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High-Performance Photoresponsive Organic
Nanotransistors with Single-Layer Graphenes as
Two-Dimensional Electrodes
By Yang Cao, Song Liu, Qian Shen, Kai Yan, Pingjian Li, Jun Xu, Dapeng Yu,

Michael L. Steigerwald, Colin Nuckolls, Zhongfan Liu,* and Xuefeng Guo*
Graphene behaves as a robust semimetal with the high electrical conductivity

stemming from its high-quality tight two-dimensional crystallographic lattice.

It is therefore a promising electrode material. Here, a general methodology for

making stable photoresponsive field effect transistors, whose device

geometries are comparable to traditional macroscopic semiconducting

devices at the nanometer scale, using cut graphene sheets as 2D contacts is

detailed. These contacts are produced through oxidative cutting of individual

2D planar graphene by electron beam lithography and oxygen plasma

etching. Nanoscale organic transistors based on graphene contacts show

high-performance FET behavior with bulk-like carrier mobility, high on/off

current ratio, and high reproducibility. Due to the presence of photoactive

molecules, the devices display reversible changes in current when they are

exposed to visible light. The calculated responsivity of the devices is found to

be as high as�8.3 AW�1. This study forms the basis for making new types of

ultrasensitive molecular devices, thus initiating broad research interest in the

field of nanoscale/molecular electronics.
1. Introduction

There has been tremendous effort directed at making nanoscale
transport junctions that enable the measurement of the
electrical characteristics of single or small collections of organic
molecules,[1–11] the ultimate goal being single molecule/atom
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Figure 1. A schematic

A) traditional macrosco

contacts.
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transistors.[2,12–14] To reach this goal, it is
important to develop materials and para-
digms for device architecture and operation
to optimize intrinsic function in devices
needed for high carrier mobility and
high gate efficiency. New forms of carbon,
such as single-walled carbon nanotubes
(SWNTs)[15–16] and graphene,[17–18] have
emerged as promising materials for use
in these devices.

In recent work, we have demonstrated
that SWNTs can function as efficient point
contacts[19–23] for nanoscale field-effect
transistors (FETs). We made organic FETs
out of both monolayers and self-assembled
columns[24] of polycyclic aromatic hydro-
carbons. These devices are ultrasensitive
to their chemical environment, tempera-
ture, and light.[25] Graphene, a newly
isolated form of carbon, holds a set of
remarkable electronic and physical proper-
ties that make them ideal for use in
electronics[26–28] and its discovery has led to a deluge of worldwide
research interest.[17–18,26–42] As an electrode for nanoscale
electrical devices graphene is attractive because it is a very thin
(single-atom thick), 2D semimetal that is easily available in very
high crystallographic quality. We suggest that single-layer
graphenes may prove to be another type of ideal electrodes for
making a wide variety of molecular devices (Fig. 1) and might
improve the performance of organic nano-FETs. In this article, we
describe a new class of photoresponsive organic nano-transistors
with device geometries comparable to traditional macroscopic
semiconducting devices at the nanometer scale (Fig. 1). Particu-
larly relevant to our design are the studies of Liu and co-workers,
of comparable device geometries between

pic FETs and B) FETs based on 2D graphene
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Figure 2. A schematic of how graphene sheets function as 2D electrodes

to measure the electrical conductance of organic semiconductors.

A) Device structure of P3HT transistors made by dip-coating. Only the

nanogaps between graphene sheets are covered by P3HT. B) Device

structure of pentacene transistors with graphene-metal junctions protected

by PMMA.
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which show that metal electrodes modified by CVD-grown
multilayer graphenes show good electrode/organic interface
contact and low hole-injection barrier, thus leading to improved
organic FETs with macroscopic channel length.[43] Our devices
directly use cut pristine 2D metallic, single-layer graphene sheets
as nanoscale source/drain electrodes through ultra-fine electron
beam lithography and precise oxygen plasma etching. After
deposition of ordered, organic thin films [either poly
(3-hexylthiopene-2,5-diyl) (P3HT) or pentacene] as the semicon-
ductors (Fig. 2), thesenano-transistors basedongraphene contacts
show high-performance FET behaviors with bulk-like carrier
mobility,highon/off current ratio, andhigh reproducibility.Due to
the presence of photosensitive organic materials, reversible
significant changes in current were observed when the devices
were exposed to visible light.
2. Results and Discussion

