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Atomically-resolved imaging by frequency-modulation atomic force
microscopy using a quartz length-extension resonator
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Using a 1 MHz length-extension type of quartz resonator as a force sensor for frequency-
modulation atomic force microscopy �AFM�, atomically resolved images of the Si�111�-�7�7�
surface was obtained. Fabrications of a tip attached at the front end of the resonator by focused ion
beam, and removal of the native oxide layer on the tip by in-situ field ion microscopy are found
effective for achieving the highly-resolved AFM imaging. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2061850�
In atomic force microscopy �AFM�, several kinds of sen-
sors are used for detecting forces from the sample surface
and making images of various properties in nanometer-scale
spatial distributions. Among them a resonator made of quartz
crystal has several unique advantages. A self-sensing capa-
bility due to a piezoelectric property of quartz eliminates the
need of complicated optical alignments, which are required
in the interferometric or optical lever methods using a con-
ventional cantilever.1 The simple configuration facilitates its
applications, e.g., to experiments in low temperature.2,3 With
its high quality factor �Q factor� regardless of the environ-
ment, it can be utilized not only in vacuum conditions but
also in air and liquid,4 e.g., for biological applications.

In frequency modulation AFM �FM-AFM�, where the
force from the sample surface is detected as a shift of the
resonance frequency of sensors, one can operate quartz reso-
nators with a small oscillation amplitude because of its high
stiffness without snapping a tip attached on the resonator into
the sample �“jump to contact”�. It has been known that in the
FM-AFM the small oscillation effectively detects short-range
forces, which contributes to atomic resolution in AFM
imaging.5,6

Making use of advantages of quartz, Giessibl demon-
strated atomically resolved FM-AFM imaging on the
Si�111�-�7�7� surface using a quartz tuning fork �qPlus
sensor�,7 whose resonance frequency is �30 kHz. Heike and
Hashizume also reported the atomically resolved imaging us-
ing a quartz length-extension resonator �LER� in a phase-
shift detection method,8 different from the FM method. In
the phase method, a bandwidth of the force detection is lim-
ited by Q /�f0 where f0 is the resonant frequency while the
FM method is not.9

In the present study, we carried out the FM-AFM experi-
ment using an LER. It has rather high resonance frequency,
1 MHz, advantageous for obtaining additional properties us-
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ing the modulation technique. A tungsten tip attached on
LER was fabricated for an AFM probe with focused ion
beam �FIB�.10 Prior to the AFM observations, field ion mi-
croscopy �FIM� observation of the W tip was performed in
situ to remove oxide layer covering the tip. Then using the
probe highly-resolved topographic imaging of the Si�111�-
�7�7� surface was achieved for the first time in the FM-
mode of AFM.

A photograph of the LER used in this experiment is
shown in Fig. 1�a�. The LER, which was made by Micro
Crystal, has a quartz rod with a dimension of 2.76 mm in
length, 70 �m in width and 130 �m in thickness.8,11 The rod
is supported with two arms at the center and the arms are
connected to a base plate. Each side of the rod is coated with
an Au electrode, as illustrated in Fig. 1�b�. The base plate
was glued on a sensor holder with insulating
epoxy and each electrode on the rod was electrically con-
nected to an electrode on the holder by conductive silver
epoxy paste.

As shown in the scanning electron microscopy �SEM�
image of Figs. 1�c� and 1�d�, a W wire of 5 or 10 �m in
diameter was glued with silver epoxy on the apex of the LER
rod. The electrical contact was made between the W tip and
the left-side electrode by the conductive epoxy. The wire was
then sharpened by FIB. The method of the tip sharpening is
basically same as reported in our previous paper.10 Figure
1�e� shows a zoomed SEM image of the sharpened W tip.
The W tip can be repeatedly sharpened by FIB with a tip
radius less than 10 nm.10

