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By adding a Q-control electronics to the setup of the constant-excitation mode of the
frequency-modulation atomic force microscope, the authors are able to increase the effective Q
factor of a self-oscillated cantilever in liquid to values comparable to ambient conditions. During
imaging of soft biological samples adsorbed on a mica substrate, the authors observed an increased
corrugation of the topography with increased Q factors. This effect is caused by the reduction of
tip-sample indentation forces as demonstrated by numerical simulations and an analytical
approach. © 2006 American Institute of Physics. �DOI: 10.1063/1.2387122�

In atomic force microscopy1 �AFM� it is a common ap-
proach to oscillate the cantilever near the sample surface in
order to avoid unwanted lateral forces between tip and
sample surface during scanning. For applications in vacuum
the frequency-modulation �FM� technique2 became the
standard driving technique during the last decade. The FM
technique is based on the specific properties of a self-driven
oscillator3–7 and can be divided into the constant-amplitude2

and constant-excitation8 modes.
Although the FM technique was originally introduced

for applications in vacuum where the natural Q factors of
the cantilever are high, the frequency-modulation technique
can be also applied under ambient conditions9,10 and in
liquids11,12 where the cantilever is damped by the surround-
ing media. The advantage of this approach compared to the
often applied amplitude-modulation or “tapping” mode13–15

is the possibility to perform continuous and quantitative
spectroscopy of tip-sample force curves10,16 in addition to
topography imaging.

Here we show how the effective Q factor of a self-
driven cantilever can be increased in the the constant-
excitation mode of the FM technique. While imaging a
L-a-dipalmitoylphosphatidylcholine �DPPC� bilayer and
DNA adsorbed on mica with increased Q factors, we ob-
served an increase of the measured topography for higher Q
values. This effect can be explained by the reduction of tip-
sample indentation and force by the increased Q factor as
shown by simulations and an analytical analysis.

A sketch of the experimental setup of an atomic force
microscope utilizing the FM technique with Q control is
shown in Fig. 1. The deflection of the cantilever is measured
with the laser beam deflection method and this signal is sub-
sequently used to excite the cantilever by a piezo. For this
purpose an external electronics consisting of a time �or
phase� shifter and an automatic gain control is used. Since
we apply the constant-excitation �CE� mode, the driving am-
plitude is kept at a constant value aexc by the electronics. In
order to control the effective Q factor of the system, we
added an additional feedback circuit consisting also of an
amplifier and a time shifter. The Q-control feedback ampli-

fies the oscillation signal of the cantilever by a constant gain
factor g. This signal is added to the conventional driving
signal of the constant-excitation mode. However, it is impor-
tant to clarify that both driving mechanisms amplify the os-
cillation signal of the cantilever in a different way. The am-
plification of the Q-control feedback by a constant gain
factor results in an amplitude dependent driving signal, while
the amplification of the CE-mode feedback results in a driv-
ing signal independent of the actual oscillation amplitude.

Consequently, the two driving mechanisms are reflected
by two different terms in the corresponding equation of
motion

�1�

Here, z�t� is the position of the tip at time t; cz, m, Q0, and
f0=��cz /m� / �2�� are the spring constant, the effective mass,
the quality factor, and the eigenfrequency of the cantilever,
respectively. Equation �1� is the equation of motion for the
CE modes,17 where we added the Q-control driving term.18

The retarded displacement signal z�t− t0� is amplified by a
factor aexc/A for the description of the constant-excitation
mode, while it is multiplied by a constant gain factor g in the
Q-control term. For simplicity we consider the same time
shift t0 for both. The tip-sample interaction force Fts is intro-
duced by the last term.

In order to establish the basic principles of Q control in
the FM technique, we first analyze a cantilever oscillating far
away from the sample surface. In this case there are no
forces interacting between tip and sample �i.e., Fts=0�, which
simplifies the equation of motion �Eq. �1��. Further simplifi-
cation arises by considering only stable, steady-state solu-
tions for t�0, where the cantilever oscillates sinusoidally
and with constant amplitude A. Therefore, we use the ansatz
z�t�=A cos�2�ft� to solve the equation of motion �1�. As a
result, we obtain a system of two coupled trigonometric
equations:a�Electronic mail: hendrik.hoelscher@uni-muenster.de
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�f2 − f0
2� � f0

2 = �g + aexc � A�cos�2�ft0� , �2a�

f � �f0Q0� = �g + aexc � A�sin�2�ft0� . �2b�

These coupled equations greatly simplify if the time shift
is set to an optimal value of t0=1/ �4f0� corresponding to
90°. In this case the cantilever oscillates exactly with its
eigenfrequency f = f0 and the oscillation amplitude is given
by

A = aexc � �1/Q0 − g� = aexcQeff, �3�

where we defined the effective Q factor as Qeff
=1 � 1/Q0−g. This definition is analogous to the effec-
tive Q factor already defined for Q control in the tapping
mode.10,18,19

Analyzing the features of Q control in the FM mode, we
found that the increase of the effective Q factor has a pro-
found influence on the tip-sample interaction. Our study is
based on the imaging of several samples with increased Q
factors in ambient conditions as well as in liquids. The over-
all effect, however, is most prominent for soft biological
samples adsorbed on a harder substrate. In contrast to the
FM mode in vacuum where the frequency shift is typically
used as a feedback signal to scan the sample surface, we
use the oscillation amplitude as a feedback signal under am-
bient conditions and in liquids.10 Analyzing the resulting to-
pography images in liquid we observed a very systematic
increase of the measured height of soft samples on harder
substrates.

