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This study reports a general methodology for making stable
high-performance photosensitive field effect transistors (FET) from
self-assembled columns of polycyclic aromatic hydrocarbons by
using single-walled carbon nanotubes (SWNTs) as point contacts.
In particular, the molecules used in this work are liquid crystalline
materials of tetra(dodecyloxy)hexabenzocoronenes (HBCs) that
are able to self-organize into columnar nanostructures with a
diameter similar to that of SWNTs and then form nanoscale
columnar transistors. To rule out potential artifacts, 2 different
structural approaches were used to construct devices. One ap-
proach is to coat thin films of HBCs onto the devices with the
SWNT-metal junctions protected by hydrogensilsesquioxane resin
(HSQ), and the other is to place a droplet of HBC exactly on the
nanogaps of SWNT electrodes. Both types of devices showed
typical FET behaviors, indicating that SWNT-molecule-SWNT nano-
junctions are responsible for the electrical characteristics of the
devices. After thermally annealing the devices, HBC molecules
assembled into columnar structures and formed more efficacious
transistors with increased current modulation and higher gate
efficiency. More interestingly, when the devices were exposed to
visible light, photocurrents with an on/off ratio of >3 orders of
magnitude were observed. This study demonstrates that stimuli-
responsive nanoscale transistors have the potential applications in
ultrasensitive devices for environmental sensing and solar energy
harvesting.

chemistry | field effect transistor | nanofabrication | nanoscience
self-assembly

F abrication of molecule-scaled transport junctions that enable
the measurement of the electrical characteristics of a small
numbers of molecules could be of substantial importance to the
improvement of molecular electronics. Recent years have wit-
nessed the significant progress in molecular electronics, exem-
plified by a comprehensive set of proof-of-concept experiments
(1-6). In this area, the big challenge is still the construction,
measurement, and understanding of the current-voltage re-
sponses of the electronic circuits in which molecular systems play
an important role as conducting elements. Because single-walled
carbon nanotubes are quasi-1D ballistic conductors that have the
molecule-scale width and length suitable for nanofabrication and
the wealth of optoelectronic properties (7-17) they have dem-
onstrated potential applications as fundamental building blocks
in nanoelectronic and nanophotonic devices and offer substan-
tial promise for integrated nanosystems. In particular, they could
be, in principle, the ideal electrodes having significant advan-
tages over metal electrodes for testing molecular conductance.

Recently we and others (9, 16, 18-22) have developed differ-
ent methods for forming the nanogaps for electrical attachment
of single molecules onto the ends of carbon nanotubes, thus
permitting single-walled carbon nanotubes (SWNTs) as elec-
trodes to enrich the measurements of single molecules. In our
system, carboxylic acid-functionalized nanogaps are formed
from SWNTs by ultrafine electron beam lithography and precise
oxygen plasma etching. This allows molecules to be wired into
the SWNT circuits through robust amide linkages, avoiding the
inherent problems related to thiol molecules inserted between
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gold electrodes. The amide linkages are so robust that the
devices can endure external stimuli and chemical treatments.
Using this method, we have tested a number of different types
of molecular wires. We have made different types of molecular
electronic devices that are able to switch the conductance as a
function of pH (18), detect the binding between protein and
substrate (19), photoswitch the conductance between conju-
gated and nonconjugated states (20), measure the conductance
differences between complementary and mismatched DNA
strands (21), and sense the existence of electron-deficient mol-
ecules (22).

In our lab, another major interest is to develop a class of
polycyclic aromatic hydrocarbons that are readily self-assembled
or self-healed to form self-complementary columnar liquid
crystalline phases. Recently, we reported the synthesis of con-
torted tetra(dodecyloxy)hexabenzocoronene (HBC) 1 (Fig. 14)
(23). The molecular substructure of 1 represents the intersection
and fusion of 3 pentacene subunits. Relatively high carrier
mobilities and current modulation (u = 0.02 cm?V's; on—off
current ratio of 10%:1) were observed in field effect transistors
made with liquid crystalline films (23), self-assembled monolay-
ers (22), and nanostructured cables (24). Because of the coex-
istence of the inner m-system as a conductive core and the outer
m-system as an insulating sheath (Fig. 14), the path of charge
transport is dominated by intracolumnar transport through the
1D radialence core (25).

