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A subsurface add-on for standard atomic force microscopes
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The application of ultrasound in an Atomic Force Microscope (AFM) gives access to subsurface
information. However, no commercially AFM exists that is equipped with this technique. The main
problems are the electronic crosstalk in the AFM setup and the insufficiently strong excitation of
the cantilever at ultrasonic (MHz) frequencies. In this paper, we describe the development of an
add-on that provides a solution to these problems by using a special piezo element with a lowest
resonance frequency of 2.5 MHz and by separating the electronic connection for this high frequency
piezo element from all other connections. In this sense, we support researches with the possibility to
perform subsurface measurements with their existing AFMs and hopefully pave also the way for the
development of a commercial AFM that is capable of imaging subsurface features with nanometer
resolution. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915895]

. INTRODUCTION

A general holy grail in microscopy is to nondestructively
image the interior of a sample or, equivalently, to image
below a surface. This goal is achieved by acoustic (ultrasound)
microscopy, in oil field searching technology, by Magnetic
Resonance Imaging (MRI), and in a Transmission Electron
Microscope (TEM). However, except for a TEM, all these
microscopes suffer from a relatively bad resolution. The latest
generation of TEMs' can clearly reach even sub-A resolution,
but the samples are limited in thickness, as the electron beam
has to penetrate them. Moreover, these machines require ultra-
high vacuum such that imaging under ambient conditions is
hardly possible and, in addition, the high-energy electron beam
might also have an influence on the sample.

Consequently, it was great news>~* that the combination
of ultrasound with an AFM, a technique that is widely used in
many different fields,'! also enables subsurface imaging, but
now on the nanometer scale, on almost any type of sample, and
in almost any condition.

By now, ultrasound-AFM techniques have been applied
to image nanoparticles inside polymer matrices,*!'>1¢ voids
in metals,'” the inside of mammal cells,*!%!° the inside of
plant cells,?° and for the determination of resonance frequen-
cies as well as their mode shapes of nanomechanical sys-
tems.?! Although it has been successfully demonstrated on all
these different systems that ultrasound-AFM provides access
to otherwise unobtainable sample information, the interpreta-
tion of these images is not well understood, as the physical
origin of the contrast formation as well as the incredible resolu-
tion remain (until now) a mystery. First steps towards a deeper
understanding have been recently set,”>*?> however, the real
questions have not been answered yet.

Concerning the technical aspects, three (slightly) different
modes have been developed that all enable subsurface infor-
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mation with an AFM by applying ultrasound with a frequency
in the order of a few MHz: in Ultrasonic Force Microscopy
(UFM)>* the ultrasonic wave is sent from the back through
the sample, while in Waveguide-UFM* the sound wave is sent
through the cantilever. Heterodyne Force Microscopy (HFM)?
combines both techniques in one and reaches, as an advantage,
a better time resolution, a higher signal-to-noise ratio, and (still
under debate) also a better spatial resolution. Moreover, as
HFM can also detect the phase between the two ultrasound
signals (through the sample and the cantilever), it is thought to
be the only technique that might deliver full 3D information:
it should be possible to determine the depth of a feature from
a 2D map of the phase difference measured on the sample
surface.

A crucial requirement that enables indirectly the detec-
tion of the ultrasound in all these different ultrasonic AFM
techniques is a real excitation of a low frequency signal in
the cantilever’s motion, which, therefore, usually lies in the
kHz regime. It is exactly this motion that contains the subsur-
face information, as the cantilever is insensitive to the high-
frequency ultrasonic excitation(s). UFM and Waveguide-UFM
work with a low frequency amplitude modulation, whereas
HFM works with a nonlinear coupling between the two ultra-
sonic sound waves to generate a low frequency excitation at
their difference frequency that is explicitly tuned on (or below)
the first resonance of the cantilever.?% It is the nonlinear
interaction between the cantilever’s tip and the sample that
generates the low frequency signal in the cantilever’s motion
in all three ultrasound AFM techniques.

