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Active Microcantilevers for High Material Contrast
in Harmonic Atomic Force Microscopy
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Abstract— Atomic force microscope (AFM) probes are
mechanical beams that can be used to simultaneously map
topography and material properties. Upon contact of the tip with
the sample surface at each cycle in the intermittent mode, higher
harmonics are excited. The harmonics in the vicinity of higher
eigenmodes are enhanced and present an amplified response,
ultimately carrying information about the material properties.
In this paper, active cantilevers with integrated actuation and
sensing are used as a basis to create harmonic cantilevers for
the signal-to-noise ratio improved measurement of time-varying
forces. Focused ion beam milling is used to remove mass from
specific areas in the cantilever such that the fundamental and
higher eigenmodes are tuned toward each other. Two methods
are tested, where the shape and location of mass removal is
determined, first by simulation and second through an in situ
approach. Higher harmonics of the harmonic cantilevers with
piezoresistive deflection sensors indicate a significant response
of up to 10% in respect to the first harmonic. The improved
material contrast mapping abilities of the modified cantilevers are
validated by characterization and AFM images. [2014-0260]

Index Terms— Atomic force microscopy, enhanced material
contrast, cantilever harmonics, active cantilever probes,
cantilever topology optimization.

I. INTRODUCTION

ATOMIC Force Microscopes (AFMs) have unique abilities
to simultaneously map topography and material proper-

ties of a sample. High imaging resolution is achieved by a
sharp tip attached to the free end of a mechanical cantilever.
Since its invention in 1985 [1] the AFM has evolved into a
versatile tool with various operational modes. Dynamic modes
help to reduce the contact mode’s damaging forces exerted
on the sample. Such modes are based on the influence of
the tip-sample forces on the cantilever’s dynamic behavior.
Its detection is used to retrieve information about the sample
surface and to create feedback loops.

In the past, material property mapping has focused
on phase detection of the first transverse resonance. The
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phase sensitivity to compositional variations of the sample
is generally accounted to non-conservative tip-sample
interactions [2]–[4]. Monitoring the phase of higher
cantilever eigenmodes has improved the cantilever’s material
sensitivity [5], [6].

Recent methods involve the first and excited higher
harmonics to simultaneously map topography and material
properties [7]–[10]. In the intermittent mode the periodic
impact of the tip onto the sample results in a non-linear
tip-sample force interaction. The contact time of tip and
sample hereby depends on the Young’s modulus E [11], [12].
Such contact time determines the magnitudes of the
excited higher harmonics. The first harmonic represents the
average tapping force and depends on the cantilever and its
actuation/set-point. Hence, it has a constant magnitude across
different materials [13].

The periodic tip-sample force Fts can be expanded
into a Fourier series Fts(t) = ∑∞

n=0 αncos(nω1t) +
βnsin(nω1t) [13], [14]. The nth harmonic force is
determined by

Ftsn cos(nω1t + Θn) = αncos(nω1t) + βnsin(nω1t), (1)

where αn , βn are the Fourier coefficients, ω1 the driving
frequency and Θn the harmonic phase. The magnitude of a
specific harmonic force is

Ftsn =
√

α2
n + β2

n . (2)

The Total Harmonic Distortion (THD), a measurement of such
coupling, is typically in the range of a few percent [10], [15].
Imaging in liquid rather than air indicates a higher harmonic
response that can be useful for the investigation of biological
samples [7], [16]. It is desirable to quantitatively retrieve
a sample’s material properties from the higher harmonics,
such as its stiffness [11]. However, this requires detailed
knowledge of the overall AFM system. Hence, the cantilever’s
response is generally compared to a reference sample obtained
beforehand.

Higher cantilever eigenmodes directly influence the
harmonic excitation process [14], [15], [17], [18]. The
frequencies of the higher transverse eigenmodes follow
specific ratios in respect to the first eigenmode. According to
the Euler-Bernoulli beam theory, the ratios of homogeneous
rectangular cantilevers are 6.28:1 and 17.86:1 of the second
and third in respect to the first eigenmode, respectively. As a
result, the magnitudes of the nearby excited 6th and 18th

harmonics are amplified. Enhancement of harmonic responses
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and improvement of Signal-to-Noise Ratios (SNRs) during
imaging can thus be achieved by matching higher eigenmodes
with integer multiples of the imaging resonance.

