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Shrinking the dimensions of organic field-effect transistors
(OFETs) down to the nanometer scale offers new, defect-free
charge transport regimes. This may lead to the improvement
of the device performance, such as larger carrier mobilities,
increased device speed, lower power dissipation, and
enhanced on/off ratios. Therefore, much effort has recently
been made to scale down both the thickness of the OFET
devices (the semiconductor and/or insulator layers)[1] and
their lateral dimension (source–drain distance).[2] With size
reduction, however, the device performance is mainly ham-
pered by the parasitic contact resistances with a high injection
barriers and the poor long-range order of organic semi-
conductors. Most commonly, gold source–drain (S/D) electro-
des are used as the charge-injecting metal in organic
electronic devices. Gold is used because of its chemical
stability and its work function that matches the energy level of
organic semiconductors in most cases, thus lowering the
Schottky barriers. To reduce the contact resistance, several
alternative materials, including carbon nanotubes (CNTs),[3]

carbon nanotube/polymer nanocomposites,[4] graphene multi-
layers,[5] and conductive polymers,[6] have been utilized as
potential substitutes for the expensive gold S/D electrodes.
On the other hand, molecular organization can be improved
by forming dense and well-ordered self-assembled monolay-

ers through bottom-up approaches,[7] as illustrated by the
work of Smits et al.[7d] To optimize the performance of
OFETs, device fabrication should be considered as a holistic
process. The electrode materials, the contact surface, and
device fabrication are so closely interrelated that they cannot
be optimized independently. To date, only few examples of
OFETs have been demonstrated to achieve high-perfor-
mance by holistic consideration of all these parameters.[8]

With this in mind, herein we present a new class of high-
performance photoresponsive molecular field-effect transis-
tors formed from Langmuir–Blodgett (LB) monolayers of
copper phthalocyanine (CuPc), using two-dimensional (2D)
ballistically-conductive single-layer graphene as planar con-
tacts. The unique feature detailed herein is the integration of
LB techniques with the fabrication of nanogap electrodes to
build functional molecular electronic devices. LB techniques
offer a promising and reliable method to prepare large-area
ordered ultrathin films with well-defined architectures. In
previous work, we and others[9] have demonstrated the
successful applications of the LB technique to CuPc and
conjugated polymers in producing ultrathin film OFETs.
However, the charge carrier mobilities m in these devices were
low, namely about 10�7–10�3 cm2 V�1 s�1. This might be mainly
ascribed to the high contact resistance when gold was used for
S/D electrodes and to the defects in the micrometer-long
channels. For this study, we employed single-layer graphene
as S/D nanoelectrodes to overcome these difficulties. This
choice is because graphene, a new class of 2D carbon
nanostructure, holds a set of remarkable electronic and
physical properties,[10] such as ballistic transport with low
resistivity, high chemical stability, and high mechanical
strength. Recently, we developed a reliable method of
oxidatively cutting single-layer graphene as ideal 2D contacts
for producing nanoscale organic transistors.[11] Due to the
reduced hole-injection barrier and the large contact area,
these devices showed bulk-like FET properties
(m�10�3 cm2 V�1 s�1). In the current work, we present a
combined method based on the holistic consideration men-
tioned above. The significant improvement is that this method
gives almost 100 percent yields of working monolayer
transistors with higher carrier mobility, higher on/off ratio,
and reliable reproducibility. We also present the details of
their very sensitive photoresponsive behavior, which has
never been reported before in monolayer transistors.