In this work, we detailed a method to incorporate the self-
assembly properties of HBC with SWNT electrodes to make
efficacious field-effect nanotransistors that are sensitive to their
external stimuli. The molecules used in this work are liquid
crystalline materials of HBCs that are able to self-organize into
columnar nanostructures with a diameter similar to that of
SWNTs. As a result, nanoscale columnar transistors are formed
when ultrasmall point contacts separated by molecular-length
scales are used as the source and drain electrodes and bridged by
individual columnar structures. To rule out the artifacts, 2 device
architectures were developed. One is to form thin films of HBCs
on the devices with SWNT-metal junctions covered by HSQ
(Fig. 1B) and the other is to place a very small droplet of HBCs
onto only the nanogaps of SWNT electrodes without contact
with the metal pads (Fig. 1C). Devices made by using either
method show typical field effect transistor (FE) properties,
suggesting that SWNT-molecule—SWNT nanojunctions are re-
sponsible for the electronic characteristics. For all working
devices, after thermal annealing or exposure to visible light,
significant increases in channel conductivity were observed. This
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Fig. 1.

Aschematic of how HBCs can be assembled to form nanoscale columnar transistors and measured by SWNT point contacts. (A) The structure of contorted

liquid crystalline tetra(dodecyloxy)hexabenzocoronene (HBC) 1. (B) Device structure of single-column transistors with SWNT-metal junctions protected by HSQ.
(C) Device structure of single-column transistors made by drop casting. Only the nanogaps between SWNT electrodes are covered by HBCs.

study forms the basis for new types of ultrasensitive stimuli-
responsive molecular devices.

Results and Discussion

Device Fabrication. SWNT transistors are made through the
procedure described before (18-22). Fig. 2 shows a schematic
and micrograph of the devices used. Briefly Au (50 nm) on Cr
(5 nm) leads, which are separated by 20 um, form the source and
drain contacts to an individual single-walled carbon nanotube.
Then the tubes are oxidatively cut by using ultrafine e-beam
lithography and precise oxygen plasma that produces the
nanogaps of 1-10 nm on the nanotube ends. In our previous
studies, we have made a number of different molecular elec-
tronic devices (17-22). It is in this gap that we also self-assembled

A

Fig. 2.

monolayers of HBCs to form monolayer transistors that can
sense the existence of electron-deficient molecules. In this study,
we intend to insert columnar structures of HBCs into the
nanogaps to form nannoscale columnar transistors. By applying
the S/D bias voltage to metal contacts attached to the nanotubes
and the gate bias voltage to the doped silicon as global back-gate
electrode, we can tune the carrier density in the devices by
irradiation with visible light.

Previous studies have showed that HBC derivatives exhibit
high carrier mobility and large current modulation in FETSs
formed from liquid crystalline thin films (23), self-assembled
monolayers (22), and nanostructured cables (24). In this study,
there are 2 possible pathways for charge transport. The first is the
traditional way through the junctions between Au electrodes and
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Device structure formed by cutting an individual metallic SWNT. (A) A general field effect transistor with HBC thin films as the active semiconducting

layers. (B) A cut SWNT transistor connected by large metal leads as the S/D electrodes and the silicon wafer as the global back-gate. (C) An optical micrograph
of a device whose SWNT-metal junctions have been protected by HSQ. (D) An optical micrograph of a device made by drop-casting HBCs exactly on the nanogaps.
(E) Electrical characteristics of a metallic tube (/p vs. Vi at Vp = 50 mV) used for testing before (black curve) and after (red curve) oxidative cutting.
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Device characteristics of the same device measured in Fig. 2E before and after annealing. (A) Transistor output, Vg = 0to —3Vin 0.6-V steps. (B) Transfer

characteristics for the device, Vp = —3 V. (C) Transistor output, Vg = 0 to —11 V in 2.2-V steps for the same device after the treatment of heat. (D) Transfer

characteristics for the device, Vp = —11 V.

