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We have found that poly(benzobisimidazobenzophenanthroline) (BBL) nanobelts can be prepared by a
simple high-yield, solution-phase process, which enables dispersions of the nanobelts in a large number of
solvents including environmentally benign solvents such as methanol and water. Characterization of the nanobelts
by transmission electron and atomic force microscopies, electron diffraction, and X-ray diffraction showed
that the BBL polymer chains are oriented parallel to the long axis of each nanobelt. This unique packing
motif is unlike the reported packing of polymer chains in other nanostructures, such as poly(3-hexylthiophene)
nanowires, where the polymer backbone packs face-to-face along the nanowire direction. This unusual molecular
packing in BBL nanobelts is explained by the rather strong intermolecular interactions, which are a result of
the rigid and planar polymer chains. We investigated electron transport in single nanobelts and nanobelt networks
via field-effect transistors and observed mobilities up to ~7 x 107> cm? V' s~ and on/off current ratios of
~1 x10*. The n-channel nanobelt transistors showed stability and repeatability in air for more than 6 months,
which is the most stable among current n-channel polymer transistors. These results demonstrate that the

BBL nanobelts are promising for organic electronics and nanoelectronics.

Introduction

One-dimensional (1D) organic semiconductor nanostruc-
tures such as nanowires and nanobelts are of fundamental
interest for understanding structure—property relationships
in conjugated organic semiconductors.' Knowledge of solid-
state molecular packing in highly organized 1D nanostruc-
tured semiconductors is critical for determining charge
transport mechanisms® and for rational design of high-
performance nano- and microelectronic devices.® The control
of organic semiconductors on the nanoscale* has proven to
be an extremely challenging task; however, there are a
number of recent reports describing the synthesis of 1D
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crystalline nanowires from both p-type® and n-type® semi-
conductors for applications in organic field-effect transistors
(OFETs).’

Much progress has also been made in developing 1D
polymer nanostructures for amultitude of device applications.>®
Such 1D polymer nanostructures are of broad current interest
because of the tunability of their electronic and optical
properties,” cost-effective processability,'® and their growing
use in devices such as sensors,'! memory units, "2 photode-
tectors,'® photovoltaic cells,'* nanolasers,'> and OFETs.!®
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n-Type Polymer Semiconductor Nanobelts

Nearly all reports on nanostructured polymer OFETS to date
are of the p-channel type.'®!” The scarcity of n-type polymer
semiconductors'® for OFETs is due largely to the fact that
the majority of electron deficient (n-type) conjugated poly-
mers do not have sufficiently high electron affinity essential
for electron injection/transport in the presence of oxygen.'*
An important exception is the n-type polymer BBL, recently
shown to have high field-effect electron mobility in ambient
air measurements.'® Although it has been shown that even
well-known p-type polymer semiconductors such as poly-
thiophene and polyfluorene can exhibit n-channel OFET
activity under vacuum, they become nonfunctional in the
presence of oxygen or moisture.”’ Enabling the fabrication
of 1D polymer OFETs capable of electron transport®! in air
remains an important goal for the realization of all-polymer
complementary circuits,”> which could offer a promising
route to the miniaturization of organic electronic devices in
general.

In this paper, we report the self-assembly, molecular
packing, and charge transport of 1D nanobelts from the air-
stable n-type polymer BBL." By precisely controlling the
solution-phase self-assembly of this polymer, we produced
large quantities of solvent-dispersible BBL nanobelts in
environmentally benign solvents such as methanol or water.
Investigation of the molecular packing of polymer chains in
the BBL nanobelts reveals a self-assembled motif unlike the
traditional sr-stacking common to currently known small
organic molecules or polymer semiconductors that form 1D
nanostructures.>®'%* We determined that the BBL polymer
chains pack face-to-face perpendicular to the long axis of
the nanobelt instead of the more common face-to-face
packing along a 1D nanowire axis commonly found in small
organic molecules™® and polymer semiconductors.'® We
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subsequently fabricated n-channel field-effect transistors from
an individual nanobelt and also from a network of nanobelts
that exhibit electron mobilities and on/off current ratios on
the order of ~7 x 1073 cm? V7! s7! and ~1 x 10%
respectively. Finally, the nanobelt field-effect transistors
showed unprecedented long-term stability in air unlike any
other n-channel organic devices reported to date.

