distance between the aromatic ring systems of molecules along

the a-axis is 3.4 Å. The orientation of the diffraction image
indicates that the long MW axis is parallel to the crystallographic
a axis, along which the BPE-PTCDI molecules exhibit a slipped
�-stacking. It is well known that charge transport in aromatic
molecular solids is more efficient along the direction in which the
molecules exhibit �-stacking (17, 18, 42). Hence, in these wires,
the most efficient direction of transport corresponds to the long
axis of the MW.

BPE-PTCDI single MW-TFTs were fabricated in a bottom-
gate bottom-contact configuration by drop-casting the MW
dispersion in an ethyl alcohol solution (Fig. 2a). The active
channel dimensions were estimated from the width (W) and
length (L) of the MW crossing the source and drain electrodes.
Fig. 2B represents the distribution of saturation regime charge
carrier mobilities of 50 single MW-TFT devices tested under N2
atmosphere. An average � of 0.59 � 0.23 cm2/Vs, on-to-off
current ratios (Ion/Ioff) � 105 and threshold voltages (VT) be-
tween �2 and �4 V were obtained. Single MW-TFTs normally
exhibit a relatively wide range of electrical performance primar-
ily because of the difference in contact quality of dielectric/
semiconductor and electrode/semiconductor interfaces (10, 19,
25). Fig. 2 C and D displays the transfer and output character-
istics for a single MW-TFT with the highest field-effect mobility
(� � 1.4 cm2/Vs, Ion/Ioff � 2.9 	 105, and VT � �0.4 V). To the
best of our knowledge, this is the highest mobility for n-channel
transistors based on organic single crystal wires prepared by
solution processing. It is comparable with the highest mobility of
p-channel organic wires prepared by solution processing (20–
22), as well as to the best performance of n-channel single-crystal
organic transistors prepared with a free-space gate dielectric
(43). Additionally, this mobility is approximately 10 times higher
than that of vacuum-evaporated thin-film devices (0.1 cm2/Vs) of
the same molecules (39). The higher mobility of MW devices can
be attributed to the high level of structural perfection of the
single-crystal BPE-PTCDI MW and the fact that the �-stacking
direction is parallel to the long axis of the MW. The nonlinear

Fig. 1. Characterization of BPE-PTCDI MWs. (A) A SEM image of BPE-PTCDI
MWs synthesized by the nonsolvent nucleation method. (Inset) The chemical
structure of BPE-PTCDI. (B) A TEM image of BPE-PTCDI MWs. (C) Photographs
displaying BPE-PTCDI MW dispersion in ethyl alcohol. (D) A TEM bright-field
image with a selected area aperture of a single BPE-PTCDI MW. (Inset) the
corresponding selected area electron diffraction (SAED) pattern and the
molecular packing motif of a BPE-PTCDI MW, where BPE-PTCDI molecules
have a slipped �-stacking structure along the long axis (the a axis) of the MW.
The shortest vertical distance between the aromatic rings stacked along the a
axis is 3.4 Å.

Fig. 2. BPE-PTCDI single-wire MW-TFT. (A) A single-wire MW-TFT structure,
where S is the source, D the drain, and G the gate. (B) Histogram of field-effect
mobility obtained from analysis of 50 randomly chosen devices measured
under nitrogen atmosphere; the blue curve is a Gaussian fit giving an average
mobility of 0.59 � 0.23 cm2/Vs. (C and D) IDS-VG characteristic recorded with
VDS � �100 V (C) and IDS-VDS characteristic with increasing VG in steps of 20 V
from 0 V to �100 V (D) for a BPE-PTCDI single MW-TFT device. (C Inset) A SEM
image of the BPE-PTCDI single MW-TFT measured. The charge carrier mobility
determined from the slope of the plot of (IDS)1/2 vs. VG was 1.4 cm2/Vs.
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onset of each output curve for MW-TFTs clearly shows signs of
mild contact resistance (Fig. 2D). Nevertheless, the MW-TFT
devices exhibit excellent gate modulation and current saturation.
The mobility could likely be further increased by optimizing the
contact behavior. MW-TFT devices measured under ambient
condition after exposure to air for 1 h showed an average
mobility of 0.38 � 0.21 cm2/Vs, Ion/Ioff � 105, and VT from �7
to �32 V. These MW-TFT devices remained stable (average �
of 0.32 cm2/Vs) even after exposure to air for 54 days. The lowest
unoccupied molecular orbital (LUMO) level of BPE-PTCDI
MWs (�4.39 eV, Table S1) is lower than those of individual
molecules (�4.10 eV) and vacuum-evaporated thin films (�4.26
eV) because of the enhanced electronic coupling between
molecules in crystalline solids (42). The air-stability of BPE-
PTCDI MW-TFTs is presumably due to the low LUMO level
and the grain-boundary-free molecular packing that may act as
a kinetic barrier to ambient oxidants (4–8).

