Electrochemical Control of Stability and
Restructuring Dynamics in Au—Ag—Au
and Au—Cu—Au Bimetallic Atom-Scale

Junctions

Ping Shi and Paul W. Bohn*

Department of Chemical and Biomolecular Engineering and Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana 46556

ABSTRACT Metallic atom-scale junctions (ASJs) are interesting fundamentally because they support ballistic
transport, characterized by conduction quantized in units of G, = 2¢%/h. They are also of potential practical interest
since ASJ conductance is extraordinarily sensitive to molecular adsorption. Monometallic Au ASJs were previously
fabricated electrochemically using an I=/I;~ medium and a unique open working electrode configuration to
produce slow electrodeposition or electrodissolution, resulting in reproducible ASJs with limiting conductance
<5 Go. Here, bimetallic Au—Cu—Au and Au—Ag—Au ASJ structures are obtained by electrochemical deposition/
dissolution of Cu and Ag in K,S0, supporting electrolyte. The ASJs are fabricated in Si;N,-protected Au nanogaps
obtained by focused ion beam milling, a protocol which yields repeatable and reproducible Au—Cu—Au or
Au—Ag—Au ASJs without damaging the Au nanogap substrates. While Au—Ag—Au ASJs are relatively stable
(hours) at open circuit potential in the supporting electrolyte, Au—Cu—Au ASJs exhibit spontaneous restructuring
dynamics, characterized by monotonic, stepwise decreases in conductance under the same conditions. However,
the Au—Cu—Au ASJs can be stabilized by applying sufficiently negative potentials. Hydrogen adsorption and
shifts in the Fermi level are possible reasons for the enhanced stability of Au—Cu—Au structures at large negative
overpotentials. In light of these observations, it is possible to integrate ASJs in microfluidic devices as renewable,
nanostructured sensing elements for chemical detection.
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anoscale materials often show

properties and behavior different

from those found in the corre-
sponding bulk form, which can lead to
novel applications. Among nanomaterials,
metallic point contacts or atom-scale junc-
tions (ASJs) are of fundamental and practi-
cal importance and have received extensive
attention in recent years.''® Not only are
they the limiting case of small nanostruc-
tures and, as such, may constitute funda-
mental building blocks in future molecular
electronic devices, but they also exhibit in-
teresting properties which may lead to in-
triguing applications, such as single-atom
transistors,’> atomic switches,'”'® and
chemical sensors.”®2° For example, ASJs ex-
hibit ballistic transport of charge carriers,
and their conductance is extraordinarily
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sensitive to molecular adsorption, making
them excellent candidates for highly sensi-
tive chemical sensors.?°~ 24 Given that these
junctions are inherently atomic in size, it is
not surprising that they exhibit interesting
quantum phenomena, even at room tem-
perature. The conductance is quantized by

G=(2e/h) YT, (1)
i=1

where e is the electron charge, h is Planck’s
constant, and T; is the transmission prob-
ability of the ith conduction channel (quan-
tum mode).>?>2° For an ideal metal, such
as gold, T; = 1 for all channels. Hence, the
conductance is quantized in the form of G
= nGg, where Gy = 2e*/h (=1/12.9 kQ)) is the
conductance quantum and the number of
quantum modes, n, is dependent on the
size of the ASJ.

