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Design and Modeling of a High-Speed AFM-Scanner
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Abstract—A new mechanical scanner design for a high-speed
atomic force microscope (AFM) is presented and discussed in
terms of modeling and control. The positioning range of this
scanner is 13 pm in the X - and Y -directions and 4.3 ym in the
vertical direction. The lowest resonance frequency of this scanner
is above 22 kHz. This paper is focused on the vertical direction
of the scanner, being the crucial axis of motion with the highest
precision and bandwidth requirements for gentle imaging with
the AFM. A second- and a fourth-order mathematical model of
the scanner are derived that allow new insights into important
design parameters. Proportional-integral (PI)-feedback control
of the high-speed scanner is discussed and the performance of the
new AFM is demonstrated by imaging a calibration grating and a
biological sample at 8 frames/s.

Index Terms—Atomic force microscopy, fast scanning, mecha-
tronics, nanotechnology, precision positioning, real time imaging.

1. INTRODUCTION

HE ATOMIC force microscope (AFM) [1] is a very im-
T portant instrument for exploring materials at the scale of a
few nanometers [2]. The principle of the AFM is to raster scan
a sample in close vicinity to a probing tip that is mounted on the
free end of a micromechanical cantilever. The deflection of this
cantilever can be measured with subnanometer precision [3]. A
feedback controller tracks the probing force by varying the po-
sition of the sample in the vertical direction. Thus, the output
of the feedback controller corresponds to the height of the top-
ographical feature on the corresponding lateral position in the
plane of the raster scan. To avoid damages to the sample or the
tip, it is desirable to use a small force, particularly when imaging
biological specimens. A high-performance feedback controller
is required in order to minimize variations of the imaging force
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and to avoid loss of the tip sample contact due to a decline in
the sample surface.

The scanning speed of current AFM systems is limited due
to the dynamic behavior of the individual microscope compo-
nents. The main limitations are 1) the response time of the force
sensor [4], 2) the dynamic behavior of the scanning unit [5], [6],
3) the bandwidth of the feedback loop that controls the interac-
tion force between the tip and the sample [7], and 4) the speed
of the data acquisition system [8], [9]. Some efforts have been
made to speed up imaging by using smaller and faster force sen-
sors [10], [11] and directly actuated cantilevers [12], [13], by
improving the mechanical design of the scanner [14]-[16], by
exploiting alternative scanning methods [17], and by utilizing
advanced control methods for faster scanning [5], [6], [18]-[22]
and faster vertical motion [7], [23], [24]. Parallel operation of
several AFM probes has also been successfully implemented
[25], [26].

In spite of all previous advances there are still needs and pos-
sibilities to improve system performance, particulary in the ver-
tical (Z) direction, which is the control task with the highest
requirements on bandwidth and precision.

From a control engineering point of view, the sample topog-
raphy acts as a disturbance to the AFM in Z-direction, that has
to be compensated by the feedback controller [23]. For AFM
imaging usually no oscillations in the control action and in the
cantilever deflection are required to keep image distortion at a
minimum. This is achieved by setting the control bandwidth suf-
ficiently low, which contradicts with the requirement of a high
bandwidth for gentle imaging. However, recent developments
reported methods that enable faster imaging without distortions
by utilizing advanced control techniques [7], [27]. The oscilla-
tory modes of the AFM system are compensated by the con-
troller and the undistorted topography information is then ob-
tained by model-based filtering of the high-bandwidth control
action.

This paper presents a new mechanical scanner design that al-
lows scanning speeds that are more than two orders of mag-
nitude faster than current commercial AFM systems. The goal
is to develop a high-performance system by combined process
and control design. We analyze the vertical motion of the new
scanner, where the motivation is to gain detailed insights into
the system dynamics and to understand how process design in-
fluences the control design. Section II presents the mechan-
ical design of the new scanner. A mathematical model of the
scanner based on first principles is derived in Section III and ex-
perimentally verified in Section IV. Feedback operation of the
high-speed AFM is discussed (see Section V) and the perfor-
mance of the new AFM is demonstrated by imaging a biological
sample.

1063-6536/$25.00 © 2007 IEEE
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Fig. 1. Scheme of the high-speed scanner including the feedback loop to track
the tip-sample interaction force for gentle imaging. The Z-piezo sits on top
of the center cube that is moved laterally by the scanning piezos and flexure
structure.