Specifically matched harmonic cantilevers have been
partially explored in the past. Sahin et al. have demonstrated
matching the third eigenmode by creating holes in the
cantilever during its fabrication. The matched higher
harmonic is amplified, as tested on optically sensed
cantilevers [19], [20]. AFM images indicate surface properties
that are invisible otherwise. However, this fabrication method
is plagued by a low reproducibility and yield, based on
uncertainties in the fabrication process itself. A different
approach by Sahin et al. is the fabrication of torsional
harmonic cantilevers [21]. Excited torsional harmonics during
imaging indicate higher SNRs as compared to transverse
harmonics. Rinaldi et al. have included holes of different
sizes and shapes for a general purpose demonstration of
its capabilities, for example to minimize the squeeze film
effect [22], [23]. The holes are calculated by the Rayleigh-Ritz
energy method. Cantilevers used are piezo-electric actuated
and optically sensed. In contrast, Li et al. have attached a
concentrated mass at specific locations on the cantilever’s
surface [24]. The modification results in a match of the
second and third transverse eigenmodes with the 5th and 15th

harmonic of the first resonance, respectively. A proposed
approach by Balantekin et al. uses an imaging frequency that
is the first transverse eigenmode divided by an integer value.
The first eigenmode is then used to capture and amplify the
harmonic response [25]. Sadewasser et al. have fabricated
cantilevers with a wider anchored part and a narrower free
end, moving the higher resonances as close as possible to the
first resonance [26]. As such, the higher resonances are better
accessible for the bandwidth limited vibration sensing. The
unnecessity of harmonic cantilevers for high sensitive imaging
of soft materials in liquid has been reported by Xu et al. [27].

In this work, both second and third eigenmodes are
simultaneously matched with nearby harmonics by an
enhanced approach. The modifications are carried out in a
Focused Ion Beam (FIB) as a post cantilever fabrication
step. Two different methods are employed. The first one
is based on the cantilever’s known characteristics to obtain
proper sizes and locations of holes beforehand through Finite
Element Method (FEM) simulations. This method leads to
a higher reproducibility, ultimately to a success with every
processed cantilever. The second method is based on an in-situ
modification, where the cantilever is actuated and sensed
inside the FIB chamber. The milling process is carried out for
short periods of time with consequent frequency sweeps, until
the eigenmodes match desired frequencies. With both methods
the hole locations are decided beforehand. Holes can either
be placed in the vibrational mass or stiffness domain of the
cantilever effecting each eigenmode’s local kinetic or potential
energy, respectively. This either increases or decreases each
eigenmode’s frequency, as further investigated in [15] and [23].
The numerical FEM is chosen based on the utilized
cantilevers’ non-homogeneity in both material and shape.

An alternative approach would be adding mass in specific
shapes and locations along the beam. This introduces a

Fig. 1. Customized AFM setup including self-fabricated components. Dashed
gray paths and boxes indicate the extension of the standard setup.

frequency shift of the individual eigenmodes due to increased
stiffness or mass, as thoroughly discussed in the area of
cantilever based mass detection [28], [29]. However, this
approach is not feasible since a considerable amount of
deposited material would be necessary for a meaningful
impact. This leads to long FIB processing times with large
amounts of expensive source materials. Such depositions also
incorporate other undesired materials present in the vacuum
chamber. The resulting amorphous structure is of low and
unpredictable stiffness.

In the following, Section II describes the modified
standard AFM setup used in this work. Section III outlines
the cantilever FEM modeling process including the simula-
tion of topological modifications. The consecutive FIB based
fabrication including both digital mask and in-situ methods
is described in Section IV. In Section V the harmonic
cantilevers are characterized, evaluated towards their imaging
performance and the results discussed. Conclusions are given
in Section VI.

II. SPECIFIC CHARACTERIZATION AND IMAGING SETUP

A customized commercial AFM setup is used for imaging
and characterization of the fabricated harmonic cantilevers
(Figure 1). An additional external Lock-in amplifier
(Zürich Instruments HF2LI) is connected to demodulate the
higher harmonics. The resulting signals and topography are
simultaneously plotted within the AFM software to keep the
dependencies on the lateral scan directions.

