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In this paper, we present a bottom-up approach to designing and constructing a high-speed elec-
trochemical scanning tunneling microscope (EC-STM). Using finite element analysis (FEA) calcu-
lations of the frequency response of the whole mechanical loop of the STM, we analyzed several
geometries to find the most stable one that could facilitate fast scanning. To test the FEA results,
we conducted measurements of the vibration amplitudes using a prototype STM setup. Based on the
FEA analysis and the measurement results, we identified the potentially most disturbing vibration
modes that could impair fast scanning. By modifying the design of some parts of the EC-STM, we
reduced the amplitudes as well as increased the resonance frequencies of these modes. Additionally,
we designed and constructed an electrochemical flow-cell that allows STM imaging in a flowing
electrolyte, and built a bi-potentiostat to achieve electrochemical potential control during the mea-
surements. Finally, we present STM images acquired during high-speed imaging in air as well as in
an electrochemical environment using our newly-developed EC-STM. © 2013 American Institute of
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. INTRODUCTION

One of the limitations of conventional scanning probe mi-
croscopes (SPMs) is their rather slow imaging speed. It takes
tens of seconds to several minutes to acquire an image with
a conventional scanning tunneling microscope (STM). These
speeds are enough for imaging static structures or very slow
dynamics, such as those observed at low temperatures. How-
ever, many relevant processes happen at higher temperatures
and, therefore, at much higher rates.

In recent years, much progress has been made in the de-
velopment of high-speed SPMs (for an overview please see
Refs. 1-4 and references therein). In particular, it was shown
that high-speed imaging in electrochemical environment us-
ing electrochemical STM (EC-STM) can provide valuable in-
formation about the dynamics of processes that occur at an
electrode surface.>3? One reason for the rapid development
of the high-speed SPMs is that fast data acquisition and pro-
cessing systems, high gain high bandwidth tunneling current
preamplifiers, and high speed feedback electronics have be-
come available.”'° However, not every SPM that is equipped
with fast electronics is capable of scanning with high speeds.
The reason for that are mechanical resonances of different
SPM components, especially in the mechanical loop that me-
chanically couples the tip with the sample. These resonances
usually occur at frequencies ranging from several hundreds
of hertz to several kilohertz. Even if the scanning motion fre-
quency is much lower than one of the mechanical resonance
frequencies, the resonance may be excited, since scanning
is commonly performed with a triangular waveform.’® This
could lead to the loss of imaging quality and in the worst case
result in a severe damage of the scanning probe or the sam-
ple. Thus, for designing a fast SPM, it is important to optimize
the mechanical loop such that the mechanical resonances are
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shifted to higher frequencies or that the vibration amplitudes
at the resonances are below a certain threshold.

It has been demonstrated that finite element analysis
(FEA) calculations can be successfully applied for the calcu-
lation and optimization of mechanical resonances of an SPM,
see, e.g., Refs. 11-15. Usually, FEA has been used for the
determination of vibration eigenfrequencies of different me-
chanical components of a microscope. However, a mechani-
cal resonance of a part of the mechanical loop may not always
have a significant effect on the imaging quality. For example,
for obtaining atomic resolution one would like the mechanical
loop to be stable at the range of at least 10~'% m in the longi-
tudinal direction (along the X- or Y-axis) and at least 10~ m
in the lateral direction (Z-axis). If a mechanical resonance is
excited and its amplitude is larger or comparable with these
ranges, it will lead to the loss of imaging quality. On the other
hand, if the amplitude of the resonance is lower than those
values, e.g., 1072 m, no significant distortion will be intro-
duced into the measurements. In order to obtain the relative
displacement of the scanning probe and the sample surface,
eigenfrequency calculations are not sufficient. Instead, a sim-
ulation of the whole mechanical loop as a function of different
scanning frequencies is required. Also, damping of the com-
ponents of the mechanical loop has to be taken into account
in such a simulation. Despite the importance for designing an
SPM, the reports on calculations of the frequency response of
the complete mechanical loop of an SPM are limited.'*'¢

In this paper, we describe a bottom-up approach of con-
structing a fast EC-STM by implementing FEA calculations
of the whole mechanical loop excited by the scanning mo-
tion of the piezo element. Based on primary results of these
calculations, we manufactured a prototype STM. We charac-
terized the vibrational response of the prototype setup using
an optical vibrometer with sub-angstrom resolution. Based on
these results, we optimized the FEA model and manufactured
the real, final STM. We show first results measured with our

© 2013 American Institute of Physics


http://dx.doi.org/10.1063/1.4779086
http://dx.doi.org/10.1063/1.4779086
mailto: rost@physics.leidenuniv.nl
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4779086&domain=pdf&date_stamp=2013-02-05

023702-2 Yanson, Schenkel, and Rost
EC-STM, which have met our expectations from the FEA
simulations.

