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A simple method to fabricate nanoelectrodes with controllable gap was demonstrated by local
electrical melting of nickel nanowire. The width of nanogap was tuned by diameter of nanowire and
the gap distance was controlled by voltage sweep rate. These nanoelectrodes were then
electrochemically backfilled with palladium to fabricate hydrogen nanojunction sensor.
Sensors showed excellent sensing performance �dynamic range from 0.1% to 4% H2 and �1 min
response time for H2 concentration �2%� at room temperature. Our method of electrochemically
backfilling a nanogap opens up a possibility to create various nanojunction devices in a
cost-effective matter. © 2008 American Institute of Physics. �DOI: 10.1063/1.2993337�

Nanojunction devices have attracted a great deal of at-
tention both fundamentally and application wise as it
allows studying the transport phenomena at molecular/
nanoscale scale.1 Two main challenges in realizing
molecular/nanoelectronics are fabricating high density
nanoelectrodes with controllable gaps in a cost-effective
manner and creating stable electrical contact. Different meth-
ods have been employed to address the issue such as me-
chanical break junctions,2,3 electromigration,4,5 shallow-
angled evaporations,6 self-assembled monolayers,7 e-beam
lithography methods,8 electrodeposition,9,10 and dip pen
lithography.11 However, creating a stable electrical contact
between the molecules/nanomaterials to these nanoelectrodes
still remains a great challenge. Most commonly used meth-
odologies include modifying the nanoelectrodes using
covalent12 and noncovalent chemistry,13 electrostatic trap-
ping of molecules between the electrodes,14 self-assembly,15

and thermal evaporation of the desired material.16 Though
these methods have been able to contact molecules, getting
good control and stable contact is still yet to be realized.

Here we report a robust, controllable, and cost-effective
approach of fabricating stable nanojunction devices by elec-
trodepositing materials between nanogap electrodes. The
fabrication of nanojunction sensor starts by spatially posi-
tioning the ferromagnetic nanowires using magnetic field
alignment technique followed by electrically melting them
by sweeping voltages at high scan rates. Then pulsed plating
was performed for depositing the desired material between
these nanoelectrodes. Since the current density is highly lo-
calized at the tip of the nanowire, it is expected that the
desired material locally deposits between nanoelectrodes
forming a nanojunction. In addition, since the electrodeposi-
tion can be monitored in real time, the deposition could be
immediately terminated once an electrical contact has been
made allowing good control over nanojunction fabrication.

Conventional materials used for fabricating nanoelec-
trodes are generally metal electrodes such as lithographically
defined gold electrodes,8 gold nanowires,5 carbon
nanotubes,13 etc. We utilized ferromagnetic nanowires for

fabricating nanoelectrodes, as they can be spatially posi-
tioned on the desired sites by using magnetic alignment
technique.17 We synthesized nickel nanowires �200 nm in
diameter and 10 �m long� using template-directed elec-
trodeposition, an approach pioneered by Martin.18 The depo-
sition procedure and deposition conditions are mentioned
elsewhere.17 After electrodepositing, the nickel nanowires
were suspended in isoproponal by mechanical removal of
gold seed layer followed by selective etching of the alumina
scaffolds using concentrated NaOH �5 M� for 8 h at 60 °C.19

The resulting high density nanowire suspension was diluted
up to 1000-fold for subsequent alignment between the gold
electrodes using a weak magnetic field. In order to magneti-
cally assemble ferromagnetic nanowires only in the gap be-
tween the electrodes, one of the gold electrodes was elec-
trodeposited with a ferromagnetic material �i.e., cobalt�, thus
the nanowires are assembled only between the electrodes and
not on the SiO2 substrate increasing the usage efficiency of
nanowires.20 The number of bridged nanowires was con-
trolled by adjusting the concentration of the nanowire sus-
pension. After magnetic alignment of the nanowires, the in-
terconnect was subjected to annealing in a reduced
environment �i.e., 5% hydrogen+95% nitrogen� for 1 h at
300 °C. Annealing reduced any oxide layer formed around
the nanowire and also lowered the contact resistance between
the nanowire and the contact pad.

