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Carbon nanotube nanogaps have been used to contact individual organic molecules. However, the

reliable fabrication of a truly nanometer-sized gap remains a challenge. We use helium ion beam

lithography to sputter nanogaps of only (2.8 6 0.6) nm size into single metallic carbon nanotubes

embedded in a device geometry. The high reproducibility of the gap size formation provides a

reliable nanogap electrode testbed for contacting small organic molecules. To demonstrate the

functionality of these nanogap electrodes, we integrate oligo(phenylene ethynylene) molecular

rods, and measure resistance before and after gap formation and with and without contacted

molecules. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868097]

The use of individual metallic carbon nanotubes (CNTs)

as electrodes is attractive for contacting nanocrystals,1 single

molecules,2 and functional materials, such as phase-change

materials,3 due to the CNT’s intrinsic one-dimensionality

and electrical conductivity. The formation of CNT electrodes

starts, typically, with a pristine CNT on a surface, where the

nanotube is contacted by lithographically defined metallic

electrodes. Subsequently, two opposing CNT electrodes are

generated by forming a gap in the CNT near its center. The

molecule or material of interest is assembled between or de-

posited onto the CNT electrodes.

Different methods for fabricating such nanogaps have

been reported. For example, current-induced breakdown in

high vacuum,1 which has been shown to produce gaps down

to 7 nm, however, the typical gap size is often much larger.

Alternatively, plasma oxidation through a lithographic mask,

a complicated technique, limited by reliability problems and

highly variable gap sizes.3 The use of electron-beam-induced

oxidation has been shown to overcome variability in gap

size,4 but resulted in a typical gap of �20 nm, which is an

order of magnitude too large for most organic molecules.

In this work, we report on the use of a helium ion micro-

scope (HIM) to reliably fabricate nanogaps of (2.8 6 0.6)

nm in metallic single-walled carbon nanotubes (mSWNTs),

see Fig. 1(a) for a scheme. The optimum helium ion sputter-

ing condition for gap formation was determined by in-situ
voltage-contrast microscopy analysis. The functionality of

the nanogaps was demonstrated by contacting of oligo(phe-

nylene ethynylene) (OPE) molecular rods and electrical

characterization throughout the fabrication process.

Tungsten electrodes with a separation of 700 nm were

fabricated on a silicon substrate with 800 nm of thermal ox-

ide, using a two-layer photoresist system comprising 180 nm

poly(methyl methacrylate) (PMMA) 600 K EL11 and

200 nm of PMMA 950 K A4.5. Standard electron-beam li-

thography was used to pattern the photoresist. To obtain a

nearly flat sample surface, metallic electrodes were “buried”

into the oxide by etching their pattern into the surface with a

CHF3 plasma. Sputter deposition was then used to fill these

electrode trenches with tungsten. Finally, the photoresist and

the undesired metal were lifted off in an acetone bath.

The mSWNTs were prepared by S-200 gel filtration and

density-gradient ultracentrifugation (DGU). For an initial

suspension, typically, 10 mg of raw CNT material from

pulsed laser vaporization5 was suspended in 15 ml H2O with

1 wt. % of sodium dodecyl sulfate (SDS) using a tip sonicator

(Bandelin, 200 W maximum power, 20 kHz, 100 ms pulses)

for 2 h at �20% power. During sonication, the suspension

was cooled by a 500 ml water bath. The resulting dispersion

was then centrifuged with �100.000 g for 1.5 h and carefully

decanted from the pellet, which was formed during centrifu-

gation. The centrifuged CNT suspension was used as the

starting suspension for gel filtration fractionation. Gel filtra-

tion was performed in a glass column of 20 cm length and

2 cm inner diameter. After filling the glass column with the

filtration medium, the gel was slightly compressed to yield a

final height of �14 cm. For the separation, �10 ml of initial

suspension was applied to the top of the column and subse-

quently a solution of 1 wt. % SDS in H2O as eluant was

pushed through the column with compressed air by applying

sufficient pressure to ensure a flow of �1 ml/min. After

�10 ml of this eluant had been added most of the mSWNTs

had moved through the column, whereas the semiconducting
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CNTs remained trapped in the upper part of the gel.6 The

mSWNTs were collected and used for DGU, to remove

defected mSWNTs and any additional carbonaceous species

present. Ultracentrifugation was performed in 20 wt. %

iodixanol and 1 wt. % SDS in H2O. mSWNTs with a diame-

ter distribution of (1.2 6 0.2) nm were used in this work.

mSWNTs were deposited between the tungsten electro-

des using dielectrophoresis.7 An alternating voltage with a

frequency of 300 kHz and a peak-to-peak voltage between

1.0 and 1.3 V was applied between source and drain contacts,

while a �50-ll drop of CNT dispersion with a concentration

of �5 CNTs per lm3 was placed on the device. After 5 min,

the drop was first diluted with doubly distilled water, fol-

lowed by methanol and finally allowed to dry.