The active thermal bimorph actuated and piezo-resistive
sensed cantilevers are developed by our group [30]–[32]. The
bimorph effect based actuation is achieved by a combination of
materials with different heat expansion coefficients. A meander
shaped layer effectively dissipates an applied current into heat.
This forces the cantilever layers to expand and then bend
towards the material with the lower coefficient. The piezo-
resistive stress sensors are located near the cantilever base
and sense a tip displacement proportional signal. Four sensors
forming a Wheatstone bridge are incorporated to increase
the sensitivity. The cantilevers are fabricated through a series
of micromachining processes involving consecutive steps of
deposition, lithography, ion implantation and etching. The
fabricated cantilever’s layers consist of single-crystalline
silicon with a thickness of about 5 μm, 700 nm thick SiO2,
a 500 nm thick Al meander and a final 200 nm Si3N4
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Fig. 2. Different images show FFTs of harmonics, corresponding time
domain signals and a harmonic sweep. a) FFT of the sensor signal indicating
harmonics created in a cantilever in the intermittent mode and in the vicinity
of a sample surface. b) Both raw and filtered cantilever time domain sensor
signals show the first resonance and 6th harmonic superposed. c) Harmonic
sweep of different frequencies created with approx. 40 lines each. The sections
of the corresponding harmonics are indicated to the left of the image.

passivation on top. Nominal lateral dimensions are 360 μm
in length and 140 μm in width with a sharp tip of 8 μm high.

Figure 2(a) indicates the excited harmonics of an active
cantilever in the intermittent mode close to a sample surface
and maintaining a specific set-point. Note that the ordinate

Fig. 3. Parameterized simulation cycle.

has a break as the first resonance’s magnitude is larger
than the introduced harmonics. However, the piezo-resistive
sensor efficiently detects the harmonics with magnitudes of up
to 10% of the first resonance. The enhanced harmonics close
to cantilever eigenmodes are clearly visible. The fabricated
active cantilevers may not follow the theoretical ratios of
analytical models (Enhanced 15th instead of 18th harmonic
in Figure 2(a)). Figure 2(b) presents raw and digitally filtered
piezo-resistive sensor signals in time domain after its
pre-amplification. The filtered signal is additionally amplified
in respect to the raw signal to fit the analog-digital converters’
ranges for an optimal resolution. In both cases, the excitation
of the superimposed 6th harmonic is highly pronounced.
The high Q factors of each eigenmode cause low damping
of the higher harmonics’ periodic excitation, as indicated
in [15], [18], and [19]. Figure 2(c) is an image of various
different harmonics. The sample is a Bruker PS-LDPE-12M,
a two component polymer blend with different elastic moduli.
It is used to indicate the harmonics’ dependency on the
sample stiffness. The Polystyrene (PS) appears as a film
on the surface, whereas the Polyolefin Elastomer (LDPE)
forms half-spheres. The PS and LDPE regions have Young’s
moduli of around 2 GPa and 0.1 GPa, respectively. For approx.
40 lines each, the 512 lines of the image represent the
harmonics starting at the 2nd to the 13th one. As expected, the
6th harmonic is best pronounced.

III. CANTILEVER MODELING AND SIMULATION

In this section, a three-dimensional model of the active
cantilever is created and an eigenmode analysis performed by
FEM simulations. The topological modifications are included
in the simulation in a parameterized fashion. The prospective
hole dimensions are swept according to a predefined range and
step size. A milling structure is then chosen to introduce the
proper modal shifts.
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Figure 3 indicates the parametrized simulation cycle.
In a first step, a model of the described cantilever is created in
the CAD software Autodesk Inventor Professional. The 200 nm
Si3N4X passivation layer is omitted as the dynamic behavior
is dominated by the other layers. According to the simulation,
the frequency ratios of the unmodified beam are 6.39:1 for
the second to the first and 17.46:1 for the third to the first
transverse eigenmode. The rectangular holes are then placed
into the model with one or two sides variable during the
simulation. A potential location is near the free end of the
cantilever, where the nodes and thus stiffness domains of
both second and third eigenmode are close to each other.
The heating meander restricts the surface for mass removal
to about 50 % of the total width. In addition, the area between
the cantilever edge and outer wires is not included to be less
prone to twisting. Although the active cantilevers impose some
constraints regarding the shapes of holes, the overall milling
effect is equivalent to using regular cantilevers without this
restriction.

