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Abstract
The potential of needle-type Pt disk nanoelectrodes as extremely miniaturized scanning probes for high resolution
scanning electrochemical microscopy (SECM) was investigated. The accuracy of a piezoelectric shear-force based
distance control allowed a precise positioning of the Pt nanoelectrodes in close proximity to the surface of interest not
only in tip approach experiments but also throughout scanning and SECM imaging. As proof of the advanced quality
of SECM imaging, high-resolution current and topography images of a three-dimensional LIGA microstructure will
be presented both simultaneously acquired by operating Pt nanoelectrodes in the constant-distance mode of SECM.

Keywords: Scanning electrochemical microscopy (SECM), High resolution, Shear-force detection, Constant-distance
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1. Introduction

Merging the benefits of voltammetric microelectrodes with
the ones of scanning probe techniques, scanning electro-
chemicalmicroscopy (SECM) represents apowerful tool for
studying local (electro) chemical properties of liquid/solid
interfaces in their native environment [1 ± 5]. In general,
information×s about the topography and discrete variations
in conductivity and/or chemical reactivity are accessible at
high spatial resolution from SECM measurements. With
those, amobilemicroelectrode (the SECM tip) is scanned in
very close distance across the sample surface and its current
response simultaneously monitored as a function of the x
and y tip position. SECM imaging relies strongly on a
dependence of the electrochemical tip response on the tip-
to-sample distance (d) and the nature of the sample surface
[6]. As a matter of fact, the achievable spatial resolution of
SECM imaging is effectively related to the size of the
microelectrodes used for scanning. Usually, disk-shaped
metal or carbon microelectrodes with typical diameters of
the active planar disk in the range of about 2 ± 25 �m are
used as scanning probes for imaging in the amperometric
feedback or the generator/collector mode of SECM. De-
tailed information on the design and construction of such
conventional SECM tips can be found in a recently
published review [7].
Aiming onSECMimagingwith sub-�mresolution, a lot of

effort was focused on the fabrication of SECM tips with
significantly reduced tip diameters and specially-designed
electrodes with electrochemically active disks of nanometer
dimensions (™nanoelectrodes∫) have recently been report-
ed and proposed as potential scanning probes for high-

resolution SECM [8 ± 13]. However, to our knowledge only
approach curve measurements and an early attempt to
image a flat surface with a short scan range [8] using
nanoelectrodes have been published until now. This might
be explained by the extreme difficulties in operating a
nanoelectrode as a scanning probe in the most often used
constant-height mode of SECM. They arise due to the fact
that the working distance appropriate for SECM imaging
ought to be in the order of a few times the diameter of the
active disk of the microelectrode used for scanning to make
sure that the SECMtip is placedproperlywithin the rangeof
the modulation of the hemispherical diffusion profile in
front of the electrode by the properties of the sample in the
amperometric feedback mode or a good collection efficien-
cy is guaranteed in the generator/collector mode. This
implies that a nanoelectrode with, for instance, an effective
radius of 100 nm has to be scanned at a distance of only
about a few hundreds of nanometers above the specimen.
Obviously, scanning SECM tips at such a small distance in
constant height easily can lead to a tip crash or a loss of
feedback when performed on tilted surfaces and no
compensation for the surface tilt has been made (because
of the extremely short tip-to-sample separation this is true
even at very small tilt angles) or at surfaces that are featuring
3D structures with heights or grooves and holes with depths
larger than a few times the diameter of the active disk of the
nanoelectrodes themselves. For this reason and in order to
avoid a tip crash or a loss of feedback it is a prerequisite for
successful SECM imaging with nanometer-sized SECM tips
to control accurately the tip-to-sample separation and
SECM in a constant-distance mode of operation has to be
used to force the SECM tip to follow the contours of the
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sample surface during scanning. In addition to lowering the
risk of damaging the tiny tips, constant-distance mode
SECM with nanometer-sized scanning probes has the
advantage that one obtains simultaneously information on
both, the sample topography and its reactivity, which
without any doubt will facilitate the interpretation of the
SECM data.
First attempts to carefully control the tip-to-sample