ASJs can be fabricated either by me-
chanical means, for example, using scan-
ning tunneling microscopy (STM) tips' or
mechanically controllable break junctions
(MCBJ),*?” or by electrochemical
methods.?*?8 3% Although mechanical
methods offer certain advantages, allowing
for reliable and reproducible fabrication of
ASJs with high yield and controllability, they
usually require sophisticated positioning
(e.g., piezoelectric) devices, rendering them
less attractive for chemical sensing applica-
tions. In contrast, electrochemical methods
are economical and compatible with stan-
dard silicon microfabrication techniques
and are, therefore, preferable for many
practical applications. However, attaining
precise control over the geometry of the
ASJ is a challenge in electrochemical nano-
fabrication. Recently, a new electrodeposi-
tion/dissolution strategy was developed in
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our laboratory, in which the working electrode (WE),
that is, the nanogap substrate in these structures, is
kept open during the electrochemical process, result-
ing in extremely slow charge transfer, which yields en-
hanced control over the stop-point in the process. In
the open-WE protocol, the WE (or both working elec-
trodes in the case of a nanogap) is not specifically wired
into the potentiostat circuit, while the counter elec-
trode is referenced to earth ground. The open-WE strat-
egy has been successfully used to fabricate stable Au
ASJs on silicon by either depositing Au in prefabricated
Au nanogaps or electrochemically thinning overgrown
Au junctions.® The significantly slowed electrode kinet-
ics in the open-WE configuration are important be-
cause strategies to produce the smallest ASJs rely on
monitoring the conductance through the junction and
stopping the fabrication chemistry when a sufficiently
small ASJ is reached, ideally at a conductance of G = G,.
Slow, controllable electrode kinetics, therefore, en-
hance the ability to fabricate extremely small ASJs. Un-
fortunately, repeated fabrication of Au ASJs, especially
through electrodissolution of overgrown junctions, re-
sults in irreparable damage to the Au nanogaps, thus
making formation of new ASJs much more difficult.
Since the ultimate goal is to integrate ASJs into micro-
fluidic and nanofluidic architectures as renewable
chemical sensing elements, regenerabilty of ASJs is an
important concern. In the present work, the open-WE
electrochemical configuration was employed to fabri-
cate ASJs incorporating a second metal, such as Cu or
Ag, in the Au nanogaps. This strategy produces
Au—Ag—Au and Au—Cu—Au bimetallic ASJs with sig-
nificantly enhanced repeatability. Indeed, repetitive
fabrication of Au—Ag—Au ASJs without significant
damage to the Au nanogap substrates is feasible on
the open silicon surface, and even in microfluidic chan-
nels, without further processing. Au—Cu—Au ASJs, on
the other hand, exhibit spontaneous restructuring dy-
namics, characterized by monotonic changes in the
conductance, in electrolyte solution at 300 K. However,
the Au—Cu—Au ASJs can be stabilized by applying ap-
propriate negative potentials to the WE.

RESULTS AND DISCUSSION

Recently, a unique open-WE electrochemical proto-
col was developed in our laboratory to fabricate mono-
metallic ASJs. The experimental configuration is shown
in Figure 1a, where a DC potential, Epc, set by a poten-
tiostat is applied to a Au wire, which serves as both
the counter electrode (CE) and quasi-reference elec-
trode (QRE). The working electrode itself (i.e., the gold
nanogap sample) is kept open during the electrochemi-
cal fabrication process. ASJ fabrication is terminated
when the CE/QRE is removed from the solution or dis-
connected from the potentiostat (see the Experimental
Section or ref 34 for details). In this mode of operation,
the electrode kinetics are greatly slowed and controlla-
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Figure 1. (a) Experimental configuration for electrochemical fabrica-
tion of atom-scale junctions. Epc is set by the potentiostat and is equal
to E(B) — E(A). The yellow regions represent the two sides of the
nanogaps across which the ASJ is formed. (b) Schematic diagram of
the sample used for fabrication of ASJs in microfluidic channels. (c)
Photomicrograph of the center area of a bowtie-shaped Au film
sample in a PDMS microfluidic channel. The width of the Au micro-
bridge at the center of the tie is too small to be seen at this
magnification.

bility is enhanced, allowing ready fabrication of ASJs.>*
Stable Au ASJs were fabricated by combining open-WE
with an I7/ls™ medium. The Au ASJs can, in favorable
cases, exhibit relatively long lifetimes (>1 h). However,
the iodide solution slowly oxidizes, yielding a solution
that is a strong Au etchant which damages the ASJ as
well as the Au nanogap substrate. lodide-free media,
such as perchloric acid, containing HAuCl, as the Au
source, can also be used to fabricate Au ASJs electro-
chemically in the open-WE configuration. Although
ASJs may be readily grown by electrodeposition start-
ing from an FIB-milled nanogap in the HCIO,/HAuCl,
medium, re-thinning the overgrown junctions back to
atomic size is difficult because electrodissolution is not
site-selective, and the Au nanogap substrate can be se-
verely damaged before the desired re-thinning of the
overgrown junction occurs. Figure 2 shows a scanning
electron microscope (SEM) image of a sample after
electrodissolution. A positive bias was applied (>1 h)