Il. CONSTRUCTION OF THE STM
A. General design considerations
1. Coarse approach mechanism

To conduct STM measurements, a conducting tip has to
be brought stable to a distance of <10~ m from the sample.
This can be achieved by a piezo tube, which is also used for
the scanning motion. However, piezo tubes have only a very
limited extension distance, ranging from several hundreds of
nanometers to tens of micrometers. This implies that the tip
first has to be brought close to the surface at a distance within
the piezo range. This process is called coarse approach. Many
different types of coarse approach mechanisms have been pro-
posed and employed in different STM designs. It is important
to realize that the coarse approach mechanism is usually a
part of the mechanical loop of an STM. Thus, choosing the
optimal coarse approach is crucial for the high-speed perfor-
mance of an STM. In fact, our FEA calculations as well as
calculations by other group members showed that the coarse
approach is very often the most susceptible part of the me-
chanical loop.'* 13

The coarse approach mechanisms can be divided into
two groups: those containing piezo elements (either tubes, or
stacks), and those consisting of an electrical motor and screws
and/or flexible hinges. If one looks at material properties of
different piezo materials and compares them with the material
properties of, e.g., stainless steel, it is obvious that a system
containing no piezo elements in the mechanical loop would
be the stiffest one. Such a choice will have higher resonance
frequencies. Thus, for our design, we have decided to use mi-
crometer screws coupled to stepper motors with gear boxes as
the coarse approach mechanism. In fact, using flexible hinges
could be even more advantageous for the mechanical stability,
but their limited range is a disadvantage.

2. Geometry

Based on our choice of the coarse approach mechanism,
we have considered two possible basic geometries. The first
geometry, which we call the “standing head,” corresponds
to the scanner head resting on the micrometer screws of the
coarse approach, see Fig. 1(a). The screws are rigidly attached
to the base of the microscope and the sample is also located
on the base. As the base can be firmly attached to a bulk mass
of an STM holder or housing, it can be assumed as stationary
in further FEA simulations. In the “hanging sample” geome-
try, the base plate, on which the sample is located, is hanging
on the coarse approach screws. The screws are mounted into
the scanner head and the latter is mounted into a rigid holder.
This geometry is presented in Fig. 1(b).

Both geometries were evaluated using FEA calcula-
tions for resonance frequencies as well as for the frequency-
dependent response of the tip-sample displacement,'” see
Fig. 2. In general, FEA calculations of the hanging sample
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FIG. 1. Models of two geometries considered for the STM: (a) the “standing
head” and (b) the “hanging sample.” The part that can be rigidly clamped in
a holder is imaged in blue and marked by arrows.

(@ 1000+
E ] Displacement in X
£ 100 | Disp ]
8 104
2 Standing head
% 11_ e
E E
T 0.1
£ il
% 0.011E
3 1E-3!i
& 14 .y
° 1E-5- \' , — Hanging sample
0 S 10 15 20 25 30
Excitation frequency [kHz]
®) 1000,
? 100; | Displacement in Z |
3 104
-
E‘ 3 Standing head
T 0.1
£ o] A )
g 0.01!E / ’ /\
§ 1634 fv \ /
o 1E-44 / -~
e Hanging sample
1E5 3L — _Hanging sample

0 5 10 ' 15 20 25 ' 30
Excitation frequency [kHz]

FIG. 2. Simulated frequency response of the relative tip-sample displace-
ment, calculated using FEA, of the two geometries on the piezo tube mo-
tion at different frequencies. The “standing head” geometry is represented by
the black line and the “hanging sample” geometry is represented by the red
line. In these simulations, the piezo was excited with a sine waveform in the
x-direction with a peak-to-peak amplitude of 51 V. This corresponds to a scan
distance of 180 nm at the end of the tip holder capillary. For a usual tip length
of ~8 mm, the scan distance would be ~ 380 nm. The relative displacement
amplitudes minus the non-resonant displacement of the tip in the x-direction
(a) and the z-direction (b) are plotted. The x-direction is along the scan direc-
tion and the z-direction is perpendicular to the scan plane.
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F