In order to create nanogap electrodes, we used an elec-
trical breakdown method. In a typical electrical breakdown
experiment, the bias voltage across a thin metallic film or
wire is increased up to the point where the wire breaks or
snaps. It is a well studied phenomenon and is taken into
serious consideration while designing interconnects in inte-
grated circuits. Two important phenomena occur during the
voltage ramp: electromigration and joule heating. With in-
creasing current densities over a period of time, the conduct-
ing atoms of the metal start to move in the same direction of
the electron flow, resulting in a current induced diffusion of
atoms, which then leads to a void in the current path. This
process is called electromigration.21 The other consequence
to the electrical transport, joule heating, creates thermome-
chanical stress as a result of different thermal expansion co-
efficients between the wire and the substrate during heating
of the wire, and is found to have a maximum at the center of
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the wire for uniform nanowires.22 Both these processes are
well studied and depend on different variables such as size,
shape, thermal coefficient of the material, scan and material
diffusion rates, etc. For our studies, we fabricated nanogaps
by sweeping voltages at a constant scan rate and measuring
the current until it drops to zero �Fig. 1�a��. We repeated the
same experiment for different scan rates from 10 to 500
mV/s. During the voltage scan, the current initially increased
linearly with an increase in applied voltage. As the applied
voltage increased further, the slope of the I-V curve de-
creased indicating nonuniform movement of electrons be-
cause of a high degree of collision. At such high currents, the
stress created by thermal means �joule heating� is much
higher than stress created due to interdiffusion of atoms
�electromigration�,22 resulting in abrupt failure at the center
of the wire and formation of the nanogap �Fig. 1�b��. We
observed that at low scan rates �10 mV/s� the time required
to break a nanowire was too long, and the gap was either
formed at the cathode end of the electrode, or the wire got
completely melted. Though the failure at the cathode end
might be dominated by electromigration rather than joule
heating resulting in tensile stress failure of the material,22 the
reason for complete burning of the wire observed for some
cases is still under investigation. As the scan rate is increased
��100 mV /s�, we observed clear breaking of the nanowire
at the midsection as joule heating was the dominant factor at
higher scan rates,21 and the gap width increased with increas-
ing scan rate. At very high scan rates, the nanowire broke
catastrophically, making nanogap fabrication difficult to con-
trol. Hence, in subsequent studies we selected a scan rate of
100 mV/s, which gave us a reproducible gap size of approxi-
mately 100 nm.

After determining the conditions to reproducibly fabri-
cate nanoelectrodes with a controlled gap length, a nanojunc-
tion hydrogen sensor was fabricated by backfilling the gap
with electrodeposited palladium. A schematic procedure for
backfilling is shown in Fig. 2�b�. A 1 �l drop in palladium
electrolyte �the electrolyte composition is mentioned
elsewhere�23 was placed over the nanogap using a micropi-
pette. When an electrical potential is applied, the material
grows from one end of the nanowire, serving as a cathode, to
the other end of the wire, serving as an anode, until the
nanogap is bridged. Electrodeposition of palladium was car-
ried out under pulse plating �the peak current was −10 nA,
on-time and off-time were 2 and 5 s, respectively� with a two
electrode configuration using nickel nanowires as working
and counter electrodes. The nickel nanowire on the cobalt
pad served as the cathode and the nanowire on the gold pad
served as the anode. Pulsed plating was selected over direct

current plating to minimize the trapping of the accompanied
hydrogen gas on the surface of the electrode during reduction
in palladium ions. Figure 2�b� shows a cathode potential re-
sponse with respect to time during the electrodeposition of
palladium for constant current applied �−10 nA�. Upon ap-
plication of a −10 nA current pulse �Fig. 2�a��, the potential
of the cathode dropped steeply and increased to a more nega-
tive value from the open circuit potential of −0.42 V to
about −0.54 V. With an increase in number of deposition
pulses the potential gradually increased to −0.78 V and fi-
nally dropped to zero when a contact was made �Fig. 2�b��.
This abrupt drop in potential is due to the flow of current
through the more conducting palladium nanocontact as op-
posed to lower solution-phase conductance, indicating com-
plete backfilling with palladium. Because of the high electric
field between the tips of the nanowires, the deposition was
initiated from the tip of the nanowires serving as cathode
toward the anode when a constant current was applied. Fig-
ure 2�c� clearly shows that palladium was completely filled
in the nanogap with 10 nm as the contact dimension as ob-
served under SEM. Electrical measurements on devices
when cut and backfilled are shown in Fig. 2�d�. The gap
distance was approximately 100 nm. As expected, the un-
filled nanogap shows open circuit, whereas filled nanogap
shows linear I-V, indicating a formation of metallic conduc-
tion pathway across the gap.