If one considers the, in general, rather extreme require-
ments of a standard AFM on the mechanical stability, vibration
decoupling, and the prevention of electronic cross talk, one
quickly realizes that the implementation of ultrasound is an
issue both for the mechanical as well as the electrical stability
of the microscope. In addition, the excitation by ultrasound
needs to be effectively transmitted to the cantilever and/or
the sample, such that both really oscillate (mechanically) at
the ultrasonic frequency. To ensure stable measurements with

©2015 AIP Publishing LLC
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high resolution, we, first, have to make sure that the ultra-
sound as well as the low frequency nonlinear signal does not
significantly excite a vibration in the mechanical loop of the
AFM, e.g., by exciting a resonance frequency. Second, we
have to minimize the electronic crosstalk of the drive signals
for the ultrasound, as it otherwise would limit the applicable
frequency range of the ultrasound.>' We are not aware of any
commercially available AFM setup that meets these require-
ments and, therefore, we needed to develop our own AFM
add-on.

In this paper, we present an AFM-head with a specialized
cantilever holder that meets all/ of the requirements mentioned
above. To show the applicability of our design to any commer-
cially available AFM setup, and to get a quick start with
our research, we designed the head for a Nanoscope V of
Bruker® existing in our laboratory. The manuscript is orga-
nized as follows. First, we review some of the basic con-
cepts of an AFM that are important to understand the rest of
the paper. Second, we provide the background information
of the electronic crosstalk that arises when the cantilever is
ultrasonically excited. Third, we introduce our design of an
AFM head that solves not only the electronic crosstalk but
also the stability and the excitation problem. Then, we measure
and analyze the characteristics of the piezo elements that are
used for the ultrasound excitation of the cantilever, before we
finally characterize the performance of our cantilever holder
(AFM-head) and compare it with the commercially available
one.

Il. BASICS OF AN AFM

A typical AFM setup is shown in Fig. 1. The bending
of the cantilever is commonly measured via an optical beam
(red), which is reflected from the back of the cantilever onto
a photodetector. Even a small change in bending of the canti-
lever, caused by a height variation of the surface, results in a
measurable signal on the photodetector (blue).

The photodetector is not only sensitive to a small change
in bending of the cantilever, but it also detects any (harmonic)
motion of the cantilever, which is induced with a piezo element

photodetector

<+

X

bundle of cables
to AFM controller

FIG. 1. Schematics of an AFM setup: The bending of the cantilever is
measured via an optical beam method (red). A height change of the surface
results in a change in bending of the cantilever, which leads to a different
signal of the photodetector (indicated with the dashed red line and the blue
line). The piezo element is used to harmonically excite the cantilever. Note
that the photodetector signal and the drive signal of the piezo element go
through the same bundle of cables. This results in crosstalk at ultrasonic
frequencies (indicated by the red cross).
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that is usually mounted just below the cantilever. It is important
to note that the drive signal of this piezo element and the signal
of the photodetector go through the same bundle of cables of
the AFM hardware. This naturally results in crosstalk between
these two signals, as indicated with a red cross in Fig. 1.

lll. ELECTRONIC CROSSTALK

Let us consider two parallel cables in the used AFM setup
to illustrate the electronic crosstalk problem. The diameter of
these cables is typically 400 um, while the separation between
them is typically 400 ym. The connection between the AFM
setup and the control electronics is at least 2 m, which results
in a total capacitance of approximately 70 pF (assuming a
dielectric with €, = 4 between the cables). Together with an
output/input resistance of 50 Q, this results in an electronic
high pass filter between the cables with a pass frequency
of 55 MHz. For a higher output/input resistance, this pass
frequency will be even lower. As a consequence, approxi-
mately 5% of the ultrasonic drive voltage at 3 MHz is directly
transmitted into the other cable. A serious problem arises, if
this cable is used for the electronic signal of the cantilever’s
motion, as it limits the applicable ultrasound to low ultra-
sonic frequencies. The reason for this is that the crosstalk
seemingly generates a cantilever motion, even if there is no
cantilever mounted. This crosstalk can be even so severe that
the electronically introduced signal is larger than the voltage
that corresponds to the real cantilever motion, if excited at
these high, ultrasonic frequencies. In our case, we measured
an apparent signal V; of the cantilever motion of 10 mV (with
mounted cantilever), when we applied a drive signal V; of 1 V
at a frequency of 3 MHz. This 10 mV limits our capability
to measure the cantilever motion as we expect to receive a
photodetecor signal of 3 mV for the cantilever vibrating at
3 MHz. A real measurement is impossible with such a huge
crosstalk.