In a second step, the model is connected to the FEM
simulation software Comsol Multiphysics via the LiveLink
interface. A following parameterized simulation solves for the
cantilever’s eigenfrequencies and corresponding mode shapes
based on variable hole sizes.

First, Comsol takes the model with initialized hole dimen-
sions from the concurrent Inventor session. The model is
then assigned with material properties, boundary conditions
and a mesh, followed by the first simulation. Afterwards,
Comsol assigns new parameters based on a given range and
step size. These are communicated to Inventor, which in
turn modifies the model. The modified model is sent back
to Comsol and the mesh is automatically fitted to the new
structure. This is followed by the next simulation. A completed
parametrized simulation cycle consists of a set of different hole
dimensions with corresponding eigenfrequency information.
The count of individual simulations increases exponentially by
using two or more variable parameters. Hence, the simulation
complexity imposes a time constraint. Typically, our cantilever
mesh consists of approximately 500.000 elements. This results
in about 3-5 minutes per simulation on a Xeon 12-core
Workstation.

In this work, we have performed simulations with various
hole configurations. The different configurations modify the
ratios with dissimilar slopes when compared to each other.
A specific configuration is then chosen based on a target
cantilever such that the desired ratios are achieved at similar
hole sizes. This approach is necessary as the fabricated
cantilevers often do not follow the theoretical frequency
ratios. The true ratio of the second to the first eigenmode
is mostly observed between 6.1:1 and 6.4:1. Similarly,
the true ratio of the third to the first eigenmode is often
between 16.5:1 and 17.2:1. Hence, the ratio of third to second
eigenmode also depends on the cantilever.

The black curves in Figure 4 are an example indicating
the modified frequency ratios obtained by the parameterized
simulation. The length of the specific hole shapes is swept
simultaneously and the width kept constant. The ratios of
second and third eigenmodes to the first eigenmode change

Fig. 4. Simulated ratios of the indicated transverse eigenmodes. The
model in d) shows the hole configuration of the parameterized simulation to
create a)-c). The black curve is the simulated frequency shift and the green
curve its correction towards a specific real cantilever.

Fig. 5. a) SEM image of the cantilever before processing; b) Digital mask;
c) SEM image of fabricated harmonic cantilever using cantilever of a) and
mask of b); d) Cantilever of c) observed in an optical microscope.

linearly for a wide range of hole dimensions (black curves
in Figure 4(a) and 4(b)). Note that in this case the required
hole lengths are different in order to achieve the ratios
of 6:1 and 16:1. However, as the truly required ratio shifts
differ from the simulation this can be a potential fit with a
real cantilever. A result is chosen that only removes as much
material as needed to introduce the required ratio shifts in
the real cantilever. Herby most cantilevers and their targeted
modifications fall within the linear range.

The cantilever in Figure 5(a) has true ratios
of 6.219:1 and 16.885:1. The simulated hole configuration of
Figure 4 with a specific size is chosen to modify the ratios by
0.219 and 0.885 to receive ratios of 6:1 and 16:1, respectively.
The green curves in Figure 4 are the adjusted frequency ratio
shifts based on the true initial ratios of the real cantilever.
Both desired frequency modifications are achieved by a
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hole length of 26 μm (indicated by dashed lines). Hereby,
the model’s ratios are only lowered to 6.171 and 16.575,
which is well within the linear domain of both ratios. The
thereafter generated digital mask is shown in Figure 5(b).
It is used in the following Section IV to modify the cantilever
of Figure 5(a). The mask has a monochrome color coding,
where black blocks and white requests a set FIB ion beam
current.

IV. FABRICATION OF HARMONIC CANTILEVERS

In the following, the two different fabrication strategies of
modifying the cantilever dynamics are presented. In Method I
the generated digital mask (bitmap) of Section III is used.
Method II is carried out in-situ by performing repeated
frequency sweeps and hereof based hole depth and area.
In both cases, a Helios FEI 600i Dual Beam FIB is used.
Alignment of its Ga+ ion beam to the electron beam allows
alternating ion milling and non-invasive navigation/mask
alignment.

