Recent results have demonstrated the feasibility of video-rate
scanning tunneling microscopy and video-rate atomic force microscopy.
The further development of this technology will enable the direct
observation of many dynamic processes that are impossible to
observe today with conventional Scanning Probe Microscopes (SPMs).
Examples are atom and molecule diffusion processes, the motion of
molecular motors, real-time film growth, and chemical or catalytic
reactions. Video-rate scanning probe technology might also lead to the
extended application of SPMs in industry, e.g. for process control. In
this paper we discuss the critical aspects that have to be taken into
account for improving the imaging speed of SPMs. We point out the
required instrumentation efforts, give an overview of the state of the
art in high-speed scanning technology and discuss the required future
developments for imaging at video-rates.
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In 1981 Binnig et al. invented the scanning tunneling microscope Force Microscope (AFM) in 19862. A variety of other SPMs have
(STM)1, which enables a (semi)conducting surface to be imaged since been developed, such as the Electrochemical STM (EC-

with atomic resolution. Based on this first scanning probe STM)3, the scanning near-field optical microscope (SNOM)4, the
microscope (SPM) and driven by the wish to also image non- scanning ion-conductance microscope5, the scanning capacitance
conductive surfaces, Binnig et al. went on to invented the Atomic microscope6 and the magnetic force microscope?.
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Fig. 1 Scheme of a standard SPM system, showing the scanner (X- and Y-directions) and the feedback loop that keeps the tip—sample interaction constant (Z-
direction). The detection of the signals for feedback operation is shown in the inserts to the right for AFM and STM, respectively.

The principle of all SPMs is probing the interaction between the
sample surface and a sharp tip (see Fig. 1), while either of them is
scanned laterally in the area of interest. In the STM this tip—sample
interaction is the tunneling current?, whereas in the AFM it is the forces
acting between the tip and the sample surface28. For most SPM modes
this tip-sample interaction is held constant by a feedback loop that
varies the vertical (Z) position between the sample and the tip in order
to compensate for variations in the tip—sample interaction, such as
those induced by the sample topography during the scanning process.

This task requires a positioning unit (the so-called SPM scanner) that
allows movement in all three spatial directions with (sub-) nanometer
resolution. By simultaneously recording both the relative lateral position
of the tip with respect to the sample and the feedback action that
maintains a constant tip—sample interaction, a three-dimensional surface
map of the measured sample property is drawn. This corresponds to the
most common imaging modes in both the STM and the AFM, measuring
the density of electronic states and the surface topography, respectively.

As well as imaging the surface topography with molecular and
even (sub-)atomic resolution’9-11, modern SPMs also allow direct
measurements of local sample properties with high spatial resolution,
such as Young's modulus and surface adhesion??, friction13-16, charge
distribution?, electronic local density of states’819 and magnetic
states20.21. In addition, SPMs are also used, for example, for single
molecule spectroscopy??, data storage?3.24 and nanolithography?25.26,
and as a nanorobot to manipulate single nanoparticles, molecules
and even individual atoms27-29. The continued development of SPM
technology by various research groups both in academia and industry
constantly enables new measurement methods and greater precision.

Although SPM technology is very versatile, the main advantage of
its high resolution is diminished by the inherently limited temporal
resolution. In this paper we highlight those technological developments
that we believe are feasible in the near future, and that will enable the
same accurate control of the tip—sample interaction at high imaging
speeds as is currently achievable with SPMs only when measuring in
standard (slow) imaging mode. In view of this, we discuss the latest
developments in high-speed SPM imaging that, in combination, may
introduce the next generation of video-rate SPMs.

Video-rate scanning probe microscopy will have a major impact on
the understanding of numerous open questions in the fields of materials
science30.31, chemistry and biology32:33. As examples, one might
think of surface diffusion, phase transition, self-assembly phenomena,
film growth and etching, chemical processes and catalytic reactions,
biomineralization, and biomolecular motors and processes. Video-rate
SPM technology will also make the use of SPMs more accessible for
industrial applications, e.g. in serial production and process control.

