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Abstract Fundamental aspects of alternating current
Scanning Electrochemical Microscopy (AC-SECM)
have been studied. In particular, the flow of AC currents
in the cell and simplified equivalent circuit diagrams are
discussed. In the case of conductive substrates, the local
(1st and 2nd order) impedance characteristic of the sub-
strate is presented as a function of DC potential. 3-D
imaging of mixed substrates (containing both conductive
and non-conductive areas) was performed in the sup-
porting electrolyte alone, without an added redox
mediator.

Keywords Scanning electrochemical microscopy Æ
AC-SECM Æ 2nd order impedance Æ 2nd harmonic AC
voltammetry

Introduction

Scanning Electrochemical Microscopy (SECM) was
introduced by Bard [1] 15 years ago. In this technique, a
mobile ultramicroelectrode is used to scan an interface
in an electrolyte solution at distance comparable to the
ultramicroelectrode radius. The main use for Scanning
Electrochemical Microscopy is for the imaging of
interfacial topography and electrochemical reactivity [2,
3]. Studied systems include metal/solution, semicon-
ductor/solution, liquid/liquid, and liquid/gas interfaces,
as well as materials of biological significance. Also very
important are the applications of this technique to fun-
damental studies of electrochemical kinetics [4, 5] and to

chemical analysis [6, 7]. In recent years, a growing
number of applications of SECM in corrosion studies
have also been observed [8].

SECM measurements are typically carried out in a
DC amperometric mode. A redox species added into
solution produces a current at the mobile ultramicro-
electrode; that current changes in proximity to the
studied interface, providing rich information about the
topography and reactivity of that interface. SECM
measurements can also be carried out under AC
amperometric conditions. The theoretical basis of such
measurements was given by Horrocks et al [9] but since
then only a few papers in this area have appeared in the
literature. Alpuche-Aviles and Wipf [10] used AC
impedance to generate a feedback signal for scanning
electrochemical microscopy, but they monitored changes
in the impedance caused by a faradaic process of a redox
couple added to the studied solution, so, in fact, their
feedback control was very similar to one used in classical
SECM measurements. Schuhmann and coworkers [11,
12, 13] showed for the first time that under AC condi-
tions SECM imaging can be performed without any
redox mediator present in solution. Bringing the elec-
trode tip nearer to the surface of a non-conductive
substrate causes an increase in the electrode impedance
(due to a change in the solution resistance), and in the
case of conductive substrates the trend, in general, is the
opposite (although complicated by the interfacial prop-
erties of the conductive surface under the tip). In their
most recent paper, Etienne et al. [13] described an ele-
gant method that allows the imaging of mixed substrates
(containing conductive and nonconductive areas) to a
very high resolution under alternating current condi-
tions. We have worked on the development of AC
impedance Scanning Electrochemical Microscopy for
the last four years, and although some of our ideas are
similar to those already described by Schuhmann and
coworkers [11, 12], but, in general, our approach has
been somewhat different. We are primarily interested in
the monitoring of local interfacial reactivity of conduc-
tive substrates; for that reason it was important for us to
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control the substrate potential. Typically, we work with
a four-electrode system (rather than the two-electrode
system described in the cited papers). In addition, we are
interested in localized second-order impedance phe-
nomena such as second harmonic generation and fara-
daic rectification [14].

Materials and methods

Reagents

All solutions were prepared in double-distilled deionized
water (Corning Mega-Pure System, MP-6A and D-2)
using ACS grade chemicals. Ru(NH3)6Cl3 was purchased
from Alfa Aesar. All electrochemical measurements were
carried out without the removal of dissolved oxygen.

Working electrodes were prepared by sealing Pt wires
(Alfa-Aesar) into Corning Kovar Sealing glass tubing
#7052 (World Precision Instruments). A lead was made
by connecting copper wire with a micro-wire using a
silver conductive adhesive paste (Alfa Aesar). The tip of
the electrode was conically sharpened with the aid of a
rotating carborundum disk (600 grade). The RG
parameter (the ratio between the outer diameter of the
insulating glass sheath and the diameter of platinum
wire) was 8–10. The surface of the working electrode was
polished with 3 lm and 0.3 lm aluminum oxide finish-
ing films (TrueView Products Inc). The size of all disk
electrodes used in this work is described in terms of their
diameter.