The red line in Fig. 2 shows the frequency dependent
transfer function |Vy/V;| of the cantilever, measured as Vj
of the photodetector signal, if we excite the cantilever with
V; = 1 V via the piezo element. To provide information about
the signal-to-noise in our system, we measured also the spec-
tral photodetector background (shown in black). The spectrum
shows four resonances of the cantilever at 71 kHz, 432 kHz,
1.183 MHz, and 2.277 MHz, which is in perfect agreement
with the specs of an AC240 cantilever*® that we used in this
measurement. Above the fourth resonance frequency of the
cantilever, the photodetector signal mainly shows the crosstalk
as discussed above, which is indeed approximately 5% of the
drive amplitude. This also prevents us from observing the fifth
and higher resonance frequencies of the cantilever.

A careful look to the spectrum of Fig. 2 reveals also a
second problem. Whereas the detected amplitude of the first
and second resonances of the cantilever are approximately
equal, we clearly observe a decreased amplitude of the third
resonance and an even smaller amplitude of the fourth reso-
nance. This low-pass behavior indicates, in comparison to the
used ultrasound, a rather low resonance frequency of the piezo
element that is used to excite the cantilever.
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FIG. 2. Cantilever transfer function: The normalized amplitude |Vj/V;| (red)
of the photodetector signal, if the cantilever is excited via the piezo element
that we drive with V; =1 V. To give an idea about the signal-to-noise ratio,
we show in black the background noise of the photodetector. The vertical
dashed lines indicate the resonance frequencies of the cantilever at 71 kHz,
432 kHz, 1.183 MHz, and 2.277 MHz. Above the fourth resonance of the
cantilever, the photodetector signal is mainly determined by the electronic
crosstalk, which is also the reason that higher resonances frequencies can not
be observed.

Both the crosstalk and the low resonance frequency of
the piezo element prevented us from performing subsurface,
ultrasound AFM experiments in our commercially available
AFM.

IV. HOME-BUILT CANTILEVER HOLDER

To meet the requirements, we had to solve the problems
discussed in Sec. III, which resulted in a completely home-built
cantilever holder as shown in Fig. 3. We solved the crosstalk by
fully separating the drive signal of the piezo element from the
electronic wiring of the photodetector. An additional improve-
ment in terms of decoupling could be achieved by placing an
electric ground just below the piezo element that excites the
cantilever at ultrasonic frequencies. To address the excitation
problem, we used a special piezo element with a free resonance
frequency of approximately 4 MHz. With these improvements,

FIG. 3. Home-built holder: The electronic drive signal for the ultrasound is
sent through a completely separate wiring. The electric ground that we added
reduces the electronic crosstalk in the home-built holder.
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we are able to detect even the 7th resonance frequency of the
cantilever instead of only up to the 4th (see Sec. VI).

As the details of the design of the piezo stack underneath
the cantilever is crucial for the performance of the complete
holder, we will in the following explain the important issues.
The holder is depicted in (Fig. 4(a)) and the individual ele-
ments of the piezo stack are shown in Figs. 4(b) and 4(c).

For our design, we took the following considerations into
account. First, we decided to use two separate piezo elements:
one for the ultrasonic excitation of the cantilever (HF piezo
element) and another for the relatively low-frequency tapping
mode operation (LF piezo element). Second, to achieve an as
high as possible lowest resonance frequency of the HF piezo
element, as little as possible mass should be added, which has
consequences for the isolations and electrodes. Third, both an
electric ground and isolation plates are a prerequisite to reduce
the electronic crosstalk within the stack as well as the coupling
to the ultrasonic piezo element that excites the sample.

We decided to use isolation plates made of Al,O3 (0.2 mm
thick) and special electrodes (0.1 mm thick Cu foil) with an
isolating varnish on one side. Although it might seem, in the
following description, that we use the Al,O3 plates in a stan-
dard way simply for isolation purposes, the main application of
these plates is the reduction of the electronic crosstalk between
different electrodes by decreasing the involved capacity due
to an increase of the distance between the electrodes. The
application of the very special electrodes made it possible
to reduce the total mass of the stack, which is beneficial for
the resonance frequencies of both piezo elements (and there-
fore the transfer function of the cantilever). Unfortunately, the
Al,O3 plates lower the resonance frequencies of both piezo
elements significantly such that a proper trade-off between the
electrical decoupling and the lowering of the frequencies had
to be made.