Advantages of Method I are good repeatability and
exactness of achieved ratios for every processed cantilever.
Both factors depend on carefully measured cantilever
characteristics and proper hole configurations. In contrast,
Method II has a much lower repeatability and exactness.
As the removal of mass influences each eigenmode differently
it renders the result hard to predict on-the-go. A carefully
chosen initial hole configuration and location is helpful.
In addition, the frequency shifts are observed in vacuum
with slightly different resonances than in air. Method I
has a net process time of 1 - 5 min., whereas the manual
procedure of Method II can take 30 minutes or more per
cantilever. Method I requires preparation time for cantilever
characterization and simulation. Although no such preparation
needed with Method II it requires a suitable setup within
the vacuum chamber. It includes electrical connections and a
vacuum capable pre-amplifier.

A. Method I: Using a Digital Mask

The bitmap file is loaded into the FIB software and used
as a milling mask by placing it on top of the cantilever. The
milling time is a function of beam current (typically 10 nA),
acceleration voltage (typically 10 kV), milling area and depth.
Figure 5(c) shows the harmonic cantilever in the FIB chamber.
Figure 5(d) is an optical image of the cantilever of Figure 5(c).
Due to the cantilever fabrication process they can slightly
vary in length, width and/or thickness. However, this can be
corrected by properly aligning (stretching or quenching) the
mask onto the cantilever, which adjusts for the shifted nodes.

Three additional milled cantilevers are shown
in Figure 6(a)-(c). Figure 6(d) is a photo from inside
the chamber with a mounted cantilever ready to be processed.
In Figure 6(c), the milled holes are too wide, causing the
undesired removal of the heating meander.

The milling process works well without using precursor
gases. Those are often used to bind the sputtered material and
avoid its deposition back to the sample. The SEM images
of processed cantilevers indicate a contrast of the heating
meander between milled holes. It is due to charges created and

Fig. 6. a-c) Three additional milled cantilevers, d) photo from inside the
chamber with a mounted cantilever. In c) the milling process caused the
undesired removal of some of the aluminum meander layer.

trapped inside the top passivation layer. As will be confirmed
in Section V this does not influence the resistance of the
heating meander. This effect has been observed before as well
as with a regular SEM. The FIB milling procedure is used as a
parallel process, such that the heating meander is crossed over
continuously. Setting the milling to a serial process might be
able to prevent this effect.

B. Method II: In-Situ Approach by Observation

The cantilever can be modified by observing its frequency
shifts in-situ. Here, the cantilever is mounted on a vacuum
capable Printed Circuit Board (PCB) containing a pre-
amplifier for the piezo-resistive sensor signal, as seen
in Figure 6(d). All connections are routed to the ZI HF2LI
outside the chamber that is used to obtain the frequency
sweeps. Repeated sweeps are carried out to observe the shifts,
while the ion beam is turned on for short times. Figure 7 shows
frequency shifts at different milling stages for the first three
resonances. In all subfigures, the first and second modification
refers to the milled material between the heating meander and
the large area towards the free end of the cantilever, respec-
tively. Figure 7(c) shows cantilever images for corresponding
frequency sweeps during milling near the free end (read from
bottom to top). The difference between the first and second
sweep is before and after milling between the meander.

Artifacts are caused by the configuration of piezo-sensor
and vacuum pre-amplifier. The design of the pre-amplifier
utilizes only one of the four resistors of the sensor bridge. This
causes distortion of the shape of some resonances (for example
top resonance in Figure 7(a)). It also causes the shape of
some frequency sweeps to appear as dynamic zeros near the
resonances (Figure 7). The artifacts disappear by using a
pre-amplifier utilizing the full Wheatstone sensor bridge.