FIG. 3. Photo of the prototype STM. The components are: (1) scanner head;
(2) sample plate; (3) STM holder; (4) micrometere screws and springs;
(5) piezo tube with the tip holder; (6) connectors for the electrodes on the
piezo tube; (7) flow cell, mounted on the sample plate.

geometry show a much better result. First, the frequency of
the first resonance is much higher, as compared to the stand-
ing head geometry. Second, the amplitude at the first reso-
nance is several orders of magnitude lower.'® In addition, in
the hanging sample geometry, the first resonance corresponds
not to the bending mode of the screws, but to the bending of
the sample plate. Thus, the resonance frequency of this mode
could be easily increased and also the response could be low-
ered by changing the geometry of the sample plate, making it
reinforced by perpendicular blades, see Sec. II C.

Based on these FEA calculations, we conclude that the
hanging sample geometry is generally more suitable for fast-
speed STM, showing higher resonance frequencies and lower
response at resonances as the standing head geometry.

B. Prototype setup

For testing the validity of the FEA calculations, we con-
structed a prototype STM setup as shown in Fig. 3. Based on
our FEA calculations result, we have chosen for the “hanging
sample” geometry. The scanner head of the prototype setup is
made of aluminum. A piezo tube made of EBL#2 material is
glued in the center.'” The length (L) of the tube is 12.7 mm,
the outer diameter (OD) is 6.35 mm, and the inner diameter
(ID) is 4.83 mm. The four outer electrodes of the tube and
the inner one are contacted by wires, which are attached to
connectors on the top side of the scanner head. A boron ni-
tride tip holder with two discs made of tantalum foil and a
stainless steel capillary are glued to the end of the piezo tube.
The capillary of the tip holder sticks out ~3 mm above the
boron nitride ceramics assembly, which has a height of 3 mm.
A wire is glued to the lower tantalum shield. A coax cable is
glued such that the inner wire is connected to the steel capil-
lary and the shield is glued to the upper tantalum shield. The
piezo tube is coated with a polyurethane coating? to protect
it from moisture and to make it suitable for electrochemical
measurements. The same configuration of the piezo tube and
the tip holder was afterwards assembled for the final version
of the fast EC-STM (see below). Three brass bushings are
rigidly pressed into the scanner head. Micrometer screws with
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FIG. 4. Measured (black line) and calculated (red line) frequency response
of the EBL#2 piezo tube (6.35 mm OD, 4.83 mm ID, 12.7 mm L) with the tip
holder. The displacement is measured and calculated at the end of a capillary
that sticks 3 mm above the ceramic tip holder, which has a height of 3 mm.
The piezo tube was excited with a 51 V peak-peak amplitude sine waveform.

ball-shaped tips®' are inserted into the bushings. The sample
plate is also made of aluminum. Four flat springs are attached
to the plate for mounting a liquid cell onto it. Three v-shaped
grooves are cut into the plate. The sample plate is attached
to the scanner head by placing the micrometer screws into
the groves and pulling the plate to the head by three springs.
To rigidly fix the test setup, a massive holder made of alu-
minum is used. The scanner head is inserted into the holder
and clamped by fixing screws.

The prototype setup was used to measure the mechan-
ical response at different spots of the sample plate and the
sample to the vibrations excited by the piezo motion. For the
vibration measurements, an optical vibrometer was used.?2
The piezo tube was excited by a sine wave with a 51V peak-
peak amplitude. The frequency was changed stepwise and at
every excitation frequency, the displacement amplitude was
measured using a lock-in type of measurement. For the mea-
surements, the internal oscillator of the spectrum analyzer
(Agilent 4395B) was used as the sine waveform source. The
signal was amplified by the piezo drivers (LPM) and supplied
to the electrodes of the piezo tube. The mechanical displace-
ment of the sample or sample plate was measured using an
optical vibrometer. The output of the vibrometer was fed to
the input of the spectrum analyzer.

For calibration purposes and to check the validity of the
FEA model of the piezo tube, we measured the mechanical
response on the STM tip holder. The comparison between the
measurements and the calculation is shown in Fig. 4. The cal-
culated displacement amplitude matches well with the mea-
sured displacement both off the resonance and at the res-
onance frequency. The resonance peak at 9853 Hz in the
measurement appears at slightly lower frequency as com-
pared to the calculation. The calculated resonance is located
at 11014 Hz. This difference can be explained by the imper-
fections of the piezo material and also by a slightly different
geometry and mass of the real STM tip holder as compared to
the model.