A bimetallic (Pt/Au) base electrode was prepared by
electrodeposition (constant current) of gold from
KAu(CN)2 solution onto 100 lm Pt wire. After the
desired thickness of the gold layer was reached, the wire
was visually inspected and annealed in an oven (Lind-
berg) at 1000 �C to smoothen the gold layer. Next, the
wire was sealed under vacuum into a low melting point
glass capillary tube. The sealed capillary was then cut
perpendicular to its length and an electrical connection
was made to the unsealed end of the Pt wire. A capillary
prepared in this way was mounted vertically into a
plexiglass plate using an optical adhesive (Norland, NJ,
USA). The upper side of the plate was polished flat to
expose the platinum disk/gold ring electrode.

Most experiments were carried out with a tungsten
wire used as a pseudoreference electrode; however, all
potentials in this paper are reported versus the standard
Ag/AgCl electrode.

SECM apparatus

A MX760R motorized micromanipulator (SD Instru-
ments, USA) was used as a positioning/scanning device.
This micromanipulator employs four DC motors (X,Y,
Z and tilt axis) in conjunction with motor encoders, and
is capable of moving in 0.1 lm increments. In this study
only three, the X, Y and Z motors, were used. The

micromanipulator was interfaced with a personal com-
puter and controlled via serial port communication.
Fine positioning of the tip electrode along the Z axis was
obtained by means of a piezoelectric disk translator
(P-286.40 from Polytec PI Inc), capable of moving
the electrode a maximum distance of 200 lm. The
piezoelectric translator was driven by a 16-bit digital-to-
analog converter via a high voltage power supply
(1A12-N4-C from UltraVolt Inc).

The micromanipulator was mounted onto an alumi-
num plate and the electrochemical cell was attached to
the micromanipulator. The scanning tip was attached to
the piezoelectric disk translator and mounted above the
electrochemical cell. A fiber optic borescope coupled to a
digital camera and a fiber optic illuminator were used to
assist in the initial positioning of the tip relative to the
sample.

Electrodes were connected to a custom built poten-
tiostat (described below), which was interfaced with a
computer. The micromanipulator, electrochemical cell,
and tip electrode were housed in a grounded Faraday
cage to reduce environmental noise.

Electronic circuit

A custom-built electronic system was used to control the
micromanipulator and to perform all necessary data
acquisition functions. The system was based on two
microcontrollers (Microchip PIC18F452) that were
interfaced with a computer via a serial link. The current
was sampled with a 16-bit analog-to-digital converter
(Texas-Instruments TLC4545) after passing through an
anti-aliasing filter made of a clock-tunable fifth-order
Bessel low pass filter (Linear LTC1065). The system was
also equipped with several 16- and 12-bit digital-to-
analog converters that were used to control the poten-
tiostat, the piezoelectric translator and the motors.

The four-electrode potentiostat used in this work is
shown in Fig. 1. This is a classical design [15] where the
working (tip) electrode is at virtual ground potential and
the potential waveform is applied to the solution via
auxiliary and reference electrodes. Here a 12-bit digital-
to-analog converter (DAC1) is used to control a DC
potential bias of the tip electrode and DAC2 is used to
produce an AC sinusoidal modulation with frequency
ranging from 0.1–15 kHz. An operation amplifier OPA3
driven by a 12-bit digital-to-analog converter (DAC3) is
used to control the potential of the base electrode. In
this configuration, the potential of the base versus the
reference electrode potential is given by the difference
ET)EOPA3 (where ET is the tip electrode potential mea-
sured versus the reference electrode and EOPA3 is the
output of the operational amplifier OPA3 measured
versus ground). Note that the potential of the base is
controlled even if the tip electrode is disconnected from
the circuit. The operational amplifier OPA4 is used as a
current follower to monitor the passage of current
through the tip electrode.
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The bandwidth of all amplifiers (except OPA2) was
limited to about 25 kHz. The potentiostat was also
equipped with several digitally controlled switches (not
shown in the diagram) that were used to change current
ranges, connect/disconnect the electrodes, or reverse
connections between the tip and the base electrodes.