Palladium nanojunction sensor was then tested for hy-
drogen sensing at room temperature. It is well known that
palladium has high hydrogen solubility,24 and thus is a ma-
terial of choice as the active element for hydrogen sensors or
as a hydrogen filter. In the presence of hydrogen, hydrogen
dissociates into palladium forming palladium hydride
�PdHx�, where the content of dissolved hydrogen depends on
temperature and partial pressure of hydrogen. On transforma-
tion to palladium hydride, the resistance increases above that
of pure palladium. This change in its electrical resistance
from Pd to PdHx is used as the basis for our hydrogen sens-
ing experiments.
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FIG. 1. Nanogap formation. �a� Potential sweeping process resulting in elec-
trical breaking of wire. �b� Dependence of the gap distance between nano-
wire electrodes on the voltage scan rate. Inset: SEM images of nanoelec-
trodes at different scan rates. Scale bars represented 2 �m.
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FIG. 2. �Color online� Backfilling of the gap by electrodeposition: �a� ap-
plied pulsed current waveform, �b� potential response, �c� SEM image show-
ing nanogap backfilled with Pd, and �d� before and after I-V characteristics
of the backfilled device.
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Before sensing, the devices were mounted onto an inde-
pendently addressable microband electrodes and wire
bonded. The sensor assembly and apparatus is described in
detail in our prior works.25 All experiments were conducted
with hydrogen �purity: 99.99%� diluted in argon �purity:
99.998%� at a gas flow of 200 SCCM �SCCM denotes cubic
centimeter per minute at STP�. All measurements were con-
ducted in a range of hydrogen concentration from 0.1% to
10%. Each sample was primarily exposed to dry argon gas to
obtain a baseline followed by a desired percentage of hydro-
gen gas. After reaching a saturated value, pure argon was
reflowed to recover the baseline of the sample. A typical
sensing response to hydrogen is shown in Fig. 3�a�. Upon
exposure to hydrogen gas, the sensor promptly responded
with an increase in its initial resistance value, where the satu-
rated resistance has depended on the concentration of hydro-
gen. Figures 3�b� and 3�c� show the sensor performance and
response time of the device for different concentrations of
hydrogen, respectively. Sensitivity �S� was defined as the
percentage of resistance change over baseline resistance, and
response time was defined as the time needed for the sensor
to reach 90% of the total change for a given concentration of
hydrogen. Our nanojunction fabricated sensors showed a
good linear sensor performance from 0.1% to 4% with a
sensitivity of 0.23 per H2 concentration in percent. The re-
sponse time was from tens of seconds at high hydrogen con-
centration �5%–10%� to 170 s for 0.1%. Our sensor perfor-
mance and response time are comparable and faster than the
ultrathin palladium film based sensors26 and single palladium
based hydrogen sensor operating at room temperature.27

In summary, we have demonstrated a simple method to
fabricate nanoelectrodes and nanojunction hydrogen sensors.

A detection limit as low as 1000 ppm at room temperature
has been demonstrated using these palladium nanojunction
hydrogen sensors. Since the desired material is electrodepos-
ited directly between the nanoelectrodes, robust electrical
connection with the integrated circuit can be assured, which
is important for nanodevices. Our method can also create
individually addressable high density nanoelectrodes by site-
specific magnetic assembly of multiple nanowires on prefab-
ricated electrodes followed by electrically breaking them in
parallel. Furthermore, this method has the potential to further
electrochemically grow a quantum dot of semiconductor or
any conjugated polymer just by simply changing the electro-
plating solution and using it for further analysis.
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Grant No. U01ES016026 and the Defense Microelectronics
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H94003-06-20604. The United States government is autho-
rized to reproduce and distribute reprints for government
purposes, notwithstanding any copyright notation thereon.
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FIG. 3. Hydrogen sensing performance of palladium nanojunction sensor at
room temperature. �a� The resistance change with respect to time upon ex-
posure to different concentrations of hydrogen. �b� The sensitivity and �c�
response time of sensor as a function of hydrogen concentration.
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