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a b s t r a c t

We present a high-speed operating method with feedback to be used in dynamic atomic force micro-
scope (AFM) systems. In this method we do not use an actuator that has to be employed to move the tip
or the sample as in conventional AFM setups. Instead, we utilize a Q-controlled eigenmode of an AFM
cantilever to perform the function of the actuator. Simulations show that even with an ordinary tapping-
mode cantilever, imaging speed can be increased by about 2 orders of magnitude compared to con-
ventional dynamic AFM imaging.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Atomic Force Microscope (AFM) [1] has become a widely used
and indispensable tool in nano-science and technology. The dy-
namic modes of AFM have surpassed the contact-mode imaging
due to increased force sensitivity and reduced lateral forces. Al-
though the commercial systems provide required spatial resolu-
tion for structural analysis, the imaging speed of dynamic AFM
systems is not satisfactory for certain applications. It is important
to minimize the error due to thermal and mechanical drift and the
time spent for any nanoscale imaging experiment. Moreover, in-
creasing the scan speed will indeed enable the use of dynamic
AFM systems much effectively in industrial scale nanometrology.

The bandwidth of the actuator that adjusts the vertical position
of the sample or the cantilever and the transient response of the
cantilever are the two major factors that limit the scan speed. In
addition, the X–Y scanner, the electronic detector and the feedback
controller have all effect on the scan speed [2–7]. To increase the
imaging bandwidth, both the sensor and the actuator sizes have
been minimized at the expense of increased system complexity
[7–13]. Fast X–Y scanners have been developed [14–18]. Novel
probe structures with integrated actuators were also designed
[19–25]. Although non-dynamic methods without feedback have
been proposed [26,27], these methods may not be suitable for
delicate samples.

The dynamic-AFM systems can be divided into two main ca-
tegories: the amplitude modulation (AM) AFM, also called
tapping-mode, and the frequency modulation (FM) AFM, also
called noncontact-mode [28]. The AFM systems operated in air
usually utilizes AM modulation method due to its simplicity. The
FM-AFM method is preferred in atomic resolution imaging in va-
cuum to increase the imaging bandwidth, but it can also be op-
erated in air. The multi-frequency excitation of FM-AFM systems
has lately gained attraction in fast force spectroscopy and material
characterization at the atomic scale as well [29–31]. In this study,
we propose a high-speed dynamic imaging method with feedback
that can be employed in both AM-AFM and FM-AFM systems.
2. Method

The operating principle of the method is to adjust the oscilla-
tion amplitude of the Q-controlled fundamental eigenmode to
keep the higher eigenmode oscillation amplitude (in AM-AFM) or
frequency (in FM-AFM) at a constant level. Hence, the distance
between the tip and the sample surface is adjusted by changing
the oscillation amplitude of fundamental eigenmode of the can-
tilever instead of using an actuator as in conventional AFM sys-
tems. In other words, the higher eigenmode oscillation is used for
sensing while the Q-controlled fundamental eigenmode oscillation
is used for actuation. The Q-control enables the fundamental ei-
genmode oscillation amplitude reach the steady-state faster.

In Fig. 1, we explain the operation of the method. We defined
an example sample surface and we plotted the total tip oscillation
showing the motion of tip in different regions of the sample sur-
face. During Phase I, the tip is in steady interaction with the
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Fig. 1. The operating principle of the method. Total tip oscillation, fundamental eigenmode oscillation, and higher eigenmode oscillation are plotted at different regions of
sample topography.
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surface and the total tip oscillation has two components. The first
component is fundamental eigenmode oscillation and the second
component is higher eigenmode oscillation. The fundamental ei-
genmode oscillation has a much higher amplitude compared to
higher eigenmode oscillation, and the feedback controller is trying
to keep either the amplitude (in AM-AFM) or the frequency (in
FM-AFM) of the higher eigenmode oscillation at a constant level. If
we assume that the scan direction is from left to right, then, the tip
will experience a raised surface feature in Phase II. This will
change either the amplitude or the frequency of the higher ei-
genmode oscillation, as indicated by a small wiggle in the hor-
izontal line drawn just above the higher eigenmode oscillation.
This in turn is going to change the feedback controller output, and
the feedback controller output will adjust the amplitude of the
fundamental eigenmode oscillation accordingly. The decrease in
amplitude, indicated by a line shown just above the fundamental
eigenmode oscillation, must ideally be the inverse of the sample
topography (Phase III). In Phase IV, the decrease in sample topo-
graphy causes an opposite change in the higher eigenmode oscil-
lation amplitude or frequency with respect to Phase II, which in
turn causes an opposite change in the fundamental eigenmode
oscillation amplitude. After the adjustment of fundamental ei-
genmode oscillation amplitude by the feedback controller the tip
is again in steady interaction with the sample surface (Phase V).