Impedance data (typically first and second harmon-
ics) were obtained by means of the Fast Fourier
Transformation.

The software for the microcontrollers was written in
assembly language (with an assembler provided by
Microchip), and the PC software (for data acquisition
and processing) was written using Microsoft Visual
C++ v6.0 and Visual Basic v6.0. The experimental data

were further processed in Microsoft Excel; three-
dimensional graphs were prepared using Harvard
Chart 3.0 graphing software.

Results and discussion

Admittance as a function of distance

In Fig. 2 changes in the absolute admittance of a 25 lm
Pt tip electrode as a function of distance from the sub-
strate are shown. The measurements were carried out in
NaClO4 solutions with the tip positioned over a plexi-
glass (nonconductive substrate) or over a platinum plate
(approximately 0.25 cm2 in surface area). In general, the
change in admittance with distance depends on the

Fig. 1 Four-electrode potentiostat used in most measurements

Fig. 2 Normalized change in
the modulus of the tip electrode
admittance as a function of
distance from the substrate.
(1) non-conductive substrate,
(2) not-connected conductive
substrate, (3) conductive
substrate held at constant
potential. Data in a were
obtained in 1 mM NaClO4 at
3.75 kHz, 350 mV (p-p); data in
b were obtained in 0.1 M
NaClO4 at 468 Hz, 350 mV
(p-p)
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electrical properties of the substrate, concentration of
the electrolyte and frequency of the AC modulation. In
addition, for conductive substrates, different trends are
observed for substrates under potential control and
substrates disconnected from the circuit. Figure 2a
shows characteristic trends observed in dilute electro-
lytes at high frequencies; in this case measurements were
taken in 1 mM NaClO4 at 3.75 kHz. Measurements
were performed with relatively large modulation ampli-
tude (350 mV p-p) to ensure good signal-to-noise ratios.
As was recently shown by Engblom et al [16], admit-
tance measurements with large amplitudes are valid.

When the tip approaches a nonconductive surface,
the tip admittance decreases (curve 1). The opposite
trend is observed when the tip electrode approaches the
platinum plate (base electrode) disconnected from the
electrical circuit. In this case, the admittance of the tip
increases with decreasing distance (curve 2). A similar
trend is also observed when the base electrode acts as an
auxiliary electrode (such a configuration was earlier
studied by Katemann et al [12]). However, when the base
electrode is held at a fixed DC potential, the admittance
of the tip is practically independent of the distance
(curve 3). Trends observed in more concentrated elec-
trolytes and at lower frequencies are shown in Fig. 2b.

In this case, measurements were taken in 0.1 M NaClO4

at 468 Hz. In all three studied cases the admittance of
the tip decreases on approach to the surface.

In order to explain the observed behavior let us
consider the flow of AC currents in the cell. Diagram A
in Fig. 3 represents the tip electrode in proximity to a
nonconductive surface and the equivalent circuit for
such an arrangement. When the distance between the tip
and the surface decreases, the connection between the tip
and the auxiliary electrode occurs through a thinner and
thinner layer of the solution, so the solution resistance
(RT) increases and the admittance drops.

A somewhat more complicated case involves a tip
electrode in proximity to an unconnected base electrode
(diagram B in Fig. 3). Here, due to a large interfacial
capacitance, the base electrode is AC coupled with the
auxiliary electrode. The current from the auxiliary can
reach the tip electrode directly through the solution
(path i1) or through the base electrode (path i¢1) by
crossing the base electrode/solution interface twice.