V. CANTILEVER CHARACTERIZATION, IMAGING

RESULTS AND DISCUSSION

In this section, the resistances of the heating meander,
frequency sweeps in air, mode shapes of the cantilever’s
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Fig. 7. Frequency shifts of the first three resonances during the modification
in the FIB. All diagrams need to be read from the bottom to the top.
a) 1th Eigenmode. b) 2nd Eigenmode. c) 3rd Eigenmode.

transverse resonances, enhancements in harmonic responses
and imaging performances before and after the milling process
are compared. The data presented in Subsections V-A and V-B

TABLE I

HEATING MEANDER RESISTOR VALUES BEFORE AND

AFTER THE FIB MILLING

Fig. 8. Frequency sweeps of the active cantilever (Figure 5) before
(black curve) and after (red curve) FIB milling. The inlets provide magni-
fications for a better view.

are created with the same cantilever before and after the
FIB process. In contrast, the data in Subsections V-C, V-D and
V-E are obtained with the cantilever shown in Figure 5(c)/(d)
and compared to an almost identical and unmodified cantilever.
Initially, both of them were fabricated as direct neighbors on
the wafer and are therefore very similar in their characteristics.

A. Resistances of the Heating Meander

It can be confirmed that resistances of the heating meander
are not influenced by the milling process. The cantilever
in Figure 5(c) indicates an altered contrast of the aluminum
between the holes. Table I lists the resistances measured
before and after the FIB modifications, referring to respective
cantilevers shown in different figures. The values are matching,
considering the measurement uncertainties, error of the
measurement device, and slightly different contact resistances
at the contact pads of each measurement.

B. Resonances

Frequency sweeps in air before and after the milling
of the cantilever in Figure 5 are compared in Figure 8.
The resonances before the modification are 48.004, 298.532
and 810.439 kHz. As discussed in Section III the original
ratios are 6.219 and 16.883. After milling, the resonances
have changed to 49.442, 296.781 and 791.488 kHz. The new
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ratios of the second and third transverse eigenmode to the
first eigenmode are 6.003 and 16.009 in air, respectively. Using
similar actuation and sensing settings in the AFM, it can also
be noted that the amplitude of the first resonance is slightly
decreased after the FIB modification, as seen in Figure 8. Also,
the two peak amplitudes of the higher resonances are slightly
increased. A similar behavior has been observed on different
FIB milled cantilevers.

The plot in Figure 8 indicates an amplitude roll-off towards
lower frequencies. This is particularly pronounced in the
presented logarithmic scale. It is caused by a High-Pass filter
at the input of the AFM controller. This is to filter static
cantilever sensor signals in dynamic AFM modes.

In the following, the frequency shifts of the cantilevers
in Figure 6(a) and 6(b) are briefly indicated. All resonances
of the cantilever in Figure 6(a) have decreased. Equivalently,
the first, second and third resonance of the cantilever
in Figure 6(b) are increased, decreased and decreased,
respectively. Upon milling, one of the two eigenmode ratios
changes more rapidly in respect to the other, as compared
to the discussed cantilever of Figures 4 and 5. Such hole
configurations can be necessary for different cantilevers
depending on the initial ratios.

In ambient pressure the influence of the holes on the
Q factors is evaluated. It is based on the shape of the resonance
curves of a different cantilever. The center frequency of the
resonance is divided by its bandwidth, evaluated at its half-
power points (70.7% of peak amplitude) on both sides of the
curve. The measurements are based on the same cantilever,
obtained before and after the modification with the FIB. The
Q factors for the first, second and third transverse resonances
are reduced from 134 to 109, from 253 to 223 and from
286 to 278, respectively. As a comparison, the authors in [33]
place holes in regular cantilevers to minimize the squeeze-film
damping effect on the Q factor while being close to a sample
surface.

C. Modeshapes of the Cantilever Vibrations

The shapes of the first three transverse cantilever
eigenmodes without and with the modifications are compared
with each other (Figure 9). The utilized harmonic cantilever
is the one discussed in Section III and presented in Figure 5.
In this case, the modification of the stiffness domain is
dominant. It shifts the nodes of vibration and thus changes
the mode shapes. This is most pronounced in the third
eigenmode, where the nodes are considerably shifted towards
the free end of the cantilever.