The structure of CuPc monolayer transistors is illustrated
in Figure 1. The fabrication of cut 2D graphene nanogap
electrodes was detailed in our previous work.[11] In brief,
three-terminal graphene-based transistors were first made by
the combination of a peeling-off technique and electron beam
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(e-beam) lithography on a heavily doped silicon wafer
substrate with a 300 nm layer of thermally grown oxide. In
Figure 2a, we show optical micrographs of a representative
integrated circuit along with the atomic force microscopy
(AFM) image of the graphene sheets, with a gap size of about
50 nm in the circuit. Typically, the average thickness of
graphene used in this study is 0.5–0.9 nm, which corresponds
to a single layer graphene. To rule out the possibility of charge
transfer through metal electrodes, we protected Au/Cr metal
electrodes (40 nm/3 nm, patterned by e-beam lithography) by
a 50 nm layer of silicon dioxide deposited by e-beam thermal
evaporation before photoresist liftoff. After the electrical
characterization of these transistors (Figure 2b, black), we

then oxidatively cut individual graphene sheets using another
ultrafine lithographic process and precise oxygen plasma
etching. This step produces nanogaps between the graphene
half-sheets. Owing to the nanogaps, the devices showed no
conductance down to the noise limit of the measurement
(ca. 100 fA) (Figure 2b, red). We controlled the fabrication
process to give a gap size in the range of 20–100 nm. Each pair
of graphene half-sheets serves as a set of S/D nanoelectrodes.
Finally, CuPc monolayers were vertically transferred onto the
substrate surface through the conventional LB technique (see
the Supporting Information).[9b,c] We found that homogenous
high-coverage LB monolayers (height ca. 1.3 nm) were easily
formed in a face-to-face closely stacking fashion with a tilted
angle of 60.48 (Figure 2 b, inset).[9c] By applying gate bias
voltages (VG) from the global back-gate (the doped silicon
wafer), we were able to fine-tune the carrier density in the
devices.

Once CuPc LB monolayers were deposited to contact
graphene electrodes with nanogaps, all of the resultant
nanodevices behave as p-type, hole-transporting semiconduc-
tors. A set of typical transistor characteristics for the same
device in Figure 2 are shown in Figure 3. As Au/Cr metal

electrodes have been protected by silicon dioxide, it is clear
that the only pathway for charge transport is through
graphene electrodes bridged by CuPc LB monolayers.[8,11]

Figure 3a shows output characteristics of the device as a
function of gate bias. At the high negative gate voltage bias,
we observed the superlinear increase in the drain current ID

with S/D voltages VD at low values; when VD reaches �15 V,
the current almost reaches saturation. Considering these

Figure 1. The structure of the CuPc monolayer transistor device with
metal electrodes protected by a 50 nm layer of silicon dioxide. Inset:
the molecular structure of copper phthalocyanine (CuPc).

Figure 2. Graphene sheets functioning as planar contacts. a) Optical
micrographs and an AFM image of a representative device before
monolayer deposition. The gap size is about 50 nm. The thickness of
graphene is about 0.7 nm, which corresponds to a single layer. Inset:
height profile. b) Electrical characteristics of the same graphene sheet
(drain current ID vs. gate bais voltage VG at VD =�500 mV) used for
testing before and after oxidative cutting. Inset: AFM image of the
same graphene sheet after monolayer deposition (monolayer height:
ca. 1.3 nm). (see Supporting Information for more details of the
images).

Figure 3. Characteristics of a representative device shown in Figure 2:
a) Output characteristics (VG = 80!�88 V in �24 V steps) and
b) transfer characteristics (drain voltage VD =�15 V; channel length
(L) = 50 nm; channel width (W) = 2 mm.
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observations, we extracted the carrier mobilities in both
unsaturation and saturation modes from the drop of transfer
characteristics of the device in Figure 3b (see the Supporting
Information).[12] The calculated unsaturation and saturation
mobilities are about 0.04 cm2 V�1 s�1 and about
0.01 cm2 V�1 s�1, respectively. Further work demonstrated
that the unsaturation mobilities remain constant at the
different S/D voltage biases (�5, �8, �10, and �15 V).
These values are ranked the highest among those obtained
from organic ultrathin-film transistors,[7a,d, 9] and are much
higher than those obtained from bulk-like OFETs fabricated
with conventional methods at room temperature (10�5–
10�3 cm2 V�1 s�1).[13] Although comparable mobilities could
be achieved, the fabrication processes required the high
substrate temperature (� 125 8C) through complex vacuum
evaporation,[13, 14] rather than simple solution processing. This
is significant, considering that the charge-transfer transport in
our monolayer transistors occurs from a single 1.3 nm-thick
layer. Another special feature of CuPc LB monolayer
transistors is that the transfer curve in Figure 3b shows a
current modulation of over six orders of magnitude. This
value is more than three orders of magnitude higher than
those of monolayer transistors of CuPc LB films based on
metal electrodes.[9b] This explains how device characteristics
of these nanodevices can be efficiently controlled by the gate
voltage bias, even with a thick gate dielectric (300 nm in our
case). Both the mobility and on/off ratio are the critical
parameters in evaluating the quality of OFETs, and it has
proved difficult to achieve such high values of these param-
eters in nanoscale devices made with metal electrodes.[2,12]

