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ABSTRACT

We report on the fabrication and characterization of gold nanoelectrodes with carefully controlled nanometer dimensions in a matrix of insulating
silicon nitride. A focused electron beam was employed to drill nanopores in a thin silicon nitride membrane. The size and shape of the
nanopores were studied with high-resolution transmission electron microscopy and electron-energy-loss two-dimensional maps. The pores
were subsequently filled with gold, yielding conically shaped nanoelectrodes. The nanoelectrodes were examined by atomic and electrostatic
force microscopy. Their applicability in electrochemistry was demonstrated by steady-state cyclic voltammetry. Pores with a radii down to 0.4
nm and electrodes with radii down to 2 nm are demonstrated.

The ability to fabricate electrodes of accurately controlled the wider use of nanoelectrodes. In particular, the long-term
nanometer dimensions is a key element in several areas oinstability and the difficulty in characterizing the size and
nanoscience, including molecular electronics and nanoelec-shape of present-state nanoelectrodes lead to significant
trochemistry. Point contacts have been used widely in uncertainties in the analysis of experimental results.

quantum transport studieand to probe electrical conduc-  Here we report a novel method for the fabrication of
tion through a limited number of molecules down to the metallic nanoelectrodes with carefully controlled dimensions
single-molecule levet:® In the context of electrochemistry,  of 54 few nm. We particularly focus on gold nanoelectrodes,
the main fundamental interest in these devices lies in theiralthough the extension of this process to other metals is
unique properties for the study of electron-transfer kinetics  syajghtforward. Our method consists of drilling a nanopore
and mass-transport mechanisms in localized nanometer-scalé, 5 silicon nitride membrane using a focused electron beam,
volumes?~** In general, as the size of an electrode is reduced, 5 athod developed recently for nanofluidic applicati@n

it is possible to obtain higher sensitivity, a lower detection \ye then fill the pore with an evaporated noble metal to yield
limit, a smaller volume probed, and higher temporal resolu- conically shaped protruding electrodes. We present the

gon.dHence, metalfnanole_lec_trodes ar;]e used |n|I|qU|d|s 'nlacharacterization of these nanoelectrodes and demonstrate
road spectrum of applications such as single-molecule y, . applicability in electrochemical voltammetry.

detectiont? probing neurophysiological signals of small N lectrod tabricated by drill i |
populations;>1* biomolecular sensors for medical diagnos- anoelectrodes were fabricated by driiing nanometer-scale
tics 15 and real-time monitoring of cell exocytoss. pores in a thin SIN membrane and subsequently filling the

’ nanopores with gold. A schematic representation of the

The most common approach for electrode fabrication . ) -
. : . L desired electrode geometry is presented in Figure 1, and the
consists of electrochemically etching a thin wire down to a . . . A .
fabrication process is outlined in Figure 2. The SiN mem-

sharp conical shape followed by insulating the whole surface . ) .
b P y 9 branes were manufactured following standard microfabrica-

except for the very apex of the tip. The most broadly used tion technol f th iconductor industrv. B
insulating materials include electrophoretic p#i&t and dlon gcs_ni)o%gy r]?m _t;:hsemlct:_o_r;_ ue (f);g(])gl;s y. boron-
Apiezon waxd1® Another preparation technique consists of °°P€d >l (100) wafers with resistivities o cm were

stretching glass capillaries containing sealed microwires with used. First, a t.hree—layer strucyqre was deposited by _IOW'
a laser micropipet pullé®2: Despite their large potential pressure chemical vapor deposition (LPCVD) on both sides

applicability, major obstacles still have to be overcome for 2S follows: 20 nm of low-stress (silicon-rich) SiN, followed
by 200 nm of SiQ and a 500-nm thick capping layer of

* Corresponding author: Fax:+31-15-2781202; e-mail: lemay@ low-stress S_iN' The middle SiQayer yvas deposited from
mb.tn.tudelft.nl. tetraethoxysilane (TEOS). Square windows were then pat-
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Figure 1. Schematic representation of a nanopore-based electrode

in a typical electrochemical experiment.
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Figure 2. Main steps of the nanoelectrode fabrication process. (a)
CVD three-layer deposition on Si, backside lithography, and KOH
etch. (b) Front-side lithography and etch of the SiN and,$a§ers
forming a 20-nm SiN free-standing membrane. (c) Nanopore drilling
in the SIN membrane with a focused electron beam. (d) Sacrificial
SiO, layer sputtering and Au evaporation. After this step, the
sacrificial layer is removed in buffered HF.

