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Solution-processed photodetectors with high sensitivity over a broad spectral range are highly desirable

for low-cost, large-area sensing applications in both industrial and scientific communities. In general,

the detector sensitivities are limited by inefficient carrier dissociation and transport of materials and

high contact Schottky barriers. Here we detail a combined method to make ultrasensitive water-

processed photodetectors based on high-performance Langmuir–Blodgett (LB) monolayer transistors

of semiconducting copper phthalocyanine (CuPc), using quasi one-dimensional (1D) ballistically-

conductive single-walled carbon nanotubes (SWNTs) as point contacts. Operating at low biases, the

monolayer photodetectors exhibit responsivities greater than 108 A W�1, detectivities greater than 7 �
1015 Jones, and high reproducibility. These results form the basis for new types of high-performance

photodetectors for a variety of possible sensor applications.
Introduction

A growing research interest in the field of optoelectronic devices

is the development of solution-processed photodetectors with

high sensitivity over the broad spectral range for low-cost, large-

area sensing applications in both industrial and scientific

communities, for example, environmental monitoring, remote

control, telecommunication, day- and night-time surveillance,

and chemical/biological imaging.1–5 In light of the spectral needs

in the separate applications, much research on inorganic mate-

rials, including InP,6 ZnO,7 GaN,8 Si,9 and InGaAs,10,11 has been

conducted to develop different photodetectors that can sense

from the ultraviolet (UV)-visible to the infrared. The calculated

photoresponsivities of these devices were generally less than 10 A

W�1. The typical detectivities of InGaAs and silicon photode-

tectors are moderate, � 1012 Jones (1 Jones ¼ 1 cm Hz1/2/W). To

achieve high near-infrared sensitivity, colloidal inorganic semi-

conductor quantum dots (PdS) were used to fabricate two-

terminal photodetectors with gold interdigitated electrodes.12–14

However, by using the ‘‘in-plane’’ device structure with an elec-

trode spacing >5mm, the driving voltage is too high (>40V) to be

used with any commercially available thin film transistors.

Therefore, rational fabrication of solution-cast photodetectors,
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which can be operated with high sensitivity, low-power

consumption, low dark current, and high yield over a broad

spectral range at room temperature, boosts development.

Among solution-cast photodetectors, water-processed devices

might be the priority because of their environmental friendliness.

Organic semiconducting materials are attractive alternatives

because of the ease of solution processing and the tunable optical

and electronic properties arising from their flexible molecular

structure engineering.15 Semiconducting polymers16–20 and

organic/nanocrystal composites21–24 have been demonstrated to

fabricate low-cost photodetectors through simple coating

techniques with a spectral response in the visible range. To

manufacture efficient photodetectors in the spectral region above

1 mm, several polymers with low bandgaps were designed to

develop infrared photodetectors.5,25–27 However, the device

performance is still poor (the measured responsivities #0.2 A

W�1) due to a combination of several loss mechanisms: low

carrier mobility due to long-range molecular disordering, ineffi-

cient carrier injection/extraction due to high contact Schottky

barriers, and inefficient dissociation of photogenerated excitons

causing substantial charge recombination. An alternative

approach for achieving high sensitivity by improving efficient

carrier transport in organic semiconductors is therefore highly

desirable at this time.

Here we report such an approach, by which a new class of

ultrasensitive solution (water)-processed photodetectors in the

visible region based on high-performance photoresponsive

organic field-effect transistors (OFETs) at the molecular level

were developed. These efficacious nanophotodetectors were

formed from Langmuir–Blodgett (LB) monolayers of a typical

organic semiconductor, copper phthalocyanine (CuPc),

using quasi one-dimensional (1D) ballistically-conductive
This journal is ª The Royal Society of Chemistry 2011
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single-walled carbon nanotubes (SWNTs) as point contacts