Experimental Section

Materials and Sample Preparation. All solvents were pur-
chased and used as received from Aldrich. High purity (99.5+
%) methanesulfonic acid (MSA) was used for preparing polymer
solutions. The BBL polymer sample used in this study was
synthesized in our laboratory following previous reports.?®> The
polymer sample has an intrinsic viscosity of 7.0 dL g~ " in MSA,
corresponding to a molecular weight of 60 kDa.>* BBL in this
range of molecular weight yields electron mobilities on the order
of ~1 x 1072 cm? V™! s7! in thin film transistors.>*

X-ray Diffraction Analysis. X-ray diffraction patterns were
collected on a Bruker D-8 diffractometer with an 18kW TXS
Cu rotating anode X-ray source. The incident beam passed
through a single Gobel mirror and a 0.5 mm pinhole collimator,
creating a focused parallel beam of Cu K-o radiation. The
incident angle between the beam and sample was fixed at 5°
and the beam was rastered across a sample area of 1 mm x 1
mm to improve counting statistics. Diffracted radiation was
captured with a multiwire area-detector and spectra were
integrated in y over a range of 50 degrees to produce the final
26 vs intensity plots. Absolute precision of this diffractometer
is within £0.045° 26.

Transmission Electron Microscopy (TEM). The thin film
morphology of BBL and the nanobelts were studied by TEM using
a Phillips EM420 electron microscope at accelerating voltages of
80 and 100 kV and a camera length (L) of 95 cm. The samples for
electron microscopy were prepared by floating BBL thin films from
a glass substrate on a water surface and then transferred onto a
copper grid. BBL nanobelts were drop cast onto copper grids from
methanol dispersions.

Device Fabrication. The BBL nanobelt field-effect transistors
were fabricated using bottom contact geometry. Heavily doped
Si with a conductivity of 10° S/cm was used as a gate electrode
with a 300 nm thick SiO, layer as the gate dielectric. Using
photolithography and vacuum sputtering system (2 x 10~ ° Torr),
50 nm thick gold electrodes (source and drain) with 5 nm thick
Ti adhesive layer were fabricated onto the SiO,/Si substrates.
Channel lengths (L) of 10 and 20 um and channel widths (W)
of 100 and 200 um were used for discrete transistors. However,
because the BBL nanobelts do not entirely cover the channel
widths, we carefully measured the active area covered by the
nanobelts and based the W/L measured values on a device basis.
Electrical characteristics of the devices were measured using a
Keithley 4200 semiconductor parameter analyzer.

Results and Discussion

Self-Assembly of BBL into Nanobelts. BBL nanobelts
were prepared from a solution by adding the protonated
polymer (0.2 mg/mL) dropwise into a rapidly stirring mixture
of chloroform and methanol (4:1). The chloroform serves
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Figure 1. (A) Molecular structure of BBL, and (B) the schematic for preparing BBL nanobelts. In step “a”, a BBL/methanesulfonic acid (MSA) solution
(~0.2 mg/mL) is added dropwise to a rapid-stirring vial containing a CHCI3/MeOH (4:1) solvent mixture. In step “b”, the nanobelts are washed and centrifuged
two times with deionized water. The last frame shows a vial containing an aqueous dispersion of BBL nanobelts for use in device fabrication via solution

deposition.

as a weakly interacting solvent while methanol (pK, ~ 15)
serves as a base to deprotonate the BBL polymer chains,
thus inducing the self-assembly of BBL into nanobelts. It is
important to note that if a higher concentration of methanol
is employed, the BBL polymer will self-assemble into larger
fibers. Figure 1A shows the chemical structure of BBL and
a schematic of the procedure for processing this n-type
polymer into nanobelts (Figure 1B). After precipitation of
the nanobelts in the CHCI;/MeOH mixture, the BBL nano-
belts were collected and transferred into a centrifuge tube
where they were washed with methanol for 10 min at 3000
rpm, decanted, and repeated twice with water instead of
methanol. The washing steps ensure that the MSA is removed
from the BBL nanobelts. After the final washing step, the
nanobelts were collected into a vial containing methanol and
subsequently cast directly onto substrates. Other solvents
such as water, ethanol, and chloroform have also been
successfully used to disperse the BBL nanobelts.