It is known that the bulky Z-piezo of conventional AFM systems
is the main factor limiting the system bandwidth and hence the
scan speed due to its low resonant frequency. On the other hand, a
typical tapping-mode cantilever has a fundamental resonant fre-
quency on the order of a few hundred kHz. Therefore we expect a
faster transient response to the topographical variations when a
cantilever used as an actuator. However, a typical tapping-mode
cantilever also has a high Q-factor both in air and vacuum en-
vironments. The higher the Q-factor the higher the time required
for fundamental eigenmode oscillation to reach the steady-state.
We overcome this problem by applying the Q-control [32,33] to
reduce the artificial Q-factor of the fundamental eigenmode.

The point-mass model equations for fundamental and higher
eigenmodes are given in Eqs. (1) and (2), respectively. y1(t) and yn
(t) are the tip oscillations, F1 and Fn are the driving forces, w1 and
wn are the free resonance frequencies, and Q1 and Qn are the Q-
factors of the fundamental and higher eigenmodes, respectively.
Mathematically, the time derivative of fundamental eigenmode
oscillation y1(t) is multiplied with a constant gain GQ and added to
the velocity proportional term in Eq. (1). By properly selecting the
value of GQ one can decrease the artificial Q-factor of the funda-
mental eigenmode. If there will be a change in the tip–sample
interaction force fTS(t) while scanning the sample surface, this
change is sensed by yn(t), and the feedback controller will adjust
the driving force of the fundamental eigenmode by multiplying
Gcont[yn(t)] with F1 cos(w1t). This in turn will change the amplitude
of y1(t). We expect that this response due to any variation in
surface topography will be much faster than a response of a
Z-piezo since the amplitude of y1(t) will reach the steady-state
faster with Q-control.
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Selecting the range of Gcont we can adjust the actuation range,
e.g., if the free oscillation amplitude of y1(t) is 500 nm and 0.1r
Gcontr1, the actuation range will be from 50 nm to 500 nm,
meaning that the height of the surface topography must be less
than or equal to 450 nm in the scanned area.

3. Simulation results

The advantage of the proposed high-speed dynamic imaging
method can be demonstrated theoretically or experimentally.
However, a fast X–Y scanner is required to demonstrate the full
improvement in speed. In addition, the interaction force cannot be
obtained experimentally in conventional AFM systems. Analytical
approach is not suitable for comparison as well. Since we need to
show how fast we can scan any given sample that can have a to-
pography comparable to the amplitude of yn(t), the interaction
force fTS(t) may not be linearized or may not even reach steady-
state at the step edges of the sample topography. Therefore we
need a simulation platform that allows a direct and accurate
comparison of the proposed and the conventional imaging
methods for the same tip–sample system.

