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VIDEO-RATE SCANNING PROBE CONTROL CHALLENGES: SETTING
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ABSTRACT

Scanning probe microscopy is at the verge of revolutionizing microscopy
once again. Video-rate scanning tunneling microscope (STM) and video-rate
atomic force microscope (AFM) technology will enable the direct observation
of many dynamic processes that are impossible to observe today, such as atom
or molecule diffusion, real time film growth, or catalytic reactions. In this pa-
per we discuss the critical aspects that have to be taken into account when
working on increasing the imaging speed of scanning probe microscopes. We
highlight the state-of-the-art developments in the control of the piezoelectric
scanning elements and describe the latest innovations regarding the design and
construction of the whole mechanical loop including new scanner geometries.
We identify critical aspects for which no obvious solution exists and aspects
where advanced control engineering can help, like piezo non-linearities, the
acceleration limit and the challenging technical requirements for the pream-
plifiers that are needed for measuring a tunneling current. Finally, we provide
an overview of a number of new directions that are being pursued to solve the
problems currently encountered in scanning probe technology.

Key Words: Scanning probe microscopy, video-rate, mechanical issues,
control electronics.

I. INTRODUCTION

Inspired by the pioneering work of Young et al.
[1], Binnig and Rohrer invented the STM in 1982
[2, 3]. Over the last 25 years, due to its unique capa-
bility to observe surfaces in real-space on the atomic
scale, scanning probe technology has revolutionized
several fields of research, such as surface science and
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nanotechnology in general and more particularly film
growth, friction, surface chemistry, catalysis, electro-
chemistry and biology (biophysics). The outstanding
versatility of scanning probe microscopes (SPMs) is
reflected in many applications that include extreme
temperatures [4, 5], truly variable temperature [6],
(ultra-high) vacuum or ambient to high pressures [7, 8]
and even measurements in electrolytic solutions [9].
Scanning tunneling spectroscopy (STS) at extremely
low temperatures [10–14] has greatly enhanced our
understanding of local electronic and magnetic proper-
ties of surfaces, molecules, and even individual atoms.
This has led to new insights in e.g. high-temperature
superconductivity. In AFM the force between tip and
sample, rather than a tunneling current is measured.
This allows a wide variety of non-conducting sam-
ples to be investigated, with the additional advantage
that these can be measured under many conditions,
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e.g. in a native liquid environment. Recently, impor-
tant progress has been made in the sensitivity and
speed of AFMs used in liquids [15, 16]. In addition, in
industry it is recognized that SPM is a powerful tech-
nology: research projects are financed by companies
[17] to investigate possibilities for data storage [18],
scanning lithography [19], catalysis [20], and quality
control [21].

Even though SPM is still a young field, the
technology is now on the verge of revolutionizing mi-
croscopy again. Increased imaging speed, higher image
resolution, and new measurement modes will pro-
vide access to new observations in the coming years,
thereby providing not only new insights in dynamic
processes, but also enabling new applications, such as
industrial process control. The figure of merit here is
speed (the time to record either a full image or other
SPM related information), as it provides access to dy-
namic processes and uniquely enables studies under
realistic conditions. Video-rate SPM technology allows
the direct observation of atoms and molecules at work,
which will lead to new insights. Speed also increases
the user-friendliness of SPM machines: in addition to
the immediate gratification of seeing real-time images
allowing the user to get direct response to stimuli ap-
plied to the system under study, the distortion due to
thermal drift is greatly reduced and the images are less
sensitive to low frequency vibrations.

In order to further stimulate future activities in this
field, we would like to point out the potential impact
of in-situ, video-rate measurements with some recently
reported examples. The growth of thin polycrystalline
gold films has been observed during the deposition of
several tens of monolayers [22]. These measurements
provide unique access to atomic processes that take
place during film growth. Using a truly-variable tem-
perature STM [23], it has been possible to follow the
structural changes of a polycrystalline network while
annealing it to higher temperatures. Even the migration
of individual grain boundaries could be resolved [6].
Another striking example is the live observation of a
catalyst with near-atomic resolution during a catalytic
gas reaction under high pressures and high tempera-
tures mimicking the conditions in which catalysts are
actually used [24, 25]. Structural changes of the surface
could, for the first time, be correlated with the activ-
ity of the catalyst, which led to new insights regarding
the well-known gas reaction oscillations [26]. In high-
speed AFM the outstanding achievements by Ando and
his group [27] are illustrated by their observation of the
motion of a kinesin-gelsolin molecular motor over a mi-
crotubule [28] and the details of myosin hand-over-hand
motion [29].

Over recent years several groups have reported
on high-speed SPM activities [30–38]. Significant
improvements have been made on the control elec-
tronics of SPMs [39–47], the mechanical loop [48],
and (piezo-) scanner geometries [33, 34]. Hansma et al.
recently reported on an AFM system with real video-
rate imaging capabilities [49, 50]. Picco et al. set a
new speed limit with AFM [51], although their mea-
surements were performed without an actively working
feedback. This in contrast to Rost et al. [40] who ob-
tained line rates up to 10 kHz with a fully functional
feedback loop. In this paper we give an overview of
the state-of-the-art improvements, we highlight newly
identified problems hampering higher scanning speeds,
and we indicate directions for possible solutions.

II. INSTRUMENTATION:
ELECTRONICS/SENSORS

2.1 SPM control electronics

The feedback of typical SPM control electronics,
which accurately regulates the height of the tip, is usu-
ally built on the basis of a proportional and integral feed-
back circuit (PI-regulator). Attempting to speed up SPM
measurements requires a control system [41, 52, 53], of
which all components (including the feedback electron-
ics) are sufficiently high in bandwidth, provide appro-
priately high slew rates, and are sufficiently low in noise
[54]. In general, these conditions are contradicting, as
the noise generated by electronic components increases
with the bandwidth fBW proportional to

√
fBW if the

noise is white. In reality the noise often increases even
faster with bandwidth.

Recently, we reported that it is possible to push
the bandwidth of an SPM controller, including the
feedback electronics up to real video-rate and even be-
yond [40]. Instead of obtaining an image within several
minutes or tens of seconds, we recorded even up to
200 images per second with fully working feedback.
This controller has some unique features, which in
combination support real-video measurements and also
enhance the overall resolution of the microscope. One
of the most important features is the realization of the
so-called hybrid mode. This feedback concept, reported
for the first time in 1990 [55], allows one to measure
intermediately between the two modes that are familiar
for STM, namely the constant height mode and the con-
stant current mode. The hybrid mode records not only
the height signal of the tip, but also the deviation of the
tip with respect to the ideal tip height simultaneously.
The operation range of the hybrid mode is typically
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limited by the measurement of the tip-sample inter-
action. In STM, the current must be less than the
corresponding maximum voltage of the preamplifier
(10 nA in our case) as well as larger than the noise
floor again determined by the used preamplifier and the
specific setup (see Section 4.1). In contact-mode AFM,
the range of the deflection detector is a limiting factor.
Depending on the adhesion properties of the sample, a
loss of contact may occur with large deviations from
the setpoint away from the surface. This can also limit
the range of the hybrid mode. In amplitude-modulation
AFM, the range over which tip-sample interactions
can be measured is approximately equal to the free
amplitude of the oscillation.