Figure 2 shows a large-area optical micrograph of BBL
nanobelts drop cast onto a silicon substrate from a dispersion
in methanol/water (1:1) mixture. This solution deposition
method is highly desirable for fabricating large-area organic
electronic devices from environmentally benign alcoholic or
aqueous solvents. We have routinely prepared the BBL
nanobelt films from solutions of methanol, ethanol, or water.
Figures 3A and 3B clearly show the “beltlike” 1D morphol-
ogy as determined from TEM and SEM imaging. The
nanobelts have lengths ranging from 20 ym to well over 150
um (Figure 3C). Average widths of the nanobelts were ~200
nm to ~1 um, while the nanobelt thicknesses (measured
using AFM) were ~10—50 nm.

Molecular Packing and Structural Characterization.
An important step in developing new device technologies is
to obtain knowledge of the structure—property relationships

of organic semiconductors at all length scales.”>>® To acquire
a better understanding of the detailed morphology, one should
investigate the molecular packing and orientation of polymer
chains®®?” at nanoscale domains. Diffraction experiments on
BBL thin films were previously performed by Song et al.
who found that the BBL polymer forms an orthorhombic
unit cell with lattice parameters of a = 7.87, b = 3.37, and
c = 1197 A* We performed X-ray diffraction (XRD)
measurements to determine the crystal structure and molec-
ular packing in BBL polymer films and BBL nanobelts.
Figure 4A shows XRD spectra of both a nanobelt film and
a standard BBL film. A strong Bragg reflection and its
corresponding second order peak (200) for the BBL nanobelts
are observed at 20 = 11.15 and 23.28° and correspond to a
d-spacing of 7.93 A. Another distinctive diffraction peak is
observed at 20 = 26.68°, corresponding to a d-spacing of
3.36 A. These two spacings are in good agreement with the
previously measured lattice constants along a- and b-axis of
the unit cell. The absence of a peak corresponding to the
c-axis suggests that the BBL nanobelts predominantly lie
on the support with the c-axis in the substrate plane.

We investigated the morphology of BBL thin films via
TEM to identify the crystallinity and chain packing so that
we may establish a comparative marker for d-spacing
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Figure 3. Representative BBL nanobelts imaged via (A) TEM, (B) SEM, and (C) an optical microscope. The widths of BBL nanobelts ranged from ~200
nm to ~1 um and the lengths ranged from ~20 to ~150 um. The average thickness of the nanobelts ranged from ~10 to ~50 nm.

analysis. Figure 5A shows a TEM image of the morphology
of a standard BBL thin film that is polycrystalline in which
the size of the individual grains ranges from 25 to 150 nm.
The inset gives the diffraction pattern, showing well-resolved
Debye rings with the most intense reflection corresponding
to a d-spacing of 3.4 A, which is in agreement with the (010)
reflection measured from the XRD diffraction. Figure 5B
shows a TEM image of a BBL nanobelt network and the
corresponding electron diffraction pattern (inset). Similar to
the standard thin-film diffraction in the inset of Figure 5A,
the TEM diffraction pattern of the nanobelt network also
shows diffraction rings which indicates that the individual
nanobelts are polycrystalline. The Debye rings are broader
compared to those obtained from the thin-film sample,
indicating a slightly lower degree of crystalline order in the

nanobelt network. Nevertheless, the (010) reflection clearly
shows well-resolved diffraction rings with a d-spacing of
~3.45 A. Interestingly, the electron diffraction of a single
BBL nanobelt shown in Figure 5C exhibits distinctive
intensity maxima (arcs) within the (010) Debye ring (d-
spacing of ~3.45 A), indicating that the crystal grains, which
comprise the BBL nanobelt, are predominantly oriented with
their b-axis perpendicular to the long axis of the nanobelt.
In the unit cell for a thin film, the BBL polymer chains are
m-stacked along the b-axis.?*° The assumption that the BBL
nanobelts grow in the same structure as the BBL thin film,
therefore, leads to the somewhat surprising conclusion that
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518.
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Figure 4. (A) X-ray diffraction pattern of a film of BBL nanobelts and a standard BBL thin film. (B) SEM image of the corresponding BBL nanobelt film

used in the XRD measurement.

