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Abstract. This chapter explains a series of work carried out to implement atomic
force microscopy (AFM) capable of operating at frequencies above 1-200 MHz with
an amplitude of drive of a few 10—100 pm, both in the deflection and torsional modes.
To implement such a microscope, various elements that constitute the AFM were
reconsidered from scratch. The issues are; (i) Cantilever, (ii) Cantilever vibration
excitation, (iii) Cantilever vibration detection, (iv) AFM head, and (v) Control
scheme. The instrumental aspect of the microscope will be discussed in the former
half, and the results obtained will be discussed in the latter.

17.1 Cantilever

Miniaturization of the cantilever enables increase of natural frequency f, while
maintaining a set value for the spring constant. Mass sensitivity of a cantilever
improves with increasing frequency. For example, a cantilever with a natural
frequency of 100 MHz, @ factor 10,000, spring constant 1 N/m, temperature
10 K, driven with an amplitude of drive of 10 nm has in principle, frequency
noise comparable to change in mass by one hydrogen atom [1]. The use of
small cantilevers is expected to introduce the function of mass detection at the
molecular or atomic level to cantilever based microscopy. It should, however,
be noted that exploiting the intrinsically high sensitivity of a nanocantilever,
or coupling to a nano device is in itself a challenging topic, and has a lot of
technical issues such as measurement related frequency noise to be cleared.
Various attempts to fabricate small cantilevers or high-frequency cantilevers
and beams have been made over the past 20 years. The term “nanocantilever”
first appeared for a metallic ball held by a filiform neck. Formation of such
a structure was predicted by Mullins in 1965, and confirmed experimentally
in 1969 in the process of sharpening metal tips for field emission [2]. In the
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Fig. 17.1. Examples of metal nanocantilevers fabricated by heating a low tapered
metal tip. (a) a 200 nm diameter metal ball ripening, (b) multiple ripening connected
by filiform necks

early 1990s, N. Garcia and Vu Thien Binh published a paper on using such
structures, which may attain a natural frequency of 1 GHz, as a force and mass
sensor in AFM [3]. From 1995, the authors carried out a series of experiments
on the method introduced earlier. Examples are shown in Fig. 17.1. In many
cases, the tip-apex formed a sphere and a filiform neck due to Oswald ripening,
but the morphological evolution was difficult to predict or control as shown in
Fig. 17.1(b), not to mention batch fabricating a large number of cantilevers
as a stock for AFM use [4]. Fabrication of AFM tips on the spherical mass
was also an unsolved problem.

nanocantilever fabrication shifted to the use of MEMS fabrication tech-
niques, where the cantilever could be tailor made with large numbers of
hundreds or millions [5]. Due to the small size of the cantilever, the use of
anisotropic etching of silicon was employed to ensure repeatability of fabri-
cation that is not so much affected by the accuracy of the photolithography
process [1]. Figure17.2 shows some examples of the fabricated cantilevers.
Some measure a few microns, and their natural frequency can be as high as
100 MHz. Attaining an amplitude of drive of around 100 pm, became the key
issue in actually utilizing these cantilevers for AFM imaging. Fabrication of
small cantilevers can be found in the literature [6-9].

17.2 Cantilever Vibration Excitation

The stable fabrication of small- and high-frequency cantilevers necessitated
the selection of a reliable vibration excitation method. Massive piezo ele-
ments, a widely used device, attached to the base of the cantilever did not
show a flat frequency response, and were not suitable for frequencies above
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Fig. 17.2. Small cantilevers and oscillators fabricated from bulk silicon. (a) mil-
lions of cantilevers made by anisotropic etching of silicon, (b) triangular cantilevers
composed of silicon nanowires, and (c) silicon nanowire cantilever with tip
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Fig. 17.3. Comparison of photothermal excitation and piezo excitation

ca. 5 MHz. Photothermal excitation proved to be effective in a wide range
of frequency from DC to above 100 MHz [10-12]. In this method, a focal-
ized beam from an intensity modulated laser diode was guided to the surface
of the cantilever through an objective lens. For commercially available can-
tilevers, an intensity of 1 mW was sufficient in vacuum, and 2 mW in water.
Figure 17.3 shows a comparison of photothermal excitation and piezo exci-
tation made with the same liquid AFM. Since the actuation acts on the
oscillator directly, various vibration modes of the oscillator could be excited
with clarity. Phase rotation around resonance was also clear, facilitating phase
based controls. Positioning of the excitation laser spot enabled the selection
of modes to be excited, while surpressing unexpected mode-hopping. Other
possible excitation methods have been employed in the field of mass sensing
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with mechanical oscillators, such as, electrostatic excitation, joule heating
excitation [13], surface acoustic wave excitation, magnetic excitation [14],
and piezoelectric actuation [15,16]. In terms of simplicity, photothermal
excitation is favorable, but for cantilevers measuring below 1um in width
or length, the other methods listed earlier may prove to be more feasible.