HBC thin films in a device as shown in Fig. 24 and the other is
through the junctions between cut SWNTs and HBC molecules
(Fig. 2B). To exclude the first possibility, 2 different approaches
were implemented (Fig. 1 B and C). In the case of Fig. 1B, cut
SWNT transistors are formed by our previous procedure (18-
22), followed by using e-beam lithography again to protect the
metal-SWNT junctions with HSQ resin. Fig. 2C shows an optical
micrograph of the devices used. Thin film transistors are made
by spin-casting HBC thin films (Fig. 1B). In the other case of Fig.
1C, after the nanotubes are fully cut, a tiny drop (=10 wm in size)
of a 1,2-dichloroethane solution of HBCs is introduced into the
nanogaps by using a picospritzer. Fig. 2D shows an optical
micrograph of the typical device structure used. It is very clear
from this image that the tiny drop of organic semiconducting
materials is not connected to any Au electrode. In both of the
cases, charge transport passes exclusively through SWNT-
molecule—SWNT junctions.

Depending on the different diameter and chirality of the
tubes, SWNTs can be either metallic or semiconducting. Before
cutting, we scan the current-voltage characteristics of SWNT
transistors and then categorize them as metallic or semiconduct-
ing. To aid in the subsequent analysis of the devices, we always
choose those that are made form metallic SWNTSs (lack of gate
dependence). Fig. 2E shows the comparison of the electrical
properties of a metallic tube device before and after cutting.
Before cutting, the electrical resistance of this device is ~0.34
M, and after cutting the device is open with the current down
to the noise limit of the equipment (<2 pA).

Thermal Optimization. We measured the electrical properties of
the as-formed devices by either spin-coating or drop-casting
techniques as shown in Fig. 1 B and C. All of the working devices
behaved as p-type semiconductors. Fig. 3 shows the transistor
characteristics for the same device characterized in Fig. 2E made
by spin-coating in Fig. 1B. Similar data are available for a device
made by drop-casting in Fig. 1C [see supporting information (SI)
Text]. These experimental results thoroughly identify that the
current path of the devices is through SWNT electrodes con-
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nected by HBCs. These devices are stable, and their properties
do not degrade after many measurement cycles.

Fig. 3 also shows the comparison of the electrical character-
istics of the same device before and after annealing. Before
annealing, we found that the number of devices exhibiting FET
behaviors was low (=10%, ~120 devices used), and the maxi-
mum current within the measured scale is relatively small as
shown in Fig. 3 4 and B. However, after a single heating/cooling
cycle, the yield of the working devices increased significantly to
~60%. Another significant difference is the maximum current
after annealing, which increased by a factor of >2 orders at I'p
= —3 V. These imply that with the aid of heat, liquid crystalline
HBC 1 (23) can be transformed to their intermediate states,
which are supposed to self-organize into ordered columnar
liquid crystalline phases composed of molecular stacks that
orient themselves parallel to the nanogaps between carbon
nanotubes, thus enhancing the yield of the working devices and
favoring the charge transport through SWNT point contacts.
Once nanoscale columns are formed to bridge the cut carbon
nanotube electrodes and then nanoscale columnar transistors
are formed, it is reasonable that these columnar bridges could
dominate the carrier transport characteristics of the devices.
Because the diameter of these self-assembled columns (=~2.8 nm
for 1 with its side chains fully extended) is larger than the
diameter of a typical SWNT (=~1-2 nm), the maximum number
of columns that the individual nanotube electrode can contact is
2, even considering significant fringing fields near the electrodes.
Given the size of the gap and the volume of the molecules
assembled in this gap, we can estimate that the collective
properties of ~4-12 molecules are being probed (assuming that
the molecule pack is ~0.5 nm, face-to-face, and is ~2.5 nm in
diameter) (22, 23).