The fabrication of three-terminal graphene-based transistors is
described in the Experimental Section.[26–28] In brief, graphene
sheets are obtainedby a repeatedpeeling-off techniqueonaheavily
doped silicon substrate with a 300 nm layer of thermally grown
oxide. Identification of the single graphene sheets is performed by
a combination of optical and atomic force microscopy. Metallic
electrodes (3 nm of Cr followed by 40 nm of Au) are formed on top
of the graphene using thermal evaporation followed by electron
beam lithography. The doped silicon wafer serves as a global back-
gate electrode for the devices. We determine the electrical
Figure 3. A) Optical micrographs and atomic force microscopic image of a

�0.8 nm, a single layer of graphene. The gap size between the graphene end

characteristics of the same graphene sheet (ID vs. VG at VD¼�500mV) used f

details of another device can be found in the Supporting Information (Fig. S

� 2009 WILEY-VCH Verlag GmbH &
characteristics of these simple devices, and then we oxidatively
cut individual graphene sheets using another ultrafine litho-
graphic process and oxygen plasma etching. This produces
nanogaps between the graphene half-sheets.[24,25] We controlled
the fabrication procedure to give a gap size in the range of 100–
150 nm.Given thedielectric thickness of 300 nm, this gapgives the
shortest channel length that can yield an efficient field effect from
the global back-gate.[44,45] We then deposit thin films of organic
semiconductors within and across the gap between the graphene
half-sheets. We test the electrical behavior of these devices by
applying source/drain voltages (VD) to the metal pads that are
connected to the graphene sheets and measuring drain current
ID.

[22–25] By applying gate bias voltage (VG), we can fine-tune the
carrier density in the devices.

In Figure 3A we show optical micrographs of a representative
device and atomic force microscopic image of the graphene sheet
within that device. The average thickness of graphenes used in this
study is 0.5–0.9 nm, a single layer of graphene.[46,47] In the device
shown in Figure 3 the width of the gap between the graphene half-
sheets is�100 nm.To aid in the subsequent analysis of thedevices,
we record the electrical characteristics of all the devices before and
after the graphene is fully cut; Figure 3B shows the comparison of
the electrical properties of the same device before and after the
graphene is cut. Before cutting, the resistance of the device is
�1.12KV (black) at VD¼�500mV and VG¼�20V, and after
cutting the circuit is now openwith the current through the device
at thenoise limit of themeasurement (�100 fA) (red). Toobtain the
best results, we must treat the devices at 380 8C under a constant
flow of argon gas for an hour after the lithographic process. We
assume this post-process annealing removes any residue of
polymethylmethacrylate (PMMA) and otherwise cleans the
graphene surfaces. Once the nanogaps are formed and cleaned,
organic semiconductors are then deposited through dip-coating or
thermal evaporation to form FETs.

To test the efficiency of graphene-based electrodes, the first
molecule used in this work is one of the most commonly-used
organic semiconductors, regioregular P3HT. To form the devices,
we immerse the open graphene circuits (Fig. 2) in a dilute
chloroform solution of P3HT (�0.25mgmL�1). The devices are
removed from solution and dried under a stream of inert
gas. All of the as-formed devices by dip-coating behaved as p-type
representative device. The average thickness of graphenes used here is

s is �100 nm. Inset is the height profile across the nanogap. B) Electrical

or testing before (black curve) and after (red curve) oxidative cutting. More

1).
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Figure 4. Device characteristics of a representative P3HT thin film transistor based on 2D

graphene contacts in Figure 3A made by dip-coating from its dilute chloroform solution

(�0.25mgmL�1). A) Transistor output, VG¼ 100 to �5 V in �21V steps. B) Transfer charac-

teristics for the device, VD¼�20 V. The field effect mobility m, calculated in the red regime, is

�1.4� 10�3 cm2 V�s�1 at VD¼�20V. L¼�100 nm and W¼�4mm.
semiconductors. Figure 4 shows the transistor characteristics for a
representative device characterized in Figure 3. The results are
reproducible as the yield of the working devices is quite good,
�68% out of �50 devices. The field effect mobility (m) calculated
using the standard method is among 0.9–1.5� 10�3 cm2 V�s�1

with on/off current ratios of around five orders. These devices
made from graphene-based electrodes are stable and their
properties do not degrade after many measurement cycles.

