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Dual-Stage Vertical Feedback for High-Speed
Scanning Probe Microscopy
Andrew J. Fleming

Abstract—Many popular modes of scanning probe microscopy
require a vertical feedback system to regulate the tip-sample interaction. Examples include constant-current scanning tunneling microscopy and constant-force atomic force microscopy. Due to the
control of tip-sample interaction, these modes of microscopy provide precise topographic information and result in drastically reduced sample damage, hence their popularity. Unfortunately the
vertical feedback controller also imposes a severe limit on the scanspeed of scanning probe microscopes. In this paper, the foremost
bandwidth limitation is identified to be the low-frequency mechanical resonances of the scanner. To overcome this limitation, a dualstage vertical positioner is proposed. This comprises the original
scanner, plus an additional high-speed stage. The improved bandwidth provided by the high-speed stage allows a vast improvement
in feedback gain and bandwidth. In this work, the bandwidth is
increased from 83 Hz to 2.7 kHz. This improvement allows image
quality to be retained with a speed increase of 33 times, or alternatively, feedback error can be reduced by 33 times if scan speed is
not increased. The techniques proposed are mechanically and electrically simple and can be retrofitted to any scanning probe microscope.
Index Terms—Atomic force microscopy, dual-stage, high-speed.

I. INTRODUCTION

S

INCE THE invention of the scanning tunneling microscope
in 1981 [1] and the atomic force microscope in 1986 [2],
scanning probe microscopes (SPMs) have revolutionized the
imaging and manipulation of materials at the molecular and
atomic scale [3].
The fundamental operation of an SPM is to scan a probe
over a surface and map the interactions that occur as a function
of location. In addition to topographic imaging, SPM probes
have diversified to allow the mapping of a wide range of electrical, mechanical, chemical, biological, and physical interactions [4]–[8].
One of the foremost weaknesses of a scanning probe microscopes is the slow speed at which images are recorded. Standard commercial microscopes scan at speeds of typically 1 to
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10 lines per second, so a single image may take minutes to acquire. Although in many applications the slow imaging time is
simply an inconvenience, in other applications, this becomes a
critical limitation. Examples where speed is a primary concern
include: large-range surface inspection [9], [10], nanofabrication [11]–[14], and imaging of fast biological and physical processes [15]–[20].
There are three main limitations to the speed of a scanning
probe microscope: 1) the resonance frequency or bandwidth of
the probe [21]; 2) the mechanical bandwidth of the lateral positioner (scanner) [18], [22]–[24]; and 3) the bandwidth of the
vertical positioner and feedback system, [18], [24].
Extensive research on the design and control of scanning
probe microscopes has been motivated by these limitations.
Recent reviews of this research can be found in references
[25]–[28]. Many different techniques have been proposed
to address point 1). These include self actuating cantilevers
[29], active cantilever Q control [30], and short, high-speed
cantilevers with resonance frequencies over 1 MHz [24], [31].
Of all the techniques available, the new generation of shorter
cantilevers is deemed most suitable for high-speed AFM [24].
Such devices are now becoming commercially available with
extremely high resonance frequencies and low-spring constants
for both contact and tapping-mode AFM, for example, the
Olympus Biolever series.
In recent years, considerable improvements have also been
made to the mechanical bandwidth of the lateral positioning
scanner [22], [23]. The greatest speed increases have resulted
from completely new mechanical designs, such as [17]–[20],
[24], [32]. However, such designs necessarily require small samples sizes and have low scan ranges. These factors can preclude the use of such techniques in general purpose applications. Alternatively, more moderate but still substantial speed
increases have also been achieved by better control of existing
hardware. With an accurate model, more aggressive controllers
can achieve a ten times improvement in scan speed. Such techniques include: actuator linearization [22], [33], [34], feedforward control and input shaping [22], [35], and improved feedback control [18], [22]–[24].
The final remaining speed limitation of a scanning probe
microscope is the vertical feedback bandwidth [18], [24]–[26].
That is, the bandwidth of the control loop that maintains a
constant force interaction between the probe and sample. This
topic is discussed in detail in Section III. Although some
imaging modes do not require vertical feedback, for example
constant-height mode, these are used only in applications where
the sample is extremely flat and immune to probe damage.
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The foremost bandwidth limitation of the vertical feedback
loop is typically the vertical positioner resonance. In commercial microscopes, vertical and lateral positioning is usually
performed by a single device, commonly a piezoelectric tube
scanner. A drawback is that low-frequency lateral resonances
are coupled into the vertical dynamics. To combat this limitation, a number of approaches have been proposed that either
improve the resonance frequency of the vertical positioner
or eliminate it from the feedback loop. All of the high-speed
microscope designs incorporate scanners with high vertical resonance frequencies, typically above 100 kHz [16]–[20]. Other
designs that eliminate scanner dynamics from the feedback
loop include piezoelectric actuated probes [36], magnetically
actuated probes [37], and electrostatically actuated probes [38].
Although all of these techniques are effective in their own
right, there are drawbacks that limit the direct application in a
standard microscope. The high-speed scanners require specially
prepared small samples and have a limited range of only a few
hundred nanometers [19], [20]. Other techniques require highly
specialized probes and/or significant mechanical modifications.
None can be applied directly to a standard scanning probe microscope without significant modification.
In this work, a piezoelectric stack actuator is used to provide high-speed vertical positioning. The stack actuator is combined with the microscopes own piezoelectric tube positioner
to provide both large range and high resonance frequency in
the vertical axis. In Section V, this approach is demonstrated to
increase the resonance frequency of a commercial AFM from
680 Hz to 23 kHz. This allows an increase in closed-loop bandwidth from 83 Hz to 2.7 kHz. The increased bandwidth results
in significant image quality improvements, particularly when
scanning at large range or high speed. The dual-stage system
presented in this paper is designed to be low-cost, easy to use,
mechanically and electrically simple and compatible with all
modes and types of scanning probe microscope.
The benefits of a dual-stage vertical feedback system have
also been recognized by other authors [27], [39], [40]. In [39]
a high-speed positioner is integrated into the scan head by the
microscope manufacturer. Although this results in a convenient
and compact solution, such an approach requires significant
hardware modifications. In [40] and [27], a model-based controller is used in the vertical feedback loop. The benefits here
are improved performance; however, this comes at the expense
of simplicity and usability. The controller must be redesigned
after a significant change in the cantilever or sample.
The objective of this paper is to demonstrate the improvements that can be achieved with a positioner and controller
simple enough to be applicable to all modes and types of
scanning probe microscopy. A speed increase of 33 times is
demonstrated with a total hardware cost of less than $100.
This paper continues with a description of the experimental
apparatus in the following section. The dynamics and limitations of a standard vertical feedback loop are then discussed
in Section III. A high-speed positioner is then introduced
in Section IV and combined with the standard positioner in
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Fig. 1. NT-MDT Ntegra scanning probe microscope arranged in scan-by-probe
configuration. The scan head is mounted above a stationary sample platform.