121712008 20.0kV 10.0kx

Figure 2. SEM image of an overgrown Au junction after
electrodissolution. Damage to the structure is clearly evi-
dent near the bottom of the nanogap.
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Figure 3. Conductance vs time trace of a Au—Ag—Au bime-
tallic ASJ fabricated by open-WE deposition (Epc = —0.94 vs

Au). The red arrow marks the time when the CE was emersed
from the electrolyte solution.

to the overgrown Au junction in the electroplating me-
dium (0.05 M HCIO,4 containing 1 mM HAuCl,) in order
to thin the overgrown structure back to ASJ dimen-
sions. As is clearly evident, a large Au gap formed un-
der the protective SiN, layer in the lower part of the
nanogaps, but the junction still exhibited bulk-like con-
ductance characteristic of overgrown Au in the upper
part of the nanogap.

One simple approach to circumvent this problem is
to fabricate bimetallic ASJs of the form A—B—A, where
metal A (substrate) is chosen to be inert at the potential
applied to thin (dissolve) metal B (ASJ). Cu and Ag are
attractive candidates for metal B because their position
in the electromotive series indicates that they are easier
to oxidize than Au, and they possess an electronic con-
figuration (d'%’) similar to Au and thus may be ex-
pected to exhibit comparable conductance quantiza-
tion behavior. Thus, Ag and Cu were chosen as metal
B to construct reproducible bimetallic A—B—A ASJs in
FIB-milled Au nanogaps.

Au—Ag—Au Bimetallic ASJs. Figure 3 shows a typical
conductance—time trace during the formation of a
Au—Ag—Au ASJ in a Au nanogap by open-WE elec-
trodeposition. Similar to the behavior shown by mono-
metallic Au ASJs,>* the growth rate of Ag is sufficiently
slow at the negative bias used (Epc = —0.94 V vs Au
QRE) that the reaction can be terminated manually by
disconnecting or removing the CE (a Au wire) from the
solution. Once the CE is removed, the conductance of
the Ag ASJ remains stable in the range of 5—6 G, indi-
cating that electrodeposition is indeed well-terminated.
The Ag ASJs fabricated by this open-WE display remark-
able stability, lasting a few hours in favorable cases,
long enough for chemical sensing applications.

Figure 4 shows the conductance associated with for-
mation of a similar Au—Ag—Au bimetallic ASJ by the con-
verse process of open-WE electrodissolution of an over-
grown Ag junction. The electrodissolution is performed in
three stages of roughly equal duration. From t = 0 to
~40 s, the CE is in solution and held near Epc ~ =04V,
and conductance decreases near the end of the period.
Then the CE is emersed from t = 40 s to ~70 s, resulting
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Figure 4. (a) Conductance vs time trace of a Au—Ag—Au bi-
metallic ASJ fabricated by open-WE electrodissolution of an
initially overgrown Au—Ag—Au junction. (Inset) Expanded
view of the region near the emersion of the CE. Data here
were acquired with 100  load resistance. (b) Long-term (t
> 3 h) conductance of the Au—Ag—Au ASJ fabricated in
panel (a). Data in this panel were acquired with 10 k€2 load
resistance. Note the scales of both ordinate and abscissa in
this panel.

in an open circuit, with little change in conductance. Fi-
nally, at t > 70 s, the CE is brought back into contact with
the solution, and conductance decreases again, dramati-
cally after ~90 s. In the latter time window, the electrodis-
solution proceeds through characteristic step-changes in
conductance, exhibiting metastable conductance values
near 25, 16, 5, and 3 G,.

