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ABSTRACT

We report a simple and reproducible method to fabricate two metallic electrodes made of different metals with a nanometer-sized gap. These
electrodes are fabricated by defining a pair of gold electrodes lithographically and electrodepositing a second metal onto one of them. This
method enables the fabrication of pairs of metallic electrodes that exhibit distinct magnetic properties or work functions. The utility of this
technique is demonstrated by making single-electron tunneling devices incorporating 2-nm gold nanocrystals.

Over the past decade, the electrical characterization ofties or work function¥ and offers important advantages over
individual chemical nanostructures such as molectiles, the previous fabrication methods. Most importantly, the
nanocrystal$2 and carbon nanotubé&s!® has been the focus  method described here allows independent tailoring of the
of extensive research efforts. Transport studies of deviceselectrodes’ properties and therefore can be used to fabricate
incorporating a single nanostructure allow fundamental single-nanostructure devices with spintrégiand light-
investigations of the interplay between the electronic motion emitting? functionalities. The present method combined with
and the internal degrees of freedom of the nanostructures.qrrent-induced junction breakage also enables the simulta-
The ability to make these electrical devices is technologically eqys fabrication of multiple electrode pairs in a self-limiting
relevant because it may allow the fabrication of new types .,onner. We demonstrate the potential of our technique by

of devices whose functions are defined by the chemical yogiting 2-nm nanoparticles between two electrodes and

identity of the com.ponents. . . fabricating single-electron tunneling devices that exhibit
One of the major challenges in producing nanoscale Coulomb blockade behavior = 4.2 K

electronic devices is the reliable fabrication of metallic . . . )
electrodes with a nanometer-sized separation that enables 1€ technique described here builds upon electrodeposi-

electrical contact to individual chemical nanostructures. To tion-based methods reported previouSiy? The first step
date, many different approaches have been developed tPf the fabrication procedure is to define two gold electrodes
fabricate electrodes with a nanometer-sized gap, such as twoWith an initial separation of-250 nm using conventional
step electron-beam lithograpkyshadow evaporatiof};16 electron-beam lithography. The second metal is deposited
nanopore-based methodglectrodepositio®2° mechanical subsequently onto one of the gold electrodes using solution-
break junctiorf,2 and electromigration-induced break junc- phase electrodeposition. In this letter, copper and cobalt are
tion.#22 Most of these techniqué®¥-2022have been limited  deposited to demonstrate the technique, but the same method
to fabricating symmetric tunnel junctions where the two can be extended to deposit other materials as well. The inset
electrodes are made of the same metal. in Figure la shows a schematic diagram of an electro-
In this letter, we report a simple and reproducible method deposition setup that allows both asymmetric metal deposi-
to fabricate two metallic electrodes made of dissimilar metals tion and in situ resistance monitoring. The setup consists of
with a nanometer-sized gap between them. The fabricationa potentiostat (Epsilon, Bioanalytical Systems, Inc.), a Ag/
is achieved first by defining a pair of gold electrodes using AgCl reference electrode (RE), a platinum-mesh counter
electron-beam lithography and then by electrodepositing aelectrode (CE), and one gold electrode (E1) that serves as a
second metal onto one of the electrodfes? This method  orking electrode onto which the metal is deposited. To
enables the fabrication of asymmetric tunnel junctions made prevent electrodeposition on the other gold electrode (E2)
of two different metals that exhibit distinct magnetic proper- | 1o making the resistance measurements, E1 and E2 are

*To whom correspondence should be addressed. E-mail: HPark@ connected by a capacito€ (~ 440 uF). This ConneCtl_On
chemistry.harvard.edu. ensures that the dc voltage drops across the capacitor and
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Figure 1. (a) Plot of the conductance between the two electrodes

as a function of time during the electrodeposition of cobalt on one

of the electrodes. The current used during this depositioruia.7

The inset shows a schematic diagram of an electrodeposition setug
that allows asymmetric metal deposition and in situ resistance _
monitoring. Here, RE is the reference electrode, CE is a platinum Figure 2. (a) Plot of the conductance between the two electrodes
counter electrode, E1 is one of the gold electrodes onto which the &S & function of time during the electrodeposition of copper on one
metal is electrodeposited, E2 is the second electrode, C is a capacitoP! the electrodes using a self-limiting electrodeposition method.
(440 uF), and R is a resistor (5 across which the voltage, ~ 1he inset shows a schematic diagram of the corresponding
proportional to the detection current, is measured. (b) Scanning depPosition setup. (b) Leftmost panel: dark-field transmission

electron micrographs of a pair of electrodes before and after cobalt&/€ctron micrograph of a pair of electrodes defined on a 50-nm-
deposition. thick silicon nitride membrane. Middle and rightmost panels:

energy-dispersive X-ray spectroscopy images of the same electrode
pair that provide the elemental maps for gold and copper,
respectively.

that the potential of E2 floats at the electrolyte potential,
preventing electrodeposition.