(Scheme 1). CuPc has an ionization potential of 5.0–5.2 eV,

which matches the work function of SWNTs (�5.0 eV). Uniform

monolayers of CuPc were obtained by the traditional LB tech-

nique because previous work has demonstrated that it offers

a reliable self-assembly method to prepare large-area ordered

ultrathin films with well-defined architectures of CuPc, which

favor efficient carrier transport in organic transistors.28,29 In

these devices we used SWNTs as both source and drain elec-

trodes. Recently we have developed a lithographic method to

covalently wire single molecules into the nanogaps on both ends

of carbon nanotubes for building functional single-molecule

devices.30–32 All of the elements in the circuits are naturally at

small dimensions because SWNTs have the same size in diameter

as the dimensions of the molecules being probed. Because

SWNTs possess a molecular structure similar to those of the

molecules being probed, strong interaction between them and the

molecules could result in the excellent interface contact and

orient molecular stacks parallel to the nanogaps. In addition to

this, SWNTs have a high work function of�5.0 eV as mentioned

above, making them well-suited as hole injection electrodes for

OFETs. Moreover, it is possible to adjust the work function of

SWNTs through charge transfer doping in order to align it to the

conduction band of a given organic semiconductor. Conse-

quently, SWNTs can function as ideal electrodes with excellent

interface contact with molecules and reduced injection barriers to

enrich the measurements of single molecules or a small collection

of molecules.31,33–37 Another important advantage of these

nanoelectrodes is that due to the 1D nanostructural nature of

SWNTs, the application of relatively small voltages yields high

electric fields in the gap area. This could significantly avoid

detrimental charge recombination under light irradiation and

afford efficient charge transport through SWNT point contacts

at low voltages. Our previous work has successfully demon-

strated the fabrication of efficacious field-effect nanotransistors

from self-assembled monolayers of contorted aromatics based on

SWNT electrodes that are able to sense their chemical environ-

ment.36 In this study, we demonstrated that this sophisticated

device fabrication in combination with LB techniques overcomes

the main difficulties mentioned in the second paragraph and

produces efficacious photodetectors with ultrahigh sensitivity in

the visible region, low-power consumption and high yield based

on high-performance water-cast monolayer transistors, which

have never been reported before in monolayer transistors.
Scheme 1 Schematic illustration of ultrasensitive water-processed

monolayer photodetectors with SWNTs as point contacts.

This journal is ª The Royal Society of Chemistry 2011
Operating at room temperature, these nanodevices display low

dark currents (and noise) by controlling their charge carrier

densities in devices through back-gate modulation. Because we

use silicon wafers as substrates, which are compatible to CMOS

circuits, these nanodevices should be convenient to be integrated

into industrial lithographic technologies.
Results and discussion

We fabricated individual SWNT transistors and then litho-

graphically cut the nanotubes to form point contacts through the

procedure described before.30 Fig. 1 shows the scanning electron

microscopic (SEM) and atomic force microscopic (AFM) images

of the devices used. In brief, Au (50 nm) on Cr (5nm) leads, which

are separated by �20 mm, form metal contact pads to an indi-

vidual single-walled carbon nanotube (Fig. 1a). To rule out the

possibility of charge transfer through metal electrodes, we

protected Au/Cr metal electrodes by a 50 nm layer of silicon

dioxide deposited by e-beam thermal evaporation before cutting.

Then the tubes are oxidatively cut by using ultrafine e-beam

lithography and precise oxygen plasma that produces nanogaps

of 1–10 nm on the nanotube ends. This gap is too small to be

imaged in SEM (Fig. 1a), but it can be located and directly

imaged with AFM. For the high-resolution AFM micrograph in

Fig. 1b, we take the imaging convolution of the AFM tip size into

account and set an upper boundary on the size of a typical gap

opened in the SWNTs of �5 nm (the diameter of the tube,

�2.6 nm). Based on the previous results, the statistical variability

of the plasma etch process creates ensembles of nanotube devices

with gaps in the 1–10 nm range.30 It is in this gap that we have

made a number of different molecular electronic devices.31,33 In

this study, we intended to self-assemble CuPc monolayers

into the nanogaps to form monolayer 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 in

combination with photoexcitation.

