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Controllable nanogap fabrication on microchip by chronopotentiometry
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Abstract

This work aims to solve one of the key issues for developing molecular and nanoscale devices, i.e., how to controllably fabricate
nano/angstrom-size gaps on microchips. It has been shown that with a galvanostat and use of the electrode potential as the feedback,
we can be used to electrochemically fabricate metallic electrode pair with controlled gap widths ranging from about ten nanometers down
to few angstroms. It is based on probing the potential drop in the electrical double layer across the two electrodes during the narrowing of
t trochemical
i
©

K

1

i
t
i
o
i
c
m
t
h
r
b
u
w
a
fi
i

ctro-
ing a
ire.

re is
s
thod
th
Fur-
to be
ing
bro-

nm.
ex-
tical

ctro-
lec-
least
sit-
gap

owed

0
d

he gap. The process is simple and controllable, allowing rapid fabrication of nanogaps and adaptation of a commonly used elec
nstrument.

2005 Elsevier Ltd. All rights reserved.

eywords:Nanogap fabrication; Electrodeposition; Nanodevices; Chronopotentiometry; Electrical double layer

. Introduction

Molecular devices and nanodevices have attracted increas-
ng attention because of their important potentials in minia-
urization of electronic devices[1–11]. A critical challenge
n this field is to connect molecules or nanocrystals to the
utside world. A practical way is to fabricate a pair of fac-

ng electrodes with a controllable nanogap width on a mi-
rochip so that it can meet the specific need to fit with target
olecules or nanocrystals whose electron transport proper-

ies can be characterized in detail[6–11]. Several methods
ave been developed along the avenue of pair electrode fab-
ication [11–24]. One method named as “break junction” is
ased on a mechanical bending the chip so as to break an
ltra-thin metal wire into two electrodes at a certain gap
idth [11,12]. This gap width can be flexibly and precisely
djusted by mechanical controlling of the camber in order to
t different molecules. However, the involvement of mechan-
cal forces in the fabrication procedure seems unlikely to be

∗ Corresponding author. Tel.: +86 592 2186979; fax: +86 592 2085439.

promising for use with microchips and nanodevices. Ele
migration is another approach, which is realized by pass
large electrical current through an ultrathin metal nanow
Due to the electromigration of metal atoms, the nanowi
eventually broken to generate a gap[13–15]. The gap width i
typically 1 nm depending on the passing current. This me
is difficult to flexibly fabricate nanogaps with different wid
in order to fit target nanocrystals around 1–10 nm scale.
thermore, both the two methods seem to have limitations
widely applicable techniques. The precondition for carry
out such an experiment is that the metal nanowire to be
ken on the chip should be very thin, typically around 20
Those ultrathin wires can only be obtained by a very
pensive e-beam lithography, but not the conventional op
lithography.

Among the techniques developed for this purpose, ele
chemical methods involving, e.g., electrodeposition or e
trodissolution, is more versatile and can overcome, at
partially, the above-mentioned limitations. By electrodepo
ing metal atoms into a specific face of electrodes, the
between two facing electrodes can be sequentially narr
E-mail address:zqtian@xmu.edu.cn (Z.-Q. Tian). from the original micrometer scale down to the domain of
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a few angstroms, and eventually the two electrodes connect
to form an quantum contact[16–23]. The electrochemical
process can be reversed in electrodissolution mode for con-
trolled etching of metal atoms from a wire, thus a gap can
be widened from angstrom up to sub-micrometer scales. The
most distinctive feature of the electrochemical method is the
use of a feedback system to precisely control the resultant
gap width[16–23]. Several experimental parameters, such
as electrochemical current and electrolyte conductance, have
been used as the feedback indicator to critically monitor the
gap width, especially when the gap is narrowed down below
sub-micrometer scale. For example, Morpurgo and cowork-
ers used the electrolyte conductance between the two work-
ing electrodes as the feedback parameter to fabricate pairs
of platinum electrodes[19,20]. The electrodeposition pro-
cess was stopped by switching off the potentiostat when the
conductance reached a preset value. It provides an accurate
and reproducible way to control the gap width between 3 and
20 nm[19–23].

Recently, Tao and coworkers have developed a new
method to fabricate a molecular-size gap by using the tun-
neling current as feedback to precisely monitor electrochem-
ical deposition/etching[17,18]. When the gap is narrowed
down below 1 nm, the tunneling current tends to change in a
stepwise fashion, corresponding to a discrete change of gap
width. By presetting the tunneling current to one of the step-
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2. Experimental

The pair of facing Au electrodes were fabricated by a con-
ventional optical lithograph technique on an n-type Si wafer
of 〈1 1 1〉 orientation covered with 2�m thermally oxidized
silicon layer. Au/Ti (300/30 nm thickness) was used for the
electrode material. The initial electrode separation was typ-
ically 2�m. Then the electrodes were coated with SiO2 or
Si3N4 insulation layer except a small portion of the facing
electrodes (seeFig. 1). In our design, two gold electrode fin-
gers serve as the working electrode (WE) and reference elec-
trode (RE), respectively. A gold rod (ca. 1 mm in diameter)
was immersed the solution as a counter electrode (CE) (see
Fig. 1(b)).