Next, we measured the displacement amplitudes at dif-
ferent parts of the prototype STM as a function of the piezo
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FIG. 5. Frequency response of the prototype STM on the vibrations excited
by the piezo motion: comparison between the laser vibrometer measurements
(black lines) and the FEA calculations (red lines). In (a), the piezo is excited
in the x-direction, whereas in (b), it is excited in the z-direction. In both cases,
the displacement is measured at the sample position. The piezo tube was
excited with a 51 V peak-peak amplitude in the measurements as well as in
the calculations. In (c), a schematic representation of the bending vibration
mode of the sample plate, resulting in a resonance at about 7.5 kHz, is shown.

excitation frequency. Figures 5(a) and 5(b) show a compar-
ison between the measured and the calculated displacement
amplitudes at the sample along the X-axis and the Z-axis, re-
spectively. The piezo is excited in the same direction as the di-
rection in which we measured the response. In Figs. 5(c) and
5(d), measurements and calculations at the edge of the sam-
ple plate are presented. Two resonances can be seen in both
measurements that could significantly influence the scanning
with the STM and lead to the loss of imaging quality, and
that do not correspond to the piezo tube resonance around
10kHz. These are the peaks around 2.6 kHz and 7.5 kHz.
The amplitudes of the other (resonance) peaks are very small
(~0.1 nm), so that these resonances will not significantly dis-
tort the STM imaging.

Although the calculated amplitudes at resonances are of
the same order of magnitude as the measured values, the
agreement between the positions of the measured and the cal-
culated peaks is rather inferior. However, by a thorough anal-
ysis of the measurement results, presented in Fig. 5 with the
corresponding calculations, we could identify the mode as-
sociated with the peak at 7.5 kHz. This peak corresponds to
a bending vibration mode of the sample plate. This mode is
shown in Fig. 5(c). The peak at 2.6 kHz was impossible to
identify with the simulations of the prototype scanner only.
However, by modeling both the holder of the prototype setup
and the scanner, we have found that several modes associated
with the bending of the holder are located between 2 kHz and
4 kHz. Thus, we associate the broad peak at 2.6 kHz with the
holder of the test STM.

The reason for the discrepancy between the measure-
ments and the calculations can be due to several factors.
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First, somewhat lower measured resonance frequencies and
different amplitudes at resonances as compared to the calcu-
lated ones can be explained by the imperfections of the ma-
terial of the prototype STM and by the damping in the real
material. In fact, in the calculations a constant, frequency-
independent loss factor has been used to account for mate-
rial damping.'* 333 It is known that this is a rather rough ap-
proximation underestimating damping especially for higher
frequencies. Therefore, the calculated results can be viewed
as the worst case scenario in terms of the amplitude values
at resonances. Second, there are some simplifications used in
the model as compared to the real setup that could influence
the results of the calculations. For example, the micrometer
screws are assumed to be rigidly mounted into the scanner
head. In reality, the screws are sitting in the corresponding
brass bushings, which alters the mechanical contact as com-
pared to the model. Also, the contacts between the hemispher-
ical tips of the micrometer screws and the sample plate are
modeled as fixed point contacts in the calculations. In the real
setup, this contact area has certain lateral dimensions and is
free to rotate or move along the slits in the sample holder.
The fixed point contacts lead to a better mechanical contact
that could influence the mechanical transfer function from the
piezo tube to the sample plate.

From the characterization of the prototype STM, we con-
clude that the geometry behaves satisfactory up to the reso-
nance frequency of the piezo tube. The bending mode of the
sample plate is the only vibrational mode below the piezo tube
resonance that might affect the actual STM scanning at high
frequencies. This mode is not a problem in practice, as its res-
onance frequency can be raised and its amplitude lowered by
using a reinforced structure (see below). Also, we can con-
clude that despite the differences between the measurements
and the calculations, the results of the simulations can be used
to test whether a certain scanner geometry is suitable for fa-
cilitating fast scanning motion.