the ;t—-stacking direction in the BBL nanobelts does not
correspond to the long axis of the nanobelt. In most nanobelts
composed of small planar organic molecules,™® the molecules
pack face-to-face along the long axis direction.

On the basis of the XRD and TEM results, we propose a
unit cell for the BBL nanobelts as found in the thin films
(Figure 6A). The a and b lattice parameters that were
determined from our XRD experiments are, as previously
mentioned, in good agreement with published unit cell
parameters.”®° The c-axis unit cell is the corresponding
literature value that was incorporated into our model.?*-*°
Figure 6B shows an illustration of the proposed preferred
orientation of BBL polymer chains in the nanobelts. It was
previously suggested that the molecular plane of BBL
polymer chains is oriented perpendicular to the substrate
surface, agreeing with the model we propose in Figure 6B.*
On the basis of XRD experiments, TEM diffraction on thin
films and nanobelt networks, and single nanobelt diffraction
patterns, we concluded that BBL polymer chains are (i)
oriented parallel to the long axis of the nanobelt (i.e., the
c-axis), and (ii) stacked face-to-face along the “width” of
the nanobelt (b-axis). On the basis of measurements of
nanobelt morphology (thickness = 10—50 nm, width =
200—1000 nm), we estimated that the thickness of each
nanobelt corresponds to 13—63 layers of BBL polymer
chains, and a width corresponds to 590—3000 polymer chains
packed face-to-face across a BBL nanobelt. From a molecular
weight of ~60 kDa for the BBL sample employed in this
study, and incorporation of the c-axis unit cell parameter
(11.97 A),**3° one can estimate the average length of a
polymer chain to be about 200 nm. Such a length is
approximately 50—100 times shorter than the channel length
(L) of our source-drain electrodes.

Effect of Chain Orientation on Diffraction and Fac-
tors Governing Self-Assembly. As a comparison, we want
to point out that the unique 1D packing of BBL chains within
nanobelts is in contrast to the molecular organization of polymer

chains in poly(3-hexylthiophene) (P3HT) nanowires.' %' We
note that if BBL polymer chains are parallel to the nanobelt
axis (i.e., along the c-axis), the reflection arcs will appear at
the equator of a reflection sphere (as in Figure 5C). If, however,
the molecular plane of the polymer chains are oriented face-
to-face along the fiber axis, then the [010] reflection arcs would
appear along the meridian of a reflection sphere.®" This type of
molecular packing has been previously demonstrated with P3HT
nanowires.'®>%? There are several important factors that
govern the self-assembly process of molecules (whether they
are small organic molecules as previously mentioned, or P3HT
polymer chains) along a nanowire axis. For example, the factors
governing the self-assembly of P3HT (either in 1D wires or
2D sheets) are (i) 7—z stacking,®"** (ii) alkyl-chain hydro-
phobic interactions (side-chain effects),® and (iii) solvent
effects.’® These factors have also been attributed to the self-
assembly of 1D organic nanobelts consisting of small organic
molecules.”® However, additional factors that may contribute
to 1D self-assembly in small organic semiconductors include
heteroatom—heteroatom intermolecular interactions'° and
hydrogen bonding."’