Control over the alignment and density of organic semiconduct-
ing MWs is extremely important for practical applications, in that
the current output of the transistor scales with the number of the
MWs covering on the source-drain electrodes. Well-aligned,
densely packed MWs allow the maximum number of MWs in
contact with the electrodes and dielectric surface, resulting in the
maximum current output and better performance uniformity.

To demonstrate high and uniform performance of aligned
organic MWs, we designed a FAT alignment method, schemat-
ically illustrated in Fig. 3. BPE-PTCDI MWs were aligned by
fluid flow through a mask in a modified, simple vacuum filtration
setup. After filtration, the BPE-PTCDI MWs were located
exclusively inside the open areas of a polydimethylsiloxane
(PDMS) mask placed on a porous anodized aluminum oxide
(AAO) membrane, producing patterned arrays of the MWs. The
alignment of the MWs relative to the long axis of the stripe
patterns improved significantly with increasing pressure differ-
ence across the filter stack. No mechanical fracture of the MWs
was observed. The density of the aligned organic MWs inside the
single pattern could be controlled easily by changing the con-
centration of the MW dispersion at a fixed loading volume into
the filtration setup. The AAO membrane and PDMS mask
containing the BPE-PTCDI MW patterns were then inverted on
a substrate with a hydrophobic surface, such as a SiO2 wafer
treated with n-octadecyl triethoxysilane [C18H37Si(OC2H5)3
(OTS)]. The hydrophobic BPE-PTCDI MWs were readily trans-
ferred from the hydrophilic surface of the AAO membrane to the
OTS-treated SiO2 substrate in water, presumably due to hydropho-
bic interactions between the MWs and OTS surface and surface
energy difference between AAO membrane and OTS (37). Pulling
the stacked layers out of deionized water resulted in a clean transfer
of hydrophobic BPE-PTCDI MWs onto the hydrophobic OTS-
treated SiO2 surface. Filtration methods have been reported for the
preparation of carbon nanotube (37, 44) and graphene (45) films.
However, those methods only produced randomly oriented net-
works. Moreover, the membrane was either dissolved away (44), or
a stamp was used to allow transfer of the film to the desirable
support (37).

Fig. 4 A and B are typical optical microscopy images of aligned
BPE-PTCDI MWs on AAO membrane after filtration. The
majority of organic MWs are aligned along the long axis of the
pattern. Fig. 4 C and D illustrates typical examples of BPE-
PTCDI MWs transferred onto the OTS-treated SiO2 substrate.
The orientation of MWs is not altered by the transfer. It is
noteworthy that high densities of aligned MWs (nearly complete
coverage on desired pattern) can be achieved by simply increas-
ing the concentration of the MW dispersion (Fig. 4D). The
previously reported flow-assisted alignment method usually
yields moderate densities of MW assemblies (26), and the
microfluidic channels become clogged at a high density. More-
over, organic MWs with large diameters are mechanically less

robust than inorganic or metallic MWs, and strong shear forces
in the fluidic channel may damage the organic MWs. Our FAT
method is able to produce dense films of aligned and undamaged
organic semiconductor MWs, which are important for achieving
a high and uniform on-current. Multiple patterns composed of
aligned MWs over a large area were readily obtained in a few
minutes after filtration, as shown in Fig. 4 E and F.

Additional experiments were performed to investigate the
factors affecting the alignment of the MWs. We found that the
degree of alignment can be controlled by the vacuum pressure
and that the MW density depends on the initial solution con-
centration. The MW angular distribution becomes substantially
narrower as the vacuum pressure decreases, i.e., by increasing the
filtration suction strength (Fig. 4g). As the base pressure de-
creased from the lowest filtration strength, 21 torr, to the highest,
10�4 torr, the average angular spread in a strip pattern with
dimensions 200 �m 	 4 mm dropped significantly from �31° to
�7° with �85% of the organic MWs aligned in the intended
direction (Fig. 4G Inset). The enhanced alignment is attributed
to the increased fluid velocity through the PDMS mask with
increased pressure difference across the filter stack. The in-
creased velocity directs MWs falling to the AAO surface to lie