In the final design, the cantilever (1) is glued to a titanium
alignment chip (2), which has an angle of 13° such that only
the tip, and not the whole cantilever, touches the sample in
the approached state. Directly assembled below is an Al,O3
plate (3) to reduce the electronic crosstalk between the HF
and the sample piezo elements. We use the combination of
electrode (4), HF piezo element (5), and electrode (6) for the
ultrasonic excitation of the cantilever. Below electrode (6),
there is an Al,O; plate (7) and an electric ground (8) to reduce
the electronic crosstalk within the entire stack. The electric
ground is a large shield that is connected to the ground/mass of
the cantilever holder: as it covers perfectly the entire groove as
well as the LF piezo element, it works like a Faraday cage. This
completely decouples electronically the HF from the LF piezo
element. We use the combination of electrode (9), LF piezo
element (10), and electrode (11) for the standard tapping mode
operation with frequencies up to ~400 kHz.>> The holder, on
which the stack is mounted, is indicated with (12) and the
electrical connections of the individual elements are provided
in (d).

As the ultrasound attenuation in the Al,Oj3 plates attenu-
ates ~1.5 dB/cm for low MHz frequencies, one looses ~1.4%
of the amplitude before the wave reaches the cantilever, if
using the LF piezo element for the ultrasonic excitation. For
the HF piezo element, this is only 0.7%. In addition, the
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D
Electrical connections

Setup-GND: 6, 8,11, 12

Signal (ultrasound): 4

Signal (tapping mode): 9

FIG. 4. Design of our home-built cantilever holder: The complete holder is depicted in (a) and a zoom-in, which shows the individual elements of the piezo
stack, is provided in (b). A cross section through this stack is shown in (c). We used 0.2 mm thick isolation plates made of Al,O3 to reduce the electronic
crosstalks. For the electrodes, we used 0.1 mm thick Cu foils with an isolating varnish on one side. The cantilever (1) is glued on a titanium alignment chip
(2). Directly assembled below is an Al;O3 plate (3) to reduce the electronic crosstalk between the HF and the sample piezo elements. We use the combination
of electrode (4), HF piezo element (5), and electrode (6) for the ultrasonic excitation of the cantilever. Below electrode (6), there is an Al,O3 plate (7) and an
electric ground (8) that works like a Faraday cage, to reduce the capacitive coupling between the two piezo elements in the stack. We use the combination of
electrode (9), LF piezo element (10), and electrode (11) for normal tapping mode operation. The holder, on which the stack is mounted, is indicated with (12)

and the electrical connections are provided in (d).

amplitude at the cantilever is further reduced, as (due to the
additional mass) the cut-off frequency of the low-pass filter is
significantly lower for the LF than for the HF piezo element.
Although the ultrasound attenuation in the Cu electrodes is
larger (~15 dB/cm), the total thickness of the Cu foils is so
small that they attenuate the amplitude with less than 6.7% for
the LF and less than 1.7% for the HF piezo element. Due to the
above described facts, it is favorable to apply the ultrasound
for the cantilever by the HF piezo element and use the LF
piezo element for, e.g., tapping mode operation. Although
we expected that the used glue also strongly attenuates the
ultrasonic wave, we obtain a significantly strong transmission
to the cantilever, especially for the HF piezo element, as shown
in Sec. IV.

For the assembly, we first glued all electrodes to the piezo
elements using an electrical conducting epoxy (Epotek H20E)
that we cured afterwards for 1 h at 120 °C. Then, the complete
stack was glued together with an electrical nonconducting
epoxy (Epotek H70E) followed by an annealing for 1 hour at
90°C. We applied an external pre-load of ~15 N during all
gluing and curing steps.

From experience during operation, we later noticed that
the noise of the measured amplitude and phase of the canti-
lever’s motion could be significantly reduced by connecting
also electrode (6) on purpose directly to the ground/mass of
the cantilever holder. This “shortcut” makes the ground of
the cantilever holder and the ground of the ultrasonic drive
signal exactly the same. The ground of the drive electronics
comes, therefore, from the ground of the cantilever holder
(without a ground loop being present via the power supplies).

Since the LF piezo element is only operated at relatively low
frequencies, the isolating varnish on the electrodes together
with the nonconducting epoxy is sufficient to isolate it from
the rest of the holder.