Section V. Imaging experiments and conclusions are presented
in Sections VI and VII.
II. EXPERIMENTAL SETUP
In this work, an NT-MDT Ntegra scanning probe microscope
is used to demonstrate the proposed techniques. The scanner is
an NT-MDT Z50309cl piezoelectric tube scanner with 100- m
lateral range and 10- m vertical range. The scanner comprises
two piezoelectric tubes joined at the base. One tube is used for
lateral positioning, and the other for vertical positioning. The
internal and external electrodes of the vertical positioner are
driven with equal but opposite voltages.
A signal access module allows direct access to the cantilever
deflection, scanner electrode voltages, and reference trajectory.
III. VERTICAL FEEDBACK DYNAMICS
The vertical feedback control system for an atomic force microscope is pictured in Fig. 2(a). This microscope is operating
in constant-force contact-mode. The piezoelectric tube scanner
moves the probe in a vertical direction to regulate the cantilever
to the set-point . The cantilever deflection is meadeflection
sured in the standard way using a reflected laser beam and photodiode [26].
Although the diagram in Fig. 2(a) represents an AFM operating in constant-force contact-mode, the schematic is similar to
all forms of SPM where the tip-sample interaction is controlled.
The only difference between operating modes is the measured
feedback variable. For example, in constant-force contact-mode
AFM, the feedback variable is cantilever deflection, while in
constant-current STM, the feedback variable is tunneling current. Other feedback variables include the cantilever oscillation
magnitude in tapping-mode AFM and the fiber oscillation magnitude in scanning near-field optical microscopy. All of these
modes share the same feedback system but with different feedback variables or methods of detection.
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Fig. 2. Standard vertical feedback control system. (a) Schematic diagram; (b) open-loop frequency response
measured from the applied voltage
cantilever deflection
; (c) loop-gain of the vertical feedback loop with an integral controller of gain
. The closed-loop bandwidth is 83 Hz.