II. SCANNER DESIGN

The scanner is the core unit of the new high-speed AFM,
enabling faster imaging by improved performance and band-
width. The most important design goal for the new scanner was
to combine the individual actuators into a 3-D positioner with
the lowest resonance frequency as high as possible, preferably
above 20 kHz, for a fast response.

A. Mechanical Design

The new scanner design is based on piezoelectric stack ac-
tuators (piezos) and a flexure mechanism that enables decou-
pling of the different axes of motion while keeping the mechan-
ical structure stiff (see Fig. 1). The key element in this design
is to make the scanner compact and rigid [15], i.e., to make
the mechanical paths as short as possible, in order to achieve
high first-resonance frequencies in all positioning directions.
The Z-actuator (for vertical positioning) is mounted on a center
piece that is moved by the X and Y piezos (for lateral po-
sitioning). The small parallel flexures that connect the center
piece with the inner frame decouple the X and Y motion. The
inner frame, that is connected to the support material and sits be-
tween the parallel flexures and the scanning piezos, is flexible in
the actuation direction of the respective piezo and is stiff in the
two perpendicular directions. This confines the possible move-
ment of the piezo to its actuation direction and suppresses out of
plane and screw-like motion of the respective actuator. Simulta-
neously, this inner frame also serves as rigid support of the Z-ac-
tuator by reducing the mechanical path length of the Z-actu-
ator’s support. The second flexure frame that is located between
the inner and outer pairs of the scanning piezos plays the same
role. This combination of flexures results in a shift of the first
resonance frequency in the Z-direction towards much higher
frequencies and suppresses trampoline motion of the scanning
system in the Z-direction. For actuation in the scanning direc-
tions (X and Y') this scanner is built in the so-called “push-pull
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Fig. 2. FEA of the high-speed scanner exaggeratedly showing the first reso-
nance mode of the scanner in the vertical direction at 33 kHz (trampoline mode).

principle,” i.e., for each scanning direction two pairs of piezos,
which are of opposite phase with each other, are integrated in
the scanner’s flexure system in order to form a balanced struc-
ture (see Fig. 1). This has three main advantages: 1) the ac-
tuation is mechanically balanced, i.e., the recoil into the sup-
porting structure gets minimized; 2) one piezo pushes while the
other contracts, thus providing a higher force for actuation; and
3) the arrangement of the piezos is thermally balanced, which
minimizes the thermal drift for stable imaging at highest resolu-
tion. Furthermore this also allows the implementation of a strain
gauge full-bridge circuit that is also thermally balanced and can
be used for closed-loop control of the scanning motion.

B. Finite-Element Analysis (FEA) and Implementation

The actual design of the scanner has been optimized using
FEA tools (ANSYS, Canonsburg, PA). The predicted first reso-
nance frequency in the scanning directions is at 27 kHz. Fig. 2
shows the first mode in the Z-direction (at 33 kHz), which is
the sixth resonance mode of the scanner and is referred to in
this paper as trampoline mode. Aluminum is used as the center
piece and flexure material and a steel base housing serves as a
rigid support of the piezos and flexures.

The push-pull structure in the X-direction is com-
prised of four piezo stack actuators with dimensions of
5% 5 x 10 mm?® and a nominal unloaded positioning range of
9um (AE0505D08, Tokin-NEC, Sendai City, Japan). The same
assembly is implemented for actuation in the Y -direction. This
symmetric design allows for full image rotation when imaging
with the AFM, i.e., the fast scanning direction can be chosen
arbitrarily in the X-Y -plane. A piezo stack actuator with di-
mensions of 2 x 3 x 5 mm? and an unloaded nominal range of
4.3 pm (AE0203D04, Tokin-NEC) is glued on the center piece
to perform the actuation in the Z-direction. A photograph of
the fully assembled scanner is given in Fig. 3. The positioning
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Fig. 3. Photograph of the high-speed scanner showing the eight scanning
piezos integrated in the flexure system and the Z-piezo sitting on top of the
center piece. The three screws sticking out of the flat top of the scanner are to
approach the AFM-head including the cantilever onto the sample surface.

range of this scanner is 13 pm in the X- and Y -directions, and
4.3 pm in the Z-direction.