The electrochemical fabrication was realized by us-
ing a CHI631A electrochemical workstation (CHI Co.,
USA). The electroplating solution was KAu(CN)2 with
K3C6H5O7 and KH2PO4 as supporting electrolytes. All so-
lutions were prepared with analytic reagents and Milli-Q
water.

The fabricated nanogap was characterized by using
LEO1530 scanning electron microscope (LEO Co., Ger-
many). To measure the gap width smaller than 1 nm, beyond
the resolution of SEM, the current–voltage (I–V) character-
ization was performed at room temperature by a two-point
probe method using a Keithley 4200 semiconductor charac-
t

Fig. 1. (a) Schematic drawing of the experimental setup. (b) A photo of top
view of the experimental setup.
ise values, they make it possible to fabricate gaps with
ngstrom precision. This method affords a great advan

n achieving a suitable gap fitting different molecules. Th
n important precondition for fabricating molecular dev
nd sensors with extremely high molecular selectivity[24].
owever, every method has its strength and limitation.
ery promising method seems to have two intractable
tations in terms flexibility for application. The first one
he gap width range. As the working principle is based
he detection and feedback of tunneling current, it is m
uitable for making a small gap below 1 nm when the
eling current is sufficiently high. The second limitation i

he use of a relatively sophisticated instrument. Since the
acing electrodes to form gap are both used as the wo
lectrode, the four-electrode bipotentiostat should be
nd its necessary function of tunneling current feedba
ot commercially available, which may restrict more lab

ories to adapt this method. It is therefore necessary t
ign a new electrode configuration and, in particular, the
peration mode for further developing the electrochem
ethod.
Recently we reported a short communication on the

lectrochemical method by utilizing the potential, instea
urrent or conductance, as the feedback indicator to co
he fabrication process of the nanogap[25]. Here we repor
he work in more details, especially the concentration in
nce of the electroplating solution. With the present met
ne can controllably fabricate nanogaps on microchips
idths ranging from several angstroms up to several nan

ers.
erization system.
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3. Results and discussion

3.1. Measurement of chronopotentiometric curve

The present approach used a hitherto untried electrode
configuration and potential feedback system as seen inFig. 1).
In our design, the pair of facing electrodes serves as the
working electrode (WE) and reference electrode (RE), re-
spectively. This configuration differs from the previous ap-
proaches using two faced electrodes both as WEs for the
conductance feedback mode and tunneling current feedback
mode [17–23]. Based on this new electrode arrangement,
galvanostatic experiments were carried out by applying a
controlled current (seeFig. 1). Metal atoms were deposited
layer by layer on the WE face to reduce the gap between WE
ad RE (as shown inFig. 2). The electroplating solution we
used in most experiments was 15 mM KAu(CN)2 with 0.3 M
K3C6H5O7 and 0.3 M KH2PO4 as supporting electrolytes. It
should be pointed out that it is essential to choose the suit-
able constant current (Idep) to ensure the deposited layers
to be smooth and compact rather than rough or loose. Af-
ter a systematic study, it has been found that the depositing
current (Idep) of about 0.1 mA cm−2 make the coating more
uniform (as shown inFig. 2). Because the original gap fab-
ricated by the optical lithography is quite large, the whole
deposition time could take about one hour. To expedite the
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Fig. 3. Chronopotentiometric curve plotted during the electrodeposittion
process.

After the surface area calibration, we started the gal-
vanostic depositionat 0.1 mA cm−2 and monitor the potential
difference between WE and RE (Vgap) continuously along
the time during the whole electrodeposition process.Fig. 3
shows the chronopotentiometric curve, where the monitored
Vgap was first at about−0.55 V and kept constant at about
500 s. After thatVgapwas then gradually reduced irregularly
along the time elapses, and finally approached to zero, in-
dicating that WE and RE electrodes were connected. Al-
though the chronopotentiometric curve might be slightly
different for different chip, they are quite similar to each
other. It infers that when the gap was narrowed below a
certain value, the changes ofVgap most probably correlated
to the change of the gap width. Therefore, it could provide
a guide for a presettingVgap value, whereat the termina-
tion of the electrodeposition process produces a desired gap
width.