One should also take into account that, depend-
ing on the particular operating conditions, one might
influence the sample or the tip even before reaching the
physical operation limit of the hybrid mode. Eventually
the hybrid mode becomes inaccurate when the opera-
tion range is exceeded. Using non-linear gains, one can
force the tip height to stay within the operation range
even at tip speeds, where one usually would reach the
boundaries (see Section 4.3).

We also would like to mention that a quantitative
measurement with the hybrid mode is only valid on
homogeneous samples.

Fig. 1 shows the working principle: the tip is only
following the low-frequency components of the sur-
face structure, largely ignoring the local details. Nev-
ertheless, we obtain full atomic resolution by record-
ing how wrong the tip is positioned with respect to
the ideal tip height: we simultaneously measure the
so-called dZ signal that varies linearly in height. Pro-
vided a given calibration of the height signal Z , this
dZ signal can also be accurately calibrated by measur-
ing d(dZ)/dZ with frozen feedback settings (sample
and hold), which is used also for spectroscopic dI/dV
measurements, among other things. In this way, the full
information of the surface contour, including all de-
tails is given by the addition of the height and error
signals Z + dZ . It is worthwhile to mention here that
the RMS value of the error signal of a feedback cir-
cuit will, in practice, never reach zero during scanning.
This is due to the finite delays within the total loop,
like the mechanical inertia of the piezo element. This
also implies that standard electronics always miss in-
formation on the real surface topography resulting in
a measurement error. The hybrid mode also adds user
comfort, as the sharpness and, therefore, the details
of the images depend much less on the feedback set-
tings (proportional and integral gain as well as filters)
of the user. If the gains of the feedback are set too
low (in order to follow all surface details) but still high

Fig. 1. STM feedback modes: (a) usual ‘constant current mode’; the
tip follows every detail of the surface corrugation, and (b)
the ‘hybrid mode’ [40], in which the tip follows only the
‘macroscopic’ surface structure, while the deviation of the tip
height from the ideal height is simultaneously recorded via the
so-called dZ channel. Every surface detail is captured indepen-
dently of how faithfully the tip follows the surface structure.

enough to avoid surface or tip changes, the informa-
tion is not lost but simply transferred into the dZ signal.
As long as the combination of tip speed and feedback
settings are such that a destructive tip-surface contact
and complete contact loss is avoided, one always re-
trieves the complete surface information, limited only
by the sharpness of the tip and the cleanliness of the
sample.

In addition to this hybrid-mode feedback, we have
implemented a variable low-pass filter within the feed-
back loop that influences only the cut-off frequency. The
low-frequency gain of this filter is one, independent of
the filter setting. Using this filter with optimal feedback
settings (optimal P- and I-gains), one can adjust the fre-
quency response of the tip reaction, thereby smoothly
tuning the overall feedback behavior to all intermedi-
ate states between pure constant current and constant
height modes.

It is important to realize that the total tip move-
ment as well as the accelerations are significantly re-
duced in the hybrid mode in comparison to the constant
current mode: higher frequencies are avoided. In terms
of frequency response, the constant height mode would,
theoretically speaking, be ideal. However, it is applica-
ble only to flat terraces of single-crystal surfaces with
no or only modest height variations. Using the constant
height mode, one can usually cross one or two single
atomic height steps without risking tip-sample contact.
The hybrid-mode provides the opportunity to maxi-
mize the scanning speed also on rough surfaces, like on
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Table I. Key specifications of the control electronics as described in [40]. This set of electronics is
commercially available at Leiden Probe Microscopy (LPM) [56].
Scan generator: Analog:
(capable of measuring in an Line rates up to 10.2 kHz.
analog mode as well as in a Adjustable parabolic rounding of the scan signal.
digital mode) Option for real sine-wave scan generation.

Hardware background and tilt subtraction.
Online zooming, panning, and rotating.

Digital:
Shortest time for setting and reading a pixel: 30�s.

Max. data transfer speed 13 Msamples/sec. in total.
The maximum transfer speed for each ADC is 4
Msamples/sec. We can simultaneously record 4 ADCs
with 2.1 Msamples/sec.

ADC resolution 16 Bits. At low data speeds, each sample is usually 8
(up to 8 ADCs simultaneously) times oversampled within the ADCs in order to reduce

effects of bit flipping. This ensures a full 16 bit resolution.
(Additional oversampling as standard in common
controllers is also possible via the software.)
Additional input gains: 1x, 2x, 4x, 8x, 16x, 32x, and 64x.

Feedback bandwidth: As, in our case, the closed-loop feedback bandwidth is
usually limited by the mechanical behavior of the (piezo)
scanner, the following list provides an overview on the
measured open-loop bandwidth of the individual
components of the feedback. The bandwidth is
measured at the −3 dB point, if not stated differently.

STM-input stage Consists of an absolute value amplifier and logarithmic
amplifier that covers 4 decades (e.g. a corresponding
range from 0.001 to 10 nA), for the linearization of the
tunnel current: 1MHz.

AFM-input stage Photodiode for cantilever deflection: 12MHz.
with 10 fm/

√
Hz noise from 1 kHz < f < 5MHz

Amplitude and phase detector for dynamic modes:
7MHz with a propagation delay of half a period

I-Gain between 240Hz and 47 kHz at 0 dB
P-Gain between −80 dB and 0 dB up to 1MHz
Low-pass filter 1–100KHz (see text)

The preamplifiers and high voltage drivers are listed
separately in the table.

50 kHz PreAmplifier Gain: 109 V/A.
Integrated input current noise < 0.03 nA with Cinput = 27 pF

600 kHz PreAmplifier Gain: 109 V/A.
Integrated input current noise < 0.1 nA with Cinput = 27 pF

High-Voltage Drivers Adjustable gain between 15x and 19x.
Output voltage ±190V.
Small-signal bandwidth: 400 kHz with Cload= 1.5 nF.
Full-power bandwidth: 60 kHz with Cload= 1.5 nF.
Slewrate: 75V/�s up to loads of Cloadt = 1.5 nF.
Slewrate: 50V/�s up to loads of Cloadt = 4.7 nF.
Hum (50Hz): 3�V rms.
Integrated noise with 400 kHz bandwidth: 0.3mV rms.

polycrystalline or biological samples. The importance
and the impact of the reduction in total tip movement
on speed and resolution of the microscope will become
obvious in Sections III and IV where we discuss non-
linear coupling effects of scanning piezo elements.

The realization of this control system [40] has
required extreme designs: we have pushed several as-
pects to the limits of what was technically feasible

including analog, digital as well as programmable
electronics, data transfer, and data storage. If one desires
to reach real video-rate imaging with 25 images/sec.,
each containing 512 × 512 pixels, the requirements
on the electronics are: 6.5Msamples/sec., a line rate
of 12.8 kHz, and a closed-loop bandwidth of the feed-
back of more than 1MHz (assuming 100 atoms per
line). The above table highlights our key specifications
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demonstrating also the necessity for further improve-
ments (Table I).