C. Final design

Figures 6(a) and 6(b) show the final design of the STM
scanner with two different sample plates. The scanner head
is a metallic cylinder. The lower part of the outside face is
tapered such as it can be mounted in the holder, which is
a metallic ring with a counter cone on the inner face. Three
holes are made in the side walls for optical access to the tip
and the sample in the assembled STM. One of the holes is
used for connecting the tunneling current wire to the current
preamplifier. An EBL#2 piezo tube with the same dimen-
sions as in the prototype STM is glued into the scanner. A
tip holder, as described in Sec. II B, is glued onto the piezo
tube. Wires that contact the electrodes of the piezo tube are
fed through holes in the scanner head and attached to SMB
connectors, which are rigidly placed on the top of the head.
Three preloaded bushings with micrometer screws> are in-
serted into the head for the coarse approach. The microme-
ter screws are connected to stepper motors with gear heads>*
by means of home-made couplings. Using such combination
results in a vertical displacement of only ~8 nm per motor
step.
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FIG. 6. Two models of the final STM scanner, equipped with (a) a standard
sample plate and (b) a reinforced sample plate. Graphs in (c) and (d) show the
results of FEA calculations of the displacement amplitude in x-direction and
z-direction of the sample as the function of the piezo excitation frequency for
the simple (black) and reinforced (red) sample plates. The piezo was excited
with a 51 V peak-peak amplitude in the same direction as the direction in
which the displacement is “measured.”

Two sample plates were designed and manufactured. The
first sample plate is made in analogy to the plate used in the
prototype STM, see Fig. 6(a). The second sample plate is
reinforced at the bottom by blades that are perpendicular to
the plate surface, see Fig. 6(b). The latter is fabricated to de-
crease the influence of the bending vibration mode of the sam-
ple plate on fast imaging by increasing the mode resonance
frequency and simultaneously decreasing its amplitude. This
mode was found to be the most disturbing one at frequencies
lower than the resonance frequency of the piezo tube.

The results of the FEA calculations of the final scan-
ner equipped with the two different base plates are shown in
Figs. 6(c) and 6(d). As it was expected, the reinforced sample
plate outperforms the non-reinforced one in its response in the
z direction. However, the reinforced sample plate has a some-
what inferior performance in the x direction. The resonance
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peak at 5.4 kHz found for the reinforced sample plate in the
x direction corresponds to the bending mode of the microm-
eter screws. Since the mass of the reinforced plate is larger
than that of the non-reinforced one, this peak appears at lower
frequencies and also has a higher amplitude.

Several materials were considered for the construction of
the STM. In general, the material of choice for constructing
the major parts of the mechanical loop of a high-speed STM
should meet the following requirements:

1. High stiffness, i.e., high Young’s modulus. This in-
creases the resonance frequencies of the mechanical
loop and also makes the STM less susceptible to external
vibrations.

2. High thermal stability, i.e., low thermal expansion coef-
ficients. This is required to minimize thermal drift during
measurements.

3. High damping coefficient. This leads to the lowering
of the quality factor, thus lowering the vibration ampli-
tudes at the resonances. In other words, even though res-
onances of some parts in mechanical loop might occur
at relatively low frequencies, the vibration amplitude at
resonance might be so low that it will not be an issue for
imaging.

There is no material that satisfies all of the requirements
listed above. However, we have considered several materials
that have advantages in one or several of the properties. Our
three candidates were molybdenum due to its very high stiff-
ness, Invar due to its high stiffness and high thermal stabil-
ity, and NiTi alloy (Nitinol) due to its high stiffness and high
material damping. We have compared the effect of the differ-
ent materials on the response of the mechanical loop using
FEA calculations of the same geometry with different ma-
terial properties. The calculations showed that the increased
stiffness of molybdenum would not give a large advantage
as compared to Invar, at least for our geometry. Further, our
calculations showed that using a material with high damping
such as Nitinol could be beneficial, as it would reduce the
amplitudes at resonances. However, the damping properties
of parts fabricated of Nitinol can depend on the alloy prepa-
ration and machining conditions. Moreover, Nitinol, which is
a memory alloy, could lead to a significant stability problem
of the STM at temperatures close to the martensitic transfor-
mation temperature of the alloy. This transformation temper-
ature depends on the precise alloy composition, and is close
to room temperature. We have decided to build our STM from
Invar, as its high thermal stability provides a large advantage
for STM imaging.