High-speed scanning probe microscopy

The most probably explanation for the slow-down in development of
SPM systems in the mid-1990s is that almost all the components of

an SPM were well matched with regard to performance and pushed
close to their limits. There was not a single bottleneck in terms of
speed, implying that any improvement would entail the replacement of
almost every component of the SPM. Such improvement would require
detailed knowledge of all the involved disciplines, such as physics,
mechanics and electronics, to overcome the limitations and to develop
an integrated new SPM system.
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Fig. 2 STM images (tunneling parameters: V= -0.7V, | < 0.1nA) of step
structures on Au(110). The steps appear totally different when imaged with
different time resolutions. The upper panels were taken at a temperature of
384 K and the lower panels at 479 K. The two left panels were measured in 31 s
(a) and 21 s (c) in a scan orientation nearly perpendicular to the step direction.
In the two right panels, 31 s (b) and 5 s (d), the scans were repeated at the
same location, with an orientation roughly parallel to the steps, in order to
optimize the time resolution. The rough structures in the two left panels are not
real, but merely result from rapid kink motion along the steps62.

Pioneering work demonstrated significant improvements in SPM
technology, and the possibility for higher imaging rates in particular.
By 1986 Bryant et al. were already reporting on real-time STM imaging
in constant-height mode with line frequencies beyond 1 kHz34. Since
then, several groups had pushed the STM technology forward in

order to generally increase the imaging rate35-52, The diffusion study
of individual atoms on a surface, however, required an even higher

temporal resolution than 20 images per second, which was achieved

in 1992 by Ludwig et al.36. Therefore, Swartzentruber realized the

first atom-tracking STM33 in 1996, inspired by the surface tracking
method proposed in 1988%4. Since Swartzentruber, several groups have
applied this technique in order to reach the necessarily higher temporal
resolution for diffusion studies of individual atoms, atom clusters and
molecules>5-80. However, this technique involves following only the
feature of interest, so one is blind not only to the tracking feature

but also to any surface changes that might influence the diffusion. In
order to ensure that the diffusion process is interpreted correctly, it is
important to measure complete images at high frame rates, thereby
also capturing any changes in the surrounding surface area. Such studies
might become possible in the future: constructing a rigid scanner and
realizing the so-called hybrid mode enabled images to be obtained at
10,000 lines per second®! while still keeping atomic resolution. Fig. 2
demonstrates the potential for misinterpretation when imaging with a
limited time resolution. The fuzzy-looking step structures are not real
but merely result from the mobility of atoms along the steps®2.

Concerning AFMs, one major improvement for imaging speed was
the development of small cantilevers by the Hansma laboratory63.64,
AFM cantilevers with smaller dimensions enable higher imaging
speeds32:6566, as they have higher resonance frequencies in
combination with a sufficiently low cantilever stiffness.

The introduction of small, and therefore fast, actuators for the
vertical displacement67-69 significantly improved the feedback
bandwidth for tracking the tip—sample interaction using piezoelectric
actuation”© or thermal actuation of an AFM cantilever’1. Another
approach is the construction of more rigid scanners3261.72.73, as they
enable the scanning unit to respond more quickly. Further considerable
speed improvements have been achieved by applying modern control
methods to the SPM scanner for lateral scan displacements’4-76, as
well as for the Z-displacement that is controlled by the feedback
system77-80,

Fig. 3 This series of images of rat tail collagen illustrates how video-rate AFM allows rapid zooming in on areas of interest. The entire zoom series from an image width
of 2 um to a width of 470 nm was taken in 0.56 s and shows every fourth image in the series. The collagen’s characteristic 67 nm banding pattern is clearly resolved
in the raw data and enhanced with image processing for easy visibility. A conventional AFM would need about 15 min of imaging to obtain a comparable series of

images. Reprinted from®6 with permission from AAAS.
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Fig. 4 An example of an in situ real-time observation of the deposition of a thin polycrystalline gold film. The four STM images (495 x 495 nm2) were taken from a
movie that was recorded during the deposition while continuously scanning with the microscope3.with permission from AAAS