It is evident from this figure that, when the CE (Au
wire) is in the solution with Epc applied (but WE open),
electrodissolution proceeds, but when the CE is re-
moved from solution (i.e., open circuit), electrodissolu-
tion ceases. Clearly, the controllability provided by this
open-WE configuration is excellent, making it possible,
in principle, to fabricate bimetallic ASJs of any size, as
long as the ASJs are stable in solution, and this experi-
ment generated a Au—Ag—Au bimetallic ASJ with a
limiting conductance value close to 1 G. Figure 4b
shows the long-term (t > 3 h) behavior of this ASJ con-
ductance, using a load resistance, Rexx = 10 k{), which
gives more accurate measurements for low conduc-
tance values. The figure shows that the conductance
of this ASJ is stable at ~1.2 G, for ca. 1 h, at which point
the conductance changes abruptly to ~0.5 Gy and is
stable at that value for ca. 3 h. The appearance of a
stable, fractional conductance state at G ~ 0.5 Gy is con-
sistent with observations made in this laboratory and
others and can potentially be ascribed to molecular ad-
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Figure 5. (a) Conductance vs time of a bimetallic A u—Cu—Au
ASJ fabricated by open-WE deposition (Epc = —1.2 V vs Au).
(b) Expanded view of conductance variation during sponta-

neous restructuring of a regrown Au—Cu—Au ASJ (different
sample than panel (a)).

sorption or spontaneous restructuring, although the
abruptness of the transition appears inconsistent with
molecular adsorption. A more detailed discussion of
fractional conductance states is given below.
Au—Cu—Au Bimetallic ASJs. Fundamentally different be-
havior is observed for Au—Cu—Au ASJs. Figure 5 shows
a typical conductance—time trace during the open-WE
electrodeposition of a Au—Cu—Au ASJ on silicon at an
applied potential Epc = —1.2 V vs Au QRE. As is evident
from the figure, Au—Cu—Au ASJs can also be easily fab-
ricated with good controllability using open-WE elec-
trodeposition. However, in contrast to the Au—Ag—Au
bimetallic structures as well as Au monometallic ASJs,
Au—Cu—Au ASJs are not stable at open circuit. Once
the fabrication is terminated by emersing the CE, the
conductance of the ASJ spontaneously decreases, lead-
ing eventually to a zero conductance state (i.e., a bro-
ken wire). The spontaneous restructuring of
Au—Cu—Au ASJs evident in Figure 5 occurs through
quantized conductance states, as is clearly discernible
in Figure 5b. After the Au—Cu—Au ASJs break, they can
be repeatedly regenerated by electrodeposition, but
the ASJs produced undergo spontaneous restructuring
every time, showing stepwise variation of conductance
during the thinning process in most cases. It normally
takes ~30—60 s for a 10 Go junction to break spontane-
ously; however, after several reformation cycles, the
process may take 3—4 min, an observation which is at-
tributed to improved crystallinity of the structures, an
effect of so-called electrochemical annealing.3%3'3>
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These results indicate that the Au—Cu—Au ASJs are in-
trinsically unstable at open circuit in the CuSO4/K;S0O,
electrolyte, consistent with the observation by other
groups that monometallic Cu ASJs also have relatively
short lifetimes under electrochemical conditions.?*3'3¢

Considering that Cu and Ag are both coinage met-
als with the same d'%' electron configuration, one may
ask why Au—Ag—Au bimetallic ASJs are stable at open
circuit while Au—Cu—Au ASJs are not. First, consider
the cohesive energy which is related to the strength of
metallic bonds. The value for bulk Cu is 336 kJ/mol,
which is larger than that for bulk Ag, 284 kJ/mol,” con-
sistent with the fact that bulk Cu has a higher melting
point (1360 K) than bulk Ag (1265 K).>® Apparently, dif-
ferences in bulk cohesive energy cannot explain the dif-
fering stabilities of Au—Ag—Au and Au—Cu—Au ASJs.
However, on the nanoscale, the story may be different
since it is known theoretically that cohesive energy de-
creases with size in nanoparticles.>”*° Unfortunately,
detailed measurements of the cohesive energy for
atomic-sized Cu and Ag nanoparticles are not avail-
able. An alternative explanation focuses on the relation-
ship between the reactivity of metals and the filling of
d orbitals, which explains why bulk noble metals (Au,
Ag, Cu) are relatively unreactive compared to transition
metals, since they have filled d bands. However, at the
nanoscale, the d bands of noble metals shift toward the
Fermi level, making them more active than the corre-
sponding bulk forms. Quantum chemical calculations
show that the shift for Ag is relatively small, so the d
bands are still far away from Fermi level, while for Cu,
the shift is much larger and the d bands reach just be-
low the Fermi level, making Cu similar in activity to tran-
sition metals at the nanoscale.*>*' This observed
change in electronic structure is certainly consistent
with the ordering of stability observed between
Au—Ag—Au and Au—Cu—Au ASJs and likely plays
some role in determining the relative stabilities of Cu-
and Ag-containing ASJs, although contributions from
differences in cohesive energies of Ag and Cu nano-
particles cannot be ruled out.

