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We present a method to fabricate insulated gold mechanically controlled break junctions (MCBJ) by

coating the metal with a thin layer of aluminum oxide using plasma enhanced atomic layer

deposition. The Al2O3 thickness deposited on the MCBJ devices was varied from 2 to 15 nm to test

the suppression of leakage currents in deionized water and phosphate buffered saline. Junctions

coated with a 15 nm thick oxide layer yielded atomically sharp electrodes and negligible

conductance counts in the range of 1 to 10�4 G0 (1 G0¼ 77 lS), where single-molecule conductances

are commonly observed. The insulated devices were used to measure the conductance of an amphi-

philic oligophenylene ethynylene derivative in deionized water. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4955273]

The field of molecular electronics provides a versatile

testbed for studying the electronic properties of single mole-

cules, including quantum interference effects,1–3 tuning of

charge transport by electrochemistry,4–8 interactions with

environmental variables such as pH,9,10 solvent induced

effects,11–14 and charge transport in biological moieties.15–19

Over the past decade, such charge transport measurements

through single molecules have been conducted with metallic

break junctions formed by means of scanning probe or nano-

lithography techniques; with scanning tunnelling microscopy

being an example for the former and mechanically controlled

break junctions (MCBJ) for the latter. Both break junction

techniques can be operated at room temperature, although

research on the role of environmental variables such as sol-

vent interactions and electrochemical gating has not received

the same level of attention for the MCBJ approach20–24 com-

pared to the STM method.25–28 Measurements in polar sol-

vents give rise to faradaic leakage currents which may

exceed the conductance of the molecule of interest; hence,

the electrodes must be sufficiently insulated to reduce this

parasitic current ideally below the noise level. The advan-

tages of STM break junctions is the simplicity and larger

dimensions of the source and drain electrodes. Structural

modifications such as applying an electrically insulating

layer over STM tips for measurements in polar and electro-

lytic solutions are a relatively facile process.29

Due to the planar architecture and nano-scale electrode

dimensions of the lithographically fabricated electrodes, al-

ternative insulation techniques must be developed to insulate

the MCBJ devices. Such insulated MCBJ would then com-

bine the advantages of high mechanical stability, symmetry

of source-drain electrodes, and different measurement rou-

tines such as self-breaking30–32 with the ability to investigate

the effects of solvents on conductance of various molecular

systems. The work by Arima et al.33 describes the use of

SiO2 as their choice of the dielectric material deposited on

MCBJ devices by chemical vapor deposition (CVD) to

suppress leakage currents in aqueous solutions. However,

they did not demonstrate the ability to measure single-

molecule conductance using the SiO2-coated MCBJ devices.

In this letter, we report the use of aluminum oxide de-

posited by means of plasma enhanced atomic layer deposi-

tion (ALD) as the dielectric material for insulating MCBJ

electrodes. The choice of Al2O3 is based on its excellent me-

chanical and dielectric properties, chemical stability within

the pH range 3–10, and the ability to deposit thin films in an

isotropic manner of high purity by means of ALD.

Measurements using MCBJ devices coated with 15 nm oxide

layer show characteristic features that closely resemble those

of the bare-gold reference samples. In our Al2O3 insulated

devices, we have also measured metal-molecule-metal junc-

tions in deionized (DI) water using a thioacetate-terminated

oligophenylene ethynylene (OPE3) functionalized with

hydrophilic polyethylene oxide side chains. Due to the sim-

ple conjugated structure and substantive literature on con-

ductance measurements22,34–37 of OPE3 analogs, it was

considered as a model system for testing the working of the

insulator-modified mechanically controlled break junctions

in solution environment.

Mechanically controlled break junction (MCBJ) devices

were fabricated by spin-coating a transparent and flexible

insulating layer of polyimide (HD Microsystems, PI-2600 se-

ries) on polished phosphor bronze substrates. The electrodes

were patterned as a thin wire using electron-beam lithogra-

phy followed by deposition of a chromium adhesion layer

and finally gold of thickness 4 and 80 nm, respectively. The

center of the thin wire was constricted to facilitate the forma-

tion of two sharp electrodes upon mechanical actuation in

the measurement setup. The gold wires were suspended over

a length of 1 lm by etching the underlying polyimide layer

using a mixture of O2/CF4 plasma.38

Finally, the devices were coated with a thin layer of

Al2O3 of nominal thicknesses varying from 2 to 15 nm using

plasma enhanced ALD at a temperature of 300 �C using a
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ALD system from Oxford Instruments. A nominal

thickness of 15 nm corresponds to 150 ALD cycles, and the

corresponding layer thickness was measured to be between

16 and 17 nm for different runs; in this paper, we list the

nominal thickness value as set by the number of ALD cycles.