Fig. 3. Schematic diagram for FAT alignment of organic MWs. (A) FAT
alignment apparatus loaded with the MW dispersion. A PDMS mask with
open-stripe patterns is placed on a porous AAO membrane. The MW disper-
sion is filtered by applying vacuum. (B) MW assemblies reside exclusively inside
the stripe patterns of the PDMS mask after filtration. The alignment of MWs
along the stripe patterns is improved substantially as the pressure difference
across the filter stack is increased. The density of the aligned MWs inside a
single stripe pattern can be controlled by simply changing the concentration
of the MW dispersion. (C) AAO membrane covered with patterned MWs inside
the PDMS mask. (D) Illustration for the transfer of the aligned MW patterns
from an AAO membrane to a desired wafer substrate in aqueous medium.
MWs selectively adhere to the OTS-treated SiO2 as water diffuses through the
pores of the AAO membrane. (E) Aligned MWs were transferred onto the wafer.
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parallel to the long axis of the pattern. Moreover, as the ratio of
MW length to the open area width increases at a fixed filtration
strength, the MW angular distribution also narrows, due to the
relative enhancement in the torque (Fig. S4). A similar trend has
been observed with other methods that rely on surface energy
patterns to align MWs (46). MW surface density increased
gradually with dispersion concentration (the average density
changed from 8 MWs to 61 MWs per 100 �m by increasing the
dispersion concentration from 0.23 �g/mL to 1.8 �g/mL) at a
constant loading volume (5 mL) of MW dispersion and then
approached a nearly constant value, which arose from the
formation of multilayer stacks of the MWs over a critical
concentration (Fig. 4H).

Unlike most other assembly methods, our alignment method
can achieve multiple MW patterns aligned in different directions

on the same substrate in 1 filtration step by using an appropriate
mask. For example, we could form perpendicularly aligned,
discrete MW patterns on the same substrate by using a mask with
T-shaped pattern (Fig. S5). In addition, organic MWs could be
aligned over nearly the entire area of an AAO membrane with
2.5-cm diameter, with pattern dimensions of several millime-
ters 	 centimeter scale (Fig. S6). The pressure drop across the
filter stack can be increased by pressing the MW dispersion with
a syringe. In theory, this method can be scaled to a larger area
by using a larger filtration setup, given that the pressure differ-
ence is large enough to maintain sufficient fluid velocity for
alignment. Moreover, our preliminary results revealed that the
transfer of aligned and controlled density organic MW patterns
can be readily performed on flexible plastic substrates (Fig. S7).

We fabricated transistors composed of BPE-PTCDI MW
networks (MWnt-TFTs) by FAT method. Aligned MWs were
transferred to the channel area of bottom contact substrates,
with the MW alignment direction parallel to the channel length
(Fig. 5A and Fig. S8). The distribution of the field-effect mobility
for 50 low-density MWnt-TFTs, prepared from a MW dispersion
of 0.45 �g/mL under the vacuum pressure of 10�4 torr, is
displayed in Fig. 5B. For the calculation of mobility, we deter-
mined the W/L ratios from the sum of W/L ratios of the
individual BPE-PTCDI MWs. The devices showed an average �
of 0.24 � 0.07 cm2/Vs with Ion/Ioff of 105 to 106 and VT from �20
to �14 V under ambient condition. Furthermore, to achieve
uniform and high on-current levels without correcting the W/L
ratios, we prepared high-density MWnt-TFTs using a high-
concentration dispersion (2.3 �g/mL) for the FAT alignment
(Fig. 5C Inset). In this case, the entire transistor channel area was
covered with MWs, and the MW W/L correction was not applied
to the mobility calculation. Typical transfer and output charac-
teristics of high-density MW-TFTs are represented in Fig. 5 C
and D. The average � along the aligned long axis of the MWs for
50 high-density MWnt-TFTs was 0.14 � 0.04 cm2/Vs in air (Fig.
5E), the highest � being 0.24 cm2/Vs. The Ion/Ioff ratios were
�105 and VT ranged from �13 to �24 V. This mobility is among
the highest reported for solution-processed air-stable n-channel
TFTs (4–8, 47). Our approach, comprising the simple, scalable
synthesis of single-crystalline MWs and the straightforward
transfer of the aligned MWs into active channel area, is of
particular importance, in that the solution-processed TFTs ex-
hibited mobilities surpassing the best performance of the vacu-
um-evaporated devices and that solution-deposited, high-
mobility n-channel transistors are very rare. Moreover, the
solvents (ethyl alcohol and water) used for MW dispersion and
transfer are environmentally benign.