When imaging soft biological samples with AFM,
the height difference is usually much larger than in
typical STM experiments. A microtubule, for example,
is a hollow cylinder with a diameter of approximately
20 nm that may easily collapse if the applied imaging
force exceeds 400 pN. In order to keep the tip-sample
interactions to a minimum, one should, first, choose the
setpoint height closer to the loss-of-contact point and,
second, avoid excursions of the tip from the desired
height in the direction towards the surface. Larger gains
will diminish both the amplitude and the duration of ex-
cursions from the set height, thereby lowering the risk
of both the loss of contact and too strong an interaction.
However, the gains cannot be increased indefinitely, as
the feedback circuit will become instable at some point
and will start to oscillate (typically at a piezo resonance
frequency).

In order to reduce this effect, Ando et al. have
implemented a clever active damping scheme [57]. An-
other important realization, which improves the feed-
back response, is that temporarily larger gains may be
used whenever the error signals are large, as long as
the gains are reduced again when the error signal is
small. This requires the implementation of a dynamic
proportional-integral-differential (PID-) controller [58].
In Section 4.3, we demonstrate the necessity for such
a solution. In order to further minimize the error sig-
nal the group of Ando has implemented a feedforward
scheme [59], in which the information contained in a
previous scan line is used for pre-control in anticipation
of the following scan line.

2.2 High-speed aspects in scanning tunneling
spectroscopy

In general, the bandwidth of the STM current is
limited by the physical tunneling rate of electrons from
tip to sample. For normal tunneling currents, e.g. 1 pA,
the tunneling rate is still more than 6MHz, far above
the bandwidth of amplifiers that could measure such a
small current.

Scanning tunneling spectroscopy (STS) is a
very powerful tool to obtain fundamental insights in
electronic as well as magnetic properties of surfaces
[10–14]. The drawback of this technique is the ex-
tremely long acquisition time needed to obtain an im-
age with a reasonable number of data-points. Similar
to the force-volume mode in AFM, a complete STS
map requires many current readings at different volt-
ages for each individual pixel of the map. If one would
like to measure a map of only 100 by 100 pixels and

50 different voltages per pixels within one second, this
would require a data transfer rate of 500 ksamples/sec.
Although this number is easily achievable with the elec-
tronics described above, which can reach data transfers
up to 13Msamples/sec, there is still a problem related
to the preamplifier. STS measurements often require
an fA range sensitivity, which implies a dramatically
reduced bandwidth of the preamplifier, usually down
to only few kHz or less. Assuming a bandwidth of only
1 kHz, the above measurements would last 8minutes.
Scaling to full resolution (512×512 pixels and 100 volt
steps), a measurement would last 7 hours. Improve-
ments on the preamplifiers would, therefore, not only
enable faster imaging, but would also significantly
reduce spectroscopic measurement times.

2.3 High-speed aspects in AFM: cantilevers

In AFM, the tip-sample force is measured by a
cantilever force-sensor: a small mechanical structure
with a useful bandwidth that is limited by its resonant
behaviour. The resonance frequency of a clamped-free,
rectangular cantilever of width W , length L , thickness
T , made of a material with density � and Young’s
modulus E , is given by f0=(1.02/2�)(E/�)−1/2

(T/L2), while its spring constant is given by k=0.25 ∗
EW (T/L)3 [60].

The maximum achievable imaging speed of an
AFM can be limited by the bandwidth of the can-
tilever. The exact relation between cantilever resonance
frequency and the cantilever-imposed limit of the tip-
sample measurement bandwidth depends strongly on
the mode of operation and the detection method, but it
is always proportional to the resonance frequency f0.

For amplitude modulation AFM, the bandwidth
is usually taken as f0/Q (resonance frequency/quality
factor), although a recent study by Kokavec et al. [61]
reveals that this bandwidth also depends on the ampli-
tude setpoint. When using contact mode with a large
force setpoint, the cantilever is operated in a clamped-
pinned configuration and the resonance frequencies are
approximately one order of magnitude higher. How-
ever, this type of operation increases the risk of tip wear
and sample damage.

Currently, resonance frequencies of commer-
cially available AFM cantilevers vary from a few kHz
to around 1MHz. The variation in resonance frequen-
cies is mainly realized by a variation in the spring
constant. However, to keep the interaction forces low
during fast scanning, i.e. to increase the resonance
frequency without increasing the spring constant, the
cantilever size should be reduced in all its dimensions.
Pioneering work in the miniaturization of cantilevers
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has been done by the Hansma group [62–65]. They fab-
ricated silicon nitride cantilevers with integrated tips:
very soft ones (5mN/m; 25 �m long) with a resonance
frequency of 350 kHz as well as reasonably soft ones
(< 2N/m; 10 �m long) with resonance frequencies up
to 2MHz. All cantilevers were 10 �m wide and 100 nm
thick and their resonance frequencies were determined
in air. Kitazawa and co-workers from Olympus, col-
laborating with the group of Ando, fabricated silicon
nitride cantilevers with integrated tips [66]. These can-
tilevers had dimensions of 10 �m × 2 �m × 0.1 �m,
spring constants of around 0.2N/m, and resonance
frequencies of 1.2MHz measured in water. The reso-
nance frequency in water is typically three times lower
than in air, due to the mass of the liquid, that has to
be moved with the cantilever. The exact differences
can be calculated by the use of hydrodynamic theo-
ries [67]. As the reduction of resonance frequencies is
lower for narrower cantilevers Katan and Oosterkamp
[68] produced silicon cantilevers with a width of only
1.7 �m by means of focused ion beam (FIB) milling.
These cantilevers had a spring constant of 2N/m,
and resonance frequencies of 1.8 and 1.2MHz in air
and liquid, respectively. For vacuum operation, one
can benefit from cantilevers with low internal dissipa-
tion; therefore, single crystal silicon is the material of
choice. Yang and co-workers [69] fabricated miniature
cantilevers (11.5 �m × 4.16 �m × 0.2 �m) from this
material. They achieved a quality factor of 19000 in
vacuum with a spring constant of 1N/m.

III. INSTRUMENTATION: MECHANICAL
HARDWARE/PIEZO ELEMENTS

At first sight, one is tempted to think that most
speed problems are solved with the realization of the
SPM control electronics described above. Indeed, in
comparison to standard controllers, we are able to in-
crease both the speed and the resolution of existing
microscopes significantly, but the maximum achievable
speed is still not sufficient for monitoring fast dynamic
processes on surfaces. It is limited by the non-ideal
behaviour of piezoelectric elements used for scanning
the tip over the sample. In Section III, we describe
the underlying reasons and point out the importance
of the precise knowledge on the behaviour of the piezo
scanning elements.

3.1 Closed-loop tunneling spectrum of a usual
tube scanner

To pinpoint the fundamental problem of state-of-
the-art SPM technology, we have used our electronics

to measure the Fourier transform of the tunneling cur-
rent while hovering above a particular point on the sur-
face without scanning. This ensures a clean spectrum
without any frequencies originating from the scanning
motion or the feedback related height variation of the
tip when following the surface structure. Driven by the
noise of the drivers, this method measures the spectrum
of the closed-loop system, which is at most linear up to
∼ 90% of the Z -resonance frequency of the piezo ele-
ment. In addition, lower frequency modes of the piezo
element, like the bending mode, couple in the closed-
loop and deteriorate the linear regime around these fre-
quencies. For a quantitative analysis, one should take
into account that these spectra are measured behind
the 50 kHz preamplifier and, therefore, before the log-
amplifier of the STM-input stage, which naturally im-
plies non-linear components of a perfect sine variation
of the tip-sample distance. The scanner used in this sub-
section is built from a EBL#2 piezo tube [70] with the
following dimensions: height 12.7mm, outer diameter
7.6mm, and inner diameter 6.3mm. Fig. 2(a) shows the
Fourier transform of the tunneling current when using
stable, non-resonant, tunneling conditions.