Figure 2 shows a comparison between the CE mode
without and with additional Q control obtained on DNA
and a DPPC bilayer adsorbed on mica in liquids. The ex-
periments were performed with a commercial atomic force
microscope �NanoScope IIIa with MultiMode head, Veeco
Instruments Inc.� equipped with a liquid cell. Self-developed
electronics were used to drive the cantilever in constant-
excitation mode without and with Q control. The samples
were scanned with rectangular silicon cantilevers �cz
=3 N/m, f0=75 kHz�. During imaging we choose the high-
est possible values for the set points for the standard CE
mode and with additional Q control. In this context, “highest
possible” refers to the fact that with higher set points the tip
was not tracking the surface correctly and no clear contrast
could be achieved for imaging. By the application of this
procedure we tried to keep the tip-sample interaction as low

as possible. All images where measured with a scan velocity
of 1 Hz and with individually optimized gains �see Ref. 20�.

Analyzing the height of the adsorbed DNA we found a
significant increase from 0.7 to 1.2 nm without and with Q
control, respectively. The free oscillation amplitude in the
CE mode was about 0.63 V ��7 nm�. In order to keep the
free oscillation amplitude with Q control to a comparable
value of 0.59 V, we had to reduce the excitation amplitude
aexc of the CE mode. By adding the Q control driving we
increased the Q factor from 64 to 241. Images presented in
Fig. 2 were measured with a set point of 0.57 V �CE mode�
and 0.4 V �Q control�.

The same effect is also observed for a DPPC bilayer in
water adsorbed on a mica substrate. In this case the measured
height increases from 4.2 to 5.2 nm, while the Q factor was
increased from 58 to 240. The free oscillation amplitude in
the CE mode was set to 1.5 V ��18 nm�. During imaging
we choose the highest possible values for the set points for
the CE mode �1.1 V� and with additional Q control �0.95 V�.

This increase of the measured height of the DNA and the
DPPC can be readily explained by the reduction of the tip-
sample interaction. The dependency of the tip-sample forces
on the measured height has been previously examined for
DNA �Ref. 21� and DPPC �Ref. 22� for conventional tapping
mode. In frequency-modulation AFM the tip-sample inden-
tation depends strongly on the actual Q factor as demon-
strated by numerical simulations based on the equation of
motion �Eq. �1��. For these calculations we modeled the tip-

FIG. 1. �Color online� Schematic drawing of the experimental setup show-
ing a dynamic force microscope using the constant-excitation mode with Q
control. The tip oscillates between the nearest tip-sample position D and
D+2A. The equilibrium position of the tip is denoted as d. The additional
feedback for Q control is shown in red.

FIG. 2. �Color online� Comparison between CE mode without �left� and
with Q control �right�. �a� Increasing the effective Q factor from 64 to 241,
the measured height of the DNA in EB buffer increased from 0.7 to 1.2 nm.
�b� The measured height of the bilayer of DPPC increased from 4.2±0.2 nm
in the conventional CE mode �Q0=58� to 5.4±0.2 nm with Q control
�Qeff=240�.
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sample interaction in liquids by the well known Hertz model,
FHertz�z�= 4

3E*�R�−z�3/2 for z�0, where R is the tip radius
and E* the effective modulus.23 Figure 3 displays the result-
ing spectroscopy curves, where we choose parameters close
to the experiments: cz=3.0 N/m, f0=75.0 kHz, Q0=50, g
=0.8/Q0⇒Qeff=250, R=10 nm, Es=10 GPa, Et=130 GPa,
and �t,s=0.3.

A comparison between the results without and with Q
control reveals a significant difference between the ampli-
tude and distance curves �Fig. 3�a��. As the cantilever sample
position d is decreased, the oscillation amplitude A decreases
considerably faster for an increased Q factor. This effect has
a direct consequence for the resulting tip-sample indentation
�Fig. 3�b��. Assuming for example, an amplitude of 7 nm as
set point, the indentation reaches −1.4 nm for a natural Q
factor of 50, while it is below −0.7 nm for an increased
effective Q factor of 250. Consequently, the tip-sample
forces are also greatly reduced with increased Q factors. Fig-
ure 3�c� shows the maximal tip-sample force at the turning
point D as a function of the actual oscillation amplitude A.
The forces with Q control are significantly lower compared
to the values without additional feedback.

The decrease of the tip-sample indentation with increas-
ing effective Q factor can be additionally demonstrated by an
analytical analysis of the equation of motion. Developing the
tip-sample force into a Fourier series and assuming the so-
called large-amplitude limit for the Hertzian force law,24 the
tip-sample indentation can be calculated as

D�A� = −��2

R

czA
3/2

E* ��1 −
Q0

Qeff
+

Q0A0

QeffA
�2

− 1� . �4�

This equation reveals the relationship between tip-sample in-
dentation and effective Q factor. In addition, the indentation
depends on various other parameters such as elastic modulus,
tip radii, spring constant, and oscillation amplitude. The
agreement between the simulations and this analytical for-
mula is shown in Fig. 3�b�.

In summary, we presented a technique to modify the
effective Q factor in the constant-excitation mode of the
frequency-modulation technique. This approach enables the
increase of the Q factor in liquids to values comparable to
ambient conditions. Measuring the height of DNA and DPPC
adsorbed on a mica substrate, we observed a significant in-
crease of the topography with increased effective Q factors.
As shown by numerical simulations and an analytical ap-
proach, this feature of Q control can be explained by the
reduction of the tip-sample indentation and force.
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FIG. 3. �Color online� Comparison of �a� the oscillation amplitude, �b� the
tip-sample indentation, and �c� the tip-sample sample force at the turning
point D obtained in the conventional CE mode �Q0=50� and with additional
Q control �Qeff=250� in a liquid environment. The curves change signifi-
cantly with dependence on the Q factor. The analytical relationship �Eq. �4��
between the tip-sample indentation and oscillation amplitude is plotted as a
solid line in �b�.
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