We also characterized the performance of MWnt-TFTs in
which the MWs were either oriented perpendicular to the
channel length or randomly oriented in the channel region. The
mobility measured for MWs perpendicular to the channel length
was �10�6 cm2/Vs, whereas the randomly oriented networks
yielded an average � of 3.0 	 10�2 cm2/Vs. These results clearly
demonstrate that alignment of the MWs parallel to the channel
length improves device performance significantly. The average
� for these high-density MWnt-TFTs is lower than that for single
MW-TFTs because we did not correct for the channel width, and
the MWs are not perfectly aligned, leaving gaps in the channel
region. The curvature of MW surface can also reduce the effective
contact with the dielectric and make the W/L ratio larger than the
actual value, leading to an underestimated value for the mobility.

The uniformity of on-current is also important for various
practical applications. The on-current (IDS at VG � �100 V and
VDS � �100 V) distribution of the high-density MWnt-TFTs
measured from 50 devices (W � 270 �m and L � 100 �m) was
found to be 11.3 � 4.6 �A (Fig. 5F). These values compare
favorably with the current-output distribution of previous Si
NW-TFTs prepared by using the blown-bubble method, suggest-

Fig. 4. Alignment and density control of BPE-PTCDI MWs. (A and B) Bright-
field optical images of MW arrays on an AAO membrane after filtration
(vacuum pressure 10�4 torr) from different concentrations of MW dispersion:
0.45 �g/mL (A) and 0.9 �g/mL (B) at a constant loading amount (5 mL). (C and
D) SEM images of MW arrays transferred onto a wafer. The original MW
dispersion had a concentration of 0.9 �g/mL (C) or 1.8 �g/mL (D). The vacuum
pressure was kept at 10�4 torr. (E) Bright-field optical image of aligned MWs
on an AAO membrane. (F) Zoom-in optical images of MWs in 2 different
regions. (G) MW angular spread with respect to the stripe pattern direction
versus vacuum pressure. Each data point was obtained by statistical analysis of
angular distribution of �200 MWs (e.g., see Inset). (Inset) A histogram of MW
angular distribution after filtration with a vacuum pressure of 10�4 torr; the
blue curve is the Gaussian fitting giving an average angle of 0.1 � 2.0 degrees
with regard to the longitudinal direction of the pattern. The concentration of
MW dispersion was 1.4 �g/mL. (H) Coverage of MWs versus MW dispersion
concentration at a constant vacuum pressure of 10�4 torr. The average density
was evaluated by counting the average number of MWs at any cross-section
of the stripe pattern in the range of 100 �m.
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ing that our method is also promising for integrated systems (38).
The BPE-PTCDI MW-TFTs exhibited only a small hysteresis
and a stable Ion/Ioff in N2 atmosphere under repeated bias sweeps
(see SI Text and Figs. S9 and S10). In ambient condition, the VT
and hysteresis increased due to charge trapping by ambient
oxidants (Fig. S11). The ambient stability will likely be further
improved by dielectric surface engineering (48, 49). In addition
to high performance, our method provides a route for fabricating
solution-processed devices from highly crystalline molecules
with poor solubility as well as from those with high solubility in
common organic solvents. Our method opens up a direction for
the fabrication of high-performance organic electronic devices.

Conclusion
We have demonstrated an approach to achieve solution-
processed, high-performance, air-stable n-channel organic tran-

sistors with mobility up to 0.24 cm2/Vs, enabled by high-mobility
single-crystalline n-channel organic MWs and an efficient, en-
vironmentally benign method for MW alignment and controlled
density. Individual single-crystalline BPE-PTCDI MW-TFTs
showed charge carrier mobilities up to 1.4 cm2/Vs, which is the
highest among the solution-processed n-channel organic semi-
conducting wire devices. The ability to align organic MWs with
high density enables high uniform on-currents from MW-TFT
devices. Our method allows for multiple, discrete MW patterns
aligned in different directions on the same substrate at once, and it
is also applicable to flexible substrates. The FAT alignment method
opens up possibilities for using single-crystalline organic MWs for
high-performance solution-processable transistors. It should also
be potentially applicable to directed, hierarchical assemblies of
various other functional organic and inorganic NWs/MWs.

Materials and Methods
Preparation of BPE-PTCDI MWs. BPE-PTCDI was purified 3 times by vacuum
sublimation in a 3-temperature-zone furnace before use. BPE-PTCDI (18 mg)
was dissolved in refluxing o-dichlorobenzene (15 mL) in a round-bottom flask
with magnetic stirring. In the nonsolvent nucleation method, methyl alcohol
(3 mL) was added into the solution and then stirred for 10 s. As the solution
cooled, its color changed gradually from orange to dark green. After several
hours, cotton-like BPE-PTCDI MWs were observed floating in the solution. The
solution was vacuum-filtered with a porous anodized aluminum oxide (AAO).
During the filtration, the BPE-PTCDI MWs were washed with an excess of ethyl
alcohol, and redispersed in a vial containing ethyl alcohol.