Integrating some of the above improvements, Ando et al32. reported

the first AFM system that could image at more than 1000 lines per
second32, enabling the direct observation of biomolecular processes33.
Other than the bandwidth for detection of the tip—sample interaction,
the key issue for video-rate SPM is the mechanical design and control
of the SPM scanner. Hansma et al.66.73 recently reported an AFM
system with video-rate imaging capabilities (cf. Fig. 3) at a scan range
of more than 10 pm and a Z-feedback bandwidth on the order of

100 kHz. Instead of building rigid scanners, Miles’s group used the
scanner resonance for performing the scanning motion81. With this
method, imaging rates of 30,000 lines per second have been reported
for SNOMB82 and 100,000 lines per second for a recent AFM system®3.
Although this solution enables very fast scanning, the tip-speed

and thus the pixel resolution varies over the image, with the lowest
resolution and highest speed in the image center. It is important to
note that the height data may be influenced by the varying feedback
response due to the varying speed. If one records deflection data only,
larger and perhaps harmful variations of the tip—sample forces may
occur. In view of this, it is interesting to note that at extremely high
line-rates it is possible to observe a relatively soft biological specimen
in contact mode AFM without causing any discernible damage83.

Figs. 3 and 4 demonstrate the power of video-rate imaging with two
recent SPM prototypes, demonstrating AFM imaging of a biological

sample®® and direct observation of a film growth process with an
STM31, respectively.

Requirements for Video-Rate SPM
The bandwidth requirements for the individual SPM positioning axis for
video-rate imaging are listed in Table 1 (cf. Fantner et al.84).
It is hard to directly compare the recently reported video-rate SPM
systems32616681 as they are often designed for a particular application,
implying specific advantages and disadvantages in terms of scan range,
resolution and imaging speed. For example, a scan range of typically a
few hundreds of nanometers and a Z-range of a few tens of nanometers
is sufficient for high-speed imaging of individual biomolecular processes
at high spatial and temporal resolutions (see Ando et al.33). A similar
positioning range with an even higher spatial resolution is required for
video-rate STM when intended for imaging atomic processes3031 (cf.
Figs. 4 and 7). The set of specifications may be completely different
when aiming to image larger systems, such as cells8586. On the one
hand, this requires a larger scan size (>10 pm) and Z-range; on the other
hand, the demand on the temporal resolution may be less compared to,
say, the imaging of molecular motors.

It is a challenge to develop instrumentation that could increase
the imaging speed of conventional SPMs by more than two orders of
magnitudes, as this implies an increase in the bandwidth of several

Table 1 Bandwidth requirements for the individual positioning axis for video-rate SPM84

Video-rate SPM

Pixel resolution

256 x 256 pixel

High-speed SPM
256 x 256 pixel

Intermediate speed

100 x 100 pixel

Frame rate

25 frames/s

10 frames/s

10 frames/s

Scan requirements

Z-direction 3.3 MHz 1.3 MHz 200 kHz
X-direction 6.4 kHz 2.6 kHz 1 kHz
Y-direction 12.5 Hz 5 Hz 5Hz

If the scanning motion is performed in the predominant triangular scan pattern, the requirements for the X- and Y-directions increase by about one order of magnitude. If image

rotation is desired for the scan, the requirement for the Y-direction has to be the same as defined for the X-direction.
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Fig. 5. Different scanner geometries: (a) the early tripod; (b) the tube that is still used in most SPM instruments. Recently developed improved scanners:

(c) the cone®0; (d) a MEMS Z-stage®0; and (e) a flexure-based scanner’3.

key components without compromising on the resolution of the
microscope. The mechanical components have to meet demanding
specifications to achieve the required bandwidth, which eventually
might imply the use of Microelectromechanical systems (MEMS; see
Fig. 5). Furthermore, the significantly increased noise accumulated
in the imaging system at a thousandfold bandwidth puts stringent
demands on the electronics involved in the imaging process.