Several peaks can be identified that are all related
to the resonance frequencies of the scanning tube that
carries an additional load of approximately 0.1 g in the
form of the tip and the tip holder. The tip holder consists
of two metal shielding plates made from tantalum and
an injection needle capillary, which are all held together
via some ceramic parts. In order to reduce the weight,
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Fig. 2. Fourier transform of the tunneling current (a) with optimal
tuned, stable feedback settings (P gain, I gain, and filters), (b)
with critical feedback settings for high frequencies (high P
gain), and (c) with critical feedback settings for low frequen-
cies (high I gain). These measurements are very sensitive to
the resonance frequencies of the mechanical loop. Please no-
tice also the indications for a non-linear coupling of the piezo
movements (see main text).
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these ceramics are fabricated from boron-nitride. The
frequencies obtained fit nicely with those measured us-
ing a lock-in technique, as is described in [40]. It is
also noticeable that the measurements presented here
show a much higher resolution as well as better sen-
sitivity for measuring the piezo resonance frequencies
when compared to the work reported in [40]. Due to this
increased sensitivity, we are now able to detect more
peaks, enabling us to more clearly identify the individ-
ual modes of the piezo. In [40], we erroneously iden-
tified the 39 kHz peak with the longitudinal mode (Z -
height direction) of the piezo tube, but the improved
spectra of Fig. 2 reveal that a slightly different interpre-
tation is required. In agreement with our earlier paper,
we find two peaks around 9 kHz that correspond to the
first bending modes (X and Y ) of the tube which has
a broken rotational symmetry due to asymmetry in the
tip holder. We find the first torsional mode, again in
good agreement, at 24.7 kHz. The peaks at 38.2 kHz and
39.5 kHz, however, correspond to the second bending
mode of the tube again split due to the broken symme-
try. The real longitudinal mode of the tube (Z -height-
direction) lies at 50.7 kHz, which is confirmed by the
large peak height. As we are actively regulating the tip
height in Z with the feedback system, we are most sen-
sitive to this mode.

Starting with stable tunneling conditions, as il-
lustrated by Fig. 2(a), one can identify problems with
respect to the mechanical loop at higher frequencies, by
increasing the overall gain of the feedback for higher
frequencies. With a fixed integral gain, this can be
achieved by increasing the proportional gain (P-gain).
Similarly, one can identify low frequency problems
with an increase of the integral gain (I-gain). Fig. 2(b)
shows the Fourier transform of the tunneling current
with an increased P-gain, tuned such that the feedback
loop was at its critical point, i.e. just before becoming
unstable. There are two obvious changes with respect to
the spectrum in Fig. 2(a): the highest peak has changed
from 50.7 kHz to 38.2 kHz and several peaks appear that
are equally spaced. With higher P-gain, the feedback
adjusts the variations in the Z -mode (50.7 kHz) more
precisely, which leads to a slight decrease of the peak
height from 0.54mV/

√
Hz down to 0.39mV/

√
Hz.

Simultaneously, one notices a dramatic increase in am-
plitude of the second bending mode in the X -direction
at 38.2 kHz. There are two explanations for this obser-
vation. One is that the overall feedback settings might
exceed the stability criterion of the closed feedback
loop for this particular frequency. The other possibility
is based on the tilt of the sample, roughness, or vari-
ation in electronic corrugation along the X -direction.
Taking into account the noise vibrations of the scanner,

a sample tilt can induce a tunneling current variation.
The feedback is able to compensate for this by moving
the tip (in height) with exactly the same frequency as
the (noise) vibration. Assuming a non-linear coupling
of the piezo motion in different directions∗, this would
lead to an enhancement of a particular vibrational
mode, in this case the vibration in the X -direction.
More evidence for the existence of non-linear coupling
is given by the other peaks. A careful inspection of
their frequencies shows that the frequency difference
between the second X -bending mode and the Z -height-
mode leads to satellites above and below several of the
harmonic (i.e. linear) eigenfrequencies of the system:
(50.5 − 38.3= 12.2) kHz; the bare 12.3 kHz is visible
as well as (50.5 + 12.3 ≈ 63.0) kHz, (63.0 + 12.3 ≈
76.3) kHz, and (76.3 + 12.3 ≈ 88.7) kHz. Moreover,
the frequency difference between the second X -bending
mode (38.3 kHz) and the torsional mode (24.7 kHz) is
also visible as a new frequency vibration at 13.5 kHz.
As confirmed in the following section, these obser-
vations strongly suggest a non-linear coupling of all
movements of the piezo element.

When increasing the gain at low frequencies by
increasing the I-gain, we obtain the spectrum shown
in Fig. 2(c). The highest peak, at 2.1 kHz, is a drum-
mode related to our sample holder (effectively the sam-
ple is moving up and down). This spectrum reveals even
stronger indications for non-linear coupling: both Z -
height related modes, the torsional mode at 24.7 kHz as
well as the Z-height mode at 50.7 kHz now show satel-
lite peaks at higher and lower frequencies that are ex-
actly 2.1 kHz apart from their original modes.

One might argue that the observed non-linearity
stems solely from the fact that the measurement was
performed on the signal before it was linearized by the
log-amplifier. However, based on a calculation, in which
we fit the non-linearity of the tunneling junction with
the measurements, we can conclude that the measured
non-linear peak heights exceed the calculated values by
a factor of 3. At most, 30% of the peak heights are due
to the measurement performed before the log-amplifier.
The remaining 70% are probably due to the non-linear
coupling of the piezo element, for which we provide
additional proof in the next subsection.

This non-linear coupling of the piezo motion may
cause artifacts during scanning. Imagine what happens
during scanning along the X -direction with atomic

∗Strictly speaking, an alternative explanation is possible,
namely that an applied offset voltage makes the scanner not be
at its center (0,0). As the tube is bent, a height correction can
excite a bending resonance.
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resolution in constant current mode. The tip is moved
up and down with the ‘atomic frequency’ (X -scan
speed divided by the lattice constant), which is usually
much lower than the frequency of the Z -height reso-
nance of the scanner. However, when this frequency
of passing atoms coincides with the first bending res-
onance frequency of the piezo element and there is
(non-linear) coupling between the Z - and X -modes
of the piezo element, the bending resonance along X
can be excited, which can even lead to a resonance
catastrophe. In the following section, we provide direct
proof for the presence of this non-linear coupling by
quantifying the non-linear coupling terms.