In these devices, there are two possible pathways for charge
transport.[25] The first is the traditional way, bypassing the
graphene entirely, through the junctions between Au electrodes
andP3HTthinfilms (as if in adevice suchas inFig. 1A); theother is
through the junctions between cut graphenes and P3HT
molecules (Fig. 2A). In order to test the first possibility, systematic
control experiments were performed. Control devices composed
of only metal electrodes without graphene sheets and with the
same device geometry as those in Figure 3A are fabricated by
electron beam lithography (see the Supporting Information,
Fig. S2A). P3HT thin films formed from solution with different
concentrations (0.50, 0.30, 0.28, and 0.25mgmL�1) were dip-
coated at room temperature on these control devices. We found
that the yields of the working control devices gradually decreased
from �30% down to �10%, �5%, and at last zero out of �20
devices separately for each concentration. None of the control
devices formed from 0.25mg mL�1 solution show obvious FET
properties. Typical device characteristics in devices formed from
the solution with different concentrations can be found in the
Supporting Information (Fig. S2). The dramatic decrease in the
yields of the working control devices should be mainly ascribed to
the low P3HTconcentrations we used here that cannot efficiently
bridge metal electrodes with the same device geometry. Since we
use the 0.25mgmL�1 solution when we prepare our graphene-
based devices, and since the graphene-based device yield is high
(�68%), we suggest that the current path of the devices is through
graphene electrodes bridged by P3HT.

It is remarkable to note that these molecular transistors, which
utilize the 2D planar nanoscale graphene electrodes, display high
currentmodulation and high on/off ratio. The on/off current ratio
is as high as that ofmacroscopic organic FETs (�105 in Fig. 4). This
ratio is one of the critical parameters evaluating the quality of
Adv. Funct. Mater. 2009, 19, 2743–2748 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
organic FETs and has proven difficult to achieve
in nanoscale devices made from metal electro-
des.[48,49] Compared with metal electrodes,
graphenes possess the molecular structure
similar to organic semiconductors. Strong
interaction between graphene and organic
semiconductorsmight induce the self-assembly
of the molecules in the conducting channel by
p–p interactions and lead to excellent interface
contact. Graphite has a work function of
�4.4 eV,[50] which is 0.9 eV lower than that of
Au.[51] Consequently, there is a low hole-
injection barrier between graphene and organic
layers. Both the excellent interface contact and
the reduced injection barrier could result in the
high-performance behaviors of the nanode-
vices. Such high on/off ratio was ever achieved
in aromaticmonolayer transistors using SWNT
electrodes because of the 1D molecular struc-
tural nature of SWNTs.[24,25] In addition to the 2Dplanar structural
nature of graphene electrodes, we think that the high electrical
conductivity of semimetallic graphenes stemming from their
perfect crystallographic structure plays an important role in device
characteristics. Such devices with graphene-based contacts can
function as bulk organic FETs and enable high-performance FET
behaviors. Furthermore, because of the tight interatomic sp2

bonds existing in their intrinsic structure without any defects,
graphene-based electrodes are quite stiff, thus making devices
robust even under themeasurement of a source-drain voltage bias
as high as�20V. The calculated carrier mobility (m) is quite good
albeit without further optimization, around 1.4� 10�3 cm2V�s�1

at VD¼�20V (within the red region in Fig. 4B, calculated using
the standardmethod). Both of these values are comparable to those
obtained from bulk organic FETs based on metal electrodes,[52–55]

strongly suggesting that cut 2D planar graphene sheets can
function as efficient electrodes, realizing the functions of
macroscopic metal electrodes at the nanometer scale. We found
that the threshold voltage (VT) in these devices is approximately
þ95V, a significant positive shift. This shift canbe explainedby the
following equation:[56]

DVth / exp � 1

p

� �
eox
esi

� �
L

Tox

� �� �

where eox is the dielectric constant of gate oxide, esi the permittivity
of Si, L the channel length, andTox is the gate oxide thickness. Thus
the logarithm of the change in the threshold voltage (VT) is
proportional to the channel length (L) to a first approximation.
When the channel length decreases to the thickness of gate oxide,
the threshold voltage (VT) changes dramatically. As a result, it is
reasonable that VT in our devices shifts to the large positive value:
our devices have channel lengths of 100–150 nm and oxide
thicknesses of 300 nm. Another possibility is that the threshold
voltage shift could also result from the high density of carrier traps
at the interface between bare SiO2 and P3HT. The experiments
detailed here do not allow us to distinguish between the two
explanations.