distance took advantage of so-called tip-modulation [14]
and picking modes of SECM [15]. However, a clear
convolution between distance and topology effects can
only be gained by using non-electrochemical strategies for a
concurrent and independent acquisition of the surface×s
topography and its local electrochemical properties. In 1995,
we introduced such a non-electrochemical approach to
SECM by exploiting a distance control with a shear-force
based feedback mechanism [16] as originally developed by
others for the positioning of ultra small optical fiber tips in
scanning near field optical microscopy (SNOM) [17, 18].
The set-up with an integrated optical detection scheme for
shear forces was successfully applied for surface modifica-
tion [19], the positioning of non-amperometric SECM tips
[20] and for measurements on soft biological samples, i.e.,
for imaging the topography and activity of single secretory
cells [21]. Another way to use a shear-force feedback was
seen in gluing the SECM tip to a tuning-fork resonance-
detection system of a commercially available SNOM. The
response of the tuning fork/SECM-tip assembly was used as
a measure of shear-force induced damping of the tip
vibration thus enabling a feedback control of tip-to-sample
separation [22, 23]. Furthermore, an electrochemical impe-
dance method for controlling the tip-to-sample distance
during SECM experiments was proposed [24] and the
integration of SECM into atomic force microscopes (AFM)
by using specially-designed AFM cantilevers acting simul-
taneously as a force sensor for topographical AFM imaging
and an ultramicroelectrode for electrochemical SECM
imaging could be successfully demonstrated [26 ± 32].
In a preceding article, we reported on a non-optical

piezoelectric shear-force based constant-distance control
for SECM tips [33]. The method was adapted to the specific
needs of SECM from an earlier work by Brunner andMarti
describing a similar approach for the positioning of SNOM
tips [34, 35]. All important technical aspects of the set-up
and the working principles allowing for the proper function
of this new type of constant-distance mode SECM were
described in detail and the performance of the method was
proofed by imaging simultaneously the topography and
local variations in the electrochemical activity of suitable
samples. However, rather large, about 10 �m-diameter
microelectrodes were used as SECM tips and, as a matter
of fact, the spatial resolution was limited by their dimen-
sions. In this article, we present our recent work on
employing previously published Pt-disk nanoelectrodes
[13] as miniaturized scanning probes for high-resolution
SECM.Wewill give evidence that the accuracy and stability
of the non-optical piezoelectric shear-force based distance
control is suitable to allow for a precise positioning of

nanometer-sized SECM tips not only in tip approach
experiments but also throughout scanning. In fact, true
SECM imaging with nanometer-sized SECM tips operated
in the constant-distancemodewill be shown for the first time
and it will be demonstrated that a significant improvement
in the spatial resolution of SECM imaging can be achieved
when using nanoelectrodes as scanning probes.

2. Experimental

2.1. Chemicals, Samples, and SECM Tip Preparation

SECM experiments were carried out in aqueous solutions
containing 5 mM [Ru(NH3)6]Cl3 (Strem Chemicals, New-
buryport, MA, USA) as the redox mediator and 0.5 M KCl
(Riedel de Haen, Seelze, Germany) as supporting electro-
lyte. The sample studied was a three-dimensional micro-
structure with an array of hexagonal holes (honeycomb
structure) (STEAG Microparts, Dortmund, Germany)
prepared using the technique of deep X-ray lithography in
combination with electroforming, also known as the LIGA
(Lithographie, Galvanoformung, Abformung) microfabri-
cation process [36]. SECM tips were glass-insulated Pt-disk
nanoelectrodes prepared as previously described [13] by
simultaneously pulling of a quartz glass capillary and an
inserted platinumwire (25 �mindiameter,Goodfellow,Bad
Nauheim,Germany) using a laser-basedmicropipette puller
(Sutter P2000, Canada). Pulling typically produced two
tapered glass tips with a Pt core of drastically reduced
diameter tightly sealed into quartz glass. Careful polishing
of the tips leads to the exposure of active Pt disks with
diameters of far below one micrometer. For comparison
reason, glass-insulated 10-�m-diameter Pt disk microelectr-
odes made from Pt wires (10 �m in diameter Goodfellow,
Bad Nauheim, Germany) sealed into the tapered tips of
pulled borosilicate glass capillaries have also been used as
scanning probes [20].

2.2. Instrumentation, SECM Components

The design and the operational principles of the SECM set-
up as used in this study for imaging with nanometer-sized
SECM tips in a constant-distance mode of operation have
been described earlier [33]. Experiments were usually
carried out in a one-compartment electrochemical cell and
three-electrode configuration, with the SECM tip (a Pt
nano- or microelectrode) acting as working (WE), a Pt-wire
as counter (CE) and a chlorinated silver wire as a Ag/AgCl
pseudo-reference (RE) electrode.