Previously, we showed that the time-domain simulations of tip–
sample system can be performed using an electrical circuit simulator,
and the obtained results has proven the reliability of simulations [34].
An important advantage is that the system electronics can easily be
integrated into the simulations. The point-mass model equations for
both fundamental and higher eigenmodes given in Eqs. (1) and (2) can
be converted to the equivalent electrical circuits. To model the tip–
sample interactions, we use Derjaguin–Muller–Toporov contact model
of a spherical tip [35]. We include the van der Waals forces to account
for attractive surface forces. In the simulations, the parameters that we
look for are the minimum time required to obtain a given sample
topography with a certain accuracy and the applied peak transient
forces.
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We assume that the operating environment is air. The funda-
mental eigenmode has a resonance frequency of f1¼300 kHz, a
spring constant of k1¼10 N/m, and a Q-factor of Q1¼100. The
higher eigenmode has a resonance frequency of f¼3 MHz, a spring
constant of k¼100 N/m, and a Q-factor of Qn¼100. Note that for
rectangular cantilever beams the higher eigenmode resonances
and spring constants are at specific multiples of the fundamental
one. In order not to restrict neither the analysis nor the cantilever
type to a specific case, only the fundamental eigenmode para-
meters are chosen close to those of a typical tapping-mode can-
tilever. The tip–sample parameters are chosen to simulate a typical
AFM experiment, where the tip radius is R¼10 nm, the reduced
tip–sample elasticity is Er¼1 GPa, and the Hamaker constant is
AH¼1�10�19 J.

To measure the higher eigenmode oscillation amplitude a peak
detector [36] is employed. We choose the constant excitation
mode of the FM-AFM [37], and to measure the higher eigenmode
oscillation frequency an analog FM demodulator [38] is used. The
outputs of peak detector and FM demodulator are connected to a
PI controller. The output of the PI controller generates Gcont [yn(t)]
to control the low-frequency actuation signal. The sum of low-
frequency actuation, high-frequency excitation, and Q-control
signals drives the cantilever.

We first simulated the conventional tapping-mode experiment.
In a typical AFM system, the Z-piezo has a resonance frequency of
few kHz, and in this simulation it is modeled as a second-order
system with a resonance frequency of 3 kHz and a Q-factor of 10.
We defined a sample surface with a 10 nm height as can be seen in
Fig. 2. The PI controller is tuned by the Ziegler–Nichols method to
achieve the minimum time required to obtain this surface feature
with an acceptable error. The measurement error is calculated by

∫
∫

=
−

×error
sample surface topography signal

sample surface
100%.

(3)

In this study, we assumed that 30% measurement error is ac-
ceptable and the minimum time required is approximately 20 ms
in this case. The second parameter that we are considering is the
peak transient forces applied to the sample. In the conventional
tapping-mode simulation, the free oscillation amplitude and the
set-point values are A1¼100 nm and Aset/A1E70%, respectively,
and the peak forces are found to be about 60 nN.

Next, we simulated the proposed method. The free oscillation
amplitude of the higher eigenmode and the set-point values are
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Fig. 2. The topography signal for the given sample surface in the conventional
tapping-mode.
chosen to be A¼12 nm and Aset/AnE70% (for the AM-AFM sys-
tem). In the FM-AFM system, the cantilever is kept oscillating at its
higher eigenmode via positive feedback with a free oscillation
amplitude of An¼12 nm and the set-point is chosen to be the 80%
percent of the maximum value of the FM demodulator output. The
actuation range parameter is chosen to be 0.5rGcontr1 and the
free oscillation amplitude of the fundamental eigenmode is A1

¼100 nm, providing a 50 nm actuation range.
In Fig. 3, we see a section from the time-domain simulation of

the proposed FM-AFM system where the peak transient forces
reach their maximum of about 300 nN due to an upward step in
the surface topography. Note that this peak force occurs for only
one cycle of fundamental oscillation, otherwise the peak forces are
around 230 nN. Unlike the traditional FM-AFM imaging where the
tip oscillates mostly in the attractive force region, we selected the
set-point such that the tip also enters the repulsive force region as
in the tapping-mode. The interaction force can have several re-
pulsive peaks with smaller durations while the tip approaches the
sample unlike the conventional tapping-mode. We can also clearly
observe the 3 MHz higher eigenmode oscillation superimposed on
the 300 kHz fundamental eigenmode oscillation. A similar inter-
action is also observed in the time-domain simulation of AM-AFM
system, where the peak forces reach to approximately 210 nN.