In the equivalent circuit ZFT represents the faradaic
impedance of the tip, CT is the double layer capacitance
of the tip, RTB is the solution resistance between the tip
and the base, C¢B is a part of the double layer capaci-
tance of the base (associated with the surface of the base

Fig. 3 Flow of currents and
simplified equivalent circuits for
tip electrode in proximity of
non-conductive substrate (A),
tip electrode in proximity of an
unconnected base electrode (B),
and tip electrode in proximity
of a base electrode held at
constant potential (C)
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covered by the tip), Z¢FB is the faradaic impedance of the
base (associated with the surface of the base covered by
the tip), CB is the double layer capacitance of the base
(associated with the surface of the base not covered by
the tip), ZFB is the faradaic impedance of the base
(associated with the surface of the base not covered by
the tip), and RB is the solution resistance of the base
electrode. Since the surface area of the base is typically a
few orders of magnitude larger than the surface area of
the tip, impedances associated with elements CB, ZFB

and RB are negligibly small, and consequently the
admittance of the tip is determined by the interfacial
properties of the tip, the interfacial properties of the base
(in close proximity to the tip) and the solution resistance
which develops between the base and the tip. When the
electrolyte concentration is low, the frequency high and
the tip electrode relatively large, the impedances of CT

and C¢B may be small in comparison with RTB; in such a
case (shown in Fig. 2a, curve 2), the admittance of the
tip increases when the tip approaches the surface (be-
cause RTB decreases with distance). However, if the
impedances of CT and C¢B are large in comparison with
RTB (which takes place at relatively high concentrations
and low frequencies), the trend is the opposite (because
on the approach to the substrate the impedance of path
i1 increases and the passage of current through path i¢1 is
limited by the high impedance of C¢B).

Diagram C in Fig. 3 describes the situation when the
tip is in the proximity of a base electrode connected to
the output of amplifier OPA3 (see Fig. 1). In this case
there is no AC polarization between the base and the tip,
so no AC current can flow between these two electrodes;
however, a DC current may flow (which is indicated by
broken line arrows in the diagram). The AC current
passing from the auxiliary electrode can be drained by
both the tip and the base electrode. When the tip is very
close to the base, the pathways for these two currents
(i1 and i¢2) are almost identical, so in a simplified
equivalent circuit diagram we have to consider the
interfacial impedances of the tip and the base (covered
by the tip) to be connected in parallel. All symbols have
the same meaning as before; however, the solution
resistance of the tip RT can be more strictly defined as
the resistance of the pathway connecting the middle
point, lying between the tip and the base, with the
reference electrode. RTincreases as the distance between
the tip and the base decreases (similar to the case in
diagram A) and RTB decreases as the distance between
the tip and the base decreases (similar to the case in
diagram B); consequently, in systems where the imped-
ances of CT and C¢B are small in comparison with RTB

(as it is in dilute electrolytes at high frequencies), the
admittance of the tip doesn’t change much on approach
to the surface (curve 3 in Fig. 2a). However, in more
concentrated electrolytes and at lower frequencies, when
the impedances of CT and C¢B are large in comparison
with RTB, the tip admittance drops when the tip
approaches the surface (mainly because of an increase in
RT). More interestingly, the admittance of the tip in such

systems depends on the interfacial properties of the base
under the tip, but the coupling is the opposite of the one
observed in the case of an unconnected base. Here, when
the admittance of the base increases, less AC current
flows through the tip and the apparent admittance of the
tip decreases. Examples illustrating such behavior are
presented in the next section.

We believe that diagram C properly depicts the most
important properties of the system, but it also involves
very significant oversimplifications. In reality, the two
current paths (i2 and i1+i¢2) are not totally separate, but
rather interconnected through a network of solution
resistance elements. In addition, the distribution of
current around conductive surfaces is not uniform;
consequently, the solution around both electrodes is
polarized both vertically and horizontally. It should be
emphasized that rigorous circuits for such systems can-
not be represented by a finite number of circuit elements
connected in a finite number of points, but rather by a
three-dimensional network of an infinite number of
infinitely small circuit elements. Nevertheless, the dia-
grams shown in Fig. 3 may be useful in semi-quantita-
tive considerations.