The piezo stacks are driven by custom made amplifiers (Tech-
Project, Vienna, Austria) that have been designed for the spe-
cific capacitive load in order to achieve a high-positioning band-
width. The driving voltage of the piezos is between 0 and 150 V.
A 75-V offset is applied to all piezos to drive them symmetri-
cally around this start position. The scanning signals are gen-
erated by a custom-made data acquisition system [9] that also
records the AFM images.

III. MATHEMATICAL MODELING

Linear and nonlinear piezo dynamics have been studied ex-
tensively in literature. Specifically, hysteresis of the piezo actu-
ator has been modeled (see [28] and the references therein) and
compensated by inversion-based approaches [5]. Creep of the
piezo material can be modeled [29] and, together with the hys-
teresis, compensated by open-loop [5] or feedback control (e.g.,
[19]). It has been reported that the piezo hysteresis does not af-
fect the dynamics [5]. Even if the mechanical properties are not
influenced by the hysteresis of the piezo, the system gain may
depend on the operating conditions. These gain variations may
be important for calibration and control design.

The dynamics of piezo positioners have been determined
by physical modeling using partial differential equations [30],
system identification [7], and frequency response [18], [20].

Physical modeling based on partial differential equations and
finite-element modeling gives a physics-based high fidelity rep-
resentation of the system, but the mathematical model is of too
high order to be used for control.

System identification [31] based on measured sets of input
and output data obtained from exciting the scanner with pseudo
random binary data (PRBS) gives a good fit to the measured data
[6], [23], but provides little physical insight.

In this paper, we have measured the frequency response
directly. This is a fast and accurate method for systems with
weakly damped resonances at high frequencies.

This section presents simplified mathematical models of the
scanner that explains the dynamics of the system along the
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Fig. 4. Model of the scanner in the vertical direction. 2; = half mass of the
Z-piezo; ky = stiffness and ¢; = damping of the Z-piezo. mo, = half mass
of the Z-piezo plus effective mass of the supporting structure; k. = effective
stiffness and ¢ = damping of the supporting structure. F is the force generated
by the piezo and is regarded as the system input. The position 2, is the system
output.

vertical positioning axis. The essential dynamics of this system
consists of the Z-actuator (driven by the power amplifier)
and its interaction with the supporting structure. The derived
model is of low order, gives physical insight, and is useful for
both process and control design. The scanner is a complicated
mechanical system with many oscillatory modes. We start by
developing a simple mathematical model of second order that
captures only the slowest mode [32]. This mode, which is
called the trampoline mode, represents the vertical oscillation
of the scanner against the elasticity in the support (flexures),
(see Fig. 2). The insight and understanding obtained from this
model is useful both for process design and for control design.
The second-order model neglects the dynamics of the piezo
stack. A fourth-order model that also includes the first mode of
the Z-piezo is presented as well. This model, which is validated
against measured frequency responses, is suitable for design of
simple PI controllers, as well as more complicated model-based
controllers.

A. Second-Order Model

Both the second- and the fourth-order models can be repre-
sented by the schematic diagram shown in Fig. 4. The vertical
motion of the scanner system is modeled by two masses sup-
ported by a spring with damping.

The mass m is the upper half of the Z-piezo plus the mass
of the sample, my is the lower half of the Z-piezo lumped with
the effective mass of the supporting structure, which has the ef-
fective spring constant k9, and the effective damping coefficient
co. Parameter k; is the effective spring constant of the Z-piezo
and c; are the corresponding effective damping coefficients. The
piezo is assumed to exert the force F' between the masses m;
and m. In the second-order model the spring k; is assumed to
be infinitely stiff and the elongation of the spring is taken as the
input.

Let the positions of the center of the masses be z; and x5.
The elongation of the piezo stack is £ = x1 — 2. Let the re-
action force created by elongation of the piezo stack be F. A
momentum balance gives the following model for the system:

d2.171
m1— =
a2
d2$2 daﬁg
e

62.171—.172.
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Taking Laplace transforms gives

Xi(s) = miSQF(s)
Xafs) = = g P ()
L(s) = X1(s) — Xa(s)
and we get
L(s) = X1(s) — Xa(s)

1 1
= F
<m152 + mos2 + cps + kg) (5)

_ (ma+ my)s® + cas + ko F(s).
m182(mas? + cos + ko)

When the dynamics of the piezo stack is neglected it is natural
to consider the elongation of the stack as the input. The transfer
function G(s) from elongation L(s) to position of the top of the
stack X (s) is

mos? + cos + ks
(ma + mq)s2 + cos + ko
B as? + 2(wos + Wi
824 2(wes + wi

G(s) =

ey

The transfer function is characterized by the following three
parameters:

* resonance frequency wy = +/ka2/(m1 + m2) of the total

mass oscillating against the spring;
* relative damping ¢ = 0.5¢2/+/ka(m1 + ma);
» parameter & = mz/(m1 + m2) which is determined by
the ratio of the masses.
These parameters can be determined from a step response. Fre-
quency and relative damping can be obtained from period and
damping, parameter o from the initial and final values of the
step. Let h(t) be the step response of the transfer function given
by (1). It follows from the initial and final value theorems for
the Laplace transform that

hO) _
h(oo)

G(o0)

G(0)

@

o =

Examples of step responses for different parameters are
shown in Fig. 5.

More accurate modeling can be obtained from the frequency
response. The Bode plots of the transfer function are shown in
Fig. 6.

We have

l—«
2¢

for small ( the peak of the frequency response occurs approxi-
mately at wy and we have

G(iwo) =1-—1

(1—04)2.

Gliwo)| = o

1+ 3)
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Fig.5. Upper curves: Simulated step response of the scanner in Z -direction for
¢ = 0.02 and « = 0.7 (dotted blue line), 0.8 (solid black line) and 0.9 (dashed
red line). The lower curves show the step response when a time constant of the
piezo amplifier of 7 = 0.07/wy is added.

10

10

Mag [dB]

107k
10

-90f

Phase [deg]

-180 -
10 10 10

/o,

Fig. 6. Bode plot of the scanner model in Z -direction for { = 0.02 and o =
0.7 (dotted blue line), 0.8 (solid black line), and 0.9 (dashed red line).

For small ( the dip in the frequency response occurs approx-
imately at wg/+/c and we have

o () 1=l

For a = 0.8 and { = 0.02 the resonance peak is 5.17 (5.10)
at w = 0.9977wq (1.000) and the dip is 0.173 (0.179) at w =
1.125wqg (1.118), where the approximate values are given in
parentheses, according to (3) and (4).

The rapid drop in phase at the trampoline mode may limit the
bandwidth that can be achieved with simple PI control, there-
fore, it is useful to have an estimate of this drop. The lowest
phase occurs approximately at wg/+/« and we have

L 2y/a

1—a’

“

w0 [0 Va2 4] a2 - o)
o(5%) - (i- |

Va)?+4¢/a
(5)
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‘We thus obtain the following estimate of the largest phase drop:

w0\ _ w1 a2 -4
s (172 ) = - - artan U {

For = 0.8 and ( = 0.02 the smallest phase is —138°. A
proportional—integral (PI) controller that attempts to have band-
widths close to wq, will thus have a phase margin of at most 42°.
For a = 0.7 the phase margin becomes even smaller down to
28°. From this point of view, it is desirable to have « close to
one. The mass ratio thus has implications for controller design,
which can be assessed using the simple formula (5).

B. Fourth-Order Model

The simple model (1) captures the trampoline mode, which
describes the dynamics of the interaction of the piezo element
with its support. A simple physical model that also accounts for
the dynamics of the piezo element is developed in this section.
To obtain this model, we proceed as we did for the second-order
model and represent the piezo stack with two masses joined by
a spring k1. The lower mass is lumped with the mass of the sup-
port and the system can then be represented by the schematic
picture in Fig. 4. Since we will be accounting for the dynamics
of the piezo stack, it is natural to use the force excerted by the
piezo as the input. In the lumped model, the piezo effect is rep-
resented by a force F' acting between the masses. Using the no-
tation in Fig. 4 the equations of motion become

i’z dx F
M— — + Kx =
72 +Cdt+ x (—F)

where the state vector is 7 = (w1 ,22)7 and
(v 2)
¢= (—Ci’l C:—EICz)
K= (—k/; kl_f1k2> '

Taking Laplace transforms gives the following relation between
piezo force F' and displacement z

B mos® + cos + ks

m152

where

D(s) =mimgs* + (ml(cl +co) + m201)33
+ (ml(kl + ko) + moky + 0102)52
+ (c1ka + cok1)s + kika
=myma(s? + 2Cwis + wi)(s? + 2Czwzs +w?)  (7)

and

mi(c1 + c2) + macy
mimso
my (k1 + k2) + moky + cico
mims

2(Crwr + (3ws3) =

Wi + 46 Gwiws + wl =

c1ks + cok
2 2 1/h2 21
2(Gwiws + wiQsws) = ————
mims
k1ko
Wit = ke
mimso

The transfer function from force F' to displacement z; is

mas? + cos + k
GmF(S):%

_ 52 + 2Cowas + w%
~ om(s242C w18 + w?)(524+2(wss + w?)