Fig. 4 shows the variations of both the fundamental and the
higher eigenmode oscillation amplitudes in the AM-AFM system
as the tip scans a sample that has a 10 nm tall surface feature.
When the tip passes the rising (or falling) edge of the surface to-
pography, the higher eigenmode amplitude decreases (or in-
creases). This variation in the higher eigenmode amplitude (the
error signal) controls the fundamental eigenmode amplitude. The
decreased fundamental eigenmode oscillation amplitude basically
moves the tip away from the sample and hence performs the
function of an actuator. We note that the fundamental amplitude
is shifted down arbitrarily to be fitted into the figure. The result
obtained from the FM-AFM simulation is given in Fig. 5, where the
higher eigenmode oscillation frequency (the error signal) controls
the fundamental eigenmode amplitude. In this figure, the curve
denoted as higher eigenmode frequency is actually the FM de-
modulator output which decreases with increasing frequency.
Hence as the tip passes the rising (or falling) edge of the surface
topography, the higher eigenmode frequency increases (or de-
creases). By inverting the fundamental oscillation amplitude we
can obtain the sample topography. If we assume that 30% error,
defined in Eq. (3), is acceptable, i.e., the topography signal ade-
quately represents the sample surface, the minimum time re-
quired to obtain the defined surface feature is at least 360 ms in the
high-speed AM-AFM system. In the high-speed FM-AFM system,
on the other hand, the minimum time required to obtain the same
surface feature is at least 144 ms for the same error.
4. Discussion

If we compare the minimum required times to obtain the de-
fined sample surface we see that the shortest time, i.e. the fastest
speed, is achieved by the FM-AFM version of the proposed
method. The ratio of the longest time duration, i.e. the slowest
speed, obtained by the conventional tapping-mode to the time
obtained by the FM-AFM version of the proposed method is
20 ms/144 msE140. The ratio of the time obtained by the con-
ventional tapping-mode to the time obtained by the AM-AFM
version of the proposed method is 20 ms/360 msE55. These re-
sults tell us that the imaging speed can be increased by about
2 orders of magnitude compared to conventional dynamic AFM
imaging. It should be underlined that these results can be easily
obtained even with an ordinary AFM cantilever. Another
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Fig. 3. The tip oscillation and the interaction force are plotted as a function of time in the proposed high-speed FM-AFM system.
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surface feature of in the high-speed AM-AFM imaging system.
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important point is that these results are obtained with a feedback
controlled actuation of the Q-controlled fundamental eigenmode
oscillation. It is not just recording the uncontrolled fundamental
eigenmode oscillation amplitude, which would be both destruc-
tive (at the rising edges) and the tip can lose contact with the
sample (at the falling edges).
The next question is how we can interpret these numbers, i.e.,
what is the meaning of minimum required time? If we perform an
AFM experiment basically what we look for is that the time re-
quired to acquire one image (or frame). However, this time de-
pends on many factors, namely, the pixel size, the area and
roughness of the topography, the measurement accuracy, etc. To
obtain speed in terms of image per second (or frame per second)
we need to do some assumptions. Let us consider a sample that
has a grating structure with a height of 10 nm. Let us also assume
that there are at most 5 of these surface features in the fast scan
axis. Then, the acquisition of 100�100 pixel image of this sample
will take 20 ms/featurex5 features/scanx100 scans/frame¼10 s/
frame with the conventional tapping-mode imaging, assuming
that the image is taken during trace or retrace only. Obviously
when we increase the pixel size, or if there are more of these
surface features which may or may not be periodic in the fast or
slow scan directions, then the imaging time will increase. It means
that with this conventional imaging setup the acquisition of one
image will take from tens of seconds to few minutes, as usually
practiced in classical tapping-mode experiments. On the other
hand, the acquisition of one frame with the proposed method will
be 144 ms x 5�100¼72 ms for the FM-AFM system, and 360 ms x
5�100¼180 ms for the AM-AFM system. In other words,
E14 frames/s imaging speed for the FM-AFM system and
E5 frames/s imaging speed for the AM-AFM system is possible
even with a regular AFM cantilever.