However, at positive gate voltage biases, we only observed the
superlinear current increase with S/D voltages (Figure 3a),
which implies that our devices are still influenced to some
extent by short channel effects that result from insufficient
gate coupling in devices having a 300 nm thick gate dielec-
tric.[1, 2] This deficiency leaves room for future improvement of
the device performance by scaling down OFETs for both the
dielectric thickness and the channel length.

Along with the high carrier mobility and the high on/off
ratio described above, the yield of working devices is quite
high (almost 50 out of around 50 devices), making these
results extremely reproducible. In general, because of the
limited bottom-up self-assembly approaches and the difficulty
of the formation of densely-stacked large-area monolayers,
the device performance and the yield are largely restricte-
d.[7a,b,d, 8b] We suggest that LB technology, in combination with
the 2D graphene contacts, yields the observed high-perfor-
mance FET behaviors of devices with high reproducibility.
The LB technique is an efficient bottom-up approach by
which to fabricate large-area well-organized monolayers at
the molecular level. In particular, in the current case, CuPc is
chosen to form uniform monolayers with the face-to-face p–p

stacking conformation,[9a–c] which is favorable for charge
transport. On the other hand, we use single-layer graphene,
which have the similar molecular structure with molecules, as
2D ballistic planar contacts in these devices. In such devices,
aromatic compounds are able to form the strong interactions
with graphene in a two-dimensional direction, which in turn
helps molecules orient themselves along the nanogaps. Due to

the low work function of graphene (4.7–4.9 eV),[5, 11] graphene
sheets are ideal electrodes with excellent interface contact
with molecules and reduced injection barriers. CuPc–gra-
phene nanotransistors displayed output currents (Supporting
Information, Figure S2) that are about three orders of
magnitude greater than that for similar gold-contacted
devices, thus proving that OFETs based on graphene electro-
des exhibited reduced injection barriers and overall better
effective mobilities. Consequently, we infer that the syner-
gistic combination of CuPc monolayer molecular conforma-
tion and the 2D planar structural nature of graphene electro-
des makes a major contribution to the better performance of
these devices. The threshold voltage VT in these devices is
large (ca. + 75 V), which is probably due to the shortened
channel length and/or the high density of carrier traps at the
interface between bare SiO2 and CuPc. The calculated sub-
threshold swing S from the device is about 500 mV per decade
(Figure 3), which is similar to the values obtained from those
using carbon nanotube point contacts.[3b,8] Interestingly,
although the length of nanogaps (effective channel length)
varied considerably from device to device (from 20 to
100 nm), no obvious relation was found between the length
and the transistor characteristics of the devices. Due to the
inevitable variables in devices, such as the geometry of
graphene and the quality of CuPc LB monolayers, the carrier
mobility varied from 0.01 to 0.04 cm2 V�1 s�1 and the on/off
ratio from 105 to 106.