Fig. 4 a Admittance of a 100 lm Pt base electrode versus the base
electrode potential observed in 0.1 M H2SO4 under standard
conditions (three-electrode system). Both AC modulation (936 Hz,
100 mV p-p) and the linear scan were applied to the base electrode.
b Admittance of a 25 lm Pt tip electrode versus the base electrode
potential observed in 0.1 M H2SO4in a four-electrode system. AC
modulation (936 Hz, 100 mV p-p) was applied to the auxiliary
electrode, the tip electrode held at a constant potential of 800 mV
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Admittance of the tip as a function of the base
electrode potential

All experiments described in this section were carried out
with a 25 lm Pt tip electrode positioned above the center
of a 100 lm Pt base electrode; both electrodes were
sealed in glass. In Fig. 4a, a standard AC voltammo-
gram of the base electrode in 0.1 MH2SO4 is shown. The
curve was recorded in a standard three-electrode system
with the base serving as a working electrode. The tip
electrode was about 300 lm above the base and it was
disconnected from the circuit. The curve was recorded by
changing potentials from negative to positive values. The
two overlapping peaks at negative potentials are due to
hydrogen desorption, and the hump occurring at about
600 mV is due to platinum oxide formation.

This measurement was repeated in a four-electrode
system; this time the tip electrode was positioned
18.2 lm above the base electrode surface. The tip was
held at a constant potential (+ 800 mV versus the ref-
erence electrode and polarized with an alternating volt-
age (936 Hz, 100 mV p-p). A potential ramp (from –400
to 1100 mV versus the reference electrode) was applied
to the base by means of the circuit shown in Fig. 1. The
AC current passing through the tip electrode was mon-
itored and processed by a Fourier Transformation to
obtain the admittance. The absolute admittance of the
tip electrode plotted as a function of the base electrode
potential is shown in Fig. 4b. The shape of the curve is
essentially the same as the one shown in Fig. 4a, but the
changes of the admittance with potential occur in the
opposite direction and the magnitude of these changes is
much smaller then in Fig. 4a. This experiment shows
that an ultramicroelectrode placed in the proximity of
another electrode can sense changes in the interfacial
admittance of that electrode and that the description of

the phenomenon given in Fig. 3, diagram C is, in prin-
ciple, correct.

A similar experiment to the one presented in Fig. 4b
was also carried out in a solution containing 0.01 M
Ru(NH3)6

3+, 0.1 M (NH4)2SO4 and 0.1 M NH3. In this
case the observed admittance change is mainly caused by
a reversible reduction of the ruthenium complex:

Ru(NH3)
3þ
6 + e�� Ru(NH3)

2þ
6 ð1Þ

Figure 5 shows a decrease in the tip admittance as the
base electrode potential crosses the half-wave potential of
the Ru(NH3)6

3+/Ru(NH3)6
2+redox couple. It should be

noted that in this case the tip electrode is held all the time
at a constantDCpotential of+300 mV. The figure shows
two sets of curves (each containing both forward and
reversed scans) obtained for two different positions of the
tip electrode above the base electrode surface (46.5 lmfor
curve a, and 21.9 lm for curve b). As expected, the
coupling between the base and the tip electrode becomes
stronger as the distance between the two electrodes
decreases.

Fig. 5 Admittance of a 25 lm Pt tip electrode versus the base
electrode potential observed in a 0.01 M Ru(NH3)6

3+, 0.1 M
(NH4)2SO4 and 0.1 M NH3 four-electrode system. AC modulation
(936 Hz, 100 mV p-p) was applied to the auxiliary electrode, the tip
electrode was held at a constant potential 300 mV, and the linear
scan (forward and reversed) was applied to the base electrode. The
scan rate was 90 mV/s. The distance between the tip and the base
electrode was 46.5 lm for curve (a) and 21.9 lm for curve (b)

Fig. 6 DC current at the tip electrode versus the base electrode
potential in 0.01 M Ru(NH3)6

3+, 0.1 M (NH4)2SO4 and 0.1 M
NH3 in a four-electrode system. All conditions were the same as in
Fig. 5

Fig. 7 Modulus of the second harmonic current (a) and the second
harmonic phase shift (b) at the tip electrode versus the base
electrode potential in 0.01 M Ru(NH3)6

3+, 0.1 M (NH4)2SO4 and
0.1 M NH3 in a four-electrode system. All conditions were the
same as in Fig. 5, curve (b)
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The scanning of the base potential also causes a
change in the DC current passing through the tip elec-
trode, as is shown in Fig. 6.