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 semiconducting. To aid

in the subsequent analysis of the devices, we always chose those

that are made from metallic SWNTs (lack of gate dependence).

Fig. S1, ESI,† 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 �0.4 MU, and after

cutting the device is open with the current down to the noise limit

of the equipment (<100 fA).

CuPc monolayers were then vertically transferred from the

water/air interface onto the substrate surface through the

conventional LB technique (see experimental section). We found

that homogenous high-coverage LB monolayers (height

�1.3 nm, Fig. 1c) were easily formed in a face-to-face closely-

stacking fashion with columnar structures that are nearly

perpendicular to the substrate.28 The presence of the large size of

CuPc monolayer domains makes it difficult to locate and image

the nanogaps by AFM. Once nanoscale columns are formed to

bridge the cut carbon nanotube electrodes and then nanoscale

columnar transistors are formed (Scheme 1), it is reasonable that
Chem. Sci., 2011, 2, 796–802 | 797
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Fig. 1 Micrographs of an individual SWNT with Au on Cr that has been cut using e-beam lithography and an oxygen plasma. (a) SEM micrograph of

the SWNT after oxidatively cutting. (b) Tapping-mode AFM image of the gap cut into the SWNT. Inset shows the height profile of the isolated tube. The

diameter of the SWNT is�2.6 nm, estimated from the height profile. (c) Tapping-mode AFM image of the device after CuPc monolayer deposition. The

image is 350 nm � 900 nm in size. Inset shows the height profile of the image, which shows the average monolayer height of �1.3 nm.

Pu
bl

is
he

d 
on

 0
1 

Fe
br

ua
ry

 2
01

1.
 D

ow
nl

oa
de

d 
on

 3
0/

12
/2

01
3 

02
:2

0:
06

. 

View Article Online
these columnar bridges could dominate the carrier transport

characteristics of the devices. Because the diameter of these self-

assembled columns (�1.3 nm for CuPc) is comparable to the

diameter of a typical SWNT (<3 nm), the maximum number of

columns that the individual nanotube electrode can contact is

three, even considering significant fringing fields near the elec-

trodes. Given the size of the gap and the volume of the molecules

assembled in this gap, we can estimate that the collective prop-

erties of �4–75 molecules are being probed (assuming that the

pack of molecules is �0.4 nm,38 face-to-face, and is �1.3 nm in

diameter).

All of the resultant nanodevices behaved as p-type, hole-

transporting semiconductors. A set of the transistor character-

istics for a representative device is shown in Fig. 2. Since Au/Cr

metal electrodes have been protected by silicon dioxide, it is clear

that the only pathway for charge transport is through SWNT

electrodes bridged by CuPc LB monolayers. Fig. 2a shows

output characteristics of the device as a function of gate bias. At

the different gate voltage biases, we observed the superlinear
Fig. 2 Device characteristics of a representative device. (a) Output

characteristics of the device. VG ¼ 50 to �40 V in �18V steps. (b)

Transfer characteristics of the device. VD ¼ �6 V. L ¼ �5 nm and W ¼
�2.6 nm. (c) Time trace of the photocurrent of the same device under

visible light irradiation. VG ¼ 0 V and VD ¼ �500 mV. (d) The time

dependence of ID as the lights with different power were switched on and

off. Inset is the power dependence of the changes in ID. VG ¼ 0 V and

VD ¼ �50 mV.

798 | Chem. Sci., 2011, 2, 796–802
increase in the drain current (ID) with the S/D voltage (VD)

increase. Considering this observation, we extracted the carrier

mobility in an unsaturated fashion from the drop of transfer

characteristics of the device in Fig. 2b (see experimental section).