The curves are not always smooth as they carry uncertain-
ties based on the measurement technique. A SIOS GmbH,
Germany, interferometer (Nano Vibration Analyzer) with
<0.1 nm resolution is mounted on an anti-vibration table. The
laser is focused onto the cantilever, which in turn is mounted
on a stage adjustable by three micrometer screws. During
the experiment the cantilever is adjusted in steps of 10 μm
along its length. This results in 36 to 38 measurements
depending on the actual length of the cantilever. The major
uncertainties in the measurement arise from the use of the

Fig. 9. Measured mode shapes of the first three transverse eigenmodes:
a) First, b) second and c) third mode shape, respectively. 3-dimensional mode
shape simulations of the harmonic cantilever are shown in d).

TABLE II

PEAK AMPLITUDES AT THE CANTILEVER TIPS USED FOR MODE SHAPE

MEASUREMENTS AND NORMALIZATIONS

micrometer screw, with a placement error estimated to be
around ±1 μm each interval. In addition, the start point at
the free end of the cantilever can vary by a few micrometers.
All diagrams in Figure 9 show an interruption with missing
values close to the fixed end of the cantilever. It occurs when
the interferometer laser hits the small stress concentration hole
while it is moved along the centerline of the cantilever. For
example, the hole can be seen in Figure 5(a). Figure 9(d)
shows the 3-dimensional simulated transverse mode shapes of
the active cantilever. They correspond to the measurements
in Figure 9(a)-(c). Table II indicates the amplitude at the tip
of each cantilever and transverse eigenmode that is used to
normalize the mode shape. Hence, the values correspond to the
value ‘1’ in the curves of Figure 9. The remaining amplitudes
along the cantilever are hence proportionally scaled.

D. Amplification of Harmonics

The amplification of the harmonics is demonstrated in the
following. Each cantilever is actuated at its first resonance
frequency. Here, the amplitudes in free air are 149 nm and
139 nm for the regular and harmonic cantilever, respectively.
Both are then put into an intermittent contact with a sample
surface. The distance is specified by a set-point of 35%. The
sample is the Bruker PS-LDPE-12M as described in Section II.



SCHUH et al.: ACTIVE MICROCANTILEVERS FOR HIGH MATERIAL CONTRAST IN HARMONIC ATOMIC FORCE MICROSCOPY 1629

Fig. 10. Harmonic response of the harmonic and regular cantilevers tapping
on the PS-LDPE-polymer sample at different locations that are indicated in
the sub-diagrams. a) and b) are the harmonic and regular cantilever tapping
on the harder PS region, respectively, c) and d) are the harmonic and regular
cantilever tapping on the softer LDPE region, respectively.

Fig. 11. FFT of the cantilever signals in free air.

A topographic image of the sample is taken to locate the
different polymers. One at a time, the tip of each cantilever is
placed on each polymer type. Here, the AFM is only used to
control the distance of the tip to the sample without scanning
the surface. The ZI HF2LI computes the 32768 points FFTs
of each cantilever’s sensor signals tapping the two different
polymers. Note that the signals are measured right after
their pre-amplification. Hence, the AFM controller’s High-Pass
filter with its roll-off present in Figure 8 does not influence
the measurements.

Figure 10 shows the different FFTs. Figure 10(a) and 10(c)
are obtained with the harmonic cantilever and
Figure 10(b) and 10(d) with the regular cantilever. The
sub-figures indicate the polymers measured with each FFT.
In addition, the noise appears to be different for both
cantilevers, visible due to the logarithmic scale. The regular
cantilever’s FFTs are obtained without averaging, whereas the
harmonic cantilever’s FFTs have an RMS averaging setting
of 10 cycles. However, the FFTs are obtained after a steady
state is reached during acquisition. The peaks around 50 kHz
correspond to the first resonances and are constant in all
cases, as it is used for distance feedback control.

For comparison, Figure 11 presents a typical FFT of the
vibrating cantilevers in free air with the absence of excited
harmonics.

Fig. 12. Zoom into the 6th harmonics’ responses of Figure 10 for better
comparison and in a linear scale. The same two cantilevers are intermittently
tapping on the a) PS and b) LDPE.

Figure 12 is a subset of Figure 10, where the 6th har-
monics are shown on a linear scale for better comparison.
Figure 12(a) and 12(b) compare the two cantilevers positioned
on the PS and LDPE regions, respectively. On the PS region,
the response of the harmonic cantilever has increased by
2.70 times compared to the regular cantilever; the response
on the LDPE has increased by 1.99 times. As a note, the
6th harmonic of the harmonic cantilever reaches almost 10%
of the first resonance’s signal.