3.2 Quantification of the non-linearity for a
conical piezo

In the previous section, we demonstrated that the
tunneling current can exhibit non-linear effects. One
of the suggested sources for this non-linearity is the
piezo-electric scanning element. These types of actu-
ators are known to show non-linear behavior such as
hysteresis and creep. In order to prove that it is indeed
the piezo element that causes the satellite peaks in the
Fourier transform curve of Fig. 2(c), and not, for ex-
ample, the electronics or other mechanical structures in
the system, we performed the following experiment. We
mounted a conical piezo-actuator, which is described
in more detail in Section 3.3, on a simple, rigid sup-
port (not an SPM). The electrodes of this conical piezo,
which had been machined from a solid piece of EBL#2
material [70], were segmented into four symmetrical
electrodes on the outer wall (X+, X−, Y+, Y−) and 1
single electrode on the inner wall (Z) (see Fig. 3a).
While the Y+, Y− and Z electrodes were grounded,
the sum of two sine waves was applied to the X+ elec-
trode: S1(A1, f1) + S2(A2, f2) with the A’s denoting
the two amplitudes and the f’s the frequencies. We set
the amplitude A1 to 35V and the frequency f1 such
that it matched the bending resonance frequency of the
piezo: 48.5 kHz. We varied the amplitude of the sec-
ond signal, A2, between 0V and 80V while we kept
the frequency, f2, fixed at 55 kHz. Information on the
mechanical response of the piezo actuator can be ob-
tained by performing a fast Fourier transform (FFT) on
the current flowing from the X -electrode to ground (see
Fig. 3). It is important to realize that, in principle, one
should account for the fact that the signal of interest is
measured via the transfer of a high-pass filter below its
filtering frequency, as illustrated in Fig. 3(b). The lin-
earity of the filter, however, affects only the individual
peak amplitudes that will be measured by the FFT anal-
ysis. As one can correct for this effect bymultiplying the

Fig. 3. Connection schemes: (a) for the measurement of the non-linear
response of the piezo-actuator, and (b) the equivalent electrical
circuit for the readout part showing that the signal experienced
high-pass filtering due to the RC-filter. As the resistance used
was 512 � and the capacitance of the piezo was measured to
be 0.45 nF, the cut-off frequency (1/RC) was 4.3MHz.

measured signals with the inverse transfer function of
the high-pass filter (constant factor at each frequency),
we can safely ignore this effect here. In addition, we
ensured that the signal generators and high-voltage am-
plifiers used in this measurement were all sufficiently
linear so that the non-linearities introduced by these de-
vices were negligible.

In Fig. 4, we show measurements at different am-
plitudes A2, while all other parameters in the experiment
were kept constant. Starting with A2 equal to zero (top
panel), we gradually increased A2 from the top panel
down to the lowest panel. Please note that we also de-
tect the first harmonic, 2 f1 next to the bare frequency
of f1 in the top panel. On increasing A2, we observe
the generation of many related frequencies.

These observations can directly be attributed to
non-linear effects: driving a non-linear piezo-electric
actuator at two different frequencies will not only result
in a mechanical response at those two specific frequen-
cies, but will also show a response at super- and subhar-
monic frequencies such as f2 − f1, f1 + f2, 2 f1 + f2,
etc. One can easily find expressions for the expected
amplitude dependence of the generated super- and sub-
harmonic signals on the applied amplitudes A1 and A2;
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Fig. 4. Selection of measured FFT-graphs. The amplitude A2 of the
signal S2 was varied, while all other parameters, i.e. A1, f1
and f2, were kept constant. The non-linear transfer of the
original signals is clearly visible at the frequencies 2 f1, the
difference frequency d f = f2 − f1, f1 − nd f and f2 + nd f ,
with n being an integer number.

examples are:

A(d f ) =C1A1A2 cos(2� d f t) (1)

A( f1 − d f ) =C2(A1)
2A2 cos[2�( f1−d f )t] (2)

A( f2 + d f ) =C3A1(A2)
2 cos[2�( f2+d f )t] (3)

where the difference frequency is d f = f2 − f1.
From the measured data presented in Fig. 4, we

have obtained these dependencies, as shown in Fig. 5.
The red lines represent fits based on the above expres-
sions: linear or quadratic. The observation that these
curves are indeed close to the expected linear and
quadratic behavior, serves as direct evidence that in ad-
dition to the intended motion at the driving frequency
the piezo scanning element shows significant motion at
frequencies that are related the driving signals, but also
clearly differ from them. The additional response can
be found at exactly the frequencies that are generated
by the piezo non-linear effect.

3.3 Alternative geometries

The tripod scanners of the early days of scanning
probe microscopy have been replaced by tube scanners,
as these have higher resonance frequencies. A review
paper on tube scanners has been published recently by

Fig. 5. Amplitudes for various frequencies as a function of the applied
amplitude A2. The red (grayish) lines represent fits: linear
and quadratic as expected from the theoretical expressions,
see equations above.

Moheimani [71]. Straightforward sectioning of the outer
electrodes into four quadrants turns the whole tube into
a rigid-body XYZ scanner. However, a tube is not the
most optimal geometry, if speed is the main concern.
When modest scan ranges are sufficient for an SPM

q 2009 John Wiley and Sons Asia Pte Ltd and Chinese Automatic Control Society



M. J. Rost et al.: Video-rate Scanning Probe Control Challenges: Setting the Stage for a Microscopy Revolution 119

Fig. 6. Geometry of a cone-shaped piezo-actuator.

application, actuators can be built from stacks of
thickness- and shear-mode piezo plates thereby achiev-
ing even higher resonance frequencies than piezo tubes
[40].

A conical piezo geometry as shown in Fig. 6,
presents another way of producing a stiffer scanner with
a high resonance frequency, while simultaneously keep-
ing a sufficiently large scan range. The main idea behind
this design is twofold. The first advantage of a cone is
that the triangular aspect of this shape makes the struc-
ture stiffer than a traditional tube, since the triangular
cross sections of this device are very rigid and difficult
to bend or shear, in contrast to rectangular cross sec-
tions of a tube. The second advantage is that the parts
that are moving with the largest amplitude are located
near the apex of the cone and thus have a relatively low
mass. The combination of the increased stiffness and
the decreased (effective) mass indeed leads to signifi-
cantly increased resonance frequencies of these cones.

Using finite element analysis, we have investi-
gated various cone scanners with different shapes and
dimensions. In the following, we present some prelimi-
nary results on a particular choice of dimensions for the
cone. More detailed information on the calculation and
results, such as the delicate balance between the scan
range and resonance frequency, will be published else-
where [72]. The conical piezo, which was used in the
experiments described, was produced by Leiden Probe
Microscopy [56], which offers cones with any desired
angle and dimension. We used a cone with a height of
7.4mm, a cone angle of 35◦ and a wall thickness of
1mm. For this geometry, we calculated a lowest res-
onance frequency of approximately 45 kHz (bending
mode) and scan ranges close to 1 �m in the X - and Y -
directions and 500 nm in the Z -direction.

Fig. 7 shows the result of a lock-in measure-
ment performed analogous to the method described in
[40]. This measurement confirms our calculations: the
first natural resonance frequency lies at approximately
47 kHz. By performing a real STM experiment on a
single crystal Au(110)-surface in ultra-high vacuum we

Fig. 7. Natural resonance frequencies of the conical actuator as de-
scribed in the text. This curve is measured by means of the
lock-in technique described in [40]. The peaks verify the pre-
dictions obtained from the finite element analysis calculations:
the first bending resonance is at ∼ 47 kHz, and the first Z
resonance at ∼ 70 kHz.

measured the X -Y -Z ranges and found that these match
the calculated values. In addition, by performing scans
with almost the maximum scan range, we have verified
that the unconventional shape of the actuator does not
introduce new image distortions. In conclusion, conical
piezo geometries are ideally suited for high-speed mea-
surements with scan-ranges up to ∼ 1 �m. In addition,
the open geometry of the conical piezo maintains the
advantages of the typical cylindrical tubes above the
stacks: signal cables and optical fibres can be mounted
easily through the center of the actuator.