The calculated linear mobility (m) is �0.4 cm2V�1s�1 (L ¼ 5 nm,

W¼ 2.6 nm) with an ON/OFF current ratio as high as�4 orders

when the OFF value is taken at VG¼ 50 V. This mobility value is

ranked the highest among those obtained from organic ultrathin-

film transistors (ref. 33 and references therein) and more than

two orders of magnitude higher than those of CuPc LB mono-

layer transistors based on metal electrodes.39 This is significant,

considering that the charge transfer transport in our monolayer

transistors occurs from a single 1.3 nm-thick layer. The high ON/

OFF current ratio explains how device characteristics of these

nanodevices can be efficiently controlled by the gate voltage bias,

even with thick gate dielectric (300 nm in our case), although

short channel effects still influenced the device performance.

Both the mobility and ON/OFF ratio are the critical parameters

evaluating the quality of OFETs and has proved difficult to

achieve such high values of these parameters in nanoscale devices

made with metal electodes. In addition to the high carrier

mobility and the high ON/OFF ratio described above, the yield

of working devices is quite high, �80% out of �60 devices, thus

making these results very reproducible and ensuring the

successful fulfillment of the subsequent photoresponsive inves-

tigations. The subthreshold swing (S) in the device in Fig. 2 is

�450 mV decade�1, which is similar to the values obtained by

Dai’s group34 and ours.36 The threshold voltage (VT) in these

devices (�47 working devices) is large (� +47 V), probably due

to the shortened channel length and/or the high density of carrier

traps at the interface between bare SiO2 and CuPc as described in

the literature.40 Interestingly, although the length of nanogaps

(effective channel length) varied from device to device (from 1 to

10 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 diameter of the SWNTs and the

quality of CuPc LB monolayers, the carrier mobility varied from

0.1 to 0.4 cm2V�1s�1 and the ON/OFF ratio from 103 to 104.

In general, it is difficult to detect the photoresponsive prop-

erties of monolayer transistors because of instantaneous detri-

mental charge recombination under light irradiation and the

quenching of the photoexcited states of monolayer molecules

exposed to the environments. Remarkably, in the current case we
This journal is ª The Royal Society of Chemistry 2011
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are able to measure their DC photoconductivity at room

temperature in ambient atmosphere under light illumination.

This is surprising because the photocurrent in the devices occurs

within a single 1.3 nm-thick layer. As discussed before, SWNTs

can form an 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 environments, thus affording efficient

charge transport through SWNT point contacts at low voltages

and the high device photoresponsivities discussed below. The

reversible photocurrent of the devices under irradiation of visible

light (150W halogen lamp) was stable without obvious degra-

dations through many measurement cycles even in the presence

of oxygen and moisture in the air (Fig. 2c). We notice that the

photocurrents varied slightly from device to device probably due

to the different number of CuPc molecules in the nanogaps.

Because of the comparable diameters between CuPc molecules

and SWNTs, transport through columnar nanostructures of

CuPc molecules inside the gap dominates the photocurrent, while

molecules outside the gap have a negligible contribution.

Although more than only the gap area is irradiated, outside the

gap, the high barrier to intermolecular transport and the low field

prevent significant contribution to photocurrent. The response

time is reasonably short, �5 s, probably because of the diffusion

processes and/or large capacitive components. The power

dependence of the photocurrent of the same device is shown in

Fig. 2d. With the increase of light power, the drain current (ID) of

the device gradually saturates, indicating that the photoinduced

carrier density has reached its maximum.