D. Flow cell

We designed a special liquid cell to allow for electrolyte
flow and exchange in situ during actual STM measurements,
see Fig. 7. We chose an elongated shape of the liquid cell, as
opposed to the commonly used circular cells, such that the
liquid flow at the position of the STM tip and the sample is
laminar. This is necessary to minimize the influence of flow
(turbulences) on the imaging quality. To improve the liquid
flow characteristics even further, the liquid cell has to be made
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FIG. 7. Design of the flow-cell (a) and STM images measured during flow
(b)—(c). (1) and (2) are the inlet and the outlet for the electrolyte. (3) is the
hole for the sample. (b) Atomically resolved HOPG surface in ultra-pure wa-
ter with the pump switched on at 70 uL/s pumping rate. The image size is
5 x 5nm?. (c) Cu UPD layer on the Au(111) surface imaged with the pump
switched on at 100 L /s pumping rate. The image size is 15 x 15nm?. The
total height scale (from black to white) is: (b) 0.84 nm, (c) 0.36 nm. The tun-
neling parameters are: (b) 1.5 nA tunneling current and 100 mV tip bias;
(c) 1.5 nA tunneling current, 50 mV tip potential, and 250 mV sample
potential.

of a hydrophilic material. We fabricated two liquid cells out of
the following two materials: quartz, which has a nearly perfect
chemical resistance, and Zerodur,”> which has a low thermal
expansion coefficient and also good chemical inertness.

To create a liquid flow in the system, we decided to use a
low flow rate peristaltic pump with multiple channels.?® One
channel supplies the flow of an electrolyte into the cell from
a liquid container. The second channel removes the excess
electrolyte from the liquid cell, thus preventing spill over. Due
to identical flow rates at different channels of the pump, a
constant level of the electrolyte is maintained in the flow cell.
The pump is connected to the cell via Teflon tubing.?’

In general, peristaltic pumps are known to cause pulsa-
tions in the liquid systems. To test whether our pump would
create pulsations that would influence the STM imaging, we
conducted trial measurements with a commercial STM from
molecular imaging (MI).?® For that, an HOPG single crystal
was placed onto the original MI sample plate and then our
flow cell was placed on top. The cell was filled with ultra-
pure water. A cut Ptlr tip was used for STM imaging. As one
can see in Fig. 7(b), the atomic resolution is obtained while
pumping at a rate of 70 uL/min. Another example of a sur-
face imaged in flowing electrolyte at a rate of 100 wL/min
is presented in Fig. 7(c), where the Cu underpotential deposi-
tion layer is imaged on the Au(111) surface in an electrolyte
containing 0.1 M H2SO4, 10mM CuSQy4, and 1 mM HCI.
We conclude that the influence of pumping on the imaging
quality is negligibly small at low pumping speeds using our
flow cell. At higher pumping speeds, the pulsations due to the
pumping may become visible and even lead to loss of imag-

Rev. Sci. Instrum. 84, 023702 (2013)

ing resolution. In our experiments, we saw that the pumping
rate, at which the pulsations start to influence the STM mea-
surements, depends on different parameters such as the tubing
type and length, electrolyte level in the cell, STM tip length,
thickness of the tip coating, etc. Thus, we cannot define a uni-
versal maximum pumping rate, at which the STM imaging
would be possible. In our experiments, we usually set the flow
rate to approximately 100 pL/min, which corresponds to a
complete exchange of the electrolyte in the flow cell every 4
min. At this flow rate, we see no measurable influence of the
flow on the imaging quality.

Finally, we would like to mention that although it is pos-
sible to maintain constant flow in the cell, transport of the
electrolyte (or ions in the electrolyte) towards the sample pro-
ceeds via diffusion, since the sample is located in a depres-
sion relative to the plane of the cell in which laminar flow
is maintained. Thus, in all deposition experiments conducted
in the flow-cell, one of which is described in Sec. III C, the
mass transport of ions towards the sample happens via diffu-
sion and convection can be neglected. We estimate the time
that is needed for the concentration at the sample surface to
reach the value in the bulk of electrolyte to be ~1 min (for
typical values of the diffusion coefficient of ions in water of
1075 cm?s~1). If a new ionic species is introduced into the
electrolyte at the inlet of the flow cell, it would take ~3 min
for the concentration at the sample surface to reach the same
value as at the inlet.