In order to achieve larger scan ranges (approx-
imately 10micrometers) in combination with high
resonance frequencies several research groups have
demonstrated the feasibility of implementing piezo
stacks into special geometries that decouple the X , Y ,
and Z motions of the actuator (often referred to as
flexure stage scanners) [16, 33, 34, 51, 73–75]. Fukuma
et al. have realized a stack scanner with a Z resonance
frequency of 540 kHz [76]. Another advantage of flex-
ure stage scanners is that relatively heavy masses can
be actuated, like samples, while still achieving high
resonance frequencies (tens of kHz).

The Miles group in Bristol pioneered the use of
resonant scanning for SPM purposes [36]. They used
a quartz tuning-fork oscillator to generate the fast
scanning motion. Instead of avoiding the resonance fre-
quency of the scanner, they use exactly this frequency
to excite it. This allows scanning of light samples with
large scan ranges in combination with line rates up to
30 kHz [77]. Resonant scanners offer high scan speeds,
but at the cost of severely limited flexibility. The high
quality factors of these scanners prevents from use-
ful scanning at slower line rates than the resonance.
Furthermore, height feedback is impossible in the
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particular chosen geometry. Nevertheless, it has
been shown that soft samples can be imaged non-
destructively without feedback, if scan speeds are suf-
ficiently high [78].

In our opinion, a conical piezo element (or a
MEMS scanner, see below) is the best choice for scan-
ning a light object, like the tip. If one desires to scan
the sample, the flexure stage scanner might be the more
appropriate choice.

IV. OPEN PROBLEMS

4.1 Preamplifier noise for STM and STS

As the effort spent on control electronics results
in a continuing decrease in noise in the feedback path
and the actuators continue to increase in resonance fre-
quency, the measurement of the tunnel current becomes
a severe limiting factor for an STM. Ideally, the ulti-
mate electronic bandwidth in STM should be limited
by the shot noise in the tunneling current only. One
can easily calculate the shot noise, In , integrated over
a bandwidth from DC to a maximum bandwidth, fBW ,
as, In =√

2eIt fBW and compare this value to a typi-
cal tunnel current It . For a tunnel current of 1 pA or
1 nA, the bandwidth at which In becomes equal to It
is 3MHz or 3GHz, respectively. However, in order to
achieve this, one would need a current measurement
over which the entire bandwidth has a noise floor below
0.5 fA/

√
(Hz) or 20 fA/

√
(Hz), respectively. At present

current to voltage converters usually have a room tem-
perature feedback resistor of at most 1G�, leading to a
low frequency noise of 5 fA/

√
(Hz). However, above a

certain corner frequency, the noise grows linearly with
the frequency. This corner frequency typically is a few
kHz and depends on the cable length between the tun-
neling tip and the converter (input capacitance) and on
the noise of the transistor of the operational amplifier,
which is used in the main stage of the current to voltage
converter. Often, the input capacitance is, therefore, the
limiting factor. This effect is called noise gain in the
electronic engineering community.

Although the noise of transistors has been slowly
decreasing in recent decades, large bandwidth current
to voltage converters that are based on transistors will
be far away from achieving the ultimate shot noise limit
for a long time to come. Applying SQUID electron-
ics to the measurement of tunnel currents may provide
an alternative, but there are still major hurdles to be
taken to make this practical [79]. Such a preamplifier
would definitively be interesting for the application of
STS measurements at low temperatures, where long ca-
bles down to the cryostat imply high input capacitances.

Moreover, the necessary cooling for the SQUID could
be easily combined with the existing cryostat.

Another way to solve the problem of measur-
ing the tunnel-gap resistance at high bandwidth was
recently proposed by Kamiktarkak et al. [80]. By mak-
ing the tunnel junction resistance part of a resonant
RLC circuit (resistor-inductor-capacitor) that termi-
nates a coaxial cable, they monitor the change in radio
frequency (RF) reflectivity as the tunnel junction re-
sistance changes. In this way, they demonstrated very
large bandwidths for low tunnel junction resistances
(between 100 k� and 10M�). However, the application
of this method becomes less favorable for larger tunnel
junction resistances. For a typical tunnel junction of
1G�, which is necessary to reduce tip influences on
the surface atoms, it is again hardly possible to reach a
bandwidth of 1MHz. Moreover, when applying tunnel
settings such that the junction resistance is lower than
10M�, there is no need to use a large feedback resistor
in the I/V-converter like the common standard of 1G�.
After all, it is not necessary to build an I/V converter
with a noise figure much better than the thermal noise of
the tunnel junction itself. One might just as well build
an I/V converter with a feedback resistor that itself
is 10M�, which reduces many of the complications
involved in building a large bandwidth I/V converter.

4.2 Non-linear coupling of piezo movements

In Section 3.2 we demonstrated the undesired gen-
eration of non-linear movements of the piezo scanning
element. This effect has a quite serious consequence for
(fast) SPM measurements: even when the scan opera-
tion is performed with a perfect sine-shaped signal, the
driving signal will mix with all other frequency compo-
nents at which the actuator moves. As this motion also
includes the height correction (Z -motion) that is con-
trolled by the feedback, it generates an unwanted mo-
tion at both higher and lower frequencies than the scan
frequency. This will lead to a serious problem, if one of
those frequencies doesmatchwith one of the natural res-
onance frequencies of the system. As additional energy
is pumped into this particular mode, it also limits the
possible maximum gain settings of the feedback before
the circuit becomes unstable thereby reducing both res-
olution and speed. The obvious and easiest solution to
this problem is given by the selection of piezo-actuators
with a first natural resonance frequency, which is as
high as possible, making conical scanners (see above)
or stack scanners preferential to the standard cylindrical
ones. More advanced solutions might be smart signal
processing of the driving signals.
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Fig. 8. STM image that was used for the feedback analysis men-
tioned in the text. The image was recorded at I = 100 pA,
V = − 1.5V, and line-rate of 36Hz. This image was scanned
left-to-right (‘trace’). The dashed line marks the location on
which the analysis was performed.

4.3 Vertical speed (acceleration) limit

One of the central issues in the context of video-
rate imaging is the speed at which the position of the
scanning probe can be adapted to changes in the probe-
surface distance. Obviously, this speed depends on the
loop gain settings of the feedback circuit. In the fol-
lowing experiment we demonstrate one of the major
limiting aspects of conventional feedback systems: the
acceleration limit.

We prepared an atomically flat, but stepped Au
(110) single crystal surface in an ultra high vacuum
STM. The STM image of Fig. 8 shows three atomic
layers consisting of atom rows (almost horizontal lines)
that are typical for the so-called ‘missing-row recon-
struction’ of this particular surface. As is the case in
most experiments, the surface normal of the sample
is slightly misaligned with respect to the Z -actuation
direction of the piezo element resulting in a sloped
background (for display reasons, this background is
subtracted in Fig. 8). The field of view of this image is
50 × 50 nm2. We analyzed a line trace as indicated by
the dashed line in the figure: the total height variation is
4.4 nm over the entire scan line of 50 nm including two
atomic steps. Without changing the feedback parame-
ters, the exact same location was scanned at various tip
speeds corresponding to line-rates ranging from 36Hz
to 217Hz or 6.8 sec/image to 0.85 sec/image respec-
tively.