In the case of BBL nanobelts, the unusual anisotropic 1D
self-assembly of polymer chains into nanobelts can be
attributed to the very rigid and planar molecular backbone
that enables the polymer chains to form intermolecular 7—mx
interactions with extraordinary strength.>*?*3* J. E. Mark
and co-workers** developed a model for the molecular
packing of polymer chains in BBL by means of empirical
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Figure 5. Representative TEM images of a (A) BBL thin film, (B) BBL
nanobelt network, and (C) individual BBL nanobelt. The insets are the
corresponding selected area electron diffraction patterns. The intense BBL
thin-film diffraction from (A) serves as the standard marker for indexing
the first diffraction ring (corresponding to b = 3.4 A). A notable observation
from (C) is the textured morphology of the polymer chains that are aligned
along the [001] direction or the long axis of the nanobelt, thus demonstrating
the extent of orientation.

force-field calculations. It was found that van der Waals
contributions to the total binding energy were more signifi-
cant to the overall intermolecular energy associated in BBL
polymer chain packing than the Coulombic (i.e., electrostatic)
contributions. Furthermore, an interchain distance of ~3.3
A along the b-axis was predicted and a total intermolecular
interaction energy of ~160 kJ/mol was calculated.** It was
also suggested that because of the strong intermolecular
interactions, the BBL chains may very well begin the
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aggregation and 1D self-assembly, to a certain degree, in
their acidic solutions.** An important question is why BBL
polymer chains pack face-to-face perpendicular to the
nanobelt axis instead of along the nanobelt axis like in the
case of P3HT? We previously mentioned that self-assembly
in P3HT nanowires is suggested to be driven by several
factors such as Jt—stacl<ing,31’32 side-chain effects,®® and
solvent effects.>? Unlike the case of P3HT,>*¢ the BBL chains
are unable to fold into lamella (because of the planar and
rigid backbone). We should mention, however, that the
molecular plane of BBL chains are not entirely perpendicular
to the surface substrate as shown in the illustration from
Figure 6B, and it is likely that there is some degree of
azimuthal tilting from the polymer backbone along the b-axis.
Therefore, the most significant factor contributing to the
unusual 1D self-assembly of BBL into nanobelts is likely
the rigid and planar backbone.

Electrical Characterization. All electrical measurements
were performed in ambient conditions and ambient light
using a standard probe station. Saturation-regime mobilities
were calculated by the equation, Ips = (WCu/2L)(Vg — VT)Z,
where Ips is the drain-source current, C; is the capacitance
of the dielectric, Vg is the gate voltage, ¢ is the mobility,
and V7 is the threshold voltage. W and L are the channel
width and length of the organic semiconductor. Figure 7A
shows a single BBL nanobelt bridging a source and drain
electrode. The output curve (Figure 7B) exhibits well-
resolved saturation currents with excellent modulation as the
gate voltage is increased from O to 80 V. The onset of the
current output curves all show characteristics of contact
resistance. This effect is often observed with bottom contact
source-drain electrodes and can be eliminated or reduced by
employing a top-contact configuration.” Figure 7C shows a
plot of the log and square-root of drain current as a function
of gate voltage (V). The transfer curve shows an increase
in current by more than 4 orders of magnitude when the
voltage is ramped from —10 to 50 V. The square-root of
drain current follows the square law and the fitting line used
for calculating mobility fits the data over a wide range of
gate voltage values. Results from a single nanobelt n-channel
transistor showed an electron mobility of 7 x 107> cm? V™!
s~ ! a threshold voltage of 11.2 V, and an on/off current
ratio of ~1 x 10* These results are comparable to those
reported for p-channel OFETs based on single polymer
nanowires.'®*~¢ Therefore, this may open the possibility of
fabricating all-polymer nanowire integrated circuits.

We also fabricated n-channel transistors from a network
of BBL nanobelts across source-drain electrodes (Figure 7D).
Figure 7E shows the output curves of a nanobelt network
device, whereas Figure 7F shows the transfer and square-
root characteristics. From the slope of the linear region, a
mobility of 4 x 1073 ecm? V™! 57!, a threshold voltage of
11.9 V, and an on/off current ratio of ~1 x 10* was
calculated. These results are among the best for single and
nanowire network devices.