. (8)

The system has two resonances w; and w3 and one anti-reso-
nance ws. The mode w; is the trampoline mode and the mode
wg 1is the first resonant mode of the piezo. The anti-resonance
is the same as for the second-order model. The mass m; is typ-
ically smaller than my and the spring constant k; is typically
much larger than ko, which gives the following approximations
for the frequencies:

ks
w1 =~ _—
mi1 + mo
ko
ma

/ k |k
ey (m1 + ma)ky _ 1 )
mimso amiq

Notice that with these approximations, the frequencies w; and
woy are the same as for the second-order model [see (1)]. An-
other way to see that the fourth-order model is compatible with
the second-order model is to investigate what happens when the
spring coefficient k; is large. We have

. lel(S) m2$2 + cos + k2
lim =
ki—oo  F(s) (my + mag)s? + cos + ko

Wwg =

which is identical to the second-order model given by (1). The
same is obtained when computing the transfer function from
elongation L(s) to displacement X (s) for the fourth-order
model. In this case, the spring k; would not be considered and
overruled by the displacement L(s) and we find that G(s) is
identical to the transfer function for the second-order system
(1).

The mathematical model gives insight into the dynamics of
the scanner, it contributes to a better understanding of system
dynamics and it can be used for improved process design. The
parameter 1, represents half the mass of the Z-piezo plus the
sample mass and is about 20% of the total mass for o = 0.8.
This means that for the Z-direction the effective mass of the sup-
porting structure is about 1.5x the mass of the Z-piezo. From
(1), it can be seen that the transfer function is G(s) = 1 if
a = 1. From Figs. 5 and 6, it is seen that the larger « is, the
smaller are the oscillations due to the Z-piezo support. Although
using a heavier material or building the supporting structure in
Z thicker might compromise the scanning motion by increasing
the moved masses, it would increase the mass ratio « and, there-
fore, reduce the influence of its dynamics. However, since this
behavior is known in advance, it also can be compensated for by
utilizing modern model based control methods (cf. [23]), which
may be the favorable choice in order not to compromise the dy-
namics in the scanning directions.



SCHITTER et al.: DESIGN AND MODELING OF A HIGH-SPEED AFM-SCANNER

e NSRBI o e R e

TTTT T
1

1
'|||ll|f||l||

TT T T T T

L B B

Covoabovra bonva bvpran by oMo bovnn Byv o Tovna bunan

Fig. 7. Measured step response of the scanner in Z-direction. (A) Input step
signal (blue, 50 mV/div). (B) Output of the power amplifier (red, 500 mV/div).
(C) Z-position sensed by the cantilever (green, 200 mV/div). Time scale is
25ps/div. From hg and h ., the ratio of the masses can be determined. The data
in the figure gives & = hq/hine = 0.9.

IV. MODEL VALIDATION

The real scanner is a complex electro-mechanical system with
many resonant modes. The physics-based models derived in
Section III contain simple low-order dynamics. In this section,
we present experimental results that indicate that the simple
models do indeed capture properties of the real scanner that are
relevant for control design. Both step tests and frequency re-
sponse techniques were used for the validation.

A. Step Responses

To measure the step response of the scanner, we considered
the power amplifier for the Z-piezo as the input and the photo
diode signal displaying the cantilever deflection as the output.
A small piece of silicon was glued on top of the piezo as a stan-
dard specimen. The Z-position of the sample is sensed by the
AFM cantilever operating in contact mode without scanning.
The input steps are generated by a function generator (Agi-
lent/HP 3311A, Palo Alto, CA). Fig. 7 shows a measured step re-
sponse with an input step of 80 mV (Signal A). The signal is am-
plified by the power amplifier to 1.2 V (Signal B). This voltage
is applied to the piezo and represents a nominal step height of
34 nm. The cantilever deflection is measured by the optical lever
setup of the AFM using a custom-made high-bandwidth deflec-
tion electronics (Signal C). The experimental data are in good
agreement with the mathematical model of the scanner derived
in Section IIl. A quick analysis shows that there is a fast ini-
tial response followed by a poorly damped oscillation with a
frequency around 40 kHz. A more detailed analysis gives a rise
time of the voltage at the amplifier output (signal B) to be around
10 ps. The time of the upward ramp in the cantilever deflection
signal is about the same for the high-bandwidth deflection elec-
tronics (Signal C). The measured step response is in good agree-
ment with the modeling and simulation shown in Fig. 5. The
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Fig. 8. Bode plot of the frequency response of the scanner in the Z-direction.
The peak-to-peak excitation amplitudes are 3 nm (dotted red line), 30 nm (solid
blue line), and 300 nm (dashed green line). A Bode plot of a fitted model is also
shown (dash-dotted black line).