For every line-rate, we analyzed the trace and re-
trace height line at the fixed position indicated in the

Fig. 9. Three examples of line scans taken with different tip speeds
at the position of the dashed line in Fig. 8. The scan direction
is illustrated by the arrows. We also indicated the two steps
in the surface in the scan at 36Hz.

image. Three examples of those line-scans recorded at
three different line-rates are shown in Fig. 9. The ar-
rows in the figure represent the scan-direction; the cor-
responding line rates are indicated.

The tip perfectly follows the surface at the lowest
line-rate, both for the ‘uphill’ trace and the ‘downhill’
trace. At this speed, the positions of two steps in the
surface are imaged perfectly for both directions indi-
cating good control by the feedback. On increasing the
line speed, we find that at some moment the tip can not
follow the surface anymore on its way downhill. For
a major part of the scan, the tip looses the tunneling
regime, thereby eventually reaching a tip-sample sep-
aration of more than 3 nm! The tip, however, is still
steered back to the surface by the feedback circuit with
a constant velocity vdown. At a certain moment, after
the scan-direction is reversed, the tip reenters the tun-
neling regime, and properly follows the surface uphill.
Considering this observation, we would like to point
out two striking features. First, the feedback circuit is
not capable of following the surface downhill, while it
does follow the surface perfectly uphill. At first sight
this might seem contradictory. Second, when losing the
tunneling regime the tip is steered towards the surface
with a constant speed.

We can explain this behavior in terms of a
strongly non-linear dependence of the input signal of
the feedback with respect to the tip-sample distance.
Although the exponential behavior of the tunneling
current with respect to tip-sample separation is almost
perfectly liberalized by the logarithmic amplifier in our
feedback-input stage, the input signal drops to zero and
stays zero as long as the system is out of the tunneling
regime independent of the actual tip-sample distance.
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In addition, due to the noise generated in the pream-
plifier, which is later rectified by an absolute value
converter, the input of the feedback detects a finite
artificial tunneling current, although the tip is out of
the tunneling regime. Vdown is determined by the dif-
ference between the tunneling-current setpoint and the
artificial created tunneling current multiplied by the
feedback gains. As long as the STM is out of the tun-
neling regime, this difference will be constant. The
proportional action of the feedback on this constant
leads to a constant output voltage for the Z actuation,
while the integrating gain leads to an output signal that
grows linearly in time. Therefore, the position of the tip
will move linearly back towards the surface, i.e. Vdown
is constant. Please note that in our case the maximum
speed is vdown,max ≈ 575 nm/sec, which is not at all
an impressively high velocity. Theoretically, this speed
could be increased by increasing the I-gain settings.
However, as we already optimized the I-gain settings
for stable scanning conditions, a further increase would
result in an unstable, resonating feedback circuit and
would eventually lead to tip-surface contact (tip crash)
as soon as the tip gets into the tunneling regime again.

The fact that the tip is not crashed into the surface
while scanning uphill can be understood by realizing
that approaching the surface closer than the set-point
value will lead to a linearly increasing error value (af-
ter the logarithmic amplifier) as long as the saturation
value of the amplifiers has not been reached. This leads
to an increasing speed vup at which the tip is regulated
away from the surface in contrast to the constant speed
vdown, with which the tip is steered towards the surface.
Considering extreme situations, in which the tunneling
current exceeds the corresponding saturation voltage of
the amplifiers, the tip is retracted eventually with a con-
stant velocity vup. This speed depends on the difference
between the saturation voltage and the set-point value.
Finally, one should realize that the maximum veloci-
ties for the upwards and downwards movements will
always differ, as long as the setpoint value (asked tun-
neling current) deviates from the middle of the dynamic
regime of the amplifiers taking into account also the
noise generated in the preamplifier.

The above described problem of a non-linear error
signal is not only limited to STM experiments; it is
also encountered in dynamicmodeAFMmeasurements,
where the amplitude of the cantilever oscillations is used
as a feedback input signal. As long as the distance to the
surface is larger than the range of the interactions, the
cantilever will oscillate at its ‘free-amplitude’ resulting
in a constant input for the feedback. It is possible to
minimize this problem by implementing a non-linear
gain in the feedback circuit [58]. The feedback gains

should increase strongly as soon as the input signal for
the feedback saturates to a constant value.

To summarize this section, we demonstrated that
the maximum speed of an SPM can be limited by the
fact that the signal, which is used for the feedback, can
be a strongly non-linear function of the probe-surface
separation. In an STM-experiment for example, this will
especially limit the imaging of rough surfaces at low
current settings.

V. PROSPECTIVE

5.1 Micro-Electro-Mechanical Systems (MEMS)

scanners

The speed of an SPM system is limited by the me-
chanical resonances of the scanner. Especially, the res-
onance in Z (height) is important, as the motion in the
Z -direction is usually the fastest and requires the high-
est frequency components. Typical SPM scanners have
a Z -resonance frequency around 50 kHz (see above),
which limits the usable speed of the SPM even if the
control electronics are faster.

To obtain faster scan speeds in the Z -direction,
we have set up a research program to develop MEMS
(micro-electromechanical systems) scanners. MEMS
are small machines that have a mechanical functional-
ity and are made with techniques comparable to those
that are used to manufacture semiconductor chips. Un-
til now, MEMS-SPM research has been mainly focused
on applications directed towards an array or matrix of
scanners with AFM functionality. Such arrays could be
used for data storage applications: the IBM millipede
project being the most widely known example [81–85].
Single MEMS scanners have also been fabricated in
the past but their relatively low resonance frequencies
prevented users from applying these scanners a lot in
practice. An example is shown in Fig. 10 [86–90].

However, small MEMS stages with limited range
(a few hundred nanometers) can have fundamental res-
onances well into the MHz range, potentially enabling
extremely rapid scanning. An additional advantage of
a MEMS scanner is the extremely small moving mass.
Compared to common piezo scanners, significantly less
vibrational energy is coupled into the system, which can
excite lower mechanical resonances elsewhere in the
microscope. Also, superior to the (voltage driven) piezo
scanner, the MEMS scanner operates without hystere-
sis. At the University of Leiden, we are currently de-
veloping MEMS devices to provide the Z -axis motion
of an SPM instead of using a conventional scanner (see
Fig. 11a). Preliminary results with one of our prototypes
show high fundamental resonances in the order of a few
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Fig. 10. MEMS XYZ scanner of Cornell University; reproduced with
permission [86].

hundred kHz to the low MHz range and a quality factor
Q in the order of 10 (see Fig. 11b). We have imple-
mented a high-speed AFM with a MEMS Z -stage, of
which the results will be published later [91].

We expect that MEMS scanners will enable a wide
variety of high-speed SPM experiments that are impos-
sible today. As the MEMS scanner is very small (in our
case, the stage size is typically between 40 × 40 and
100× 100 �m2), either a very small and light sample is
required or a tip has to be manufactured on the MEMS
itself. Both approaches may be feasible, although the
tip-on-MEMS approach is currently considered to be
the most user-friendly and generic.