The main speed-limiting factors in today’s SPM

systems are:

1. the dynamic behavior of the scanner;

2. the bandwidth of the power amplifiers that drive the piezoelectric
actuators;

3. the bandwidth for detection of the tip-sample interaction at a
sufficient signal-to-noise ratio;

4. the dynamic behavior of the SPM probe: AFM cantilever and special
tips, such as carbon nanotubes or insulated STM tips for EC-STM;

5. the bandwidth of the feedback control system; and

6. the speed of the data acquisition system.

The main resolution limiting factors are:

1. the noise floor of the power amplifiers;

2. the detection noise of the tip-sample interaction (cantilever
deflection in AFM and tunneling current in STM);

3. the nonlinearity and dynamic coupling between the positioning axis
of the SPM scanner; and

4. disturbances, such as mechanical and acoustical vibrations that
cause image distortions.

Mechanical design

Video-rate SPM requires a fast response of the scanner, which calls for a
high first resonance frequency of the mechanical components. Here, we
have to distinguish between the system components that are part of the
active control loop, such as the scanner and the power amplifiers, and the
components that form the passive mechanical loop between the tip and
the sample (see Fig. 1). While the dynamics of the components in the
control loop determine the maximum bandwidth for active positioning,
and thus imaging, the achievable imaging bandwidth is not directly
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limited by the resonance frequencies of the passive mechanical loop (see
Opo0p in Fig. 1). However, as excitation of the latter may significantly
distort the SPM images, these resonances should also be considered

in the SPM design. In addition, the SPM must be effectively decoupled
from external vibrations87 by a suspension system with a low resonance
frequency Oy, (see Fig. 1) and low damping. For all frequencies ®

> Mp,se the amplitude of the external vibrations coupling into the

base decay with (00/,..)288. Therefore one desires an anti-vibration
stage with a resonance frequency as low as possible. In contrast to the
suspension system, the mechanical loop between the tip and the sample
(see ®yqqp in Fig. 1) should be as stiff as possible. In the optimal case,
Oo0p is @ven higher than the imaging bandwidth. In this case (pase <<
O << @y50p), Mechanical vibrations within the SPM that are induced by
the displacement of the scanner (any displacement of a piezo causes
reaction forces) will not excite the structural dynamics between the

tip and the sample. Although desirable, the nature of the SPM makes it
impossible to construct an infinitely rigid mechanical loop, as its operation
requires an approach mechanism between the tip and the sample, i.e.
moving parts within the mechanical loop. Unfortunately, this resonance
frequency is rather low for piezo motors, as well as for micrometer screws
(typically on the order of single kHz), when compared with the imaging
bandwidth of recent SPM prototypes that have reached displacements on
the order of 100 kHz and beyond80. As video-rate imaging implies even
higher frequencies, future improvement in the stiffness of the approach
mechanism is needed.

When the induced vibrations due to scanning signals and Z-motion
approach o0, ONe has to ensure that the amplitudes stay within the
noise floor of the SPM. This is possible by increasing the mass ratio
between stationary parts (the base) and the moved parts, e.g. by using
MEMS-based devices, or by generating a corresponding counterforce,
e.g. with a balanced actuator that avoids coupling of any vibrations
into the base—head structure.

Another important design consideration is the dynamic coupling
between the individual positioning axes of the scanner itself, as the
scanning in the X- and Y-directions can cause severe image distortion
due to the coupling in the Z-direction61.75. However, it is possible
to compensate for this effect by utilizing modern control methods
(discussed later), as this is part of the active components.
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Another aspect that has to be considered in the design of the video-
rate SPM is the initiation of processes to be imaged at video-rate.
This not only depends on the SPM mode and imaging application, but
also requires the capability, for example, of liquid exchange to trigger
biological processes, or temperature and environmental control in case

of crystal growth processes.