To ensure that the path of photocurrent is through the

nanojunctions between SWNT electrodes and CuPc monolayers,

we tested a number of devices that have been fully cut but lack

CuPc monolayers and the devices formed from CuPc monolayers

between metal electrodes. None of these devices showed obvious

photoeffects under light illumination. To further understand the

important role of CuPc monolayers in device photoconductivity,

we carried out wavelength-dependent measurements. Based on

the device photocurrent (Fig. S2, ESI†), we calculated the

responsivities (R) in order to indicate the intrinsic photosensi-

tivity of the devices by using the conventional model for the

calculation

R ¼ Iph

Pill

¼ jIl � Idarkj
Pill

¼ jIl � Idarkj
IillLW

where Iph is the drain photocurrent, Il the drain current under

illumination, Idark the drain current in the dark, Pill the incident

illumination power on the channel of the device, Iill the light

power intensity, L the channel length of the device, and W the

channel width of the device. The calculated responsivities as

a function of light wavelength of the same device used in Fig. 2

have been shown in Fig. 3a while the device was held at VG¼ 0 V

and VD ¼ �800 mV (light intensity Iill � 240 mW cm�2, W ¼ 2.6

nm and L ¼ 5 nm). The peak of the responsivity spectral

behavior of the device at �620 nm matches that of the UV/vis

absorption spectrum in the Q-band region of 50 nm thick CuPc

films deposited by thermal evaporation and corresponds to

a superhigh responsivity of �2.0 � 107 A W�1, in comparison
This journal is ª The Royal Society of Chemistry 2011
with conventional photodetectors (typically < 10 A W�1). This is

attributed to the p–p* transition of CuPc aggregated species

formed by face-to-face stacking.41 The weak shoulder at � 702

nm observed at the lower energy side of the responsivity spec-

trum is ascribed to the p–p* transition of CuPc monomers with

a responsivity of �1.6 � 107 A W�1. Control experiments using

either uncut bare SWNT transistors or uncut SWNT transistors

covered with a CuPc LB monolayer demonstrated that the

devices showed no effect when irradiated by any light with

different wavelengths (Fig. S3–4, ESI†). It was reported that

SWNT transistors show a slight photoconductivity under laser

illumination with a very high intensity (1 kW cm�2) due to the

photoexcited states of the nanotubes themselves.42 In the present

case we used a much lower intensity of light (�240 mW cm�2),

which is too low to produce electron-hole pairs in the nanotubes

or nanotube/monolayer hybrids. These results without doubt

prove that CuPc LB monolayers in the nanogaps dominate the

contribution to the device responsivities.

Interestingly, the device photoresponsivity is bias-dependent.

Fig. 3b shows the responsivity data of another similar device as

a function of light wavelength at various S/D biases and a fixed

gate bias. Again, the reproducible similarity between the

responsivity and absorption spectra demonstrates the fact that

monolayer molecules in the nanogaps do indeed contribute to the

photocurrent. Fig. 3c shows the measured responsivity as

a function of the applied biases for the same device excited using

a 620 nm light, which has the spectral structure similar with the

transistor characteristics. Varying S/D and gate biases results in

the gradual improvements of the responsivity values, indicating

the fine-tunability of the device photoresponsivity. These results

suggest that the three-terminal transistor geometry might be

superior to the commonly-used two-terminal device structures

for improving the photodetector performance.

Another important parameter to quantify the photodetector

sensitivity is D*, the detectivity measured in units of Jones. D* is

given by the following (ADf)1/2R/in, where A is the effective area

of the detector in cm2, Df the electrical bandwidth in Hz, and R

the responsivity in A W�1 measured under the same conditions as

the noise current in (in amperes). This material feature of merit

D* allows us to compare the quality of devices with different

areas and geometries. The photodetector feature of merit, noise

equivalent power (NEP), i.e., the minimum impinging optical

power that a detector can distinguish from noise, is related to D*

by NEP ¼ (ADf)1/2/D*. Among the factors contributing to the

noise that limits D* (shot noise from the dark current, Johnson

noise, generation–recombination noise, and thermal fluctuation

‘‘flicker’’ noise),43,44 if, as expected, the shot noise from the dark

current is the major contribution in our case, D* can be expressed

by the following D* ¼ R/(2qJdark)1/2 ¼ R/(2qIdark/S)1/2, where q is

the absolute value of electron charge (1.6 � 10�19 Coulombs),

Jdark the dark current density, and S the effective area of the

device. Based on the measured photocurrent, dark current

(Fig. S5, ESI†), and incident light intensity, detectivities were

then calculated using this equation for the monolayer transistors

with SWNT point contacts. At VG ¼ 0 V, the calculated detec-

tivities are D* ¼ � 2.0 � 1015 Jones, � 2.3 � 1015 Jones, and �
3.2 � 1015 Jones under irradiation at 620 nm and � 1.9 � 1015