17.3 Cantilever Vibration Detection

Stable fabrication of micron sized cantilevers also facilitated the comparison
and development of various cantilever vibration detection schemes. Issues put
to question were (i) focalization down to the diffraction limit to accommodate
micron sized cantilevers, (ii) capacity to measure the vibration of cantilevers
up to the 100 MHz regime, (iii) ease of use in UHV and cryostats, (iv) com-
patibility with the photothermal excitation method, and (v) stability. Optical
methods were considered first to lessen the requirements on the cantilever.
Two methods were considered; (i) Homodyne detection using a focusing mir-
ror and a reference arm incorporated with in the millimeter sized optical
probe, with two optical fibres supplying and retrieving light to and from the
optical probe and (ii) heterodyne laser Doppler detection with various carrier
generating schemes. Among the two, the latter was superior in performance
due to the high signal-to-noise ratio and stable operating point, typical of
heterodyning techniques. The fact that velocity was directly measured acted
favourably for small- and high- frequency cantilevers because the velocity sig-
nal increased in proportion to frequency for a given amplitude of drive. As
the result, the noise floor of the measurement scheme gave a 1/f decrease in
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Fig. 17.4. Typical noise floors of the heterodyne laser Doppler interferometer with
80 MHz or 1.1 GHz carrier
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terms of displacement [17]. Figure 17.4 shows typical noise floors for various
sensitivity and frequency ranges of the Doppler interferometer. Noise level
below 1 fm//Hz was attained around 2 MHz. For high-frequency measure-
ment above 20200 MHz, the beat between two longitudinal modes of a He—Ne
laser at 880 MHz plus a 200 MHz AOM, or a cascade of two AOMs operating
at 540 MHz were used to generate a carrier above 1 GHz. For frequency range
below 20 MHz, the use of a 80 MHz AOM proved to give the best perfor-
mance in terms of signal-to-noise ratio, and are used our liquid AFMs and
UHV AFMs operating below 20 MHz. The method could detect the vibration
of a tungsten suboxide whisker measuring 70 nm in diameter, but requiring
a narrow bandwidth in such a case, and not suitable as yet to accommodate
such cantilevers for AFM and image with a reasonable scan rate. On the other
hand, cantilevers measuring a few microns, and larger than the focal diameter
could be measured with a good signal level up to 200 MHz. Heterodyne detec-
tion was effective in avoiding cross-talk between optical vibration excitation
and measurement down to the fm level, since measurement was carried out
around 80 MHz or 1.1 GHz, and not in the vicinity of the cantilever vibration
modes.

17.4 AFM Head

Since detection and excitation of the cantilever vibration can be implemented
by optical means, the design of the AFM is a relatively simple matter of
positioning a focusing lens with respect to the cantilever. Figure17.5 depicts
the schematic of the laser Doppler optics with a 80 MHz AOM, and Fig-
ure 17.6 depicts a liquid AFM composed of an inverted optical microscope
objective, two photothermal excitation lasers operating at 405 and 780 nm,
illumination laserdiode, a CCD and the laser Doppler optics. The returning
beam of the laser Doppler measurement is collected through the same optical
path, so steering of the laser beam with a mirror was enough to position the
laser spot on the designated location of the cantilever. Figure17.7 shows the
optical probe of an UHV AFM. Four beams guided to the optical probe are,
the measurement beam, the reference beam, the photothermal laser beam,
and the illumination beam. Guiding the reference arm to the optical probe
was effective in decreasing the effect of axial and orthogonal vibration of
the optical probe with respect to the laser source and the axis of the laser
beam. The same optics was also applied to an UHV TEMAFM, with the
exception of the focusing lens, which was replaced by a grin lens measuring
2 mm in diameter. The lens was inserted between the yokes of the TEM.
Equivalent signal-to-noise ratio was confirmed, but the excitation efficiency
was lower due to achromatic error of the lens. An optical probe with the
function of Doppler measurement only was also implemented, and in such a
case, the optical probe was connected to a polarization maintaining optical
fibre [17].
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Fig. 17.5. Schematic of the liquid AFM with heterodyne laser doppler interfer-
ometry and photothermal vibration excitation. Self-excitation is not utilised in