small and fast oscillations (see Fig. 7, Signal C) that are super-
imposed on the modeled oscillations are due to a higher mode,
presumably the resonance of the Z-piezo at 120 kHz. Applying
(2) to the data in Fig. 7 gives the mass-ratio & = hg/hins ~ 0.9.

B. Frequency Response

The frequency response of the transfer function from the
input to the power amplifier to the vertical displacement of
the piezo was also measured directly with a network analyzer
(Agilent 4395A, Palo Alto, CA). The velocity of the top of
the Z-piezo was measured by a laser Doppler vibrometer
(OFV-3001, Polytec, Waldbronn, Germany). The sinusoidal
frequency sweep with constant excitation amplitude is gener-
ated by the network analyzer. Using the vibrometer [33], we
recorded velocity data of the piezo top during the frequency
sweep. The velocity data was converted to position data di-
viding gain by frequency and subtracting 90° from the phase.
The nominal time delay of the vibrometer of 1.9 us was also
removed. The fact that the system can be modeled linearly is
validated in Fig. 8, which shows the bode plot of the scanner
system for excitation amplitudes covering two decades. For
modeling typical AFM applications, the bode plot of the 30-nm
excitation (solid blue line) will be used as the nominal system
response.

The gain curve in Fig. 8 shows the resonance peak at about
40 kHz and the dip (anti-resonance) as modeled by (1) and
shown in Fig. 6. The gain curve also shows a resonance at about
120 kHz, which is the resonance frequency of the piezo as mod-
eled in (8), which is close to the nominal value specified by the
piezo manufacturer. This also can be determined by the fact
that at this resonance the low-pass characteristic of the actu-
ator can be observed. The bode plot was used to fit the pa-
rameters of the mathematical model derived in Section III. A
simple way to fit the model to the data is to start with the fre-
quencies where the gain curve has its peaks. This gives the fre-
quencies fi = w1 /27 = 40.9 kHz, fo = wy/27 = 41.6 kHz,
and f3 = ws/2m = 120 kHz. The relative dampings are then
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Fig. 9. Block diagram of the system for vertical positioning of the cantilever.
The controller has transfer function C'(s) the power amplifier and the piezo has
transfer function G'(s) and the laser beam and the photodetector is modeled by
a constant gain. The output of the controller gives the topography image, the
control error gives the deflection image.

adjusted to give the correct peaks, which gives (; = 0.016,
(2 = 0.016, and (5 = 0.17. To get a good fit, we also have to in-
clude the dynamics of the amplifier, which has been modeled by
second-order dynamics with a frequency 74 kHz and a relative
damping ¢ = 1. The results are shown with the dashed-dotted
line in Fig. 8. The measured Bode plot indicates that there are
additional zeros around 200 kHz. The gain for these frequencies
are, however, very small, corresponding to motions of < 1 nm
in the experiment. For control design, it is important to make
sure that there is sufficient roll-off to deal with these zeros.

The multiple resonance and anti-resonance pairs between 22
and 35 kHz are attributed to the flexures for the X and Y move-
ment, which agrees with the frequency range of the scanner res-
onances in the X - and Y -directions obtained from the FEA sim-
ulations. Between the anti-resonance at 41.6 kHz and the reso-
nance of the piezo at 120 kHz one can observe additional res-
onance — anti-resonance pairings in the spectrum due to higher
modes of the scanner, however, these peaks are not dominant in
the frequency spectrum of the scanner in the Z-direction.