Jones, � 2.1 � 1015 Jones, and � 2.6 � 1015 Jones under irradi-

ation at 702 nm, with light intensity of 240 mW cm�2 at various S/
Chem. Sci., 2011, 2, 796–802 | 799

http://dx.doi.org/10.1039/c0sc00488j


Fig. 3 Photoresponsive characteristics of monolayer photodetectors. (a) The comparison of the wavelength-dependent spectrum of the responsivities

for the device used in Fig. 2 with the UV/vis absorption spectrum of 50 nm thick CuPc thin films deposited by thermal evaporation. Light was scanned

from 500 to 800 nm in 5 nm steps with each wavelength left on for 5 s. All wavelengths used here were adjusted to be constant,�240 mW cm�2. VG¼ 0 V

and VD¼�800 mV. (b) Responsivities versus wavelength and calculated detectivities at l¼ 620 nm and l¼ 702 nm at various biases for another device.

Inset is the tapping-mode AFM image of the device showing the gap size of �8 nm (L) and the tube diameter of �2.5 nm (W). VG ¼ 0 V. (c) Bias-

dependent data of responsivities and detectivities for the same device excited using a 620 nm light. VG¼ 50 to�40 V in�18 V steps. (d) LDR of the same

device under visible light irradiation. Inset is the dark current of the device. VG ¼ 0 V and VD ¼ �20 mV.
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D biases (from �1.5 V to �2.4 V and �2.9 V), respectively

(Fig. 3b). Fig. 3c also shows the bias-dependent data of the

detectivity for the same device excited using a 620 nm light. The

best detectivities (>7 � 1015 Jones) were obtained at higher S/D

and gate biases, which also led to the highest responsivities (>108

A W�1). This strong photoresponse might be due to an integrated

mechanism, for example, due to build-up of electron-trapped

charges at the semiconductor/dielectric interface during illumi-

nation over several seconds. These results clearly demonstrated

that high detectivities require not only high photoresponsivity

(high photocurrent) but also low noise (low dark current).

However, these values are just for comparison with conventional

photodetectors because we use the same conventional model for

the calculation,43,44 which might not be accurate here.

Another photodetector feature of merit is the linear dynamic

range (LDR) or photosensitivity linearity (typically quoted in

dB). LDR is given by LDR ¼ 20log(I*ph/Idark), where I*ph is the

photocurrent, measured at light intensity of 1 mW cm�2. Fig. 3d

shows the photocurrent versus the light intensity for the mono-

layer transistor used above. Under illumination with visible light

from a 150W halogen lamp, the calculated LDR is �35 dB,

which is less than those obtained from Si photodetectors (120 dB)

and InGaAs photodetectors (66dB). These modest LDR values

are limited by the relatively low ratio of photocurrent versus dark

current, thus leaving room for future improvement.
Conclusion

In this work we detailed a method to make efficacious monolayer

photodetectors through combination of bottom-up self-assembly

and top-down device fabrication. By using 1D ballistic

SWNTs as point contacts, these photodetectors formed from
800 | Chem. Sci., 2011, 2, 796–802
water-processed LB monolayers of CuPc show superhigh sensi-