Electrochemical Stabilization of Au—Cu—Au ASJs. One of
the advantages of electrochemical methods for nano-
fabrication is that the electrical potential may be varied
to induce changes in properties of the electrified inter-
face, such as the electron density, surface stress, and
work function. Thus, the interaction between the elec-
trode and its environment makes it possible to fabricate
stable metal nanostructures which may not be acces-
sible by other methods.**** Indeed, despite being un-
stable at open circuit, Au—Cu—Au bimetallic ASJs can
be stabilized by applying an appropriate negative bias
through the CE/QRE. Figure 6a shows the conductance
versus time over the entire course of a cycle of growth,
thinning and regrowth, finally terminated by an open
circuit period that results in breaking the Au—Cu—Au
ASJ. The results shown in this figure indicate thata —1.4
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Figure 6. Conductance vs time for a Au—Cu—Au bimetallic ASJ under different bias conditions, showing restructuring dy-
namics and stability phenomena. (a) Entire course of the data collection with applied potentials, Epc, in the indicated time in-
tervals. (b—d) Expanded views during periods with different applied potentials, showing (b) approach to 1 G, at Epc = —1.0
V; (c) fractional conductance behavior; and (d) thinning to the break point at open circuit.

V potential is sufficiently negative to form a
Au—Cu—Au ASJ, but —1.0 Vis not. Instead, at —1.0 V,
the ASJ exhibits thinning but with much slower restruc-
turing dynamics compared to open circuit potential, as
is clearly illustrated in Figure 6b—d. In the period from t
= 330 to 350 s, the conductance decreases in steps, ap-
proaching a metastable value of G = 1 G, where it re-
mains until t ~ 650 s, at which point it undergoes an-
other series of stepwise decreases in conductance to
various fractional conductance values, just as was ob-
served in Figure 4 for the Au—Ag—Au ASJ.

Empirically, it is possible to find a negative poten-
tial to stabilize the Au—Cu—Au ASJs, and we hypoth-
esize that under these conditions deposition and disso-
lution of Cu reach a quasi-steady state. Rather than
remaining at G = 1 Gy, the conductance continues to
decrease to fractional values. Similar fractional conduc-
tance was first reported for Au ASJs under electro-
chemical conditions by Tao et al.**~** and later for
other metallic ASJs by other groups in both
electrochemical®'*>~*® and ultrahigh vacuum (UHV)
environments.*>>° The origin of fractional conductance
in metallic nanowires is an interesting, but compli-
cated, issue, and a consensus about its physical origin
has not yet been reached. Possible explanations that
have been put forth invoke the scattering of conduc-
tion electrons in monatomic junctions by adsorbed
molecules or ions and/or structural deformation of the
junction itself. For example, quantum calculations sug-
gest a monatomic Au junction with equal spacing
would exhibit G = 1 G while dimerized Au wire may
yield a conductance of 0.4—0.6 G,.°" In addition, wires
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incorporating H, also show conductance smaller than
1 Gy in theory.*>*® Independent of the ultimate expla-
nation, the Au—Cu—Au ASJ exhibiting fractional con-
ductance remains competent to support regrowth of a
high conductance ASJ, as indicated by the second ap-
plication of Epc = —1.4V at ~1600 s in Figure 6a.