One other question is where the scanned area is taken into account
in these calculations? The minimum required time may correspond to
1 nm, 1 μm, or any other value depending on the scanned area.
Therefore the X–Y scanner must be capable of scanning each line with
a speed of feature length/minimum required time. If, e.g., the scan size
is 1 μm, then the minimum speed of X–Y scanner in the fast scan axis
must be (1 μm / 5)/144 msE1.4 mm/s.

We also investigated the effect of sample height on the mea-
surement error and the peak transient forces. We used the same
parameters and performed the simulations for a 2 nm and a 50 nm
tall samples where the scan time is kept unchanged. In the si-
mulations of a 50 nm tall sample, we chose 0.25rGcontr1 and A1

¼150 nm to obtain an actuation range greater that the surface
height. The measurement error is about 30% for both AM-AFM and
FM-AFM systems in the simulations of a 50 nm tall sample. On the
other hand, the measurement error is found to be 54% for the AM-
AFM system and 72% for the FM-AFM system in the simulations of
a 2 nm tall sample due to an increasing effect of ripples observed
in the topography signal. The maximum of transient forces oc-
curring at the rising edges are decreased to 160 nN (AM-AFM) and
240 nN (FM-AFM) in the simulations of a 2 nm tall sample,
whereas they are increased to 600 nN (AM-AFM) and 760 nN (FM-
AFM) in the simulations of a 50 nm tall sample.

To evaluate the effect of sample stiffness we performed simu-
lations for two different samples (Er¼0.1 GPa and Er¼10 GPa),
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where the sample height is again 10 nm. Keeping the scan time
same, the error is found to be below 35% for both samples, while
the peak forces are about 60 nN (0.1 GPa) and 400 nN (10 GPa) in
the AM-AFM system. The measurement error is found to be below
38% for both samples, while the peak forces are about 80 nN
(0.1 GPa) and 600 nN (10 GPa) in the FM-AFM system. In the si-
mulations of a 0.1 GPa sample, we increased the set-point slightly
to decrease the indentation into the sample. In fact, selecting
softer cantilevers for soft samples and choosing stiffer cantilevers
for stiff samples is appropriate [39]. Hence we decreased the
cantilever stiffness 10 times for both eigenmodes, while keeping
the resonance frequencies and the quality factors unchanged, and
performed simulations on the 1 GPa sample. We found that the
peak forces are reduced approximately to 40 nN in the AM-AFM
system and to 60 nN in the FM-AFM system.

We observe that the fundamental and the higher eigenmode
amplitudes are not smooth in the flat portions of the sample
surface and the higher eigenmode frequency is oscillating around
its set-point value (see Figs. 4 and 5). This is due to non-ideal fil-
ters, used in amplitude and frequency detection circuits, with
which we cannot perfectly separate two frequency components of
tip oscillation. Since we obtain the topography signal by inverting
the fundamental oscillation amplitude, the ripples are seen in the
topography signal as well. The magnitude of peak ripples are
around 0.8 nm in the AM-AFM system and around 1 nm in the FM-
AFM system. These ripples cause large measurement error in low
surface features as we have seen in the case of a 2 nm tall sample.
We investigated the effect of fundamental and higher eigenmode
resonance frequencies on these ripples and the measurement er-
ror. We both separated the fundamental and higher eigenmode
resonances and increased the fundamental eigenmode resonance
frequency such that f1¼600 kHz and fn¼12 MHz. The topography
signal is obtained by inverting the fundamental oscillation am-
plitude as shown in Fig. 6 for the AM-AFM system. In this case, the
minimum time required to obtain the same surface feature is
180 ms in the AM-AFM system and 84 ms in the FM-AFM system
(data not shown). Moreover the measurement errors are reduced
to 20% and 27%, and the peak ripples in the topography signals are
decreased to about 0.5 nm and 0.7 nm for the AM-AFM and the
FM-AFM systems, respectively. These results show that better
imaging quality is achieved if the fundamental and higher eigen-
mode resonances are well separated, and the scan speed can be
increased further by using cantilevers with higher resonance
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Fig. 6. The acquired topography signal in the high-speed AM-AFM imaging system.
The fundamental and higher eigenmode resonance frequencies are f1¼600 kHz and
fn¼12 MHz.
frequencies. Another point worth to mention is that the higher
eigenmode resonance is not necessarily be an integer multiple of
the fundamental resonance as might be inferred. We performed
the simulations for f1¼300 kHz and fn¼3.5 MHz and obtained
slightly better results.