imaging
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Fig. 17.6. Head of the liquid AFM
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Fig. 17.7. Optical probes of UHV AFM. (a) for a Low temperature UHV AFM.
For an UHV TEMAFM, a longer objective with a grin lens at the apex is inserted
in the pole gap of the TEM
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Fig. 17.8. KCl imaged from low resolution to high resolution. The imaged area is
zoomed to a terrace at the top right corner

17.5 Control Scheme

For UHV AFM applications, the Doppler interferometer was inserted within
the self-excitation loop of the cantilever, together with a phase shifter and
auto gain control. The configuration is not so different from other UHV AFM,
expect for the fact that the velocity signal is used for the self excitation. In
the case of the liquid AFM, we have adopted a different scheme, as depicted in
Fig. 17.5. The tip approach is accomplished by monitoring the self-excitation
frequency of the cantilever, where an FM controlled signal generator is used
within the self-excitation loop. After the cantilever has reached its operating
point, in other words, the designated frequency shift has been met, the FM
function of the signal generator is turned off, and the cantilever is driven at
a fixed frequency. At the same time, tip to sample distance regulation is acti-
vated, in such a manner that the phase shift between the signal generator
and the Doppler output is kept to a constant value by proportional-integral
control. As the result, an equi-frequency shift surface can be mapped at the
chosen value of the frequency shift. The advantage of this method over the
conventional FM, AM, or PM methods is that: (i) the vibration amplitude
is maintained in a damped environment, and imaging of stepped or corru-
gated surfaces is possible, (ii) the operating point can be reached in a gentle,
quasi-static fashion, since approach is done in the slow self-excitation mode.
Figure 17.8 shows KCI imaged in saturated butanol. Scanning with a relatively
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high-positive frequency shift leads to dessorption of the KCl ions, leaving a
square hole corresponding to the scanned area. Then imaging the same area
can be carried out by lowering the amount of frequency shift. In the figure,
the image area is zoomed to a small terrace on the top right corner of the
hole, eventually attaining atomic resolution [18]. The result demonstrates the
potential of the control method to image rough surfaces in liquid, and attain
atomic resolution.

17.6 Imaging with Small Amplitude of Drive

As depicted in Fig. 17.4, the noise floor of the Doppler interferometer reaches
the 1 fm/+/Hz level around 1 MHz. This allows for a relatively large signal-
to-noise margin, giving the possibility to either (i) scan very fast by using
a wide bandwidth, or (ii) image with a very small amplitude of drive. We
have demonstrated the latter, since imaging with small amplitude has such
physical significance as (i) local three-dimensional probing of the field that
allow linear modelling of the system, (ii) possibility to map sub A feature,
and (iii) less disturbing to the sample and the structured liquid molecules
in liquid. Figure17.9 shows a series of Si(111) 7 x 7 surfaces imaged with
an amplitude of drive of less than 1 A [19]. The image with the smallest
amplitude of drive reaches a value below 0.3 A, which is a factor of 1 /1,000
smaller than the value used when true atomic resolution was first achieved ten
years earlier. The cantilever used for the imaging was a commercially available
cantilever with a natural frequency of about 300 kHz, and a spring constant
of 40 N/m, but driven at the second mode of deflection at around 1 MHz.