The fact that sufficiently negative potentials stabi-
lize Au—Cu—Au ASJs is also illustrated by the conduc-
tance histograms obtained under different bias condi-
tions, viz. Figure 7. The conductance histogram at open
circuit (Figure 7a) shows significant amplitude out to
~5 Gy, consistent with the approximately constant rate
of restructuring observed qualitatively in the data of
Figures 5 and 6. However, under negative bias, small G
values dominate, as seen in Figure 7b. We advance two
possible reasons for the electrochemical stabilization
of Au—Cu—Au ASJs: hydrogen adsorption, or even in-
corporation, and potential-induced shifts in the Fermi
level. Despite the fact that hydrogen does not adsorb
on bulk Cu, nanostructured Cu may have a much
greater affinity to hydrogen because the d bands are lo-
cated just below the Fermi level,* as discussed earlier.
Indeed, Tao et al.? and later Kiguchi et al.*>*”>* found
that Au and Cu atomic-scale contacts fabricated by STM
and MCBJ exhibit stronger mechanical properties at
the hydrogen evolution potential than in the double-
layer region, an observation that could be explained by
a decrease in surface energy caused by hydrogen ad-
sorption on the metal nanocontacts.*® Similar stabiliza-
tion of atom-sized contacts under negative potential
was also observed by Li et al. for monatomic contacts
of Pd, a metal which is well-known to have great affin-
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Figure 7. Conductance histograms of Au—Cu—Au bimetallic
ASJs under (a) open circuit; and (b) Epc = —1.1 V (WE open).

ity to hydrogen, indicating that hydrogen adsorption
may play an important role in electrochemical stabiliza-
tion.*® The stabilization of metal nanowires by adsorp-
tion of hydrogen and other molecules has also been re-
ported for Au,***> Pd,*® Pt,>” Cu,”® Ag,”® and Ni*®° as
well as Al, Ta, and Nb.®" Another reason for electro-
chemical stabilization could simply be thermodynam-
ics. When sufficiently negative potentials are applied
(negative compared to the potential of zero charge of
the electrode), the Fermi level of the electrode in-
creases, increasing the overpotential for electrodeposi-
tion, making the Au—Cu—Au ASJs more difficult to
dissolve.

As demonstrated above, both Au—Ag—Au and
Au—Cu—Au bimetallic ASJs can be successfully fabri-
cated using the open-WE electrochemical nanofabrica-
tion protocol with good controllability. The same ap-
proach can also be employed to fabricate ASJs in
microfluidic channels. In this case, since the CE is pat-
terned directly on the substrate surface (Figure 1b), the
CE is simply disconnected to terminate the electro-
chemical process because it cannot be physically re-
moved. The open-WE approach to forming bimetallic
ASJs in Au nanogaps has been successfully used to fab-
ricate Au—Ag—Au and Au—Cu—Au ASJs in PDMS
microfluidic channels. Once formed, the structures can
be removed either by electrodissolution or by chemical
treatment, and the resulting structures are found to be
competent for many repetitive growth cycles without
damaging the Au substrate. Even heavily overgrown
samples can be treated in H,0,/H,SO, (piranha) solu-
tion to dissolve the junction materials without damag-
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Figure 8. (a) SEM image of a heavily overgrown Au—Ag—Au
bimetallic junction. (b) SEM image of the same sample after
the overgrown Ag was removed by etching in piranha. The
nanogap initial state was recovered without damage.

ing the Au substrate, allowing microfabricated samples
to be recycled and used many times, viz. Figure 8, for
SEM images.

CONCLUSIONS

The work described here represents a fundamental
advance over the use of open-WE electrochemistry to
prepare monometallic ASJs. Using the open-WE proto-
col to achieve extremely slow electrochemical reaction
rates greatly enhances the controllability of nanofabri-
cation, allowing production of Au—Cu—Au and
Au—Ag—Au bimetallic ASJs that show remarkable sta-
bility, exhibiting steady conductance values for over 3 h
in favorable cases. Au—Cu—Au ASJs display more com-
plicated behavior, highlighted by spontaneous restruc-
turing dynamics at open circuit. These dynamics, if un-
checked, always result in a zero conductance state on a
time scale of a few minutes. However, if a sufficiently
negative potential, Epc, is applied, the Au—Cu—Au
structures can be stabilized. The stable structures exist
for periods of up to tens of minutes, over which time
the slowed restructuring dynamics can produce a num-
ber of intermediate states, even fractional conduc-
tance states at long times. Stabilization of Au—Cu—Au
ASJs could arise from two possible sources: hydrogen
adsorption and potential-induced shift of the Fermi
level. The stabilization of metal nanowires by adsorp-
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tion of hydrogen has precedent in the literature, al-
though the Fermi level shift cannot be discounted. The
other striking feature of these results is the develop-
ment of stable fractional conductance states for both
Cu- and Ag-based bimetallic ASJs, which likely have
their origin in physical restructuring.