Tube scanner/cone scanner

After using tripod scanners? in the first SPMs, Binnig and Smith
invented a four-segmented, single piezo-tube scanner in 19868 in
order to image faster with less image distortion (see Fig. 5a and b). The
benefits are obvious: tube scanners provide a very good ratio between
accessible scan range and resonance frequency. This concept is still
widely used today in conventional SPMs, enabling scan ranges of more
than 100 pm with the first resonance frequency on the order of

1 kHz, or a scan range of a few microns with the first resonance on the
order of 10 kHz. The capability for video-rate scanning largely depends,
therefore, on the desired scan range and the application.

Based on the tube scanner, a conical piezo geometry (see Fig. 5¢c)
has been developed recently®! that has two main advantages over the
tube piezo. First, the triangular aspect of this shape makes the structure
stiffer, since the triangular cross-sections are hard to bend or shear.
Secondly, the mass of the moving parts is reduced, taking into account a
larger reduction for parts that move with a larger amplitude. This results
in a scanner with even higher resonance frequencies (47 kHz in the X-
and Y-directions, and 70 kHz in the Z-direction), while simultaneously
keeping a sufficiently large scan range (800 x 800 x 400 nm3).

An even greater increase in the resonance frequency can be
achieved by the application of MEMS scanners. Recently a MEMS Z-
stage (see Fig. 5d) has been realized, with a positioning range of about
300 nm and a first resonance frequency of 170 kHz%2.

Flexure scanners

In the case where a relative large mass has to be moved, e.g. when

the sample is scanned, one requires a scanner structure with a high
stiffness’2 in order to maintain a high resonance frequency. In addition,
the rapid acceleration of the larger mass requires an actuator that
provides a high force. This can be realized by using piezoelectric stack
actuators. Different mechanical designs have been reported in the
literature that combine individual piezo-stacks to a three-dimensional
SPM scanner (see Fig. 5e), where the actuation can be realized in either
a serial32 or parallel manner72.93, Flexure-based scanners with first
resonances beyond 20 kHz enable video-rate imaging (cf. Fig. 3) at a

scan range of more than 10 pm73.

Scanning motion

The operation of an SPM system can be split into two main parts:

(i) performing the scanning motion; and (ii) controlling the tip—sample
interaction during the imaging process. Although these two positioning

REVIEW

problems are not fully decoupled, we will treat them separately in the
following.

Power amplifiers

As mentioned in the last section, SPM imaging at video-rate requires
a high first mechanical resonance frequency of the scanner (including
the piezo actuators). This also implies that one needs to drive the
scanning piezos at a high bandwidth without sacrificing the resolution,
i.e. the positioning noise. While tube and cone scanners have moderate
capacitances (on the order of a few nanofarads), piezo-stacks put a
high demand on the power amplifiers, as their capacitance is typically
about two to three orders of magnitudes larger. The application of
piezo-stacks for video-rate imaging necessarily calls for custom-made
amplifiers that are optimized for the specific capacitive load of the
corresponding piezo3293,

Control of the scanning motion

The scanning motion is typically performed following a triangular
signal, in order to achieve a constant tip—sample velocity during the
imaging process and a constant pixel distance when recording the
data®184. However, hysteresis and creep of the scanning piezos as
well as the resonances of the SPM may distort the scanning motion,
causing imaging artifacts, particularly at high speed®4. Modern control
technology has demonstrated a significant reduction in several imaging
artifacts introduced by the scanner nonlinearity and dynamics, where
one has to distinguish between open-loop and closed-loop control.

If the scanner is equipped with X- and Y-position sensors, feedback
control can be used to eliminate both hysteresis and creep”6, as well
as to dampen the scanner resonances®>. However, feedback control
for closed-loop scanning also has disadvantages. First, the closed-loop
bandwidth is limited by the system dynamics’6.77; and, secondly, the
positioning resolution may deteriorate due to feeding back of the
sensor noise.