The electrodeposition of cobalt or copper on E1 was The deposition setup shown in Figure 1a can be modified
carried out by running a constant dc current between E1 andso that the distance between the two electrodes is kept at a
CE while monitoring the voltage drop between E1 and RE. few nanometers in a self-limiting fashion irrespective of the
Cobalt was deposited from an aqueous solution of 0.22 M initial separation. This modification involves connecting CE
cobalt sulfate, 0.2 M citric acid, and 0.12 M potassium citrate. to gold electrode E2, which forces the electrochemical
Copper was deposited from an aqueous solution of 0.02 M potentials of E2 and CE to be identical. In this setup, the
copper sulfate and 0.2 M potassium sulfate. The concentra-large current, which would normally flow through the
tions and pH of the solutions were optimized to promote electrolyte, passes through the small metal bridge connecting
the deposition of smooth, continuous films, and the deposi- E1 and E2 once the two electrodes touch each other. The
tion rate was tuned by controlling the current. Generally, currentinduces the electromigratiéor dissolution of atoms
slower depositions result in smoother, denser metallic films. forming the metal bridge, leading to its breakage. Any metal

The resistance between E1 and E2 was monitored byatoms deposited on E2 are oxidized and dissolved away
measuring the ac voltage drop across the resistor¢¥b k  during the period for which E1 and E2 are disconnected,
using a lock-in systert?2° The frequency used in the lock- thereby ensuring that no unwanted deposition occurs on E2.
in detection was 7.9 Hz, and it was chosen to minimize the Figure 2a shows a representative conductance trace observed
capacitive impedance while preserving sufficient measure- during this joining and breaking process. The conductance
ment sensitivity. Figure 1a shows the conductance measuredsignal shows a series of spikes signaling the repeated joining
between E1 and E2 as a function of time during the and breaking of the two electrodes during the electrodepo-
deposition of cobalt. The discrete jumps on the order of 1 sition process.
quantum of conductance Zk (the value of &h is 38.8uS Figure 2b illustrates transmission electron microscope
or (25.8 K2)1) can be seen clearly in Figure 1a, indicating images of a pair of electrodes fabricated using the self-
that the joining of the two electrodes happens gradually a limiting deposition process and shows that the two electrodes
few atoms at a time. Once E1 and E2 are joined, metal are indeed composed of distinct metals. These electrodes are
deposition starts to occur on E2. To prevent this unwanted made first by fabricating a pair of gold electrodes on a 50-
deposition, the current flow was stopped immediately after nm-thick silicon nitride membraieand subsequently elec-
the first conductance jump was observed. Figure 1b showstrodepositing copper onto one of the gold electrodes. The
scanning electron micrographs of a electrode pair before andelectrodes were imaged using a VG HB603 scanning
after the deposition of cobalt. transmission electron microscope. The leftmost panel in
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Figure 3. Current versus voltage curve obtainedTat 4.2 K
from a single-electron tunneling device with a 2-nm gold nano-
crystal between gold and copper electrodes.

Figure 2b shows a dark-field image of a pair of electrodes,

In summary, we have developed an electrodeposition-
based technique to fabricate asymmetric tunnel junctions
composed of two different metals. The self-limiting feature
of the deposition method in Figure 2a allows the simulta-
neous fabrication of multiple tunnel junctions. The utility
of this technique is demonstrated by realizing single-electron
tunneling devices incorporating 2-nm gold nanocrystals. This
method enables the fabrication of pairs of metallic electrodes
that exhibit distinct magnetic properties or work functions
and should be useful in probing spin-polarized tunneling via
molecular statéd26 and in fabricating molecule-sized op-
toelectronic device%'
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for gold and copper, respectively. The images clearly show

the asymmetric nature of the electrodes and the abruptness

of the interface.

The self-limiting electrodeposition process illustrated in
Figure 2a allows the parallel fabrication of multiple tunnel
junctions and hence offers a critical advantage over the
fabrication methods reported previouéf#-2°22In a typical

lithographic process, such as those employed to fabricate the

initial gold electrodes shown in the left panel of Figure 1b,

the separation between the two electrodes cannot be con-

trolled with nanometer accuracy because of subtle variations
in fabrication conditions. The variation in the electrode
separation translates into a different electrodeposition dura-
tion for each pair of electrodes, thereby prohibiting the
parallel fabrication of multiple electrode pairs in a single
electrodeposition step. The self-limiting nature of the junction
formation demonstrated in Figure 2a minimizes the effect
of the initial template separation and allows the parallel
fabrication of several electrode pairs with a nanometer-sized
gap.

Asymmetric tunnel junctions fabricated by electro-
deposition can be used to make functional electrical devices
incorporating individual chemical nanostructures. We dem-
onstrate the feasibility here by realizing single-electron
tunneling devices incorporating individual 2-nm gold nano-
crystals that exhibit a Coulomb blockade at low temperature.
To fabricate such devices, multiple coppgold tunnel
junctions with a nanometer-sized gap were made using

electrodeposition. The electrodes then were rinsed thoroughly

in distilled water to remove any residual electrolyte on the
substrate, and a dilute agqueous suspension of gold nano

crystals was deposited on them. Transport measurements at

T = 4.2 K show that-15% of the devices exhibit a Coulomb
blockade and the rest exhibit either single-junction tunneling
or linear currentvoltage characteristics due to tunneling via
multiple nanoparticles. Figure 3 illustrates the current
voltage characteristic of a representative devicé at 4.2

K and illustrates the clear signature of the Coulomb blockade
phenomenon.
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