F al elec sing
d .1 mA c
hole process, one could use a relatively higher current
ity for 5–10 min in the first stage and then a reduced de
f 0.1 mA cm−2 in the final important stage. Since the
osed area of the finger electrode of each microchip is

dentical, it could be better to calibrate the true electr
rea by performing cyclic voltammetry in a solution of 0.5
2SO4 and measuring the peak area corresponding t

eduction of gold surface oxide layer.

ig. 2. SEM images of two faced gold finger electrodes. (a) The origin
ifferent constant current density: (b) 1.0 mA cm−2, (c) 0.4 mA cm−2, (d) 0
trodes separated in about 2�m in comparison with the fabricated electrodes u
m−2.
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Fig. 4. SEM images of the fabricated gap that was terminated the depositing process when the monitored potential reduced to the preset potential (a)
Vgap=−0.55 V and (b)Vgap=−0.01 V.

3.2. Characterization of nano/angstrom-size gap

In order to get a deep insight of the evolution of the gap
whenVgapstarted to decrease corresponding to the chronopo-
tential response inFig. 3, we carried out a set of experiments
by stopping the deposition process whenVgap reached a cer-
tain value. Then the chip was taken out, washed throughout by
distilled water, dried and then examined by SEM.Fig. 4(a)
shows the SEM image of the gap fabricated at the initial
changing stage, with a chronopotential valueVgap=−0.55 V.
It can be seen quite clearly that the gap width is estimated
to be approximately 4.5 nm. If we preset the chronopotential
valueVgap=−0.01 V as the terminating value of the depo-
sition, which is very close to the condition where two elec-
trode directly contact to each other,Fig. 4(b) shows that the
gap to be too small and beyond the resolution of SEM. We
therefore had to find an alternative method to characterize
the gap width. Because the gap width is smaller than 1 nm, it
could be reasonable to estimate the gap based on the tunneling
current method. The current–voltage (I–V) characterization
of nanogap electrodes was performed at room temperature
by a two-point probe method using a Keithley 4200 semi-
conductor characterization system. For the case inFig. 3(b),
we measured theI–V characteristic curve for the gap in air,
which shows good linearity[25]. We thus can estimate the
gap width using the formulaI∝Vexp(−ks) whereI is the
t d
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Fig. 5. The correlation of the monitored gap width vs.Vgap.

2Å. This set of experiments persuasively demonstrates that
electrode separation gap ranging from several angstroms to
several nanometers could be constructed by simply choosing
a preset potential in our method.

3.3. The correlation of the double layer

After knowing that the change ofVgapis mainly caused by
the gap width narrowed down bellow 5 nm under the present
electrode configuration, one could easily infer that this be-
havior could be most probably originated from the pattern of
potential drops in the electrical double layer. It is well known
that a simple double layer model of solid/liquid interface con-
sists of a compact layer (CL) with a sharp potential drop, and
a diffuse layer (DL) with a slow potential drop[28–30], and
no potential drop occurs beyond the double layer region as
shown inFig. 6(a). Regarding the present electrodeposition
process, the gap is narrowed down to several nanometers or
even less, RE as the potential probe can be considered to pene-
trate into the double-layer region of WE as shown inFig. 6(b).
Vgapwill be decreased dramatically if the gap width is about
the CL thickness (seeFig. 6(c)).

It should be noted thatFig. 6is the simplest representation
of the potential distribution in the nanogap. The real situation
must be much more complicated because we have omitted
unneling current,V the bias potential,s the gap width, an
is a constant. Since we are not able to find thek value in
ir, we have to substitutekwith an average of that in vacuu

26] and in solution[27] so as to calculate the gap width
e approximately 1.5̊A.

It has been shown that the gap width larger than 2
an be measured by SEM while that smaller than 1 nm
e estimated by the tunneling current versus applied vo
urves. Accordingly, we performed a set of experiment
resetting a set of potentials from−0.55 to−0.01 V as the

eedback to control the nanogap fabrication, then meas
heir gap widths by SEM orI–V values. TheVgap versus the
ap width is plotted inFig. 5, and shows that the gap c
e controllably fabricated and ranged from about 4.5 n
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Fig. 6. A brief representation of the working principle of electrochemically
fabricating nano/angstrom-gap electrodes.

many influencing factors to the chronopotential characteristic
in the present model. For instance, the double layer of RE
has not been taken into account in our preliminary model.
The influence of the potential drop on the side of RE (the
gold electrode at the open circuit potential) could be small
than that of WE at the polarized condition. However, the
double layer overlapping for WE and RE certainly plays a
role [31,32]. How to make the quantitative calculation of the
potential distribution in this special case is a very difficult
task. However, in return, it will help us to get the clear and
detailed picture of the double layer structure.