Reproducible fabrication of bimetallic ASJs can be
achieved by choosing metals such that the nanogap
substrate (Au) is inert in the electroplating solution un-

EXPERIMENTAL SECTION

Template Fabrication. Fabrication of metallic ASJs employs three
major steps. Beginning with a photolithographically defined Au
microbridge, Au nanogaps are produced using focused ion
beam (FIB) milling, then the ASJ is formed in a final electrochemi-
cal deposition/dissolution step employing selected metals in
the nanogaps. The detailed procedure has been given previ-
ously.>* Briefly, bowtie-shaped Au films (30 nm thick, 3 nm thick
Cr as an adhesion layer) are formed on Si(100) covered with
500 nm of a thermal oxide (Silicon Quest International, CA) us-
ing standard photolithography and a lift-off process. A 5 pm
wide X 100 wm long microbridge constitutes the center of each
Au bowtie. A thin layer of SiN, (~100 nm thick) is then depos-
ited by plasma-enhanced chemical vapor deposition to protect
the Au films. After exposing the contact pads by etching away
the SiN, layer on both sides of each sample, a narrow slot (d =
100 nm) is opened in the SiN,—Au—SiO, sandwich structure us-
ing FIB milling on an FEI Helios NanoLab 600 (FEI Strata DB235 in
some early experiments) dual-beam system in the region of the
microbridge to form a nanogap. These SiN,-protected Au
nanogaps are ideal for electrochemical fabrication of ASJs be-
cause only a narrow band of exposed metal exists in the
nanogap.

ASJ Formation and Characterization. Metal ASJs are created in the
nanogaps via electrodeposition for the nanogap samples or elec-
trodissolution for the overgrown junctions by the open-WE pro-
tocol. All electrochemistry is carried out in 0.1 M K;SO, contain-
ing 1 mM CuSO;, (for Cu ASJs) or 1 mM Ag,SO, (for Ag ASJs) as
the electroplating solution at 300 K. All chemicals are from Fisher,
ACS certified, and are used without further purification. The fab-
rication process is monitored in situ by measuring the AC volt-
age drop across an external load resistance (either 10 k() or 100
() depending on the conductance of the sample), connected in
series with the sample. A small (typically 100 wV) AC excitation,
Vac, is placed across the nanogap, and the resulting AC current is
measured using a lock-in amplifier (Stanford Research Systems,
SR830). A schematic diagram of the experimental apparatus is
shown in Figure 1a. In the case of ASJs fabricated directly on the
surface, a removable Au wire (0.25 mm in diameter) serves as
both the counter electrode (CE) and quasi-reference electrode
(QRE), while for fabrication of ASJs in microfluidic channels, a 200
pwm wide (same thickness as the microbridge) Au wire is pat-
terned on the chip surface to serve as the CE/QRE. The fabrica-
tion process can be terminated at any time by either disconnect-
ing CE/QRE or removing it from the solution (if it is removable).
Physical removal of the CE/QRE frequently results in a brief cur-
rent spike which is removed from the data for clarity. Micro-
fluidic channels (typical width 400 m) are fabricated by cast-
ing a mixture of polydimethylsiloxane (PDMS) prepolymer and
curing agent (Sylgard 184, Dow Corning) on an SU-8 mold of the
appropriate dimensions.®? After curing overnight, the PDMS
channel is carefully aligned to the center of the chip surface, ex-
posing the Au microbridge area as well as a part of the CE/QRE
in the channel. The electroplating solution is then slowly intro-
duced into the microfluidic channel using a syringe pump for
electrodeposition and dissolution (see Figure 1b,c). Scanning
electron microscopy (SEM) measurements were carried out us-
ing a Hitachi 4500 SEM operating at 20 or 30 kV and an emission
current of 20 pA.
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der the applied potentials needed to deposit or dis-
solve the second metal. Using this strategy, we were
able to repeatedly and reproducibly fabricate
Au—Ag—Au and Au—Cu—Au bimetallic ASJs both on
open Si surfaces and in microfluidic channels. This capa-
bility opens the door to exciting applications of bime-
tallic ASJs, for example, as renewable detection ele-
ments in microfluidic devices for chemical and
biochemical sensing.
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