dfl

The vertical feedback control system in Fig. 2(a) comprises the
set-point summing junction, the controller
and the driving
amplifiers, which in this case are connected to the internal and
is most commonly
external tube electrodes. The controller
an integral controller, i.e.,
(1)
Integral controllers are popular as they are simple to implement,
provide good regulation of tip-sample interaction at low frequencies, and are easily adjustable. Ease of tuning is a necessity as the feedback system must accommodate multiple SPM
modes and cope with a wide range of probes and samples.
From a control perspective, the plant under consideration
and
consists of all dynamics between the control voltage
. This encompasses the amplithe measured deflection
fier dynamics, the scanner and cantilever mechanics and the
, where
tip-sample interaction. This system is denoted
(2)
cannot be measured in open-loop,
Although the system
it is straightforward to do so in closed-loop. This is achieved
by first approaching the probe to the sample described in

V

to the

until the
Section VI, then drastically reducing the gain
controller only maintains the correct DC operating point. This
maintains the probe-sample interaction during the frequency recan then be measured
sponse. The frequency response of
. The experimental
directly by applying an excitation to
response of
is plotted in Fig. 2(b). The response is essentially flat from dc to 680 Hz where the first resonance frequency
of the scanner occurs. The resonance at 680 Hz is the first
lateral bending mode of the scanner coupled into the vertical
response. Following is the second lateral bending mode, then
a dense collection of modes including torsional modes and the
first piston mode [41].
From the frequency response in Fig. 2(b) it is clear that
is an extremely complicated system. It contains the mechanical
scanner dynamics, the tip-sample interaction and the dynamics
of the driving and sensing electronics. However, from a control
perspective, there are essentially only two important features:
and the first resonance mode.
the dc sensitivity
The dc sensitivity is a function of the amplifier gain, scanner
sensitivity, cantilever geometry, sample stiffness, and detector
sensitivity. All of these are constants except for the cantilever
geometry and sample stiffness, which can vary widely. The variation in these parameters is the foremost reason that vertical
feedback controllers must be retuned whenever a significant
change in the cantilever or sample is made.
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Fig. 3. High-speed vertical feedback control system. (a) Schematic diagram; (b) open-loop frequency response
the cantilever deflection
.

dfl
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G

measured from the applied voltage

V

to

is measured in dB, the
proximately 15 dB or 5.6. Note: If
value of must be converted to linear magnitude by
(4)

Fig. 4. (a) High-speed vertical positioner (b) mounted on the microscope base
with an attached sample.

While the dc sensitivity of
is a function of many microare the
scope properties, the lowest frequency dynamics of
due to the lateral scanner resonances. Although the tip-sample
interaction and cantilever dynamics are also important, these
occur at much higher frequencies than the first scanner resonance and have little effect on the control performance. Instead,
the maximum controller gain and closed-loop bandwidth are dependent on the resonance frequency and damping ratio of the
first resonant mode. This can be understood by considering the
frequency response of the controller loop-gain
plotted in Fig. 2(c).
From the plot of loop-gain in Fig. 2(c), it is clear that the
controller gain is limited by the low gain-margin imposed by
the first mechanical resonance at 680 Hz. Due to the large phase
drop at this frequency, the loop-gain must be less than 0 dB if
the system is to be stable. The condition when this occurs is
(3)
where is the difference between the dc sensitivity
and the peak magnitude of the first resonance mode and
is
the first resonance frequency. is easily measured in decibels
from the magnitude frequency response. In Fig. 2(b), is ap-

Rather than simply a condition on stability, it is preferable to
procure a condition that guarantees a certain amount of gainmargin, i.e., the additional gain that can be added to the loop
before the system becomes unstable. As the sensitivity of piezoelectric actuators can increase by up to 100% with increases in
bias voltage and temperature, the gain-margin should be chosen
conservatively at approximately 2 or 6 dB. With the inclusion of
gain-margin in the expression for maximum loop-gain, (3) becomes
(5)