3.4. Influence of the electrolyte concentration

In order to verify the above assumption thatVgapis closely
determined by the property of the double layer, we designed
the experiment to examine if the relationship ofVgap and
gap width depends on the electrolyte concentration because
the double layer thickness is considerably dependent on the
concentration. A set of experiments, same as that inFig. 5,
were performed in the solution with increase concentration
of 1000 times. The chronopotential curve inFig. 7(a) shows
that the evolution time of the deposition process is consid-

erably short because the concentration of gold ion is much
higher. The most important feature is the detailed correla-
tion of the preset potential value and the gap width, as shown
in Fig. 7(b). Comparing the results shown inFig. 5, it can
be confirmed that the gap width fabricated in the concen-
trated solution should be smaller. The data reveal thatVgap
starts to decrease when the gap width is only about 0.7 nm,
considerably smaller than the previous one. It illustrates that
the potential distribution in the WE/solution interface relies
significantly on the electrolyte concentration. This charac-
ter could be explained by the decrease of the double layer
thickness. For the high concentration electrolyte solution, the
double layer become very thin and in an extremity, there is
no diffuse layer existed. In another word, the potential dis-
tribution in the electrode/solution interface is limited in the
compact layer region. The thickness of 0.7 nm seems to be
relatively large for the impact layer, which could be due to
the double layer overlapping of WE and RE and the specific
adsorption of CN− ion at the electrode surface.

It should be pointed out that for fabrication of nanogaps
smaller than 1 nm, our method does not have advantages
in comparison with the method using tunneling current as
the feedback[17,18], except that our instrument is sim-
pler and conventionally available. The method developed by
Tao’s group and other groups has an important advantage in
terms of precisely controlling the gap width AT sub-angstrom
s ent
m es.
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o (a).
cale[17,18], which is essential to selectively locate differ
olecules with tiny difference in size for molecular devic
The advantage of our method using the potential feed

ould be its capability of fabricating electrode gaps with
ider range, from several angstroms up to several nan

ers. The larger gap width can meet the specific need
ith target nanocrystals such as quantum dots whose ele

ransport properties can be characterized. It is well kn
hat the lower the electrolyte concentration is, the thicke
ouble layer. The variation of the double layer thicknes

he electrolyte concentration would enable a higher sen
ty in monitoring the potential change in diluted solutio
nd thus termination of fabrication at large gap widths.
xample, the diffuse layer thickness could be, in genera
ended to about 100 nm in a 100�M electrolyte solution. It i

ition process as Au is deposited on the WE. The solution was 15 mM2
lationship of the preset chronopotential value and the gap width corre
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Fig. 8. The largest fabricated gap width can reach about 10 nm when the
electroplating solution was diluted substantially.

surprised to notice, however, that the up limit of the control-
lable gap width is much lower than expected. For example,
with an extremely diluted solution of 0.15�M KAu(CN)2
with 3�M K3C6H5O7 and 3�M KH2PO4, the gap width
of only 10 nm is accessible for fabrication (see inFig. 8). It
should be noted that the plating solution used in the present
study is rather complex. It has also been found that CN−
species from the plating solution can strongly adsorb at the
electrode, which caused problems for further study, such as
on the double layer structure of the nanogap system, using
other electrolyte solution. Therefore, it is highly desirable to
use other electroplating solution free of strongly adsorbing
species. This systematic investigation has been underway in
our laboratory.

4. Conclusion and remarks

In summary, we have demonstrated a simple electrochem-
ical method to controllably fabricate Au metallic electrode
gap from several nanometers down to several angstroms.
The largest gap width that was controllably fabricated in
the present study is about ten nanometers. It is correlated,
to some extent, to the thickness of electrical double layer
that is basically determined by electrolyte concentration. The
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Development of this method can be made if further ex-
perimental as well as theoretical investigation performed
to a clear insight of the role played by the double layer
structure and especially the double layer overlapping within
the nanogap is essential. The Gouy–Chapman–Stern model,
based on which the estimation on the concentration depen-
dence of the double layer thickness was made in the present
study, is in fact a highly simplified model of the electrochem-
ical interface. The electronic structure of the nanoelectrode
could be distinctively different from that of an ordinary plane
electrode. Furthermore, while the synthesis and characteri-
zation of solid nanoparticles has become a very hot field,
much less attention has been paid so far to nanoscale liq-
uid phases. It is obvious that the structure and property of
the nanoscale liquid phase, especially the nanoelectrolyte so-
lution, is very important not only for electrochemistry but
also for biologic systems. Unfortunately, such nanoscale liq-
uid phases are much more complicated than any solid state
nanoparticles, and the characterizing techniques for the for-
mer are also much less powerful than the later, for instance,
that can be analyzed in detail by high resolution TEM, etc.
However, works along the direction of nanoscale electro-
chemistry could be very helpful in providing a platform to
study the nanoscale liquid phase, in particular, the distribu-
tion of potential and of species at the interface[35,36], which
is one of the fundamental issues in electrochemistry.
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