In the device depicted inFigure 2A, it is possible that the organic
semiconductor makes contact directly to Au/Cr electrodes,
Weinheim 2745
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Figure 5. A) A time trace of the drain current for the same device used in Figure 4, showing the

reversible photocurrent while the device was held at�2 V source-drain bias and�2 V gate bias by

switching on/off light. B) A representative full switching cycle showing the quick saturation

process in drain current of the device under light irradiation.
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therefore it is possible that the device current bypasses the
graphene entirely. To thoroughly ensure that the current path is
through the cut graphene sheets and not through themacroscopic
gold electrodes, we made transistors whose junctions between
metal electrodes and graphene are protected by PMMA (Fig. 2B).
After the graphenewas fully cut,we coated thedeviceswithPMMA
and then using electron-beam lithography we opened a small
window in the PMMA to expose just the graphene-based contacts.
Theopticalmicrographsof a representative pattern canbe found in
the Supporting Information (Fig. S3A). We then thermally
evaporated pentacene (40 nm) on the top of the device stack.
The details of the transistor characteristics for a device are listed in
the Supporting Information (Fig. S3). These pentacene/graphene
thin film transistors showed similar p-type FETproperties, clearly
proving that graphene–molecule–graphene junctions (GMGJs)
are responsible for the electrical characteristics in devices. In this
case, however, these pentacene devices displayed the relatively
poorFETbehavior because itwas impossible to remove the residue
of PMMA through annealing after the lithographic process, thus
leading to a large contact resistance between pentacene and
graphene sheets.

It is very interesting that these graphene-based transistors are
sensitive to visible light because of the presence of photoactive
organic materials.[57–59] We measured DC photoconductivity at
room temperature in ambient atmosphere by illuminating the
devices with visible light from a 150W halogen lamp. Figure 5A
shows the electrical photoresponse of the same device in Figure 4
made by dip-coating from the dilute chloroform solution of P3HT
(�0.25mgmL�1). We canmonitor the drain current as a function
of time (with VD¼VG¼�2V) by switching the light on and off.
The reversible photocurrent, presumably originating from the
photoexcited states of the molecules, was stable without any
degradation formanymeasurement cycles even in the presence of
oxygen andmoisture in the air. Within a very short time, the drain
current of the device saturated, indicating that the photoinduced
carrier density reaches its maximum as shown in Figure 5B. The
calculated responsivity of the device is very high, �8.3 AW�1

(L¼�100 nm and W¼�4mm, VD¼�2V and VG¼�2V) at an
intensity of 30mWcm�2, using the conventional model for the
calculation.[60] To identify the reliability andgenerality of thedevice
photoresponsiveness, we used the junction-protected devices as
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
shown in Figure 2B to do the similar experi-
ments. Figure S3E of the Supporting Informa-
tion shows the drain current as a function of
time of the same junction-protected device in
Figure S3 (VG¼VD¼�0.5 V) by switching the
light on and off. We also observed the quick,
stable photoinduced current increase in the
device upon exposure to visible light in the
same condition, although its responsivity is
relatively low, approximately 4.9� 10�2 AW�1

(L¼�120 nm and W¼�4mm, VD¼�0.5 V
and VG¼�0.5 V) at an intensity of
30mWcm�2. The photoresponsive perfor-
mance of these devices could be largely
improved after further device optimization
since graphene sheets can form the excellent
interface contacts with organic semiconduc-
tors. To rule out potential artifacts, we carried
out the similar experiments by using devices that have been fully
cut, but lackactiveorganicmolecules.All of thesedevicesbehaveas
open circuits with no field effect induced by the gate electrode. A
time trace for such a representative device is shown in the
Supporting Information (Fig.S4).Wealso tested thebaregraphene
FET devices under similar conditions. There are no significant
changes in the conductivity while visible light is switched. These
results clearly prove that active organic materials (P3HT and
pentacene) play the key role in device characteristics, thus opening
a path to ultrasensitive devices based on novel 2D graphene
electrodes for environmental sensing and solar energy harvesting.
3. Conclusions