E. Imaging Results

The improvements in material contrast are shown in scanned
AFM images. The sample under investigation consists of a
silicon substrate with gold particles spun onto the surface.
The cantilevers compared are the harmonic cantilever
of Figure 5(c) and a regular cantilever similar in its character-
istics, as discussed earlier in this section.

Two sets of images are taken with the setup of Figure 1, one
with each cantilever. Each image set contains the topography
and phase obtained with the first resonance as well as an
image by monitoring the 6th harmonic (Figure 13). The latter
is demodulated by the external ZI HF2LI Lock-in amplifier.
It is locked onto the frequency that is 6 times higher than the
first resonance frequency used for scanning. The magnitude
of the 6th harmonic is plotted simultaneously with the other
two images to keep the lateral dependencies.

In all cases the scan ranges are (1.7 μm)2 at a rate
of 1 line/s and set-point of 35%. The free amplitudes of
the first resonances are 88 nm and 95 nm for the harmonic
and regular cantilever, respectively. The 6th harmonic of the
regular cantilever (Figure 13(f)) does not indicate an increase
in information compared to the topography or phase of
the first eigenmode (Figure 13(d) and (e)). In contrast, the
6th harmonic of the harmonic cantilever (Figure 13(c)) shows
various features between the gold particles that cannot be seen
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Fig. 13. (top row) are obtained with the harmonic cantilever, whereas
(bottom row) are acquired with the regular cantilever. present the images
of the topography obtained with the first resonances, their phases and the
responses of the 6th harmonics, respectively.

in the topography or phase images (Figure 13(a) and (b)).
An example area for comparison is indicated by dashed white
circles. That contrast is assumed to originate from residuals
of the fluid that contains and is used to spin the gold particles
onto the silicon substrate. The harmonic cantilever is hence
able to pick up these residues, whereas the regular cantilever
is not.

On a last note, a small part of the contrast improvement
achieved by extracting the higher harmonics can be attributed
to the FIB modified cantilever parameters. As indicated in
Section V-B the Q factors of all eigenmodes are lowered
by 18% or less. This suggests increased tip-sample forces of
the first transverse resonance tapping the surface and results
in amplified higher harmonic signals. The lower Q factors
in the higher eigenmodes lead to slightly increased harmonic
excitations that damp out more quickly [18], [27]. Another
factor is the modified dynamic stiffness of each eigenmode.
However, in the first eigenmode the mass domain is mostly
affected by the FIB modification.

VI. CONCLUSION

In this work, harmonic active cantilevers are created
to enhance the material contrast of AFMs. It is based on the
sample’s excitation of higher harmonics dependent on the
local material properties. Here, the SNR is improved by
matching the cantilever’s higher transverse eigenmodes with
nearby harmonics. A FIB is used as a rapid prototyping
tool to shift the eigenfrequencies of the cantilever. This is
achieved by removing mass at locations specified by FEM
simulations beforehand or in-situ during milling. The resulting
cantilevers’ harmonic responses are amplified and result in
material contrast improvements during imaging. In addition,
the higher harmonics of the piezo-resistive sensor based
cantilevers show a significant response of up to 10 % of the
first harmonic. This makes these cantilevers extremely suitable
for the described method, as the response is much higher than
of regular cantilevers reported in the literature. Our compact
and fully integrated cantilevers can also be easily combined
with fluid and vacuum environments. For example, this
allows the observation of the dynamics of biological samples

and their mechanical properties in fluid. As another example,
the cross-linking effect of a microelectronic polymer resist
upon lithography can be investigated in its locally modified
stiffnesses.

A few future improvements of the presented work can
be formulated. The parameterized simulation method utilized
results in several simulation runs. This is required to obtain a
set of masks to account for various different cantilevers. As a
future step, we anticipate to introduce an automatic topology
optimization. In that case, an objective function is minimized
according to given criteria such that the targeted dynamic
behavior and milling mask is found automatically for a given
cantilever. In addition, the repetition of the frequency sweeps
in Figure 7 can be replaced by a PLL based approach to track
the resonance shifts in real-time.
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