V. FEEDBACK CONTROL

In AFM imaging, the cantilever scans the sample horizon-
tally and the vertical position is controlled to keep the cantilever
deflection constant. The control system for the cantilever de-
flection has a major influence on the quality of the image. A
schematic block diagram of the system is shown in Fig. 9. The
tip of the cantilever is clamped to the sample surface by attrac-
tive van der Waals and repulsive Pauli forces [2], [34], while
the other end of the cantilever is fixed in the frame of reference.
The sample surface, being probed by the tip, is positioned by the
Z-piezo. The controller attempts to keep a constant deflection of
the cantilever, resulting in a constant force interaction between
tip and sample. The set point of the controller is proportional to
the force that is exerted on the sample. It is desirable to have a
small force to avoid damaging the sample or tip.

The primary output of the system is an image of the sample.
The topography image is formed from the controller output and
the deflection image is formed from the cantilever deflection as
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Fig. 10. Bode plot of the complementary sensitivity function with PI control.
The peak-to-peak amplitude of the input signal corresponds to a deflection of
30 nm.

shown in Fig. 9. To see how the images are related, introduce
the transfer functions of the controller C'(s) and the scanner
and power amplifier G(s). The cantilever deflection is modeled
simply by its deflection sensitivity ds, which is assumed con-
stant. Let the topography be denoted by v. Taking the Laplace
transform, we find that the controller output is given by

U(s) =Guu(s)V(s)
B C(s)ds
1+ G(s)O(s)ds
S0
G(s)

Vi(s)

where T'(s) is the complementary sensitivity function of the
feedback loop. The cantilever deflection signal is given by

Y (s) =Gy V(s)
ds
T 1+ G(5)C(s)ds
=d,S(s)V(s)

Vi(s)

where S(s) is the sensitivity function of the feedback loop.
A good topography image is obtained if the transfer function
Guv(s) has constant gain over a wide frequency range.

In our prototype system, the controller is an analog PI con-
troller. In the measurements shown in this paper, the controller is
tuned empirically, with the starting value of integral gain slightly
below the critical value [35]. Both proportional and integral gain
are iteratively increased to get a high bandwidth without ringing
of the feedback loop. Fig. 10 shows a complementary sensi-
tivity function 7T'(s), which is measured with the network an-
alyzer (Agilent 4395A). The AFM system is operated in con-
tact mode without scanning. In order to avoid observation of the
cantilever dynamics, a stiff cantilever (Model: RTESPW, Veeco
Instruments Inc., Woodbury, NY) with a nominal spring con-
stant of & = 40 N/m and a free resonance frequency of fy =
358 kHz is used. The feedback loop (cf. Fig. 9) is excited by
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Fig. 11. Silicon calibration grating, imaged at 2060 lines/s with the high-speed
AFM, showing 44-nm deep etched holes with a pitch of 3 zzm. (A) topography
image. (B) Cantilever deflection. (C) Cross section of topography marked in
(A). (D) Cross section of the cantilever deflection marked in (B).
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Fig. 12. Natural surface of a single trabecula from a bovine femur, imaged at
2060 lines/s with the high-speed AFM, showing collagen fibrils with the typical
67-nm banding pattern. (A) Topography image. (B) Cantilever deflection. Color
scaling in (A) is 100 nm from black to white.

adding the network analyzer output signal to the cantilever de-
flection. This is done using a custom made summing amplifier
and corresponds to changing the set point. The system response,
given by the cantilever deflection, is connected to the input of
the network analyzer.

An analysis of the transfer functions in Figs. 8 and 10 shows
that the transfer function G, (s) has a gain that is reasonably
constant up to frequencies of about 100 kHz, which explains
the good resolution of the images in Figs. 11 and 12. The image
can be improved even further by combining the topography and
deflection images using model-based control. Design of such
controllers will be discussed elsewhere, let it suffice to mention
that the physics-based models developed in this paper are well
suited for control design and also that the traditional tradeoffs
between performance and robustness will have a stronger em-
phasis on performance since the operator typically adjusts the
controller for each measurement, based on the obtained images.
The operation of the instrument can also be simplified by intro-
ducing facilities for automatic tuning of the controller.

VI. IMAGING RESULTS

To demonstrate the performance of our high-speed AFM
system a silicon calibration grating and a biological specimen
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are imaged at a scan-rate of 2060 lines/s and a resolution of 256
x 256 pixels?. This corresponds to a scan speed of 8 frames/s.