E. STM assembly and housing

Figure 8 shows two photos of the complete STM assem-
bly. The STM housing consists of a scanner holder and an
environmental chamber for the possibility of maintaining an
inert gas atmosphere. The scanner holder is composed of an
aluminium disc resting on three aluminium legs. The bars are
connected to the bottom plate of the holder. An Invar ring is
placed in the middle of the aluminium disc. The inner face
of the ring is tapered such that if the scanner head is placed
into it, it gets rigidly connected to the holder. This fixing
mechanism is similar to the so-called Morse taper, found in
machinery.

The environmental chamber is connected via a Viton ring
to the STM holder to inhibit mechanical coupling between
them and to seal the chamber for maintaining an inert gas at-
mosphere in it. The side frames of the chamber are connected
to the bottom plate of the holder. The side walls of the envi-
ronmental chamber are made of plexiglass. They are fixed to
the frame via a click-in mechanism for easy removal. On the
side walls of the chamber, several ports are located for elec-
trical connections, tubing, and gas connections.

Ill. PERFORMANCE
A. HOPG in air

The surface of HOPG was imaged in air to test the perfor-
mance of the video-rate EC-STM. A freshly cleaved HOPG
crystal was mounted onto the reinforced base plate and a cut
Ptlr tip was used for imaging. Figure 9(a) shows an atomically
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FIG. 8. Photos of the final STM assembly. The STM scanner holder consists
of an aluminium plate (1) that rests on three aluminium legs (2). An Invar ring
in the middle of the plate (3) is used for clamping the scanner (4). The holder
is connected to the environmental chamber via a Viton ring (not visible).
An inert gas is supplied to the chamber via the input (5). The walls of the
environmental chamber (6) are made of plexiglas. Please note that the front
wall was removed in the photos. The ports in the side walls (7) are used
for electrical and tubing connections. The sample plate (8) is mounted on
the scanner. Teflon tubes for the electrolyte flow (9) are not connected to
the flow cell in these photos. On top of the STM holder, a tunneling current
preamplifier (10) and a USB microscope (11) for optical access are located.

resolved height image of the HOPG surface acquired at
1850 Hz line rate. It can be seen from the image that there is
no distortion due to unwanted mechanical vibrations. Images
in Figs. 9(b) and 9(c) were acquired at a line frequency of
7250 Hz in hybrid mode.’ The atomic resolution at this scan
speed is still preserved, although the atoms appear slightly
distorted due to the excited vibrations. The distortion on the
sides of the images is due to the hysteresis of the piezo
material.

B. Electrodeposited Cu crystals on Au(111)

Our purpose of designing a fast STM is not only to scan
fast on relatively flat surfaces, but also to be able to image
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FIG. 9. STM images of HOPG in air with atomic resolution. (a) Height im-
age acquired at 1850 Hz line frequency and 7.2 Hz image frequency; (b) and
(c) are error signal images measured at 7250 Hz line frequency and 72.5 Hz
image frequency. Image (b) was measured from left to right and image
(c) from right to left. The size of all images is 2.4 x 2.4 nm?. The height
scale in (a) (from black to white) is 0.02 nm. The tunneling parameters are:
~3nA tunneling current, and 50 mV bias voltage.

very rough surfaces. One of the situations, where a rough sur-
face can develop, is the electrodeposition of a metal on a sub-
strate of a different metal. In this case, growth of the metal
deposit can proceed following the Volmer-Weber or Stranski-
Krastanov mechanisms. This can result in islands of the de-
posit that reach several tens to several hundreds of nanome-
ters in height as well as in width. If one would like to im-
age such a surface, not only fast feedback electronics and a
high bandwidth preamplifier are needed, but also a stable me-
chanical loop of the STM with high resonance frequencies.
Our EC-STM fulfills this requirement, which enables stable
and relatively fast imaging of even such rough surfaces. An
example of such a surface is a Cu bulk deposit, grown on
a Au(111) substrate from a 0.1 M H>SO4, 10 mM CuSQy,
and 1 mM HCI solution at —100 mV sample potential, see
Fig. 10. As one can see, we can stably image this surface, ob-
serving the ~40nm high Cu crystallites as well as resolv-
ing the monatomic steps on the Au(111) surface, see also
Fig. 10(c).