Resonance Frequency 11,614,008 Hz

Quality factor 6,000
Bias voltage . HOY
Amplitude dep

Frequency shift ~60 Hz
Amplitude 0.12 nm

Frequency shift -91 Hz -120 Hz -144 Hz
Amplitude 0.070 nm 0.034 nm 0.028 nm

Fig. 17.9. Images of Si(111) 7 x 7 imaged with different amplitude of drive. The
smallest amplitude can be as small as 10 pm
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The higher spring constant of the higher mode is in part responsible for the
success of imaging with the small amplitude of drive. Imaging of metastable
surfaces of quenched Si(111), as well as single atom manipulation at room
temperature were confirmed with the AFM operating with an amplitude of
drive of around 100 pm or less [20,21]. The same cantilever was driven at
around 5 MHz, the third mode of deflection. Despite the increased level of
spring constant, in the kN/m range, cleaved graphite, commonly known to
be difficult to be observed by AFM due to its low level of force corrugation,
was imaged readily [22]. Simultaneous imaging of STM and AFM gave new
understanding of the contrast mechanism, the origin of giant corrugations, and
contrast mechanism of AFM on graphite [23]. In liquid, true atomic resolution
of such samples as NaCl, KCl, and mica were confirmed, also with sub A
amplitudes [24]. When imaging mica in pure water, lattice structures were
seen to exist for a vertical approach of the tip to the sample for a range of
over 10 A, with a marked shift in vertical stiffness of the sample between the
lattice layers. The fact that atomic resolution was obtained for a wide range of
z position, is a strong indication that the AFM is mapping structured liquid
molecules with unprecedented resolution. Fig.17.10 shows features obtained
on mica immersed in pure water, which could be acquired with subangstrom
amplitude of drive. High contrast features with a 60 pm height difference could
be resolved [25].

17.7 Lateral Dynamic Force Microscopy

Various vibrational modes could be excited with a piezo element, or by the
earlier mentioned photothermal excitation, with the latter capable of driving
from DC to frequencies above 100 MHz. As depicted in Fig.17.3, imaging
with the torsion of the cantilever was just a matter of selecting the operating
frequency to match the torsional mode of the AFM cantilever. In the case of
photothermal excitation, the obtained vibration signal was even more clearer
due to the low suprious vibrations. Figure17.11 shows Si(111) 7 x 7 imaged
with the first torsional mode of a commercially available cantilever. Although
not the entire field of view, features corresponding to the 7 x 7 structure could
be resolved. This was imaged with the FM mode, and no tunneling current was
used for the control. A more detailed study was carried out using tunneling
for gap control, and with an amplitude of drive of a few 10 to around 100
pm. Due to the drastically reduced level of lateral amplitude, lateral force
gradient could clearly be resolved at the atomic level. Simulation based on
first-principle calculation matched very well the experimental results, and also
could explain the artefacts observed to be due to cross talk of vertical and
lateral vibrations [26].

In the case of the liquid AFM operated in the torsional mode, clear true
atomic resolution images could be resolved readily using the control scheme
introduced in the former chapter. Fig. 17.12 shows mica imaged with the
torsional mode at 1.16 MHz, amplitude to drive 130 pm. The image contrast
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Fig. 17.10. Mica imaged in pure water. frequency: 964.750 kHz, amplitude: 99 pm

Fig. 17.11. Si(111) 7 x 7 imaged by dynamic mode lateral force microscopy. The
tip height was regulated by the frequency shift of the torsional self excitation
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Fig. 17.12. Image of mica acquired with dynamic mode lateral force microscopy.
Frequency 1.1 MHz, amplitude of drive 100 pm

was exceedingly better than lateral force imaging in vacuum [27]. In liquid
AFM, the effect of amplitude and frequency of drive on the structured liquid
molecules needs to be taken into account, since the choice these conditions
may drastically change the physics of the confined region. At the expense
of losing signal-to-noise ratio, it is meaningful in liquid AFM to decrease
the amplitude of drive to the 10 pm order. It should also be pointed out
that the surface mapped in liquid AFM may not be the true surface. The
existence of a single molecule resting in registry with the lower layer is an
indication that there are other similar molecules with a shorter lifetime equally
resting on the surface. Due to the bandwidth of the detection or the electronic
circuitry, the existence of the upper layer may have been overlooked and not
mapped. Change of bandwidth at the cost of signal-to-noise ratio may reveal
and possibly allow mapping of the upper layers. Temperature control in liquid
AFM is underway to measure change in surface structure and to carry out
time resolved measurements.

17.8 Summary
Small amplitude high-frequency AFM was discussed, with one eventual goal

as the use of nanocantilevers as the force detector. Further miniaturization of
the cantilever is faced with the issue of how to maintain a suitable level of
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signal-to-noise ratio and bandwidth for their measurement. In other words,
the issue comes down to how to couple to nanodevices with a reasonable
bandwidth to exploit their intrinsically high sensitivity. This can be put in
a perspective of how to concentrate energy used for measurement in a small
volume. Exploring techniques both old and new, such as electron emission
[28,29] and near field optics is needed for a significant breakthrough.
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