Scanning electron microscopy and energy dispersive X-ray

spectroscopy analysis of the MCBJ devices coated with dif-

ferent oxide thicknesses are presented in the supplementary

material.39 For solution-based measurements, commercial

Press-to-Seal
VR

silicone gaskets of 2 mm diameter and with

an effective volume of 20 ll were placed on top of the devi-

ces and covered with a clean adhesive foil to prevent solvent

evaporation. Figure 1(a) shows the scheme and working

principle of the MCBJ device with a liquid cell mounted on

top, while Figure 1(b) depicts a scanning electron micro-

scope image of a suspended Au wire coated with Al2O3 by

150 ALD cycles.

Measurements are carried out at room temperature using

a home-built mechanically controlled break junction setup,

details of which have been described elsewhere.40 Break junc-

tions are formed in-situ by controlled actuation of the MCBJ

device in a three-point bending mechanism. The cyclical junc-

tion breaking and formation routine is achieved by means of a

feedback-controlled piezoelectric stack actuator with an atte-

nuated vertical to horizontal displacement ratio of about

5� 10�5.38 A DC bias of 0.1 V is applied across the junction

while the conductance is measured from 10 G0 to below 10�7

G0 using a home-built logarithmic amplifier. Here, G0 is the

conductance quantum G0¼ 2e2/h, where e is charge of the

electron and h is Planck’s constant. Measurements are per-

formed using an electrode displacement rate ranging from 2

to 6 nm s�1 with the nanogap stretched over 6 nm during the

breaking process. For each experiment prior to the deposition

of molecules on the break junctions, reference measurements

with the bare MCBJ device are carried out to check the clean-

ness of the gold junctions and to calibrate the electrode dis-

placement (Dz) corresponding to the voltage applied on the

piezoelectric actuator (Vp). The method to calculate this cali-

bration factor has been described in the supplementary mate-

rial.39 The raw data acquired from the measurements are in

the form of conductance vs time traces, which are represented

as a function of electrode displacement in two-dimensional

conductance histograms. All one and two-dimensional

conductance histograms presented in this work are derived

from more than one thousand consecutive conductance traces

per dataset without data selection.

We first characterized non-insulated MCBJ devices

measured in dry ambient conditions and in deionized water

(DI H2O) of resistivity 14.2 MX cm at 20 �C as shown in

Figure 2. The one-dimensional conductance histograms in

Figure 2(b) show clear peaks near 1 G0, indicating the forma-

tion of atomically sharp contacts in the aforementioned con-

ditions. A distinct difference is observed at low conductance

values in both the one and two-dimensional histograms; the

measurements in DI H2O display leakage currents which

decay to a conductance level in the order of 10�5 G0. These

observations indicate that the signatures of molecules with

sub-10�4 G0 conductance values can be masked by leakage

currents through solvents, making measurements with non-

insulated electrodes challenging.

Similar measurements in DI H2O have been performed

with Al2O3 coated devices with nominal oxide thicknesses

ranging from 2 to 15 nm. The corresponding conductance his-

tograms for four different oxide thicknesses are compared in

Figure 3. At least two devices per thickness were investigated;

the data in the figure present typical examples. The MCBJ

devices coated with 2 nm Al2O3 still show leakage currents,

whereas for the devices coated with Al2O3 of thickness 5 nm

and above the leakage currents have dropped below 10�6 G0.

The formation of a well-defined 1 G0 peak was observed in all

1-D conductance histograms in Figure 3(b), indicating the

FIG. 1. (a) Schematic of the working principle of a mechanically controlled

break junction (MCBJ) with a liquid cell. (b) Scanning electron microscope

images of an MCBJ device coated with Al2O3 deposited by 150 ALD cycles

(thickness is 15 nm). Bottom panel: Suspended part of the gold bridge

imaged at 45� tilt. Top panel: Magnified view of the constricted area.

FIG. 2. (a) Two-dimensional histograms of conductance vs electrode separa-

tion with an applied bias of 0.1 V, binning values of 75 bins/nm along the x-

axis and 33 bins/decade along the y-axis, and electrode displacement rate of

6 nm s�1 for measurements using bare non-insulated MCBJ device in dry

ambient conditions (left panel) and 2 nm s�1 for measurements in deionized

water (right panel). The insets show single traces of the corresponding data-

sets. (b) A comparison of the corresponding one-dimensional conductance

histograms.
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formation of atomic point contacts even after depositing a

thin layer of the dielectric material on the gold surface.