Because the active channel of the transistors consists of
photoactive CuPc monolayers that are exposed to the
environment, they are sensitive to external stimuli, such as
light.[15] We were able to measure their DC photoconductivity
at room temperature in ambient atmosphere under light
illumination, which is surprising, because the photocurrent in
the devices occurs within a single 1.3 nm-thick layer. In
general, it is difficult to detect the photoresponsive properties
of monolayer transistors because of instantaneous detrimen-
tal charge recombination under light irradiation and the
quenching of the photoexcited states of monolayer molecules
exposed to the environments.[7, 8b] As discussed above, gra-
phene sheets can form the excellent interface contact with
molecules and exhibit barrier-free-like injection. Therefore,
the application of relatively small voltages yields efficient
charge injection in the gap area in the current case. This could
significantly avoid detrimental charge recombination under
light irradiation and the quenching effect by the environ-
ments, thus affording efficient charge transport through
graphene contacts at low voltages. The reversible photo-
current of the same device shown in Figure 2 under irradi-
ation of visible light (150 W halogen lamp) was stable without
obvious degradations over many measurement cycles, even in
the presence of oxygen and moisture in the air (Supporting
Information, Figure S3). However, the response time is low
(about 40 seconds), which is probably due to the diffusion
processes and/or large capacitive components. The power
dependence of the photocurrent of the same device is shown
in Figure 4a. With the increase of light power, the drain
current ID of the device gradually saturates, indicating that the
photoinduced carrier density reaches its maximum.
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To ensure that the path of photocurrent is through the
nanojunctions between graphene electrodes and CuPc mono-
layers, we tested a number of devices that have been fully cut
but lack CuPc monolayers. All of these devices behave as
open circuits with no field effect induced by the gate
electrode. To further understand the important role of CuPc
monolayers in device photoconductivity, we carried out
wavelength-dependent measurements. Based on the device
photocurrent, we calculated the responsivities to indicate the
intrinsic photosensitivity of the devices (see the Supporting
Information). The calculated responsivities as a function of
light wavelength of the same device have been shown in
Figure 4b while the device was held at VG = 0 V and
VD =�6 V (light intensity ILight�30 mW/cm2, W = 2 mm and
L = 50 nm). The peak in the responsivity spectrum for the
device at about 625 nm matches that of the UV/Vis absorp-
tion spectrum in the Q-band region of 50 nm thick CuPc films
deposited by thermal evaporation. This is attributed to the
p–p* transition of CuPc aggregated species formed by face-
to-face stacking.[9a] The weak shoulder at about 690 nm
observed at the lower-energy side of the responsivity spec-
trum is ascribed to the p–p* transition of CuPc monomers.
Control experiments using either uncut bare graphene
transistors or uncut graphene transistors covered with a
CuPc LB monolayer demonstrated that the devices showed
no effect when irradiated with any light (visible light from the
halogen lamp, light with different power, or light with

different wavelengths; see the Supporting Information).
These results without doubt show that CuPc LB monolayers
in the nanogaps play the key role in device characteristics. The
best responsivity of the device is superhigh, at about 7.10 �
105 AW�1. This strong photoresponse might be due to an
integrated mechanism, for example, owing to build-up of
electron-trapped charges at the semiconductor/dielectric
interface during illumination over tens of seconds. However,
these values are only for comparison with conventional
photodetectors (typically < 10 AW�1), because we use the
same conventional model for the calculation,[16] which might
be not accurate in the present case.

In summary, we have demonstrated a universal approach
of holistic device fabrication. The integration of LB tech-
niques with sophisticated micro/nanofabrication affords effi-
cacious molecular field-effect transistors with bulk-like car-
rier mobility (as high as 0.04 cm2 V�1 s�1), high on/off current
ratios (over 106), high yields (almost 100 %), and high
reproducibility. These transistors are formed from self-
assembled uniform monolayers of p-type CuPc semiconduc-
tors using single-layer graphene as planar contacts. Another
important result is that these transistors are ultrasensitive to
light, although their active channel consists of only a single
1.3 nm-thick layer, forming the basis for new types of
environmental sensors and tunable photodetectors. This
method of incorporating molecular functionalities into molec-
ular electronic devices by combining bottom-up self-assembly
and top-down device fabrication should speed the develop-
ment of nanometer/molecular electronics in the future.
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