terned in poly(methyl methacrylate) (PMMA) on the back-
side of the wafer with e-beam lithography, and the pattern
was transferred to the CVD layers with CHB, reactive

ion etching (RIE) at §bar (CHR 50, G, 2.5 sccm, 50 W,
etching time~60 min). Using the SiN as a mask, the Si
substrate was anisotropically etched in KOH (30 wt. %, 80
°C, etching time~8 h), yielding free-standing 58 50 um?

lithography on the front side of the samples in the middle
of the 50#m membranes. Inside these regions, the capping
SiN and SiQ layers were removed with CHf©, RIE and
buffered HF etch, respectively (Figure 2b). Our membrane
structure has two advantages over single-layer membranes.
First, the capacitance of the membrane is greatly reduced
because the 20-nm thickness has an area of oniyn?,
whereas the rest of the substrate is covered with an insulator
thickness greater than 700 nm. Second, the mechanical
strength is enhanced by the circular shape because the strain
is homogeneously spread, in contrast to square-shaped
membranes.

Pores with radii between 0.4 and 100 nm were obtained
in the thin membranes with a focused electron é&msing
a transmission electron microscope (TEM, Figure 2c). Pores
with radii in the range of 1.54 nm were drilled directly
with the electron beam. Here, an electron beam was tightly
focused on the SiN membrane to an intensity of4100°
e/nnt s. The high intensity of the electron beam breaks the
covalent bonds and causes Si and N atoms to be sputtered
away into the vacuurf® The time for pore formation can
vary greatly depending on the beam parameters, ranging from
less than 10 s for a 300 keV beam~at(® e/nnts to 5 min
for a 200 keV beam at 1 e/nn¥s. To obtain bigger pores,
a pore 2.54 nm in radius was drilled first and this pore
was then expanded by broadening the electron beam (with
an accompanying drop in intensity to values betweeh 10
and 10 e/nn¥s). The pore growth was followed in real time
by TEM imaging. When the pore achieved the desired size,
the expanding process was stopped by decreasing the beam
intensity substantially to less than“6/nn?s. Pores with
radii smaller than 1.5 nm were obtained in a related manner.
Here a 1.5 nm pore was drilled and a low-intensity>10
1P e/nns) electron beam was then used to shrink this pore.
Expansion and shrinkage are thought to be driven by surface-
tension effectd® After pore formation, high-resolution
transmission electron microscopy (HR-TEM) images were
obtained in order to measure the pore diameter with high
accuracy. This diameter determines the eventual electrode
diameter.

We have found previoust§ that sputtering Au to cover
one side of a pore results in an inverted pyramid geometry
with typical sidewall angles of 60 To obtain a convex
electrode, a more sophisticated recipe was followed. A 0.5-
nm Cr adhesion layer was evaporated at’1Dorr on the
backside of the membrane followed by a 0.5-nm layer of
Au without breaking the vacuum. The sample was then
turned over and the front side of the pore was covered with
SiO; by sputtering in an Ar plasma at 1 mTorr (power 100
W, rate 1 nm/min). An Si@pit structure similar to those of
ref 26 was obtained. This pit was subsequently filled with
Au by a second backside evaporation (Figure 2d). To
guarantee coverage of the pore, both the, it Au layer
thicknesses were at least 2.5 times the diameter of the pore.
Finally, the front SiQ was removed in buffered HF to reveal

membranes consisting of the three-layer stack (Figure 2a).a structure as depicted in Figure 1. All of the materials