Another important aspect for using the MCBJ technique

to measure the conductance of single molecules is a minimal

occurrence of conductance counts below 1 G0 until the con-

ductance value for which tunnelling sets in, which is typi-

cally at 10�4 G0 in our devices. As shown in Figure 3(a)

upper panels, the Al2O3-coated devices of oxide thicknesses

below 10 nm show substantial number of counts in this range

of conductance, making these devices unsuitable for a clear

distinction of the presence of single-molecule features and

the determination of their conductance. However, for the

MCBJ device coated with Al2O3 of nominal thickness

15 nm, the number of counts is low, and the 2-D histogram

appears to be featureless. It is also important to note that for

the 15 nm insulated device, the tunnelling decay with dis-

tance below 10�4 G0 is similar to that of the bare-gold refer-

ence (Figure 2(a), left panel). This clean behavior was found

to be reproducible in 50% of the 15 nm Al2O3-coated devices

measured. The physical robustness of the 15 nm Al2O3-

coated devices was also corroborated by measuring more

than 10 000 consecutive traces in DI H2O to probe the time

evolution of the break junctions.39 Such measurements can

also be used to calibrate the displacement ratio prior to drop-

casting the molecule of interest as mentioned earlier.

The insulated devices were tested in a solution of phos-

phate buffered saline (PBS) of concentrations 1 to 10 mM of

pH 7.4, which is a commonly used buffer for biological tech-

niques such as DNA extraction and cell culture. The conduct-

ance histograms of a non-insulated MCBJ device measured in

10 mM PBS solution shows leakage currents decaying to a

conductance level of 10�4 to 10�5 G0, an order of magnitude

higher than that observed in DI H2O. Measurements with a

15 nm Al2O3-coated device in the buffer show suppression of

leakage currents below 10�5 G0.39 Additionally, above this

conductance value, the spread of conductance counts with

respect to the electrode displacement is lesser than 0.5 nm,

which bears a similarity to the bare gold reference.

To test the feasibility of measuring single-molecule con-

ductance in aqueous solution using MCBJ devices coated

with a 15 nm thick insulating layer, we test the water-soluble

OPE3-PEO derivative as shown in Figure 4(a) (for details of

synthesis, see the supplementary material).39 The molecule

was dissolved in deionized water (0.1 mM, 1 ml) and added

into the liquid cell attached to the device. Prior to starting the

measurements, 100 ll of a 2 mM aqueous solution of tetrabu-

tylammonium hydroxide 30-hydrate (Sigma-Aldrich) was

added into the liquid cell to deprotect the thiol groups of the

molecule. In the case of conductance histograms with the

OPE3-PEO molecule in aqueous environment, as illustrated

in Figure 4(b), there is a region of high conductance counts

with the most probable conductance of 1.3� 10�5 G0

obtained by a Gaussian function. Single traces from the 2-D

conductance histogram (Figure 4(b) inset) shows plateau-like

feature whose length corresponds to the molecular length of

OPE3-PEO. Measurements with the OPE3-PEO molecule

were repeated using five insulated devices, which gave similar

conductance values. Further research on the comparison of

conductance values of OPE3-based molecules in dry condi-

tions and in aqueous solutions is currently being investigated.

In conclusion, we developed a method to study the

effects of an aqueous environment on charge transport in sin-

gle molecules using Al2O3 protected mechanically controlled

break junctions. We found that atomically sharp point

FIG. 3. (a) Two-dimensional conductance histograms of MCBJ devices

measured in DI H2O insulated with Al2O3 using plasma enhanced atomic

layer deposition of different thickness values. (b) The corresponding one-

dimensional conductance histograms of the insulated devices.

FIG. 4. (a) Chemical structure of the water-soluble OPE3-PEO molecule.

(b) Two-dimensional conductance histogram of deprotected OPE3-PEO

measured in DI H2O using a 15 nm Al2O3 insulated device. (c) The corre-

sponding one-dimensional conductance histogram of OPE3-PEO with peak

fitting yielding a conductance value of 1.3� 10�5 G0.
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contacts are formed using such oxide-coated devices and that

the spread of conductance counts between 1 and 10�4 G0 for

the case of the 15 nm oxide thickness is very similar to that

of a bare gold reference sample. Measurements in aqueous

buffer solutions and with the amphiphilic OPE3-PEO mole-

cule dissolved in water show the potential of this technique

to obtain statistically relevant data in solvent environments.
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