Practically no current is observed when the base
electrode is held at potentials more positive then the
standard potential of the redox couple, but when the
base potential is changed to values more negative than
the standard potential, a current step is produced. Here,
however, in contrast to Fig. 5, forward and reversed
scans do not coincide. The separation between opposite
scans increases when the distance between the tip and
the base increases. This can be easily explained by the
fact that the DC current at the tip electrode is produced
by the oxidation of the Ru(NH3)6

2+species, which is
generated at the base electrode. Of course, it takes
some time for the Ru(NH3)6

2+species to reach the tip
electrode. That delay time could be calculated from
Einstein’s well-known equation:

Dt ¼ d2

2D
ð2Þ

Here d is the distance between the tip and the base,
and D is the diffusion coefficient.

Assuming D�7·10–6 cm2/s, we can calculate Dt as
being equal to 0.34 and 1.5 s for the 21.9 and 46.5 lm
distances, respectively. These interesting ‘‘time-of-flight’’
phenomena in electrochemical systems were recently
studied by Majda and coworkers [17]. Here, however, it
is important to emphasize that in the case of the
admittance, the forward and reversed scans coincide
(when they are plotted as a function of potential)
regardless of the distance between the electrodes; clearly
the tip electrode can sense a change in the interfacial
admittance of the base electrode as it happens – no
messenger in the form of a diffusing species is required in
this case.

Fig. 8 Three-dimensional
image of LP vinyl record
grooves. Scanning performed in
a feedback mode with a 25 lm
Pt tip in 1 mM NaClO4,
frequency 890 Hz, amplitude
300 mV (p-p), X and Y step size
10 lm, zstep=5 lm

Fig. 9 Change in the modulus
of the tip admittance observed
during scanning over a
platinum gauze sealed in
Norland Optical Adhesive.
Imaging was performed in a
fixed Z mode with a 25 lm Pt
tip in 1 mM NaClO4, frequency
was 1880 Hz, amplitude was
350 mV (p-p), DC tip potential
was )375 mV, X and Y step
size was 5 lm
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The tip electrode can also sense second harmonic
signals generated at the base electrode. Curves shown in
Fig. 7 were obtained simultaneously with the curves B

shown in Figs. 5 and 6; they are characteristic of a
reversible redox process. We also noted that the tip
electrode can be used to monitor local faradaic rectifi-
cation phenomena occurring at the base electrode, but
that topic will not be discussed in the present work.

3-D imaging

The fact that the admittance of the scanning tip depends
on the distance from the substrate and/or on the inter-
facial properties of the substrate allows the application
of alternating current SECM to the imaging of interfa-
cial topography. The substrate must be surrounded by a
dilute electrolytic solution, but in contrast to classical
(amperometric) SECM, the presence of a redox species
in solution is not required. The imaging is performed by
setting several parameters such as sensitivity of the
current follower, tip frequency, amplitude and DC bias,
as well as parameters controlling the motors (speed and
step size for all axes).

The scanning tip is placed about 200–300 lm above
the sample surface, and the average tip admittance

Fig. 10 Photograph of a bimetallic electrode (platinum disk,
100 lm in diameter with a gold ring) sealed in glass

Fig. 11 Change in the phase
angle of the first harmonic a
and the modulus of the second
harmonic current b observed
when scanning over a bimetallic
electrode (shown in Fig. 10).
Imaging was performed in a
fixed Z mode with a 25 lm Pt
tip in 1 mM NaClO4, frequency
was 890 Hz, amplitude was
100 mV(p-p), DC tip potential
was 225 mV, X and Y step size
was 5 lm. The bimetallic
electrode was polarized with
25 mV
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(called the reference admittance, Yref) and the standard
deviation of the admittance YSD are determined. Next,
the tip is moved down by the motor until the tip
admittance changes (decreases or increases) by a desired
value, DYmax (typically 30% of Yref). At that point
scanning of the surface begins. Scanning is carried out in
roster fashion by changing the X and Y positions in
steps. The step size is typically equal to 1/5 of the tip
diameter. The imaging is performed in either a feedback
or a fixed-Z mode. In the feedback mode, after each
step, the Z position is adjusted until the following con-
dition is fulfilled:

ABS YX ;Y � Yref

� �
�ABS DYmaxð Þ\4� YSD ð3Þ

Here YX,Y is the local tip admittance at position X,Y.
The adjustment of the Z position (DZ) is calculated

according to the following algorithm:

DZ ¼ Zstep

ABS YX ;Y � Yref

� �

ABS DYmaxð Þ � 1

� �
ð4Þ

Here Zstep is a constant typically equal to 1/10 of the
tip diameter.