Hysteresis effects can be reduced in open-loop scanning’4 by
pre-shaping the scanning signals or by driving the piezos with charge-
controlled amplifiers9>. Creep can be diminished by implementing
an inverse creep model”4 or, more effectively, an image-tracking
algorithm96 to control the offset on the scanning piezos. Resonances of
the X- and Y-scanners can be suppressed by model-based filtering?47>
or via input-shaping techniques®’. A recently reported method based on
iterative learning control98-100 combines the advantages of both open-
and closed-loop control by optimizing the scanning signals using the
position sensor information obtained during previous scanning cycles.
As the optimized scanning signal is applied in an open-loop manner, it
overcomes the above-mentioned drawbacks of closed-loop control.

SPM feedback of the tip—-sample interaction

High-speed scanning necessarily requires a high bandwidth of
the feedback loop to track the tip-sample interaction (see Fig. 6).
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When operating the SPM with a slow feedback (low closed-loop the image shown in Fig. 7 is approximately 350 kHz, obtained with a
bandwidth), more information is visible in the error image instead of sufficiently low-noise preamplifier that operates up to 600 kHz61.

the height image (cf. Hansma et al.66). This may result in crashing When applying STM-MEMS scanners®0.92, another challenge arises:
or damaging the tip and deforming or destroying the (delicate) in order to avoid coupling of the actuation signals into the tunneling
specimen. current, care has to been taken to design proper shielding.

The achievable bandwidth of the feedback loop depends on the Video-rate AFM requires the detection of the cantilever deflection
dynamics of all the components within the loop'07, i.e. the detection of at a high bandwidth33.73 and with a sufficiently large signal-to-noise
the tip—sample interaction, the feedback system, the bandwidth of the ratio. The signal for feedback operation depends on the imaging mode,
power amplifier and the dynamics of the scanner in Z-direction32.77. i.e. the deflection signal for contact mode and the amplitude of the
All the components must be carefully designed in order to push this oscillating cantilever for tapping mode. In both cases the response time
bandwidth as high as possible. Considering video-rate imaging with all of the AFM cantilever scales with the cantilever resonance, which may
information in the height signal, one would need a bandwidth beyond limit the imaging speed. For contact mode, one requires cantilevers
1 MHz (see Table 1). This bandwidth is still significantly higher than with a resonance frequency beyond the feedback bandwidth. For
those reported in the literature to date®1.71.79.80, implying that for tapping mode, one needs cantilevers with exceptionally high resonance
current video-rate SPMs both height and error images are required to frequencies (on the order of 1 MHz and beyond)7, as the response
provide full surface information. time of the tapping cantilever depends not only on the resonance

frequency but also on the quality factor. As mentioned above,
Probing the tip-sample interaction small cantilevers have proven to be very useful for tapping mode at
Tracking the tip-sample interaction at high bandwidth naturally high speeds, as they enable high resonance frequencies at relative
requires its detection at a corresponding high bandwidth. low stiffness for gentle imaging. However, further improvement in

For video-rate STM one has to measure a signal that corresponds to cantilever technology, as well as fast demodulation of the tapping
the tunneling current with a sufficiently high bandwidth in combination signal, is required to push the limits of the current force probes even
with low noise. In the sensing circuit of the feedback we can identify further, thus enabling even higher imaging rates.
two critical components that are currently limiting the maximum
possible bandwidth: the preamplifier and the logarithmic converter. Feedback system
As the noise of electronic amplifiers increases at least with the square Conventional SPM systems typically use a Proportional-Integral (P1)
root of the bandwidth, the major problem is measuring the tunneling element as feedback to control the tip—sample interaction. Significant
current at high frequencies while simultaneously keeping the noise improvements in imaging bandwidth have been demonstrated by
in the picoampere regime. For example, the atomic frequency of replacing the standard Pl feedback controller by a model-based

sample
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controller : power amplifier = i n': e Ct::;) i
1
I
I
! 3
' |
4 4
height error interaction
image image setpoint
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I