3. Results and Discussion

Aiming on high resolution SECM imaging, needle-type Pt
disk nanoelectrodes were integrated as extremely minia-
turized SECM tips into the SECM set-up specially designed
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for scanning in a constant-distance mode of operation.
Before finally employed in SECM experiments, the electro-
chemical response of all Pt-disk nanoelectrodes was tested by
cyclic voltammetry (CV) in solutions of 5 mM [Ru(NH3)6]3�

containing 0.5 M KCl as background electrolyte and the
obtained diffusion-limited currents were used to determine
the actual diameter of the electroactive surface of the used
nanoelectrode (CVs not shown, for representative CVs of
these type of electrodes see [13]). Of note, the geometry of
the tapered glass tips of the Pt nanoelectrodes with a typical
length of about 15 mm and a very thin glass insulation for

most of the pulled part of the apex gave them the
appropriate mechanical properties to be used as flexible,
vibrating SECM tips which are sensitive to the appearance
of shear forces if brought into close proximity of a surface.
As already described previously, the key component of

the SECM set-up with a non-optical, shear-force based
constant-distance control is the integrated, piezoelectric
shear-force detection system, which basically consists of two
thin piezoelectric plates and two brass blocks. The brass
blocks have a cylindrical hole drilled through their center
from the top, just large enough in diameter to allow the
SECM tip to be inserted and kept in place at various
positions along the electrode body using a pair of small set
screws. To complete the system, one of the piezoelectric
plates was connected to a function generator allowing the
application of small sinusoidal voltages in order to excite the
SECM tip/brass holder assembly to vibration at resonance
frequency. The second piezoelectric plate was connected to
a lock-in amplifier and a phase-sensitive amplification of its
alternating voltagewas used tomonitor the amplitude of the
SECM tip oscillation.
With the tip of for instance a 450-nm-diameter Pt

nanoelectrodes first kept in air and then immersed into
the electrolyte, two frequency spectra (Vpiezo, the amplitude
of the AC voltage of the detecting piezo plate as measured
with the lock-in amplifier as a function of the frequency of
the voltage applied to the excitation piezo plate) were
recorded and used to determine and choose resonance
frequencies resulting from the vibration of the very end of
the tip and hence being suitable to be applied with the
piezoelectric shear force-based distance control. The arrows
in Figure 1 indicate the resonance frequencies for the
nanoelectrodes, and with values in the range of about 150
to 300 kHz they were found to be notably higher than the
ones obtained for larger 10-�m-diameter Ptmicroelectrodes
that typically displayed characteristic resonance frequencies
from only 10 to 150 kHz [33]. The observed higher

Fig. 1. Frequency spectra (Vpiezo, the amplitude of the AC
voltage from the detecting piezoelectric plate of the shear-force
based distance control as measured with the lock-in amplifier as a
function of the frequency of excitation applied to the agitation
piezoelectric plate) obtained with the tip of a 450-nm-diameter Pt-
disk nanoelectrode kept in air (solid gray line) and after being
immersed into the electrolyte (solid black line). The arrows are
indicating frequencies with significant differences in the response
of the detecting piezoelectric plate, hence being connected with
the damping of the vibration amplitude of the very end of the
SECM tip.

Fig. 2. Electrochemical and shear force-based approach curves obtained during the approach of a 450-nm-diameter Pt-disk
nanoelectrode towards the insulating surface of a non-conductive glass surface. Measurements were performed in a solution containing
5 mM [Ru(NH3)6]3� and 0.5 M KCl with the nanoelectrode vibrating at 194 kHz and kept at � 300 mV (vs. Ag/AgCl).
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resonance frequencies of the Pt nanoelectrodes might be
explained by the differences in the type of glass used for tip
insulation, the tip geometry and the thickness of the sealed
Pt wires.
Shearforce-based approach curves were additionally

done with nanoelectrodes with diameters down to about
100 nm, however, since both the positioning and the current
measurements are becoming more difficult with decreasing
electrode size, we have used the 450 nm electrode for all
further experiments. In a first set of SECM experiments,
electrochemical (amperometric SECMtip current vs. tip-to-
sample distance d) and shear-force related (Vpiezo vs. d)
approach curves towards an insulating glass surface were
simultaneously recorded in solutions of 5 mM [Ru(NH3)6]3�

containing 0.5 M KCl with the chosen Pt nanoelectrode

vibrating at an appropriate resonance frequency (i.e., at
194 kHz; derived from the frequency spectrum showed in
Figure 1) and kept at a constant potential of � 300 mV (vs.
Ag/AgCl). As can be clearly seen in Figure 2, the two
approach curves displayed the expected decrease in both,
the tip current and the values of Vpiezo giving a clear
indication of the appearance of negative feedback and
occurrence of shear force damping, respectively.
Prior to employing Pt-disk nanoelectrodes for imaging in

the constant-distance mode of SECM, the computer-con-
trolled feedback loop constantly regulating the tip-to-
sample separation during scanning had to be established.
This was done following the procedure as published earlier
[33]. In brief, the Pt-disk nanoelectrode was brought to
vibration at one of its shear-force sensitive resonance