The tip is moved up if ABS(YX,Y)Yref)>ABS(DYmax)
+4YSD and down if ABS(YX,Y)Yref)<ABS(DYmax))4-
YSD; however, if ABS(YX,Y)Yref) is within ±4YSD from
ABS(DYmax), the Z-position of the tip remains un-
changed. This feedback procedure works very well in the
case of nonconductive substrates. In the case of conduc-
tive substrates, the relationship between the admittance
and the distance is affected by many factors, and in some
systems that relationship is very weak, as is shown in
Fig. 2. Conductive substrates and mixed substrates
(containing both conductive and non-conductive areas)
can be reliably imaged in a fixed-Zmode; in this case, the
Z-position of the tip remains constant during the scan-
ning.This scanningmode is also a few times faster than the
feedback mode.

The feedback mode was tested by scanning a frag-
ment (650 lm by 300 lm) of a stereo vinyl record placed
in a 1 mM solution of NaClO4 with a 25 lm Pt tip
electrode. The AC modulation had a frequency of
890 Hz and an amplitude of 300 mV (p-p). The step size
in the X and Y directions was 10 lm and Zstep was 5 lm.
The 3-D image of the vinyl record surface is shown in
Fig. 8. This figure clearly demonstrates that monitoring
of the tip admittance in the supporting electrolyte alone
(without added redox mediators) can provide sufficient
feedback information for successful AC-SECM imaging
of a nonconductive substrate.

AC-SECM imaging of mixed samples (containing
conductive and nonconductive areas) was performed in
a fixed-Z mode. Figure 9 shows an image of platinum
gauze (100 mesh) made of 76 lm wires. Gaps between
the wires were filled with Norland Optical Adhesive and
the whole assembly was polished to expose the surface of
the wires to solution; however, the wires were not con-
nected to the external electrical circuit. Scanning was

performed in a 1 mM solution of NaClO4 with a 25 lm
Pt tip electrode. AC modulation with frequency of
1880 Hz and amplitude of 350 mV (p-p) was used. The
step size in the X and Y directions was 5 lm. It should
be noted that, in Fig. 9, the regions with high admit-
tance values correspond to exposed Pt wires.

Another scanning experiment involved a bimetallic
electrode made of a 100 lm platinum disk surrounded
by a gold ring (see Fig. 10). Imaging was performed at
frequency 890 Hz and amplitude 100 mV p-p with a
25 lm Pt scanning tip. The base electrode was held at a
constant potential of 25 mV and the tip bias was
225 mV. The step size in the X and Y directions was
5 lm. At each X,Y position, information about the
phase and the modulus of the first and second harmonic
of the AC current, as well as information about the DC
current passing through the tip was recorded. In par-
ticular, images produced by the phase of the first har-
monic (Fig. 11a) and the modulus of the second
harmonic current (Fig. 11b) are interesting because they
clearly show differences between gold and platinum.

Conclusions

It has been shown that the admittance of an ultrami-
croelectrode placed at a small distance from a solid/
solution interface depends on the distance from the solid
and/or on the interfacial properties of the solid. This
allows imaging of solid substrates in solutions of elec-
trolytes in the absence of redox mediators. In the case of
conductive solids, a localized (first and second order)
impedance characteristic of the substrate can be
obtained as a function of potential. Quantitative inter-
pretation of the first order impedance data may be
difficult because of the complexity of the equivalent
circuits. However, we believe that quantitative inter-
pretation of the second order impedance data may be
possible in the future. It should be noted that the second
order response (in other words the second harmonic
current and the faradaic rectification) is almost exclu-
sively generated by faradaic charge transfer processes
that occur at the tip and at the base electrode. The
contribution from the tip is constant during a mea-
surement, but the contribution from the base electrode
varies depending on the spatial coordinates and on the
base electrode potential.
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