The resonance oscillation of the LER was stimulated in
the two methods: one is applying a sinusoidal voltage on one
of the two electrodes on the rods �electrical oscillation� and
the other is applying the same voltage on a piezo actuator
attached below the resonator �mechanical oscillation� �see
Fig. 2�a��. When the rod is extended or contracted, electronic
charges due to the piezoelectric effect are induced on the
surface of its side walls. The induced charges are detected as

a current from an electrode on the rod and a voltage signal
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converted by a preamplifier �OPA637AP with a 10 M� feed-
back resistance� is fed into an automatic gain controller to
stimulate the resonance and to keep the oscillation amplitude
constant. The output of the preamplifier is also connected to
an FM demodulator to obtain the amount of a shift of the

FIG. 1. �Color online� �a� A photograph of a force sensor used in this study
�without tip�: the base part of an LER is attached onto a sensor holder with
separated electrical contacts, as shown in the schematic drawing of �b�. The
central rod oscillates in the z direction in a manner symmetric to the sup-
porting points. �c� A SEM image of the rod apex with a W tip. �d� A side
view of the rod apex. �e� A SEM image of the W tip fabricated by FIB.

FIG. 2. �a� A schematic of the sensor part of AFM and the FM-AFM detec-
tion system. �b� and �c� The typical resonant curves of the LER by electrical
�b� and mechanical �c� oscillation method. The measured resonance fre-
quency f0 and Q factor are 997 403 Hz and 47 172 for the electrical oscil-

lation, and 997 412 Hz and 51 479 for the mechanical one, respectively.
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resonance frequency, which is a representative value of force
acting on the tip from the sample surface.

In the experiments we used Omicron ultrahigh vacuum
�UHV� STM/AFM system6 with a modification so that both
electrodes of the resonator are electrically connected to the
outside of the UHV chamber. One may notice in a schematic
diagram of Fig. 2�a� that the frequency shift signal ��f� is
filtered with a low pass filter �LPF� of �300 Hz, and is rec-
tified with an absolute amplifier before fed into the AFM
feedback circuit as a regulating signal of the tip-sample dis-
tance. The rectification of the �f signal with the absolute
amplifier prevents the tip from severe crash onto the sample
when the attractive force diminishes. The tip position can be
stabilized in a regime of repulsive force when the attractive
force becomes smaller than the amount set by the AFM feed-
back controller.12 The tunneling current can be measured us-
ing another preamplifier attached to the sample.

The amount of the current induced by the LER oscilla-
tions can be estimated as follows.7 When the resonator oscil-
lates with its resonance frequency f0 and oscillation ampli-
tude A0, the displacement z of the rod apex is given by z�t�
=A0 sin�2�f0t�. The strain � in the rod at a position of l
measured from the supporting point is given by

��t� =
�A0

2L
sin

l�

2L
sin 2�f0t =

�

2L
z sin

l�

2L
,

where L is a length of the upper part of the rod �1.34 mm for
the LER, see Fig. 1�b��. This strain causes stress �, which is
given by �=�E, where E is Young’s modulus �7.8
�1010 N/m2 for quartz in the direction of LER�. Then the
stress induces charge on the rod surface with an area density
given by �=�d31, where d31 is the piezoelectric coupling
constant �2.31�10−12 C/N for quartz7�. The induced charge
on one side of the electrodes is calculated by integrating �
over its area, which is given by

q�t� = 2h�
0

Le

= 2Ed31h�1 − cos
Le�

2L
	z�t� .

Here h is a thickness of the rod and Le is a length of the
upper electrode �1.10 mm for the LER, see Fig. 1�b��. Sen-
sitivity of the current to the displacement of the rod apex or
the oscillation amplitude Scal= �dq /dt� /z is given by

Scal = 4�f0Ed31h�1 − cos
Le�

2L
	 .

With f0=997 406 Hz, we find Scal=210 nA/nm. The experi-
mentally measured sensitivity was 125 nA/nm. The lower
value of the sensitivity than the theoretical one is presumably
due to non-ideal effect at the edges of the electrodes.7

The typical resonance curves obtained by the electrical
and mechanical oscillation methods are shown in Figs. 2�b�
and 2�c�. Both curves, taken in UHV condition, exhibit a
strong resonance peak. In addition, the electrical curve has a
dip due to the anti-resonance at higher frequency. We noticed
that Q factor of the mechanical one tend to be higher �
�50 000� than that of the electrical one ��45 000�. The Q
factor measured in air is �20 000, still high compared with
conventional silicon cantilevers.