5.2 Charge steering

One of the major current limitations in SPM is the
non-linear response of the piezo scanner to the applied
voltage coming from the driver amplifier (see above).
This non-linear response causes hysteresis in the mo-
tion of the piezo scanner and excites higher harmonics
of the driving signal in the motion, which can also ex-
cite mechanical resonances in the microscope long be-
fore the fundamental resonance frequency of the piezo
has been reached. It, therefore, limits both the accuracy
(not sensitivity) and the maximum usable scanning fre-
quency of the microscope.

This non-linear behavior is caused by the fact that
the piezo scanner responds to the exact charge on the
electrodes, not the voltage across them. As the capac-
itance changes with the piezo motion, the charge on
the scanner plates (which is the quantity normally con-
trolled by the driver electronics) is not perfectly mir-
roring the voltage on the plates. It has been proposed
to use driver electronics that control the charge rather
than the voltage on a piezo for other applications, but
it has not yet been implemented in a fully functional
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Fig. 11. (a) Scanning electron microscope (SEM) micrograph of the
Leiden University MEMS scanner and (b) frequency response
measured with an optical detection technique.

manner in scanning probe microscopes. From non-SPM
measurements it is known that charge steering is very
effective in reducing the piezo hysteresis [71, 92–94]
(see Fig. 12).

Charge control (with a feedback loop sensitive to
the charge on the piezo) can be achieved with an elec-
tronic circuit shown in Fig. 13 [93–95]. In Fig. 13(a), a
voltage driver is shown, in which case the voltage on the
piezo is proportional to the input voltage of the driver.
In Fig. 13(b), the piezo is part of a feedback loop with
a high-quality capacitor to ground. For an ideal oper-
ational (differential) amplifier (OpAmp), there will be
no current flowing into the inverting input; hence the
charge on the piezo will be exactly equal to the charge
on the capacitor. The output will adjust its voltage until
the inverting input (and hence the capacitor) carries the
same voltage as the voltage applied to the non-inverting
input. This corresponding charge Q on the capacitor,
hence Q on the piezo, is given by Q =CV , where C
is the capacitor value and V the applied voltage; the
charge on the piezo is proportional to the input voltage
as required for accurate charge control.
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Fig. 12. Displacement of a piezo stack versus amplifier input signal
by applying (a) a voltage controlled driver, and (b) a charge
controlled driver. Charge control linearizes the mechanical
response of a piezo. The graphs are reproduced with permis-
sion [92].

Fig. 13. (a) Voltage control and (b) charge control piezo driver prin-
ciples.

Until now, charge steering has not been used in
SPM technology because of practical challenges related
to its operation. The charge driver is more complex than
a voltage driver and charge steering is inherently unsta-
ble as time goes to infinity. Error sources in the circuit
(e.g. the input bias current of the amplifier and leakage
currents of both the capacitor and piezo) are integrated
in a charge steering system until they dominate the over-
all behaviour. This means that in a practical system, a

Fig. 14. For longer times, the charge control system becomes
voltage-controlled in order to prevent instability of the circuit
as time goes to infinity, see e.g. [96].

transition timescale has to be added such that the sys-
tem behaves as a voltage driver for longer times (min-
utes to hours), see Fig. 14 [96]. As the required motions
for imaging are relatively fast compared to this transi-
tion timescale, this solution should be considered, as it
will improve hysteresis and non-linearity-induced res-
onances considerably.

Recently, Kageshima et al. [97] presented an ap-
proach where the piezo is voltage driven, but the charge
on the piezo and the current flowing to the piezo are
measured to provide information on the displacement
and velocity of the piezo motion. These signals are then
used as inputs for a local feedback loop controlling the
piezo voltage driver. With this approach, they were not
only able to reduce the linearity error to less than 1%
but they also compensated for gain errors that are intro-
duced due to the fundamental resonances of the piezo
element by using the velocity signal.

5.3 Scanner engineering and model based
controllers

Obviously, designing scanners with high reso-
nance frequencies presents a good starting point. How-
ever, one still faces problems, e.g. non-linear couplings
and vibrations that are coupled into the system by the
scanning piezo element. These vibrations can excite
lower mechanical resonances elsewhere in the micro-
scope. Kodera et al. [57] have shown that when special
care is taken to counterbalance the actuator move-
ments these unwanted resonances can be suppressed.
They also have shown that higher gain settings of the
feedback can be applied, when the piezo resonance is
actively damped.

Another major step can be taken by character-
izing the complete amplitude and phase behaviour of
the scanning piezo element as a function of frequency
and subsequently tailoring the voltage signals applied
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to the piezo actuator taking into account its specific
behaviour. In this way, it is possible to apply a sig-
nal such that the piezo element exactly follows the
desired movement. As an example, using a tailored
driving voltage pulse, it is possible to counteract the
overshoot of a piezo element that would occur when
driving the piezo with a square wave. It is important
to realize that such an application, called H-infinity, in-
volves real-time processing of the desired signal: first
the signal has to be Fourier transformed, then multi-
plied with the frequency dependent correction factors,
after which a Fourier back-transformation results in the
final signal, with which the piezo element is driven.
Schitter et al. [46, 52, 53, 98] have impressively shown
that system identification and subsequent implementa-
tion of an H-infinity controller can indeed improve the
performance of a scanning probe microscope by a fac-
tor of five. Their implementation, using digital signal
processing, requires quite extensive computing power.
Applying modern FPGA technology, signal processing
should be possible also for scanners that have resonance
frequencies close to 1MHz.

A similar, totally analog approach has been real-
ized by Kodera [57]: they implemented an active damp-
ing scheme.

VI. CONCLUSIONS

In conclusion, we have identified the most criti-
cal aspects that have to be addressed when speeding up
SPMtechnology. We have reviewed both existing solu-
tions and highlighted new innovative approaches.

Concerning the control electronics, new control
concepts, like the hybrid mode, increase not only the
resolution but also the possible maximum imaging
speed of even existing microscopes. Future develop-
ments in electronic components will naturally provide
new solutions for electronics that will have larger band-
widths combined with less noise. However, we believe
that the desired requirements for preamplifiers (I/V-
converters), which include the combination of low noise
and large bandwidth, will still form a major bottleneck
for STM. SQUID technology might offer a new solu-
tion. Concerning the possible data transfer, we believe
that ongoing progress in network and communication
developments will provide new solutions, although we
are currently at the edge of what is possible. Long-term
data storage, however, will remain a general problem.

Concerning the piezo scanning elements, we
have shown that non-linearity is indeed a major issue
regarding the performance of the microscopes. This
non-linearity is capable of exciting resonances in the
mechanical loop that are even lower than the lowest

resonance frequency of the piezo element itself. The
first obvious solution is to use piezo elements with high
natural frequencies, like the cone scanner which com-
bine high resonance frequencies with sufficiently large
scan ranges. However, at increased imaging speed, we
have also shown that we face a speed limit in the ver-
tical movement. This limit might be shifted to higher
values when using light mass, high-frequency scanners,
like the MEMS scanner.

Finally, we have reviewed smart driving signal
solutions, like H-infinity, analog damping, and charge
steering that all increase the performance of the piezo
elements.

We believe that the combination of our hybrid
mode and high-speed electronics, if equipped with an
H-infinity solution to each of the drivers, will enable the
next step in high-speed imaging with active feedback.
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