Before the samples were transferred to the HIM, CNT

deposition was assessed with a conventional scanning elec-

tron microscope (SEM), see Fig. 1(b). To eliminate any

effects from electron-beam exposure, samples were annealed

in a vacuum oven (p¼ 10�6 millibars) at 600 �C for 30 min

after imaging. Electrical characterization of pristine devices

showed an Ohmic current-voltage behavior with a resistance

of, typically, 500 kX.

The Zeiss Orion Plus HIM used in this work allows

imaging similar to an SEM, except for a helium ion beam

being scanned over the sample. The image is generated by

the detection of secondary electrons from the sample. Due to

the very small effective source size, favorable beam-sample

interaction and a much smaller de Broglie wavelength of he-

lium ions compared to electrons, the HIM offers an improved

resolution compared to traditional SEMs.8,9 The acceleration

voltage of the HIM was always set to 35 kV. The 5-lm aper-

ture was used, resulting in a spot size of below 1 nm and a

beam current of �0.4 pA. The signal-to-noise ratio of an

image and the implanted ion dose is depend on the beam cur-

rent, the dwell time per pixel and the averaging settings. To

minimize the ion dose, fast alignment images were recorded

using the following settings: Pixel spacing 1 nm, dwell time

0.5 ls, no averaging. This led to a line dose of 0.2 nC/m

per scan line. Later, slow scans for characterization were

performed with fixed parameters: A pixel spacing of 5 Å, a

dwell time of 0.5 ls, and 32� line averaging. This led to a

line dose of 13 nC/m per scan line.

The focused helium ion beam can also be used to pattern

samples by physical sputtering, similar to gallium ions in a

focused ion beam instrument. This has been demonstrated,

e.g., for graphene,10–12 silicon nitride,13 and recently gold

nanorods.14 Here, we employed helium ion beam lithography

to pattern nanogaps into metallic carbon nanotubes, in a de-

vice geometry. These nanogaps were then used as contacts

for a molecular wire, to demonstrate their practical usage. To

reduce hydrocarbon deposition on the surface, all samples

were stored in the helium ion microscope chamber under

high vacuum for at least several hours. The chamber pres-

sure, typically, reached 2.5� 10�7 millibars before experi-

ments were started.

In order to cut CNTs, a single pixel line with a pixel

spacing of 2.5 Å and a dwell time in the millisecond range

was scanned across a nanotube. To align this line perpendic-

ularly to the nanotube, a fast scan was performed before the

lithography was started, see Fig. 1(c).

To ascertain the critical dose for gap formation, we

employed voltage-contrast microscopy (VCSEM), which is

capable of locating defects and gaps within a nanotube and

to reveal the nanotube’s electronic type.15 In our devices,

this was realized by grounding one of the two metal electro-

des. The other electrode remained floating, albeit connected

to the grounded electrode by the mSWNT. After a single

pixel line was scanned across the nanotube, a slow scan

image of the device was acquired. Once an electrically insu-

lating nanogap was formed in the metallic CNT, the floating

electrode accumulated positive charges, thereby inhibiting

secondary electrons from reaching the detector. Thus, the

floating electrode appeared darker in the image, while the

grounded electrode and the CNT segment connected to it

appeared brighter, see Fig. 1(d) for an example. Using this

experimental procedure, the critical dose for gap formation

was determined to be �24 lC/m. Before proceeding to cut

further nanogaps, the beam current was measured and the

pixel dwell time adjusted accordingly to accommodate this

value. We note that the line doses implanted by our fast- and

slow-scan images are at least three orders of magnitude

lower, and thus, have a negligible sputtering effect.

In order to precisely measure the size of the gap formed,

the electrostatic charging of floating electrodes had to be

FIG. 1. (a) Scheme of helium ion sputtering of mSWNTs embedded in a device geometry. The nanotubes are deposited on tungsten electrodes and supported

by SiO2/Si substrates. (b) SEM image of a mSWNT device after dielectrophoretic deposition. (c) Fast alignment scan of the same device with the helium ion

microscope. (d) Slow scan of a device after gap formation. One of the electrodes is now electrically floating and accumulates positive charges during scanning.