It is remarkable to note again that the electrical properties of
these devices after annealing have been significantly improved.
These molecular transistors, which have the 1D ballistic SWNTs
as point contacts, exhibit the high current modulation and high
on/off ratio. The on/off ratio is as high as >3 orders, which is
difficult to achieve in ultrasmall devices in comparison with
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Device characteristics of a device made by drop-casting in the dark and under irradiation with visible light after annealing. The electrical characteristics

of the original tube before and after oxidative cutting can be viewed in Fig. S2. (A) Transistor output, Vg = 0 to —20 V in 4-V steps. (B) Transfer characteristics
for the device, Vp = —20 V. (C) Transistor output, Vg = 0 to —20 V in 4-V steps for the same device under irradiation. (D) Transfer characteristics for the device,

VD =-20V.

metallic S/D electrodes (26-28). This is because of the 1D nature
of SWNT electrodes in the devices. In such devices, the electric
field around SWNT/junction regions can concentrate at a point
and then efficiently penetrate into the middle of the channel
where single columns of HBCs locate and enable the observed
high on/off ratio. Similar highly switching devices have been
reported on other cases using 1D SWNT electrodes (9, 16). In
addition to the 1D nature of SWNTSs, we also think self-
assembled columnar nanostructures of HBCs play an important
role in device performance. Self-assembly allows HBCs to
self-organize into columnar structures, which have a similar
diameter to that of SWNTs, for forming the active channels. By
comparing the electrical properties of the same devices before
and after annealing, we infer that a single column used for
bridging the nanogaps of SWNT electrodes will make the main
contribution to device conductivity. In comparison with the
cases using SWNT electrodes for detecting pentacene FET
properties (9, 16), these devices made from SWNT electrodes
and HBC columns are robust and can survive the measurement
of much higher S/D voltage bias, such as —11 V in Fig. 3, or even
higher, —20 V in Fig. S1. The subthreshold swing (S) in the
device in Fig. 3D after annealing is =500 mV per decade, which
is similar to the values obtained by Dai’s group (9) and ours (22).
Despite the similarity, our devices can turn on at an obvious
lower gate electric field even though we still use a thick silicon
oxide layer (300 nm). By using a similar method to that used
before (22), the calculated carrier mobility is quite high, >1
cm?/Vs.

Photoresponsive Properties. A significant feature of HBCs is the
presence of their 2 separate = systems: the conductive planar
radialene core and the insulating alkoxyphenyl sheath (Fig. 14).
When the liquid crystalline columns are exposed to visible light,
photoconductivity can be measured, originating from photoex-
citations that are restricted in the hexaradialene core by the
insulating alkoxyphenyl cladding (25). The path of photocurrent
is dominated by intracolumnar transport through the 1D redi-
alene core. In this study, we use SWNTs as point contacts to