tivity and can operate at room temperature with low-power

consumption and high yield. The ease of device fabrication, the

reproducibility, and the achievement of the photoresponsivity

and detectivity results might open new attractive opportunities

for the creation of low-cost, high-resolution detector arrays for

a variety of possible sensor applications including chemical/

biological imaging, environmental monitoring, telecommunica-

tion, and day- and night-time surveillance.
Experimental

SWNT transistor fabrication

Individual SWNTs of high electrical quality (diameter <3 nm)

were grown by a chemical vapor deposition (CVD) process from

CoMo-doped mesoporous SiO2 catalyst particles using ethanol

as the carbon source.30 The catalyst particles were patterned onto

a doped silicon wafer that have 300 nm of thermally grown SiO2

on the surface. Au/Cr contact pads (5 nm of Cr followed by 50

nm of Au) separated by �20 mm were deposited through a metal

shadow mask onto the carbon nanotube samples using a thermal

evaporator. The doped silicon wafer serves as a global back-gate

electrode for the samples. After the initial electric characteriza-

tion, we selected individual metallic carbon nanotube devices to

do all of the next experiments.
Cutting procedure

After device fabrication and characterization, a PMMA layer

(950, A2) was spincast (4000 PRM, 45 s) on the surface and then

baked at 170 �C for 2 min. Using e-beam lithography, we run

a DesignCAD file with around 5 nm width line at the specific
This journal is ª The Royal Society of Chemistry 2011
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position to obtain the window precursor. Then a mixture of

water/isopropanol (1 : 3) is used for the liftoff at 5 �C for 1 min

with the aid of sonication. After liftoff, the devices were washed

by deionized (DI) water and dried with a stream of N2 gas. After

the window was opened, the devices were put into an ME-3A

RIE machine. The nanotubes were then locally cut through the

open window by oxygen plasma (50 W RF power, oxygen 250

mTorr, for 10 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 opti-

mized conditions, �20–25% of the tubes were completely cut.

Based on the previous results,30–32 the statistical variability of the

plasma etch process creates ensembles of nanotube devices with

gaps in the 1–10 nm range.
Monolayer transistor formation and characterization

CuPc was purchased from the Aldrich Corporation and used

after further sublimation purification. Surface pressure-area

isotherm measurements and monolayer deposition experiments

were performed on a fully automatic KSV-5000 instrument

(Finland). CuPc solutions were spread onto pure water. The

monolayer was formed by moving the Teflon barrier with

a compression rate of 5 mm min�1. At a constant pressure of

20 mN m�1, the floating CuPc monolayers on the subphase were

transferred to the Si/SiO2 substrate by the vertical method. The

transfer ratio is 1.0 � 0.1. The CuPc LB monolayers were

analyzed by AFM using a Nanoscope III Scanning Probe

Microscope with silicon cantilevers in the tapping mode. The

devices were characterized by using a Karl Suss (PM5) manual

probe station equipped with a semiconducting parameter

analyzer (Agilent 4155C). At low VD, ID increases linearly with

VD (unsaturation regime) and is approximately determined by

the following equation: ID ¼WCimVD(VG�VT�VD/2)/L, where

W is the channel width, L the channel length, and Ci the gate

dielectric capacitance (per area). The carrier mobility (m) were

then calculated in the linear regime from the transconductance,

gm ¼
vID

vVG
jVD¼const ¼

WCi

L
mVD, by plotting ID versus VG at

a constant low VD and equating the value of the slope of this plot

to gm. Power-dependent experiments were performed with

a 150 W Halogen incandescent lamp. Wavelength-dependent

experiments were performed by using a TLS1509-150A light

source with a 150W Xe lamp (Zolix instruments Ltd., Beijing).

To avoid the heating effect during irradiation, lights were

focused and guided by a long optical fiber to the devices sepa-

rated by �2 cm. All wavelengths used here were adjusted to be

constant, �240 mW cm�2. All of the measurements were per-

formed under the same conditions and at the same temperature.

The light power intensity was measured by using an LPE-1A

optical power meter (Physcience Opto-Electronics, Ltd., Beijing)

in the same experimental condition.
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