–

where gain-margin should be expressed as a linear quantity.
From the expression of maximum loop-gain in (5), the maximum controller gain
can be derived
(6)

–

That is, the controller gain can be increased if the first resonance
frequency
is increased or the magnitude of the resonance
peak is decreased. The controller gain can also be increased at
the expense of gain-margin, however this is undesirable.
With an integral controller, the closed-loop transfer function
can be approximated by
(7)
The maximum closed-loop bandwidth of this system is approxi. If the expression for maximum controller
mately
gain (6) is substituted, the maximum closed-loop bandwidth can
be found as a function of only the resonance frequency, peak
magnitude and desired gain-margin
–

(8)
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Fig. 5. Dual-stage vertical feedback control system. (a) Schematic diagram; (b) open-loop frequency response of the dual-stage positioning stage
measured
to the cantilever deflection
; and (c) loop-gain of the dual-stage vertical feedback loop with an integral controller of gain
from the dual-stage voltage
. The closed-loop bandwidth is 2.7 kHz.

= 10000
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thus, for a fixed gain-margin, the maximum closed-loop bandis increased
width increases as the first resonance frequency
or the magnitude of the resonance peak is decreased.
Considering the open-loop frequency response in Fig. 2(b)
and (8), the maximum closed-loop bandwidth should be ap120 Hz. With a gain-margin of 5 dB
proximately
the estimated closed-loop bandwidth decreases to 68 Hz. This
compares well to the experimental closed-loop bandwidth of 83
Hz. This value was determined from the closed-loop frequency
,
response plotted in Fig. 7. The controller gain was
which resulted in a gain-margin of 5 dB. The discrepancy between the estimated and measured closed-loop bandwidth is due

to the large tolerance in capacitive components used to implement the analog controller.
The imaging consequences of the low vertical feedback bandwidth are discussed in Section VI.
IV. HIGH-SPEED VERTICAL POSITIONING
From the previous section, and in particular, from (8), it
should be clear that the frequency of the first mechanical resonance determines the maximum closed-loop bandwidth of the
vertical feedback system. Hence, to improve the closed-loop
response, the first resonance frequency of the scanner must be
increased.
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With a tube scanner, the only practical method of increasing
the resonance frequency is to reduce the tube dimensions.
Tube length has the greatest effect on resonance frequency
[42]; which is inversely proportional to the length squared
[42]. Thus, a shorter tube has a significantly higher resonance
frequency. However, the maximum lateral deflection is also
proportional to the length squared [43], so any increase in resonance frequency is accompanied by a proportional decrease
in scan range, which is highly undesirable. This tradeoff is
summarized as follows:
(9)
where is the tube length and
is the maximum lateral
deflection.
In addition to the detrimental tradeoff with scan range, it is
also undesirable to modify the tube as this may required significant hardware modifications. These modifications may be difficult to implement, particularly in scan-by-probe systems where
the scanner is tightly integrated with the optical and probe assemblies.
A better option than modifying the tube scanner is to replace
it with a faster vertical positioner. The diagram of a high-speed
vertical feedback system is pictured in Fig. 3(a). Here, the piezoelectric tube is no longer used for vertical positioning. A second,
high-speed positioner drives the sample holder directly.
The high-speed positioner shown in Fig. 4 comprises a piezoelectric actuator and small magnet that is highly attracted to the
microscope’s magnetic base. A mica wafer is used for electrical
isolation between the actuator and magnet, and also between the
actuator and sample. The piezoelectric actuator is an 8-mm diameter multi-layer piezoelectric disk (CMAR02) manufactured
by Noliac A/S, Denmark. This actuator is driven with a PiezoDrive PDL200 voltage amplifier.
The piezoelectric actuator is specified to develop a stroke of
2.7 m at 200 V. However, as the base of the actuator is constrained, the stroke when bonded to the magnet reduces to approximately 1 m. This is due to Poisson coupling which results
in a lateral contraction when the actuator elongates. If the base
is constrained, the actuator is not free to contract laterally which
introduces a counteractive stress and consequently, a reduction
in range. This effect becomes more significant in actuators with
a small length compared to their lateral dimensions, i.e., short
fat actuators, such as that used here.
An alternative to the configuration shown in Fig. 3(a) is to
mount the high-speed positioner on the end of the tube scanner.
However, in this configuration, the high-speed stage can excite
low-frequency resonances of the tube scanner. In a scan-bysample microscope, the high-speed positioner can be added to
the sample scanner or the stationary probe holder.
The frequency response of the high-speed positioner is
plotted in Fig. 3(b). The resonance frequency of 23 kHz is 33
times faster than the piezoelectric tube actuator. However, the
penalty is a ten-fold reduction in range.
Although a 1- m stroke is sufficient for most forms of scanning probe microscopy, it requires an approach mechanism with
extremely fine resolution. In addition, larger samples or tilted
samples may also require a greater stroke, up to a few microns in