694 | www.pnas.org/cgi/doi/10.1073/pnas.0807596106

measure the photoconductivity of an individual 1D liquid crys-
talline columnar core because the size of these columnar nano-
structures perfectly matches the diameter of SWNT electrodes.
Fig. 4 shows the comparison of the electrical characteristics of
the same annealed device made by drop-casting in the dark and
under the irradiation of visible light. For the electrical charac-
teristics of the original tube before and after oxidative cutting,
see SI Text. We measure DC photoconductivity at room tem-
perature in ambient atmosphere by illuminating the devices with
visible light from a 150-W halogen lamp. In both cases, the
devices show the typical p-type FET properties. We notice that
the source-drain current (Ip) of the device under illumination
increases to ~20 times its original value in the dark (Fig. 4 A and
C). Fig. 4 B and D shows the source-drain current (Ip) as a
function of the gate voltage (V) while the source-drain bias
voltage (V'p) is held at —20 V. In addition to the large current
increase described above, the threshold voltage (V1) of the
device shifted from approximately —0.4 V in the dark to
approximately +3.5 V under light illumination (Fig. 4 B and D),
implying that light can significantly fine-tune the electrical
conductivity of these molecular electronic devices. Both of the
changes in current and V't are universal for each working device.
From the drop in current in the different conditions, the
resistance and therefore the molecular column conductance can
be estimated. In this case, the metallic tube bridged by HBC
column in Fig. 4 goes from a resistance of ~4.80 X 10° Q) before
cutting (Fig. S2) to ~1.76 X 10'! Q) after connection in the dark
and then to ~8.99 X 10° Q upon exposure to light in the linear
response regime. This yields a molecular conductance for HBC
in this device of 1.47 X 1077 e?/h in the dark and 3.03 X 10~%e%h
upon exposure to light. We suppose that these significant
photoresponses of the nanojunctions are ascribed to the photo-
excited states of HBC columns, which greatly increase the
transistor carrier density, improving charge transport mobility.

To monitor the photocurrent of the devices in real time, as
shown in Fig. 5, we measured the drain current as a function of
time of the same device used above while it was held at —20 V
source-drain bias and —8 V gate bias by switching on/off light.

Guo et al.
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Fig. 5. The drain current as a function of time whereas the same device
measured in Fig. 4 is held at —20 V source-drain bias and —8 V gate bias by
switching on/off light.

We noticed that the response time is slow, ~30 seconds, probably
because of the diffusion processes and/or large capacitive com-
ponents. The reversible photocurrent degraded a little after
several cycles because of the presence of oxygen and moisture in
the air. However, the switching ratio is as high as >3 orders,
similar to that reported previously in the case of metal nano-
junctions (29). The calculated responsivity of the device is also
very high, ~8.10 X 10°A/W at an intensity of 30 mW/cm?
(assuming W= 15nmand L = 3 nm, V'p = —20 V and Vg =
—8 V). However, this value is just for comparison with conven-
tional photodetectors (typically <10 A/W) (30, 31) because we
use the same conventional model for the calculation (32), which
is not accurate here. The power dependence of the photocurrent
of another working device can be seen in Fig. S3. With the
increase of light power, the drain current of the device gradually
saturates, indicating that the photoinduced carrier density
reaches its maximum.

To ensure that the path of photocurrent is through the
nanojunctions between SWNT electrodes and HBC columns (15,
17) we also tested devices that have been fully cut but lack HBC
molecules. All of these devices behave as open circuits with no
field effect induced by the gate electrode. To further understand
the important role of HBCs in device photoconductivity, we
intend to display the wavelength-dependence measurement of
the devices. The current responses as a function of light wave-
length of a device made by drop-casting have been shown in Fig.
S4 while the device is held at —20-V source-drain bias and 0-V
gate bias. The peaks of the photocurrent spectral response of the
device at ~400 nm match those of the UV/vis absorption
spectrum of HBC thin films because of the “radialene” w—7*
transitions (25). Because of the combinations of vibronic exci-
tations, there are several overlapping peaks. The weak peaks at
>450 nm in the red curve are most likely due to (radialene 7) —
(radialene 7*) triplets. These results, as well as Vr shifts and
conductance changes discussed above, without doubt prove that
self-assembled columnar nanostructures of HBC molecules play
the key role in device characteristics.