C. High-speed imaging during Cu deposition
on Cu(111)

The ultimate purpose of our high-speed STM is to image
the electrode surface with a high spatial and temporal resolu-
tion during electrochemical processes. In Ref. 32 we investi-
gate copper electrodeposition in the presence of different ad-
ditives in real-time. Another example of such a process is the
Cu bulk electrodeposition on a Cu(111) surface from a solu-
tion containing 0.1 M HoSO4 and 10 mM CuSOy. Figure 11
shows a sequence of STM images acquired at high imaging
speed during the electrodeposition of Cu on a Cu(111) crys-
tallite, such as the ones observed in Fig. 10. From the images,
one can clearly distinguish single Cu steps of monatomic
height. At closer inspection of the images, one can see a weak
corrugation on the terraces. This corrugation corresponds to
the moiré pattern, which appears due to the formation of the
sulfate adlayer on the Cu surface.?®3°

Based on the STM images, we can make the following
conclusions. First, the monatomic Cu steps tend to align them-
selves parallel to the high symmetry axes of the moiré pattern.
Second, all steps in the images propagate with the same speed.
The propagation speed is independent on the width of either
the upper or the lower terraces, adjacent to the steps. This
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FIG. 10. STM images of Cu crystallites, electrodeposited on a Au(111) sur-
face from a 0.1M H2SO4, 10mM CuSOy4, and 1 mM HCI solution at
—100mV sample potential vs Cu/Cu?*. (a) Non-processed height image.
The average height of the Cu crystallites is ~40 nm. (b) Differentiated im-
age. Cu crystallites as well as atomic steps of the Au(111) substrate are
clearly visible. The image was acquired at 2.93 Hz line frequency (175 s per
image). The size of the images is 1400 x 1400 nm?2. The tunneling param-
eters are: ~500 pA tunneling current, —15 mV tip potential, and —5 mV
sample potential. (c) Height profile that was measured along the black line of
the STM image in (a).

indicates that if the propagation of steps proceeds via the sur-
face diffusion mechanism, then the Ehrlich Schwoebel bar-
rier at the steps is either absent here or it plays no role in the
growth mechanism at play (for a review on different modes
of growth see Ref. 31 and references therein). Thus, we show
that the STM imaging during electrochemical deposition can
provide invaluable information about the deposition mecha-
nism (see also Ref. 32).

IV. SUMMARY

We have designed and constructed an EC-STM that is
capable of high-speed imaging in constant current mode. In
addition to its ability to image at high scan speeds, our STM
is also capable of imaging very rough surfaces, such as Cu
crystallites electrodeposited on Au(111), while still maintain-
ing atomic height resolution.

The ability to image at high speed and the high stability
of our EC-STM are partly due to the bottom-up approach that
we used for its design. We employed FEA calculations of the
frequency response of the whole mechanical loop of the STM
scanner to the scanning motion of the piezo tube. Based on
the results of these calculations as well as on test measure-
ments with our prototype scanner, we were able to choose the
most promising geometry of the scanner. Additionally, we op-
timized the geometry to increase the resonance frequency and
to decrease the amplitude of the first resonance mode of the
system.

In addition, we developed an electrochemical flow-cell
that allows us to acquire STM images while flowing an elec-
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FIG. 11. Differentiated STM images of a growing Cu step bunch dur-
ing electrodeposition on a Cu(111) crystallite from a 10 mM CuSOy4 and
0.1 M H2S04 solution at —40 mV sample potential vs Cu/Cu2*. The im-
ages were acquired at 300 Hz line-rate (0.85s per image). Every second
image of the acquired image sequence is shown here. The images were ac-
quired while flowing the electrolyte. One can clearly distinguish atomic steps
of the growing deposit. Also, a weak corrugation is visible on the terraces
(see also inset in the last image), which corresponds to the moiré pattern
that originates from the formation of a sulfate adlayer. Size of all images is
155 x 200 nm? and the size of the inset is 60 x 60 nm?. The tunneling pa-
rameters are: —5 mV tip potential and ~ 500 pA tunneling current.

trolyte. This enables to, e.g., vary concentrations of species
in the electrolyte or even introduce additional substances (ad-
ditives) while imaging exactly the same part of the electrode
surface with high resolution.

Finally, the combination of the rigid STM scanner design,
the high-speed feedback, and the data acquisition electronics
allowed us to reach video-rate imaging rates in constant cur-
rent and hybrid modes on atomically flat surfaces of HOPG
and also conduct high-speed imaging in an electrochemical
environment under potential control during electrochemical
deposition. This makes our EC-STM suitable for the studies
of dynamic processes at an electrode surface.
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