The high-speed images are recorded with a custom DAQ-
system [9] that also generates the scanning signals for the move-
ment in the X - and Y -directions. The first resonance frequen-
cies of the scanner in the scanning directions occur at 22 kHz.
For imaging at high-speed, lateral oscillations of the scanner
have been compensated by an input shaping approach [36]. Be-
sides the fact that coupling between the scanning axis and the
Z-direction gets suppressed by the inner frame, this compensa-
tion of the lateral dynamics also minimizes any imaging artifacts
due to the residual coupling between the scanning directions and
the Z-direction. In order to demonstrate the high-speed imaging
capability of this scanning unit, no clipping of the images on the
sides has been applied to hide turn-around artifacts, i.e., the full
width of the recorded images is presented.

Fig. 11 shows a silicon calibration grating recorded with
the high-speed AFM at 2060 lines/s in contact mode with
a soft, small cantilever (k < 0.1 N/m, fy = 207 kHz,
SCL-Sensor.Tech., Deutsch-Wagram, Austria). The tip sample
interaction force is held constant by the analogue PI feedback
controller tuned by the AFM user. Both the topography image,
representing the output of the feedback controller (cf. Fig. 9),
and the cantilever deflection, being the residual control error,
are displayed. These images demonstrate that the feedback con-
troller is able to track the surface at high-speed since variations
in the deflection image (B) occur only around the edges of the
grating, while the cantilever deflection is mostly constant on the
flat areas of the sample. In the topography image (A), the holes
of the grating clearly can be seen. The additional brighter and
darker areas also visible in image (A) are due to interference
of the laser from the optical lever setup on reflecting samples,
generating artifacts in the measured cantilever deflection, which
will be eliminated in future prototypes of the high-speed AFM.
Image (C) shows a cross section of the topography, marked by
the black line in image (A). From the cross section (D) of the
cantilever deflection, marked in (B), the settling time of the
user adjusted feedback system in response to a step like change
in the surface can be estimated to be less than 20 ys.

Fig. 12 shows AFM images of the surface of a single bone tra-
becula from a bovine bone femur, also recorded in contact mode
with a soft, small cantilever (¢ < 0.1 N/m, fo > 200 kHz).
Collagen fibrils of about 100 nm in diameter with the typical
corrugation-periodicity of 67 nm [37] can clearly be seen. The
topography image has been improved in contrast by using un-
sharp masking, in order to display the fine topographical details
of the banding pattern more clearly, which are small as com-
pared to the overall topography of the bone surface.

Although the fine topographical details can be seen better in
the deflection image, it is crucial to make the feedback band-
width as high as possible. This minimizes variations in the tip-
sample interaction force and avoids damage to biological spec-
imens that are more fragile than the sample shown in Fig. 12.
The high bandwidth requirement arises from the fact, that the
spatial frequencies of the sample topography are transformed
into the time domain via the imaging speed. If the tip travels
at higher speed over the sample surface, topographical changes
occur much faster to the tip. In order to keep variations of the



914 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 15, NO. 5, SEPTEMBER 2007

imaging force low, the feedback controller correspondingly also
has to react much faster. The fact that the feedback controller
still reacts at the high speed (5.6 mm/s) is evident by the fine
topographical features that can be seen in the topography image.

VII. CONCLUSION

In this paper, we present the design and a simplified mathe-
matical model of a high-speed scanner for an atomic force mi-
croscope. A guiding theme for this project has been the devel-
opment of a high-performance system by combined process and
control design. A physics-based model is essential because it
gives the possibilities to understand how process design influ-
ences control design. We focus here on the modeling, the control
design will be discussed elsewhere.

The fourth-order model obtained from first principles ex-
plains the main dynamics of the scanner in the vertical direction
and gives insight into the interplay of design parameters, such
as the ratio of the masses a. Experimental step responses
and frequency spectra verify the mathematical model and
give quantitative values of some unknown parameters of the
mathematical model. For future prototype designs, these model
parameters will help to optimize the system dynamics during
the design of the scanner for highest speed and positioning
accuracy. Furthermore, this model is a good basis to implement
a model-based controller, that can compensate the higher-order
dynamics of the high-speed scanner, in order to reduce the
residual control error and to further improve the image quality.
Additionally, this will allow for implementation of an observer
[7], [27] for more accurate conversion of the control action into
the topography signal.

Finally, the vertical positioning axis is discussed in terms of
PI feedback control and the performance of the AFM system is
demonstrated by images of a calibration grating and a biological
specimen recorded at high-speed.
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