Although the proposed system electronics is more complex
compared to the conventional setups, it can be readily integrated
into the existing AFM systems which employ regular cantilevers.
The disadvantage coming at the expense of speed improvement is
the increased peak forces due to stiffer higher eigenmode used for
force sensing. Also, the higher eigenmode tip oscillation interacts
for a very short time with the sample surface. When averaged with
the oscillation cycles without tip–sample interaction, larger peak
forces are created for the same set-point as compared to the reg-
ular tapping-mode imaging with higher eigenmode. We can re-
duce peak forces by using a softer cantilever. Another disadvantage
is the smaller actuation range compared to conventional Z-piezo
actuation. However, to achieve a quick actuation we need a small
sized actuator. To balance the low-frequency topographic varia-
tions or a possible tilt on the sample surface, the Z-piezo of the
conventional tapping-mode setups can be utilized.

By using special cantilevers having small spring constants and
high resonance frequencies we can both increase the scan speed
further and reduce the peak forces drastically. In fact, small can-
tilevers with spring constants less than 1 N/m and resonance
frequencies greater than 1 MHz was employed in AFM systems
with optical beam deflection detection [7,13]. The fastest speed
achieved by using a cantilever with a spring constant of 0.2 N/m
and a resonance frequency of 1.2 MHz is reported to be 25 frames/
s for a 200 nm scan size and 100�100 pixels, where the Z-ac-
tuator is reported to have a bandwidth of 370 kHz and an actua-
tion range of 1 μm [13]. Our analysis have shown that for the same
pixel size, the imaging speed of the proposed method in FM-AFM
system will be approximately (144 ms/84 ms)�14 frames/
sE24 frames/s for a cantilever of 600 kHz resonance frequency.
Therefore we expect the imaging speed to be greater than
24 frames/s with the cantilever having 1.2 MHz resonance fre-
quency, and even more the peak transient forces will be much
lower than those obtained in this study due to a very low spring
constant of 0.2 N/m.

Finally, by integrating a fast X–Y scan unit to the system one
can much effectively use the proposed method in high-speed dy-
namic AFM imaging. Recently developed X–Y scanners [15,18] are
capable of scanning at a rate greater than 1.4 mm/s in the fast scan
axis. In the former study, contact-mode images at a rate of
70 frames/s was acquired without electronic feedback [15],
whereas in the latter one, a scan velocity of 8.8 mm/s of and
imaging rate of 46 frames/s was achieved again in contact-mode
with feedback, where the closed-loop bandwidth of the Z actuator
was reported to be the limiting factor [18].
5. Conclusion

High-speed imaging and characterization of nanoscale struc-
tures, devices, and systems has become increasingly important as
stated in the National Nanotechnology Initiative report. In this
work, we presented a high-speed and dynamic actuation method
with feedback that uses an ordinary cantilever both as the sensor
and the actuator. The method eliminates the shortcoming of the
bulky Z-piezo by utilizing Q-controlled fundamental eigenmode
oscillation as an actuator. We performed the time-domain simu-
lations of the proposed method and the conventional method on
the same sample having sharp edges. This allowed us to evaluate
the performance of the proposed method and directly compare it
to the conventional imaging method which may not be easily done
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either analytically or experimentally. We showed that the imaging
speed can be improved by about 2 orders of magnitude compared
to conventional dynamic AFM imaging. We investigated the
method in terms of scan time, peak transient forces applied to the
sample, and the measurement error for different sample and
cantilever parameters. We have shown that the imaging speed can
be increased further by using cantilevers with higher resonance
frequencies. We have already implemented the proposed high-
speed method and performed the proof-of-principle experiments
on a commercial AFM system [40]. This method will indeed
minimize the time spent for dynamic AFM imaging experiments
without requiring special or small cantilevers. It can also enable
the dynamic AFM systems to be used widely in industrial scale
nano-metrology and manipulation.
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