Fig. 3. Low (A) and high (B) resolution atomic force microscopy (AFM) images of the topography of the LIGA microstructure as used
in this study as test sample.
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frequencies. Then, the tip of the nanoelectrode was moved
slowly towards the sample surface while continuously
monitoring Vpiezo, the output of the lock-in amplifier. The
z-approach was automatically stopped at a user-defined
degree of damping of the vibration amplitude, usually at
70 ± 80% of the unaffected value with the tip far above
surface. The SECM software was used to determine the
slope (dVpiezo/dz) at the very end of the approach curve,
which then allowed setting the sensitivity of the closed-loop
feedback control. Finally, a proper setting of a damping
factor of the feedback regulation guaranteed that the
feedback loop responded well to any change in the top-
ography of the sample and that over swinging did not hinder
successful imaging. Once the parameters of the feedback
loop were defined, SECM imaging in the constant-distance
mode of operation was performed at a speed of 0.1 ±
1 �m s�1 for x and y displacements while in the background
the stable feedback loop continuously maintained a con-
stant tip-to-sample distance of about 100 ± 200 nm.
Imaging in the constant-distance mode of SECM was

performed with either Pt-disk nanoelectrodes or, for
comparison reason, a conventional-sized, 10-�m-diameter
Pt-disk microelectrode on a three-dimensional gold LIGA
microstructure with a regular pattern of hexagonal holes
(honeycombs). Figure 3 shows low (A) and high (B)
resolution atomic force microscopy (AFM) images of the
topography of the polymer microstructure with the holes
having a characteristic edge lengthof about 6 �m.Due to the
convolution of the tip shape of the used cantilever with the
holes only a depth of about 3 ± 4 �m could be detected.
However, the holes are going entirely through the LIGA
structure that has a thickness of about 100 �m.
Figure 4 illustrates, respectively, the previously possible

low-resolution topographical (A) and the current (B)
images of a 100 �m� 100 �m area of the LIGA micro-
structure, simultaneously acquired by using the non-optical
constant-distance mode SECM with a 10 �m diameter Pt-
disk microelectrodes as SECM tip. In both images holes as
present in the scanned area of themicrostructure are visible.
However, the spatial resolution of imaging was limited by
the dimensions of the usedmicroelectrode and therefore the
quality of both the images was rather poor with neither the
current nor the topography image displaying properly the
details of the hexagonal honeycomb microstructure.
Changing the SECM tip and applying Pt-disk nanoelectr-

odes in the constant-distance mode of SECM for the
visualization of the microscopic pattern of the LIGA micro-
structure offered a significant improvement in the quality of
the SECM images. The beneficial effect of reducing the size
of the SECM tip is presented in Figure 5 which shows the
topographical (A: three-dimensional and B: top-view) and
amperometric current (C) images of the LIGA microstruc-
ture as obtained by constant-distance mode SECM imaging
with a vibrating 450 nm diameter Pt-disk electrode. In the
topography images the hexagonal geometry of the holes
through themicrostructure is clearly recognizable. However,
as already seen for the AFM tips, due to the thickness of the
quartz-glass insulation of the Pt-nanoelectrodes the SECM

tips are prevented to fully penetrate into the holes of the
microstructure leading to the observed three-dimensional
topography image. Because the holes are filled with the
mediator-containing electrolyte, an increased diffusion of the
redox active species towards the electroactive disk of the
SECMtipwas observed at positions just above theholes. This
leads to an increase in the amperometric tip current exactly
when the tip is positionedabove these areas. The darker spots
in the current image of the LIGA microstructure represent
the areas at the sample surface with an increased tip current
and they correspond very well with the holes as seen in the
topography image which was measured at the same time.

4. Conclusions

Pt disk nanoelectrodes were successfully applied as mini-
aturized SECM tips for high-resolution SECM imaging.
Using a non-optical shear-force based distance control in a
specially designed SECM set-up, an accurate and stable
positioning of the Pt nanoelectrodes became possible not
only in tip-approach experiments but also during SECM
imaging. Obviously, the application of Pt nanoelectrodes as
SECM probes lead to a significant improvement in the
quality of the imaging resolution.
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Fig. 5. Topographic (A: 3-D, B: top view) and amperometric
feedback (C, top view) images of a 23 �m� 38 �m portion of the
LIGA microstructure. The images were acquired all at once by
constant-distance mode SECM carried out in a solution of 5 mM
[Ru(NH3)6]3� containing 0.5 M KCl using a 450-nm-diameter Pt-
disk nanoelectrode as the scanning probe (vibrating at resonance
and kept at a constant potential of � 300 mV vs. Ag/AgCl).
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