Air Stability of BBL Devices. The BBL nanobelt network
transistors were fabricated and characterized under ambient
conditions and they have shown stable and reproducible
performance in air for well over 6 months as seen in the
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BBL Nanobeit

— mn-stacking —

Figure 6. (A) Schematic representation of the molecular arrangement of BBL polymer chains in the orthorhombic unit cell with indicated crystallographic
axis directions. (B) Perspective illustration of the molecular packing of BBL polymer chains within a nanobelt. The proposed arrangement of BBL polymer
chains are determined from the TEM electron diffraction and XRD measurements.

plot of Figure 8A. Panels B and C in Figure 8 show the
output and transfer characteristics with an overlay of the
performance of the same device after 200 days. These results
are among the most stable reported to date when compared
to currently known n-type polymer semiconductors.*'** The
stability of the BBL nanobelt transistors arise from the
favorable electronic and molecular structure of the polymer
as well as the morphology of the oriented polymer chains
within the nanobelts. For instance, BBL has an experimental
LUMO value of ~4.2 eV.?” Such a high electron affinity is
rare among polymer semiconductors and as a result, good
electron injection and transport is facilitated by the low-lying
molecular orbital. The polymer also has a more positive
reduction potential compared to oxygen (BBL(eqy = —0.4
V; Oz¢eqy = —0.87 V vs SCE), and this enables “electrons”
or the BBL radical anions to remain thermodynamically
stable in the presence of oxygen. This is an important
electronic property to possess as it is well-known that oxygen
is the main reason behind stability problems with organic

semiconductors in general.'®® The morphology of the
polymer nanobelts also contributes to the stability of the
device. We recall that BBL polymer chains form very strong
intermolecular contacts with interplanar distances ranging
from 3.36 to 3.4 A. As such, oxygen, which has a kinetic
diameter of 3.46 A,36 is unlikely to diffuse into the BBL
nanobelt in significant amounts. This effect has previously
been shown in gas separation studies involving films of BBL
and other ladder-type polymers.*® The oriented BBL polymer
chains, which are strongly interacting with one another, form
a “kinetic” barrier against moisture and oxygen as well.*
Therefore, the unique properties of BBL provide a thermo-
dynamic and kinetic advantage for exhibiting long-term
stability in the presence of oxygen.

Conclusions

We have devised a simple, high-yield, solution-phase
synthesis of nanobelts from the n-type polymer semiconduc-
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Figure 7. (A) Typical single BBL nanobelt transistor and a close-up showing the nanobelt bridging the source-drain electrodes. (B) Output characteristics
showing well-resolved current—voltage saturation. (C) Corresponding transfer and square root of current characteristics. (D) Network of BBL nanobelts
drop cast onto gold source/drain electrodes. (E) Output and (F) transfer/square root of current characteristics from a nanobelt transistor similar to the image
shown in (D). All measurements on nanobelt transistors were performed under ambient conditions.
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Figure 8. (A) Plot of air stability of a BBL nanobelt transistor measured in
ambient laboratory conditions over a period of ~6 months. (B) Output and
(C) transfer/square root of current characteristics of the actual device with
an overlay after 200 days. All measurements were carried out under ambient
conditions of a normal laboratory.

tor, BBL. The BBL nanobelts are dispersible in a large
number of solvents including environmentally benign sol-
vents such as methanol and water. We have found that BBL
polymer chains are oriented parallel to the nanobelt axis (i.e.,
face-to-face, perpendicular to the nanobelt axis). This unique

packing motif is unlike the reported packing of polymer
chains in P3HT nanowires, where the polymer backbone
packs face-to-face along the nanowire direction. We explain
the unique packing in BBL nanobelts to arise from the
extraordinary strength of intermolecular contacts, which is
a result of the rigid and planar molecular backbone of the
polymer. As a demonstration of their potential use in
electronic devices, we fabricated single and nanobelt network
transistors with mobilities of (3—7) x 1072 cm®> V! s7!
and current on/off ratios of ~1 x 10*. Finally, we found
that the BBL devices had long-term stability in air. These
results are among the most stable to date when compared to
n-channel polymer transistors. We anticipate that these results
will enable the production of nanoscale integrated circuits
in due course.
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