In conclusion,wehave outlined a straightforwardmethodology for
making high-performance photosensitive nanoscale transistors
based on 2D single-layer graphene contacts. These contacts are
directly prepared by the oxidative cutting of an individual 2-
dimensional planar graphene sheet by electron beam lithography
and oxygen plasma etching. Because of the 2Dnature of graphene,
efficacious transistors at the nanometer scale, whose device
geometries are comparable to traditional organic FETs, are readily
formed through standard techniques.We used a common organic
semiconductor (P3HT) to form transistors by dip-coating from
solution. Due to the molecular structure and the high electrical
conductivity of robust semimetallic graphenes, these devices
showed high-performance FET behaviors with high on/off ratios
and bulk-like carriermobilities. We also developed another type of
device geometry, forming pentacene thin film transistors where
junctions between metal electrodes and graphenes have been
protected by PMMA. These so-formed pentacene transistors
showed similar p-type FET properties, strongly suggesting that
GMGJs are responsible for the electrical characteristics in devices.
More interestingly, because of the presence of photosensitive
organic materials, reversible significant changes in current
were observed when the devices were exposed to visible light.
The responsivity we obtained in this work is as high as 8.3 AW�1.
At a rudimentary level, this study identifies that single-layer
graphene sheets can serve as powerful electrodes, thus initiating
worldwide research interest inmaking a wide variety of molecular
Adv. Funct. Mater. 2009, 19, 2743–2748
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devices. Furthermore, because of their 2D compatibility with
existing CMOS architectures, graphenes might be simply
integrated into CMOS technology and find a broad application
in developing integrated ultrasensitive devices at the nanometer
scale.
E
R

4. Experimental

Fabrication of Graphene-Based Transistors: We obtained single-layer
graphene sheets by a repeated peeling-off technique from natural kish
graphites on a heavily doped silicon substrate with a 300 nm layer of
thermally grown oxide. The identification of the single graphene sheets was
performed by a combination of optical and atomic force microscopy. By
using electron beam lithography, patterns with designed structures were
formed on the top of graphenes.Metallic electrodes (3 nm of Cr followed by
40 nm of Au) were then deposited by thermal evaporator. The doped silicon
wafer served as a global back-gate electrode for the devices.

Formation of Cut Graphene Devices: After the initial electric character-
ization of the devices, individual graphenes were then oxidatively cut by an
ultrafine lithographic process and oxygen plasma etching that could
produce the nanogaps between the graphene ends. In this study, we
attempted to modify the fabrication procedure to control the gap size
between the graphenes in the range of 100–150nm. At first, a PMMA layer
(950, A2) was spincast (4000 PRM, 45 s) on the surface and then baked at
170 8C for 2min. Using electron beam lithography, we ran a DesignCAD file
with around 100-nm-width line at the specific position to obtain the window
precursor. Then a mixture of deionized (DI) water and isopropanol (1:3)
was used for the liftoff at 5 8C for 1min with the aid of sonication. After
liftoff, the devices were washed by DI water and dried with a stream of N2

gas. After the window was opened, the devices were put into a ME-3A RIE
machine. The graphenes were then locally cut through the open window by
oxygen plasma (50W RF power, oxygen 300mTorr, for 7 s). After cutting,
the devices were soaked in acetone solution overnight, removed, washed
by acetone, isopropanol, DI water, and dried with a stream of N2 gas. Under
these conditions, all the graphenes were completely cut with the gap size in
the range of 100–150nm. Parts of the devices were utilized further to
fabricate the devices with graphene–metal junctions protected by PMMA
using another electron beam lithographic process. It is in these small gaps
that we deposited thin films of organic semiconductors.

Formation and Characterization of Organic Nanotransistors: Once cut
graphene contacts were obtained, organic materials were deposited to
form nanotransistors. P3HT thin-film devices [P3HT, poly(3-hexyl thiopene-
2,5-diyl), Alfa Aesar] were achieved by immersing the open graphene
circuits in its dilute chloroform solutions with different concentrations
(0.50, 0.30, 0.28, and 0.25mgmL�1), and then removed from solution and
dried under a stream of inert gas, while 40-nm pentacene thin-film
transistors (Pentacene, Aldrich) were formed by standard thermal
evaporation. The transistor characterization of these transistors was
carried out at room temperature in the ambient atmosphere using an
Agilent 4155C semiconductor characterization system and a Karl Suss
(PM5) manual probe station. To initiate the photocurrent, we measured
DC photoconductivity at room temperature in ambient atmosphere by
illuminating the devices with visible light from a 150W halogen lamp.
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