Finally, to identify the universality of the device photorespon-
sibility, we choose another organic semiconductor 6,13-di(2'-
thienyl)pentacene to do the similar experiments. In this case, we
use the device geometry in Fig. 1B and then deposit the materials
on the top of the substrate through thermal evaporation. An
advantage of this molecule is its cofacially arranged 7—m stacking
crystal structure (33), which will make a nice contact between
SWNT electrodes and molecules (Fig. S54). This is important to
improve the device properties (9, 16, 22). Fig. S64 shows an
optical photograph of a device used with SWNT-metal junctions
protected by HSQ. All of the working devices exhibit the typical

Guo et al.

p-type FET properties. A set of experimental data is available in
Fig. S5. In the photocurrent experiments, we also observed the
large current increases of the devices upon exposure to visible
light because of the photoexcited states of the molecules. As
shown in Fig. S7, the drain current of the device gradually
increased with the increase of light power. The other data of this
device can be found in Figs. S6 and S7. The important finding
here is that these devices are ultrasensitive to light and chart a
clear and universal path of making efficacious light-to-current
converter in the future.

Summary and Perspectives

This work demonstrates a universal methodology of how to
integrate molecular functionalities into molecular electronic
devices through combination of top-down device fabrication and
bottom-up self-assembly. By using 1D ballistic single-walled
carbon nanotubes as point contacts, we are able to make stable
high-performance molecular FETs from self-assembled liquid
crystalline columns of contorted aromatic HBCs. Because of the
presence of the active HBC molecules, these devices are very
sensitive to their environmental stimuli, such as temperature and
photons. These efficacious stimuli-responsive nanoscale colum-
nar transistors should have the broad potential applications in
ultrasensitive devices for environmental sensing and solar en-
ergy harvesting. In addition integration with SWNT electrodes
to develop ultraminiature optoelectronic devices with molecular
sizes in all dimensions could lead to important application in
nanoscience and molecular electronics.

Materials and Methods

SWNT Transistor Fabrication. Individual SWNTs of high electrical quality were
grown by a chemical vapor deposition (CVD) process from a CoMo-doped
mesoporous SiO; catalyst particles process using ethanol as the carbon source
(34-35). The catalyst particles were patterned onto doped silicon wafers that
have 300 nm of thermally grown SiO, on the surface. Source and drain
electrodes (5 nm of Cr followed by 50 nm of Au) separated by ~20 um were
deposited through a metal shadow mask onto the carbon nanotube samples
by using a thermal evaporator. The doped silicon wafer serves as a global
back-gate electrode for the samples. After the initial electric characterization,
we selected individual metallic carbon nanotube devices to do all of the
following experiments.

Cutting Procedure. SWNT electrodes are made through the procedure de-
scribed previously (18-22). The details of the procedure can be also found in
Sl Text. Under these optimized conditions, ~20-25% of the tubes were
completely cut. Based on the previous results (18-22), the statistical variability
of the plasma etch process creates ensembles of nanotube devices with gaps
inthe 1-to 10-nmrange. Parts of the devices were used further to fabricate the
devices with SWNT-metal junctions protected by HSQ by using e-beam lithog-
raphy according to our previous report (17).

Columnar Transistor Formation. Tetradodecylhexabenzocoronene (HBC) (Fig.
1) was synthesized according to our previous procedure (23). After the
nanogaps between carbon nanotubes were ready, films were deposited by
spin-casting, or a tiny drop was formed by using a picospritzer immediately
from 1,2-dichloroethane (concentration 1 mg/ml, 1200 rpm, 20 seconds;
IMECAS Model KW-4A). It should be noted (23) that a heating/cooling cycle
can promote self-assembly or self-healing of contorted HBCs to form an
ordered columnar liquid structure bridging the nanogaps between carbon
nanotubes. Unless otherwise noted, all of the nanodevices used in this article
were pretreated by heating to 125 °Cand cooling down to room temperature
before full electrical characterization.

Transistor Characterization. The transistor characterization of nanoscale co-
lumnar transistors was carried out at room temperature in the ambient
atmosphere by using an Agilent4155C semiconductor characterization system
and a Karl Suss (PM5) manual probe station. To initiate the maximum pho-
tocurrent, we used the white light of the probe station to characterize their
optoelectronic properties. As for the source-drain current (Ip) vs. wavelength
experiments, the device was illuminated with visible light (370-700 nm)
coming from a xenon lamp. Details are published in S/ Text.
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