FAT Alignment of MWs. A PDMS mask (�5-�m thickness) with stripe patterns
was prepared and placed on an AAO membrane with a pore diameter of 200
nm. This assembly was placed on a filter paper in a fritted glass funnel. A
BPE-PTCDI MW dispersion was poured into the funnel while pulling vacuum.
After the solvent was completely filtered away, BPE-PTCDI MWs were aligned
in the stripe patterns of the PDMS mask. The AAO membrane supporting the
patterned MWs was peeled off from the porous glassy support, and inverted
onto an n-octadecyl triethoxysilane OTS-treated SiO2/Si wafer, with MWs in
contact with the OTS surface. The stacked layers were clamped together and
moved into a bath of deionized water. After several minutes, the aligned
BPE-PTCDI MWs were transferred from the hydrophilic AAO surface to the
hydrophobic OTS-treated SiO2/Si wafer. The clamps, PDMS mask and AAO
membrane were removed, and the SiO2/Si wafer containing highly aligned
BPE-PTCDI MWs was thoroughly dried in a vacuum oven at 70 °C for 12 h.

Device Fabrication and Characterization. MW-TFTs were fabricated on a wafer
with a thermally grown 300-nm-thick SiO2 dielectric on highly doped n-type Si
as a gate electrode. Bottom-contact devices (channel lengths 2, 5, 10, 20, 30,
and 100 �m) were prepared by defining source-drain electrodes (metal thick-
ness: Ti, 1.5 nm; Au, 40 nm) via conventional photolithography on top of
SiO2/Si wafers. To obtain better performance, the SiO2/Si substrates were
treated with OTS, as described previously (39). The capacitance (Ci) of the
OTS-treated SiO2 dielectric was 10 nFcm�2 (see SI Text and Fig. S12). Various
concentrations of BPE-PTCDI MW dispersions were used to fabricate MW-TFTs
containing different densities of MWs (single MWs, multiple MWs, and MW
bundles) in the channel area. The current-voltage (I–V) characteristics of the
devices were measured by using a Keithley 4200-SCS semiconductor parame-
ter analyzer. Key device parameters, such as charge carrier mobility (�),
on-to-off current ratio (Ion/Ioff), and threshold voltage (VT), were extracted
from the drain-source current (IDS) versus gate-source voltage (VG) character-
istics under the assumptions of conventional transistor equations (42): IDS �
(WCi�/2L)(VG-VT)2, where Ci is the capacitance per unit area of the gate
dielectric layer, W andLarewidthand lengthof thechannel region, respectively.
The � was determined in the saturation regime from the slope of plots of (IDS)1/2

versus VG.
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Fig. 5. TFT arrays composed of aligned BPE-PTCDI MWs as the active layer.
(A) A SEM image of aligned MWs on a bottom-contact Si/SiO2 substrate with
the corresponding optical image (Inset). The concentration of MW dispersion
and the vacuum pressure was 0.45 �g/mL and 10�4 torr, respectively. (B)
Histogram of the field-effect mobility for 50 randomly chosen TFTs containing
multiple MWs: The blue curve is a Gaussian fit giving an average mobility of
0.24 � 0.07 cm2/Vs. The measurements were carried out in air. The overall W/L
was determined from the sum of each MW W/L obtained from the width of the
MW and the length across the source-drain electrodes. (C and D) Typical IDS-VG

characteristic for a MWnt-TFT device composed of a densely packed BPE-PTCDI
MWs measured in air with VDS � �100 V (C) and IDS-VDS characteristic with
increasing VG in steps of 20 V from 0 V to �100 V (D). The densely packed
MWnt-TFT device was prepared with a loading concentration of 2.3 �g/mL at
a vacuum pressure of 10�4 torr. C Inset is a SEM image of typical densely packed
MWnt-TFT. The W/L ratio for the calculation of mobility was determined by
simply measuring the length and width of the pattern. (E) Histogram of the
field-effect mobility for 50 randomly chosen, densely packed MWnt-TFT ar-
rays. The blue curve is a Gaussian fit giving an average mobility of 0.14 � 0.04
cm2/Vs. (F) Histogram of Ion from 50 randomly chosen MWnt-TFT devices; a
Gaussian fit gives an average output current of 11.3 � 4.6 �A at VG � �100 V
and VDS � �100 V. Pattern width of the MWnt-TFT devices was 270 �m, and
the channel length was 100 �m.
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