Fig. 6 SPM feedback loop to track the tip—sample interaction in the Z-direction (height). Proper feedback control implies as much information as possible in the
height image with as little as possible in the error image.
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Fig. 7 STM image of an HOPG surface showing atomic resolution. The image
(128 x 128 pixels) is obtained with a line rate of ~10 kHz and a frame rate of
80 images per second at a tunneling current of | = 1 nA and a sample voltage of
Ug = —0.1V87. The distortion at the edges is due to rounding of the scan signals
and hysteresis of the piezo element.

controller’7.80, by applying active damping to the piezo element”8 in
addition to the PI feedback, by adapting the PI feedback as a function
of the actual operation point”9, which corresponds to a gain scheduling
approach, and by feeding forward'02 the topographic information
obtained from previous scan lines. Furthermore, a model-based
approach?7.103 also allows a more accurate estimate of the sample
profile as compared to recording just the feedback signal as height
information, which is standard in conventional SPM controllers.

Coupling

As mentioned above, dynamic cross-coupling between the individual
positioning axes of the SPM scanner as well as mechanical vibrations of
the SPM structure due to the scanner displacement can cause several
image distortions during video-rate imaging. The multiple frequency
components of the scanning signals may, in combination with the
actuator nonlinearities, excite the dynamic cross-coupling of the SPM,
as recently proven experimentally®0. Reduction and compensation99
of these coupling-induced vibrations is one focus of future
instrumentation efforts, as this may be required to achieve distortion-
free video-rate SPM imaging.

Challenges

In our opinion, the most demanding and open questions for instrumentation
of video-rate SPMs are achieving a higher feedback bandwidth combined
with large displacement in the Z-direction (cf. Hansma et al.66) and
reducing the coupling between the individual positioning axes and the SPM
structure, as these still cause significant image distortions.

First, one needs to improve the information content in the height
signal as compared to the error signal (cf. Fig. 6). This step is necessary
to allow gentle imaging at minimal tip-sample interaction forces and
will result in more reliable (quantitative) measurement data. This
challenge inherently requires both the development of faster actuators,
potentially MEMS-based scanners®0 or directly actuated probes?0.71,
and a higher detection bandwidth of the tip—sample interaction. For
tapping mode AFM, faster cantilevers as well as fast demodulation
of the cantilever oscillation at a sufficient signal-to-noise ratio is still
a challenge that needs to be overcome. In STM, the challenge is to
produce a large bandwidth preamplifier with sufficiently low noise.

Secondly, as the imaging spectrum may contain all frequencies up
to the feedback bandwidth plus additional components generated by
the (nonlinear) actuation, future developments also have to focus on
improving the mechanical and control design. The aim is to minimize
the nonlinearities and coupling-induced oscillations of the scanner as
well as of the SPM structure, as an accurate as possible control of the
scanning motion is a key factor for distortion-free SPM imaging at
video-rate.

Conclusion

Recent laboratory prototypes have proven the feasibility of SPM imaging
at video-rate. Several important improvements have been demonstrated,
but an integrated SPM system that combines all aspects in one set-up
still has to be developed. Moreover, in order to make video-rate SPMs
more reliable, easier to use and even suited for commercialization,

the technique still needs a significant amount of development and
engineering. Here, the key challenges are to develop faster sensing of
the tip—sample interaction and improve the imaging bandwidth
(feedback) in the vertical direction, which is necessary to achieve a
better control over the tip-sample interaction; and to improve the
control of the (nonlinear) coupling between the individual positioning
axis and the structural dynamics of the SPM. The development of even
faster scanning units will allow further improvements in the temporal
resolution of SPMs, even beyond video-rate. We hope to stimulate
researchers from a range of disciplines, as the problems present
interesting research challenges for the next few years in mechanical,
electronics and control design.

Eventually, we expect that video-rate SPM will have a significant
impact in the life- and materials sciences, since it will enable the
investigation of dynamic processes on the molecular and atomic levels
as they occur in nature. One can also foresee the increased application
of video-rate SPM technology in industry, e.g. in process technology,
quality control or even data storage.
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