Fig. 6. Frequency response of the complimentary filters F

s

( ) and

F (s).

some cases. To alleviate the problem of low stroke, a dual-stage
approach is described in the following section that achieves both
wide range and fast response.
V. DUAL-STAGE POSITIONING
To facilitate probe landing and to compensate for thermal
drift, a vertical positioning stroke of around 10 m is required
in general purpose microscopes. As the high-speed stage in the
previous subsection only develops a 1- m stroke, additional
stroke is required from the tube scanner. The combined use of
the high-speed positioner and piezoelectric tube is commonly
referred to as a dual-stage actuator. The high-speed stage provides fast, short-range motions for imaging while the tube provides slower, long-range positioning for drift compensation and
probe landing. This arrangement is illustrated in Fig. 5(a).
Although there are many techniques available for the control
of dual stage systems [44], only a small subset are suitable in
this application. Here, simplicity is a major consideration as the
system must be easily retuned (with a single parameter) for different probe and sample combinations. In addition, simplicity is
also required for analog implementation which is demanded by
the bandwidth and noise requirements of the control-loop.
With these considerations in mind, one option is to simply utilize the two actuators in different frequency ranges. In Fig. 5(a)
and
a pair of complementary high- and low-pass filters
are shown. As these filters are complementary, they sum to 1,
i.e.,
(10)
A pair of complementary filters that are easy to implement
with an analog circuit are
(11)
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Fig. 7. Performance comparison of a standard vertical feedback controller with the medium-speed ( = 1000) and high-speed ( = 10000) dual-stage controller. The images were recorded at 2.84 Lines/s or 142 m/s. (a) Force tracking transfer function (magnitude in decibels versus frequency in hertz) and tracking
bandwidth; (b) 25 25 m constant force images of a 20-nm feature height calibration standard, taken at 142 m/s; (c) Cantilever deflection (force error); (d) Single
image line, (vertical height in nanometers versus position in micrometers).

2

where

is the cutoff frequency. The frequency response when
is plotted in Fig. 6.

With the complementary filters installed, the dual-stage
transfer function from the control voltage
to the deflection
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Fig. 8. Performance comparison of a standard vertical feedback controller with the medium-speed ( = 1000) and high-speed ( = 10 000) dual-stage controller. The images were recorded at 6.25 lines/s or 312 m/s. (a) 25 25 m constant force images of a 20-nm feature height calibration standard, taken at
312 m/s; (b) Cantilever deflection (force error) and RMS error; (c) Single image line, (vertical height in nanometers versus position in micrometers).

2

, denoted
fast systems

, can be expressed as the sum of the slow and
and
, respectively
(12)
(13)

one decade lower than
By setting the cutoff frequency
the lowest resonance frequency of the piezoelectric tube, i.e.,
, the product
can be approximated by
. Hence, the dual-stage transfer function
can
also be approximated by

(14)

(15)
(16)
(17)
(18)

In Fig. 5(a) a gain of
is required to equate the sensitivity
of the low- and high-frequency paths.

That is, the dual-stage transfer function has the sensitivity of
the long-range piezoelectric tube and the bandwidth of the highspeed stage. The maximum high-frequency sample profile range

where is the gain required to equate the sensitivity of
, i.e.,

to

164

IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 19, NO. 1, JANUARY 2011

is equal to the maximum stroke of the high-speed positioner,
which is 1 m. The frequency response of the dual-stage system
is plotted in Fig. 5(b).
Due to the wide bandwidth of the dual-stage system, an incan be applied ditegral controller with a gain of
rectly while maintaining a gain-margin of 5 dB. The loop-gain
with such a controller is plotted in Fig. 5(c). The improvement
in closed-loop bandwidth and the corresponding imaging improvements are discussed in Section VI.