V. PIEZO STACK CHARACTERIZATION

To enable the application of ultrasonic frequencies as high
as possible, we chose for special piezo elements with signifi-
cantly high free resonance frequencies. Such piezo elements
are commercially available from Applied Laser Technology
(ALT)*” and PI Ceramics*® and we decided to use the elements
as characterized in Table I to excite the cantilever as well
as the sample at ultrasonic frequencies. In order to receive
optimal transmission of the piezo vibrations into both the
cantilever and the sample, we directly glued them onto their
corresponding piezo elements using Crystalbond 509.%

To check whether the first free resonance of the piezo
element for the ultrasonic cantilever excitation is in the order

TABLE 1. The used piezo elements: The table provides the dimensions,
length x width X height (L X W X H), and the material of the piezo elements
that we applied to excite both the cantilever and the sample at ultrasonic
frequencies.

Dimensions
Piezo L x W x H (mm) Material
Cantilever 2%x2x0.3 PIC 15548
Sample 10 x 10 x 0.5 PIC 25548
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of a few MHz, we measured the voltage Vj in the electric
circuit shown in Fig. 5 as a function of frequency. The applied
voltage V; was set to 1 V. The equivalent electrical diagram of
a piezo element is given by its static capacitance C), in combi-
nation with parallel RLC-circuits, which describe the mechan-
ical resonance frequencies, due to the inherent mechanical-
electrical coupling given by the piezoelectric material. In
Fig. 5, we only add one RLC-circuit, as we are only interested
in the first mechanical resonance frequency of the piezo. The
effective electrical impedance of the piezo element Z,;.,, is
then

1+ jwR,C, — w*L,C, n
1+C,/Cy+ joR,C, — w?L,C, |’

in which w is the angular frequency of the applied voltage
V;. If one plots |Z,;.;0(w)| as a function of w, one first ob-
serves a minimum in the impedance (maximum in admittance),
which is followed by a maximum in the impedance (minimum
in admittance). The minimum in the impedance corresponds
with the mechanical resonance frequency and occurs at w =
1/VL,C,, whereas the maximum in the impedance is called

1
V4 iezo =~
piez (w) jwcp{

the antiresonance at frequency 1/,/L,(C;' + C,')~!. For the

measured voltage Vj in the electric circuit shown in Fig. 5, we
find
Yo Ro

. — 2
Vi Zpiezo(w) + RO ( )

For frequencies well below 1/27 RyC,,, Eq. (2) reduces to
Vo _
V. = RZplv0 3)
As we measure the root-mean-square value |Vy| and use the

ingoing amplitude V;, we also take the absolute value of the
right side of Eq. (3) and divide it by V2,

V() _ ROCI;/\/E (l_ (‘Uar) ) + (warQar)

Vi| 1+C./C, w\2\2 o \2
(1_ (w_r) ) + (‘UrQr)

in which w,, (w,) is the antiresonance (resonance) frequency

and Q,, (Q,) is the corresponding quality factor. The antires-

onance frequency w,, and its corresponding quality factor

Q. 1s equivalent to the quality factor of the RLC-circuit and
therefore given by

1 [L,
War = 1/ VLrCr’ Qar = R_ C_ (5)

N =~ 5 Piezo
Ry g ' C()
:Cr ==CP'
1
:_L_'__%___:
——0

FIG. 5. Electric circuit used to determine the resonance frequencies of the
piezo elements: The applied voltage V; is set to 1 V. We measured the voltage
Vo over a low Ohmic resistance of Ro=1 Q, to determine the capacitance
C(w) as a function of the excitation frequency.
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Similar, we can express the resonance frequency w, and
its corresponding quality factor Q, in terms of the parameters
of the RLC-circuit:

Wy = War4/ 1+C./Cp, 0, = Qar(l + Cr/Cp) (6)

Let us now compare the characteristics of the two piezo
elements in our cantilever holder. Figures 6 and 7 show the
absolute value of the transfer function |V,/V;| as a function of
frequency for the LF and the HF piezo element, respectively.
The insets show the complete measured frequency range from
1 kHz to 50 MHz, while the main graphs provide a zoom
around the first resonance frequency. The measurement is
shown in black, the RLC-circuit (Eq. (4)) is shown in red,
and the dashed red line shows the transfer function of the
capacitance C, in series with the resistance Ry.

For the LF piezo element, we extract a mechanical re-
sonance frequency of 0.923 MHz and an antiresonance at
0.948 MHz, of which the corresponding quality factors are 10
and 11, respectively. These numbers have to be compared with
those of the HF piezo element, for which we found a resonance
frequency of 2.543 MHz and an antiresonance at 2.552 MHz,
as well as the corresponding quality factors of 13 and 15,
respectively. From the measured resonance and antiresonance
frequencies, we conclude that the HF piezo element should be
able to excite the cantilever up to 2.5 MHz. The resonance
frequency of the LF piezo element is more than a factor 2
smaller, which indicates that it is not possible to excite the
cantilever at MHz frequencies with this piezo element.