To reveal the lowermost 20-nm SiN film, circular windows,
3 um in diameter, were patterned in PMMA with e-beam
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employed in the fabrication are compatible with the use of
organic solvents such as acetone or trichloroethylene (TCE).
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struction of a thickness map and a cross section across the
pore are shown. The region over which the thickness of the
thin film varies extends much further (radius about 80 nm)
than the radius of the beam. This implies that rearrangement
of material occurs in the 80-nm radius area even though this
material is not strongly exposed to the electron beam.
Because material is not observed to accumulate outside the
80-nm-radius area, we believe that this material migrates to
the central area, where it is sputtered away into the vacuum
by the intense electron beam. From Figure 3b and c it is
clear that the material around the pore has a wedge shape
and forms sidewall angles of55°. EELS characterization

of different pores indicates that this slope can span a range
30—-60° depending on the electron-beam intensity and the
duration of the drilling process. The radius of curvature at
the constriction point is much smaller than the membrane
thickness. We estimate an upper limit of 5 nm for the radius
of curvature. Although some differences may exist between
these kind of membranes and 20-nm SiN membranes, we
expect that a wedge shape of the nanopores is a universal
property of electron-beam drilling. Similar results were
obtained in 40-nm SiN membran€s.

-120 -60 0 60 120 . .
Distance (nm) The fabricated nanoelectrodes were characterized by

atomic force microscopy (AFM) and simultaneously with
Figure 3. (a) HR-TEM images of nanopores with radii of 12, 2.5, electrostatic force microscopy (EFM). In the latter technique,
and 0.4 nm. (b) Thickness map (smoothed) of a 3-nm-radius pore each line of the image was first scanned in tapping mode,

obtained with EELS. (c) Cross section of the pore thickness profile ;
(raw data) passing through the pore in b. The absolute thicknessand then a second interleave scan was performed along the

was obtained by calibrating the relative thickness far from the pore S&Me  line. During the interleave scan, the electrically
to 60 nm. grounded tip was raised 50 nm and it was constrained to

follow the measured topography while a voltaged/ was

Therefore, it is possible to chemically clean the electrodes 2PPlied to the substrate. Because the atomic forces are very
if needed and to use them in nonaqueous solvents. short-ranged, the tip only couples to long-range Coulomb
Figure 3a shows three different pores imaged with HR- interactions during the_lnterleave scan. Electric field gradl_ents
TEM. Their radii are 12, 2.5, and 0.4 nm. The pore with a 2r€ probed by recording the phase change of the cantilever
2.5-nm radius was imaged right after formation by drilling ©Scillation. Because EFM is a direct probe of the electric
with the focused beam. The 12-nm pore was first drilled and fi€ld, itis an ideal tool to locally distinguish conductive and
then expanded slowly in a controlled manner until this radius insulating regions in the sample. An AFM topographic image
was achieved, whereas the pore with a 0.4-nm radius wasShowing a conical electrode is presented in Figure 4a. The
formed by shrinking a pore with initial radius of about 1.5 corresponding EFM image shown in Figure 4b confirms that
nm. The pores have a well-defined circular shape and theirthe observed conical feature consists of metal surrounded
diameter, which is readily measurable with very high by msulatl_ng material. Th(_—:- electrode presented in this flgu_re
accuracy, can correspondingly be controlled to subnanomete@s & radius (measured in TEM) of 24 nm. A topographic
precision. Note that the smallest pore has a diameter spanningrofile passing through the electrode is shown in Figure 4c.
only five atoms. he wedge shape of the nanopores is apparent beside the
To get some insight into the shape of the pores, we mappednanoelectrode. Consistently with the expected geometrical
their structure using electron-energy-loss spectroscopy (EELS)Shape, we measure a height of 30 nm from the SiN
The local membrane thickness is determined by the log-ratio Membrane to the tip of the electrode. The apparent radius
image of an energy-unfiltered and an energy-filtered image ©Of the electrode in AFM topography is 45 nm, but this is an
(with zero loss bean®?’Because the EELS images acquired UPPer limit only, because of the tip convolution. Unfortu-
from a 20-nm-thick membrane were quite noisy, it was not nately, the smallest electrodes could not be resolved with
possible to obtain quantitative information from these data. AFM because of the wedge shape of the nanopores (Figure
We instead obtained thickness maps of pores drilled in 3¢) combined with tip convolution.
thicker membranes. These were prepared by covering both We demonstrate the performance of the fabricated nano-
sides of the SiIN membranes with 20-nm sputtered, giq@l electrodes by probing their voltammetric response to redox
drilling the pores into these 60-nm membranes. Figure 3b couples. Ferrocenylmethyltrimethylammonium (FCcTH)A
shows the thickness variation around a pore 6 nm in diameterand ferrocenedimethanol (Fc(@BH),) were employed
created in 15 min using an electron beam diameter of 8 nmas electroactive species and MND; was used as an inert
(full width at half-maximum). A three-dimensional recon- base electrolyte. Ferrocenylmethyltrimethylammonium hexa-
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Figure 5. Cyclic voltammograms obtained for different electrodes
recorded in solutions of (a) Fc(GABH), and (b) FCTMA'. In the
last curve, it is possible to see an enhancement of the noise in the