(e) Slow scan of a device with both electrodes grounded after gap formation. A clear trench is visible, also in the silicon oxide substrate.
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avoided as charging always caused drifts. Also, the different

secondary electron intensities on opposite sides of the gap

would make an analysis difficult. To avoid charging, the

samples were mounted in commercial 16-pin dual in-line

package chip carriers, where the common drain electrode

and source electrodes of devices were bonded to the chip car-

rier with Al wires. A customized sample holder in the HIM

connected all pins to the stage/ground potential. In this way,

detailed slow scans of the nanogaps after lithography were

made possible, see Fig. 1(e).

Secondary electron intensity profiles were then recorded

across 14 nanogaps in different carbon nanotube devices.

The resulting curves were fitted with inverted Gaussians, see

Fig. 2(a). A histogram of FWHM of the nanogaps is plotted

in Fig. 2(b). With an average nanogap size of (2.8 6 0.6)

nm, direct helium ion sputtering is more precise by almost

an order of magnitude than electron-beam-induced etching

and a factor of 2–3 better than the smallest gaps achievable

by current-induced breakdown. Most striking is the compara-

bly narrow gap size distribution, which is an indication of

the highly reproducible nature of this method. As we were

targeting the smallest gap size possible for the subsequent

insertion of molecules, we did not explore the formation of

larger gaps.

Electrical measurements were performed on pristine

mSWNTs and on mSWNTs after gap formation. The resist-

ance of pristine mSWNTs yielded (479 6 193) kX and is

comparable to 1.2 nm diameter mSWNTs on Pd electrodes.16

mSWNTs with nanogaps had a resistance of (643 6 311) TX,

which is nine orders of magnitude higher than in pristine

devices. We attempted to measure tunneling or field-emission

currents through the air gap and to correlate the current with

the HIM derived gap size. However, despite the large electric

fields of up to 5 V/nm in these nanogaps, we were not able to

detect any sign of field emission.

To demonstrate the utility of these nanogaps for contact-

ing organic molecules, OPE Rod 1, a symmetric molecular

wire of 3.9 nm length, with five subunits and phenanthrene

anchor groups at each end was synthesized by performing a

series of acetylene protection and deprotection steps,18 simi-

lar to the molecule used by Grunder et al.,19 see Fig. 3. A

voltage of 1 V was applied across the nanogap device and

the current monitored, and a drop of very dilute OPE Rod 1

solution (less than 1 lg/ml in methylene chloride) was placed

on the device and allowed to dry under ambient conditions.

This process took, typically, no longer than 2 min, after

which the devices exhibited a low-bias resistance of

(90 6 85) GX. See Fig. 4 for a resistance histogram over the

lifetime of nanogap devices, including 50 devices with OPE

molecules. For reference, experiments with clean solvent

without the OPE molecule, the conductance of a nanogap

was not changed. Interestingly, it was possible to wash off

contacted molecules using clean solvent, thereby, restoring

the conductance of a device to the level of an empty

nanogap.

Scanning tunneling microscope break-junction measure-

ments on an OPE of similar length revealed a resistance of

�200 MX for a single molecule, albeit with the molecule

covalently bonded to gold on both sides.20 We observe an

FIG. 2. (a) Secondary-electron intensity profiles from three different nano-

gaps. (b) Histogram of 14 nanogap sizes.

FIG. 3. Structure of OPE Rod 1 which was contacted by the nanogaps.

Phenanthrene anchor groups on each side couple to the sidewalls of a carbon

nanotube.17

FIG. 4. Resistance histogram over the lifetime of nanogap electrode devi-

ces, including 50 CNT-OPE-CNT contacts. Pristine mSWNT devices:

(479 6 193) kX; CNTs with nanogap: (643 6 311) TX; with OPE mole-

cules: (90 6 85) GX.
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average resistance almost three orders of magnitude higher,

with values spread over roughly two orders of magnitude.

We ascribe this to a varying imperfect attachment of the

molecules’ anchor groups to the CNT electrodes and confor-

mational freedom of molecules in the junction; both pro-

foundly deteriorating the conductance.21 Currently, STM

investigations of the molecule and its electronic properties

are underway to resolve these issues.

The reproducible engineering of nanogaps in carbon

nanotubes that we have achieved will allow the study of

many other organic or inorganic systems of nanoscale

dimensions at the single-molecule or few-atom level, by pro-

viding a reliable way to fabricate nanoscale electrodes.

Future work will have to address the issue of establishing

reliable contacts between CNT electrodes and molecules.
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