From the linear slopes in Figs. 6 and 7, we determine the
capacitances C,, of both the LF and the HF piezo element.
The LF piezo element has a C,, of 2.1 nF and that of the
HF piezo element is 1.4 nF. We compare these numbers with
the values calculated for a parallel plate capacitor with the
dimensions given in Table I. We calculate a C,, of 2.6 nF and
0.2 nF for the LF piezo element and the HF piezo element,
respectively. These values are of the same order of magnitude
as the measured ones with a larger deviation for HF piezo
element. A reason for this could be an additional parallel
capacitance, e.g., due to the connecting cables.

5E-3 L
S5 1E-34 ‘ E
)
= 0,01
> ’
~ 5E-4 _1E3
= 3 1E4
5_1E-5
SC1E-6
1E-7
1E-3 001 01 1 10
1E-44 Frequency [MHz] F
0,1 0,5 1 5 10
Frequency [MHz]

FIG. 6. Transfer function |V)/V;| as a function of frequency for the LF piezo
element: the inset shows the complete frequency range and the main graph is
a zoom around the first resonance frequency (~0.9 MHz). The figure shows
the measurement (black), the RLC-circuit (Eq. (4)) (red), and the transfer
function of a high pass filter (dashed, red).



033704-6 Verbiest et al.
5E_3 " " aoaoaoaoa b s e s a sl sl
4E-3 5 2
3E-3 4 3
= 2E-3 a
;_ 0’0] 1 ul d ul ul
~ S 1E3 L
> S1E4 3
16-3 SolES 1
1E-6 L
1E3001 01 1 10
Frequency [MHz]
1 2 3 4 5 6 7 8 910

Frequency [MHZz]

FIG. 7. Transfer function [V{/V;| as a function of frequency for the HF piezo
element: the inset shows the complete frequency range and the main graph is
a zoom around the first resonance frequency (~2.5 MHz). The figure shows
the measurement (black), the RLC-circuit (Eq. (4)) (red), and the transfer
function of a high pass filter (dashed, red).

Most ultrasound AFM techniques also need an ultrasound
excitation of the sample. By using a piezo element similar to
the one used for the ultrasound excitation of the cantilever, see
Table I, it is also possible to significantly excite the sample at
MHz frequencies.

VI. PERFORMANCE OF OUR HOLDER

To illustrate the final performance of our cantilever holder,
we characterized the photodetector signal while driving the
cantilever one time via the LF and the other time via the
HF piezo element. To be fully comparable with the earlier
measurements shown in Fig. 2, we used not only exactly the
same cantilever but also the same parameters. Moreover, to
demonstrate the reduction in crosstalk, we also measured the
photodiode signal while driving the HF piezo element without
a mounted cantilever. The results are shown in Fig. 8.

Let us start with the background signal (here purple,
whereas it is black in Fig. 2) of the photodetector, which
means that there is no cantilever mounted and none of the
piezo elements is driven with an electronic signal. This signal
is fully unchanged, which is no surprise without alterations
in this electronic path. Although not shown in Fig. 2, here
we show (in blue) also the photodetector background signal,
if we apply an electronic signal with 1 V to the HF piezo
element to provide information about the signal-to-noise level
for the final application. Up to 300 kHz, this noise level
follows the background noise level of the photodetector. At
around 1 MHz, we find an electronic resonance, after which the
crosstalk reduces to a level of 2 x 10~* V;. The improvement is
significant, as this noise level is ~2 orders of magnitude lower
than the noise above 2 MHz in the original head. Obviously, the
“old” high noise level for high frequencies is present (see red
line), if we electronically drive the LF piezo element in our
new holder. The reason for this is that the cabling of the LF
piezo element still goes through the AFM head and, therefore,
has a large crosstalk with the photodetector signal.