0 500 1000 1500 2000 regime where faradaic currents are recortlethe voltammogram
X (nm) scan rates are (a) 10 mV/s, (b, top) 0.5 mV/s, and (b, bottom) 0.1
mVi/s.

Figure 4. (a) AFM topography image of a nanoelectrode. (b) EFM
image of the same electrode. (c) Cross section of the topographic

. X is defined from the diffusion-limited current at a hemispheri-
image passing through the pore.

cal electrodd, = 27FDCR., whereF, D, andC are the
fluorophosphate was synthesized by metathesis of the iodidemaraday constant, the diffusion coefficient, and the bulk
salt (Lancaster, England) with ammonium hexafluorophos- concentration, respectively. However, interesting deviations
phate (Aldrich)2® Ammonium nitrate (Merck, Germany) and from the classical picture are observed in the case of the
Fc(CHOH), (Aldrich) were used as received. Aqueous positively charged species FcTMAThis anomalous trans-
solutions were prepared with 18 ™ cm water from a  Port behavior will be discussed elsewhéte.
Milli-Q purification system (Millipore, USA). Electrochemi- A strong advantage of these kinds of electrodes is that
cal measurements were performed in a 200 poly- their size can be characterized independently prior to their
(dimethylsiloxane) (PDMS) cell. The cell had two open- use without risking contamination of the metal surface. Our
ings: a bottom one, 150m in diameter, that contacted the fabricated electrodes proved to be stable over long measuring
nanoelectrode and a macroscopic upper hole where aperiods. The voltammetric currents did not change over 36
commercial Ag/AgCl electrode was placed as both the h of continuous measurements. A drawback is their inability
reference and counter electrode. The oxidation of the redoxto probe high temporal resolutions because of the slow
species in the presence of 0.5 M MHD; was recorded in response of the insulating material surrounding them. This
a two-electrode configuration using home-built electronics problem may be solved in the future by the use of a metallic
with a bandwidth of 3 Hz. At this salt concentration, the guard layer set at the same potential as the electrode itself
Debye length is roughly 0.4 nm. The electroactive species SO that no potential drop is present across the dielectric
concentrations in the solutions were determined from the membrane. Another simple way to avoid the slow dielectric
voltammetric limiting current measured at @ disk response of the SiN membrane consists of working with thick
electrodes (BASI). polymer membranes such as those used in the fabrication of
Typical steady-state cyclic voltammograms are shown in track-etched nanoporé$3! However, the slow response of
Figure 5. The observed sigmoidal shape of the current the dielectric material presents no restriction in applications
voltage curves provides a signature of the good performancewhere the potential of the electrode is held constant, for
of the electrode surface. In addition to the transport-limited example, biomolecular sensing.
faradaic currents, a hysteretic offset is measured between We have demonstrated a novel process for fabricating
the forward and backward scans, resulting from the parasitic nanoelectrodes as small as 2 nm in radius. Pores as small as
dielectric response of the insulating membrane. This is 0.4 nm in radius were achieved using electron-beam drilling.
especially clear for the smallest electrodes where the faradaicThe ultimate limiting factor in drilling small pores is the
currents are in the sub-pA levels. It should be noted that TEM resolution. We do not foresee any reason for limiting
this nonfaradaic current is not the result of the metal- the use of these pores to obtain sub-1-nm gold electrodes.
electrolyte double-layer capacitance. Instead, it is the effect
of a dielectric relaxation of the membrane matett&P. The Acknowledgment. This work was financially supported
transport-limited currents achieved for the neutral speciesby The Netherlands Organization for Scientific Research
Fc(CHOH), are in good agreement with the expected (NWO) and NanoNed, a program of the Ministry of
diffusion-limited curren® For example, the bottom voltam-  Economic affairs of The Netherlands.
mogram shown in Figure 5a displays a diffusion-limited
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