The W tip, attached on the rod and sharpened by FIB,
was then prepared and characterized in situ with FIM. The

FIM is composed of a counter electrode with a tiny hole,
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microchannel plate and screen.13 For the imaging, we applied
+0.5�1 kV on the tip and a negative voltage on the coun-
terelectrode to make a strong electrical field on the tip apex.
The FIM observation was performed until the native oxide
layer on the tip is removed by field evaporation and a crys-
talline pattern of bare W tip appears. A typical FIM image of
a W tip attached on the LER apex showing the �110�-oriented
bcc-metal pattern is presented in Fig. 3. The tip radius of a W
tip can be estimated from the FIM image by counting the
number of atomic layers between two planes shown in the
image.14 For instance, if n �110� layers are found between the
�110� and �121� planes in a FIM image, the radius is given by
0.167n �nm�. In the FIM image shown in Fig. 3, 5–6 layers
are observed between the two planes, and thus the radius is
9 nm. The tip radius just after the removal of the oxide layer
was measured 5–6 nm. We found that the FIM treatment is
quite effective to obtain atomically resolved AFM images.
So far, the preparation or characterization of the AFM tip in
situ by FIM has been quite difficult because of the peculiar
tip position on the conventional cantilevers. The straight
alignment of the LER rod and tip, however, makes them
possible. We believe that the capability of the in situ tip
preparation and characterization by FIM is another great ad-
vantage of LER for a sensor of AFM.

Using the tip prepared with FIM, a force curve, i.e., a
plot of �f as a function of the tip-sample distance was mea-
sured on the Si�111�-�7�7� surface, as is shown in Fig. 4�a�.
It was measured in a UHV condition with the oscillation
amplitude of 0.75 nm. The oscillation amplitude is quite
small compared with the cases of the Si cantilevers, which
was 2–4 nm in our previous observations.6,15 The small am-
plitude was made possible by the high stiffness of the LER
�540 000 N/m�. The measured minimum normalized fre-
quency shift is ca. −3 fN m1/2, rather small compared with
the previous results,6–8 indicating small van der Waals force
acting on the tip. The small long-range force is due to the
small oscillation amplitude and the sharpened tip by FIB. By
reducing the long-range force and preferentially detecting the
short-range chemical bonding force,6 the atomically resolved
image of the surface was taken, as is shown in Fig. 4�b�. The
adatom structure on the surface and defects are clearly re-
solved in the FM-AFM image, demonstrating high perfor-
mance of the LER.

FIG. 3. A FIM image obtained with a W tip attached on the LER �imaging
gas: He, applied voltage: �4 kV�. During the observation the tip was kept at
room temperature.
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In summary, a 1 MHz length-extension quartz resonator
was used as a force sensor of AFM. By using FM detection
method highly resolved Si image was successfully taken.
The sharpening of the W tip with FIB and the removal of the
oxide layer on the tip by in situ FIM are found effective for
the stable operation in the AFM experiments.
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FIG. 4. �Color online� �a� A force curve taken with the LER on the
Si�111�-�7�7� surface �oscillation amplitude A0: 0.75 nm, resonance fre-
quency f0: 997 406 Hz�. 	, on the right vertical axis means normalized
frequency shift, which is equal to kA0

3/2�f / f0. k is a force constant of the
LER, which is 540 000 N/m. �b� A FM-AFM image of the Si�111�-�7
�7� surface obtained by the electrical oscillation method. The observed
area is 19 nm�9 nm. f0: 997 406 Hz, �f: −0.37 Hz, A0: 0.75 nm, sample
bias: +0.5 V, scan speed: 40 nm/s, LPF: fourth order with a cutoff fre-
quency of 284 Hz.
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