The transfer function of the cantilever, measured via the
photodetector signal, is shown in red for the case that we
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FIG. 8. Cantilever Transfer Function of the New Holder. Excited with V; = 1
V via the HF piezo element (black) and via the LF piezo element (red).
Using the HF piezo element, we can observe the motion up the 7th resonance
frequency of the cantilever at of ~10 MHz, while it was possible only up to
~2 MHz (4th resonance) with the original holder, which is comparable with
the excitation via the LF piezo element. Please note also that the noise above
2 MHz is significantly decreased. The dashed lines indicate the low-pass
filter action of the piezo elements above their resonance frequencies. To give
an idea about the signal-to-noise ratio, we show the background noise of
the photodetector without a mounted cantilever: in purple without any drive
signal and in blue, if we apply the drive signal to the HF piezo element.

excite the cantilever via the LF piezo element, and in black,
if we excite it via the HF piezo element. There is a significant
improvement, as we now can resolve even the 7th resonance
frequency, whereas we could only work up to the 4th one with
the original microscope. Ultrasonic cantilever excitations are
now possible and detectable up to ~10 MHz, whereas we were
limited to ~2 MHz before. This is a huge improvement in
SubSurface-AFM, as both the contrast and the resolution scale
with the frequency squared.?

In addition, one notices a clear difference between the
excitation via the LF versus the HF piezo element. Both piezo
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FIG. 9. Subsurface-AFM experiment: The black “spots” are 20 nm large
gold particles that we carefully embedded 80 nm below the surface.
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elements have their own lowest resonance frequency, and as
the LF piezo element has more mass on top, its resonance fre-
quency is lower. Beyond the resonance frequency the mechan-
ical amplitude dramatically decreases, since the system acts a
mechanical low-pass filter. This behavior can clearly be seen
at the red and the black dashed lines that connect the maxima
of the resonance peaks for one particular choice of a piezo
element. The filter effect sets in around 1 MHz for the LF
piezo element and around 2.5 MHz for the HF piezo element,
which are both perfectly in agreement with the piezo elements
characterization described in Sec. V. This again shows the
importance of choosing a design and a piezo element such that
the final resonance frequency is as high as possible.

Finally, to demonstrate the functionality of our holder,
we performed a SubSurface-AFM experiment.? For this, we
prepared a model sample that contained 20 nm large gold
nanoparticles embedded in a 200 nm thick polymer film such
that the particles are all buried 80 nm’s deep. In the exper-
iment, we used our special holder to excite the cantilever
at 2.5 MHz. Using a similar piezo element, the sample was
excited at 2.52 MHz. Figure 9 shows the measured amplitude
of the heterodyne difference frequency signal, which clearly
shows the buried gold nanoparticles as black spots. This proves
the functionality of our holder for SubSurface-AFM experi-
ments.

Vil. SUMMARY

We showed that one should address two main general
issues when designing an AFM cantilever holder that is suited
for ultrasonic applications. First, due to the high frequencies,
electronic crosstalk between the cables of the drive signal to
the piezo element that excite the cantilever and the cable of the
photodetector output signal is a general concern at ultrasonic
frequencies. Second, to reach sufficient excitation amplitudes
of the cantilever, conventional piezo elements with resonance
frequencies below the desired excitation frequency are far
from adequate. One needs not only to design a holder with
low mass as possible on top of the piezo element that is used
to excite the cantilever at ultrasonic frequencies, but one also
needs to make use of special piezo elements with natural high
resonance frequencies.

We solved these problems by using a piezo element with
a resonance frequency of 2.5 MHz in combination with the
physical separation of the electronic drive signal of this piezo
element from the entire AFM. As a result, we were able to
excite the cantilever up to its seventh resonance frequency,
which is approximately at 10 MHz. In comparison to the
original holder, this breaks down to an improvement of a factor
4 in frequency range, which delivered an increase in subsurface
resolution as well as in contrast with a factor of 16.?> This
allowed us to gather significant insight in the general technical
aspects of HFMs?*28 as well as in the determination of the
physical mechanism that is responsible for the contrast forma-
tion!?

By applying a similar piezo element mounted underneath
the sample, we were also able to transmit sufficiently strong
ultrasound waves into the sample such that we easily could
measure the ultrasonic motion of ~3 A at the sample surface.?’
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Our solution allows researchers to build their own HFM
add-on such that they can cheaply and quickly perform subsur-
face measurements with existing AFM’s in their labs. This
might also pave the way for commercial applications of ultra-
sound AFM techniques. Ultimately, this is of crucial impor-
tance, as subsurface imaging is a long standing desire in
microscopy in general. One might think about applications in
cell biology,*'>13-20 material science,'>'*!>? and nanoelec-
tronics*!”7 as well as nanomechanics.?!
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