In Fig. 8 the imaging speed is doubled to 312 m/s. The
streaks in the standard controller image are due to the controllers
inability to maintain probe contact after transient events like the
repositioning of the probe at the beginning of each line. The
higher gain of the dual-stage controller eliminates this problem.
With maximum bandwidth, the dual-stage controller is able to
reproduce the fine sample corrugations produced by the fabrication process.
VII. CONCLUSION

VI. IMAGING EXPERIMENTS
In this section, the imaging performance of the dual-stage
system is compared to the standard feedback system described
in Section III. Due to a resonance at 680 Hz, the standard feedwhich results in
back system is limited to a gain of
a closed-loop bandwidth of only 83 Hz. This will be compared
,
to two dual-stage controllers, one with a gain of
. These conand another with the maximum gain of
trollers will be referred to as the medium-speed and high-speed
dual-stage controller.
, is plotted
The closed-loop frequency response, from to
in Fig. 7(a). Clearly the dual-stage controllers provide a much
wider and more regulated bandwidth. The maximum dual-stage
bandwidth of 2.7 kHz is 33 times faster than the standard control
system.
The effect of the improved bandwidth is demonstrated
in Fig. 7(b) where a BudgetSensors HS-20MG calibration
standard is imaged with an NT-MDT NSG03 cantilever (90
kHz, 0.5 N/m). The lower bandwidth controller “smears” the
edges of the sample and filters small features that generate
interactions above the controller bandwidth.
The cantilever deflection, which is proportional to the force
error, is plotted in Fig. 7(c). From this figure it can be concluded
that the standard controller results in significant imaging forces
applied at points where abrupt changes in the sample occur.
Such forces are intolerable when imaging sensitive or soft samples that can be damaged or deformed. The fast dual-stage conreduces these force errors to a minimal
troller
amount and can be viewed as operating truly in constant-force
mode. Further proof can be observed in Fig. 7(d) where a single
line of the image is plotted. The low-pass characteristic of the
slower controller is clearly evident.
In addition to improving the image quality, dual-stage control can also be used for increasing the imaging speed. However, with an integral controller, as speed is increased, the force
error will increase proportionally. This trade-off is summarized
approximately as follows:
Speed increase

Force error reduction

(19)

where 33 is the factor by which the bandwidth is increased and
the other variables are the factors by which speed and force error
are reduced or increased. That is, if the imaging speed is kept
constant, the dual-stage controller allows a reduction of force
error by 33 times. Conversely, if force error is constant, the
dual-stage controller allows a 33 times improvement in imaging
speed.

The piezoelectric tubes found in a scanning probe microscope have low resonance frequencies that severely limit the vertical feedback controller bandwidth. This imposes a strict limit
on maximum imaging speed if large contact forces are to be
avoided.
In this work, the vertical resonance frequency is vastly improved by retro-fitting a simple piezoelectric high-speed positioner. Due to the high stiffness and low mass, bandwidth can
be increased by many times, 33 in this work.
To retain the large stroke developed by the tube scanner, a
dual-stage configuration is adopted. In this configuration the
fast, small perturbations experienced during imaging are provided by the high-speed positioner, while the slow, long-range
travel is provided by the tube. This configuration retains the
large stroke of the tube and the high resonance frequency of the
high-speed stage.
Thanks to the increased resonance frequency, the dual-stage
configuration allowed a 33 times increase in controller gain
and closed-loop bandwidth. This translates to an image quality
(force error) improvement of 33 times, or a speed increase of
33 times. Visually, the dual-stage controller eliminates image
smearing and faithfully reproduces fine sample features that
would otherwise be lost or distorted.
Future work includes improving the mechanical design of
the high-speed positioner to increase the resonance frequency,
load handling capability and range. More sophisticated controllers are also under development. These include positive position feedback controllers, integral resonance controllers, and
model-based feed-forward controllers. Scope exists to increase
the imaging speed by another order of magnitude.
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