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Fast-scanning shear-force microscopy using a high-frequency
dithering probe
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We have demonstrated high-speed scanning shear-force microscopy using a fiber tip attached to
quartz crystal vibrating at 2.0 MHz resonance frequency. With a high-frequency dithering probe, we
have obtained clear images at the scanning speed of 1.2 mm/s and it takes only 0.5 s to image the
surface area of 5am? for 64X 64 pixels without any compromise of spatial lateral resolution. This
speed is more than five times faster than that obtained by other topographic imaging methods and
can be further improved to realize real-time shear-force probe microscopy203© American
Institute of Physicg.S0003-695000)02452-9

Scanning probe microscog$PM) has been widely used in the radio-frequency rangd—100 MH2. Due to its high
in various fields from basic science to industrial applicationsfrequency and high stabiliif, AT-cut QCR is an ideal ele-
In spite of the potential capability and applicability, the scan-ment for fast-scanning purposes in contrast to conventional
ning and imaging speed of typical SPM is much slower tharelectric vibrators such as piezoelectric transdBe&T), tun-
that of scanning electron microscopy. Therefore, it is desiring fork, and bimorph, which work in the range of 10-100
able to enhance the speed for more extensive and practickHz.
uses'~® Barrett and Quafeobtained a scanning speed of 1 We have used a commercial QCR with quality factor
mm/s by removing the feedback loop in contact-modeQ=1° and resonance frequency fgf=2.000 MHz. The di-
atomic force microscopyAFM). Minne et al*® developed ameter of the QCR is 10 mm and its thickness is 0.8 mm. For
an automated multiple probe system with an integrated pia probe tip attached to the QCR, we use a tapered optical
ezoresistive sensor and a piezoelectric actuator, and reachfider with a tip diameter of about 200 nm, which is produced
a speed of 4 mm/s using four cantilevers in contact-modéy the conventional pulling method. A very careful treatment
operation. However, contact-mode AFM is not suitable foris required to glue the delicate tip to the QCR. Moreover, the
rapid imaging of soft samples and cannot be operated iprientation of the attached tip with respect to QCR is also
constant-height mode. very important for proper operation. For example, when a
On the other hand, in noncontact mode operation, th¢ong fiber tip was glued in parallel with the side of QCR as
scanning is typically much slower (10 2mm/s)”®  shown in Fig. 1a), we could not detect any sizable signal for
Ookubo and Yumotb suggested an intermediate scheme:the induced voltage on the QCR, and consequently we ob-
they combined the slow-varying feedback signal and the&erved neither any feature of the resonance response nor any
fast-varying probe signal in a tapping-mode operation. Theisignificant change as the tip approaches the surface. On the
scheme required about 10 s to image a surface area of 2ther hand, when the fiber tip was shortened to 3 mm and
wum? for 512x 512 scanning points at a tapping frequency ofattached perpendicularly to the QCR surface as shown in
300 kHz. The corresponding scanning speed is 0.2 mm/szig. 1(b), we could observe very sensitive and appropriate
They observed that the scanning speed is limited not by theesponses.
feedback bandwidth, but by the fundamental resonance fre- In general, gluing the tip to an electric or mechanical
quency of the probe. Another approach to high-speed scawibrator decreases th@ factor substantially. However, this
ning is the frequency-control mode using phase-locked-loogjluing process is essential in our case of QCR. Note that a
detectio™® This scheme detects frequency shift instead ofcritical parameter that determines the maximum scanning
dithering amplitude as the tip approaches a surface. This is
particularly effective for probes oscillating with a high qual-
ity (Q) value. A scanning speed of 0.23 mm/s was demon-

strated by Giessiblusing this scheme. quartz crystal
In this letter, we demonstrate a novel high-speed scan- b

ning shear-force microscopyn noncontact mode by using ) qﬂgggncé%’g:a' /m

an AT-cut quartz-crystal resonatofQCR) as a high- el alue

frequency electromechanical oscillator to support the dither- glue

ing motion of the probe tip that is attached to the QCR. Note optical fiber

that the QCR has a high fundamental resonance frequigncy tip

(a) (b)

dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. Optical fiber tip attached to a quartz crystal resonatéa)iparallel
whjhe@snu.ac.kr or in (b) vertical orientation.
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FIG. 3. (a) Topographic andb) dithering-amplitude images of aluminum-
coated data pits of a commercial compact disk. The scanning speed is 0.5
mm/s and total scanning time is 1.9 s.
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FIG. 2. Schematic of experimental setup including feedback loop. Inset t hic i btained f int t
shows a photograph of the QCR probe. a topographic image obtained from integrator out@ys,

whereas Fig. @) provides a corresponding dithering-
amplitude image. The pixel size is 12828, the scanned
speed is the decay time-constant givensyv3Q/7fo.° In area is 55um? and the total scanning time is 1.9 s. The
a conventional tuning-fork probe, the settling tift®wn to  scanning speed is found to be 0.5 mm/s, which is twice faster
1%) is 57=100ms. Since one cannot increase detectionhan the result in Ref. 3. As can be seen, pits are clearly
bandwidth much beyond the inverse of the settling time ofobservable and well resolved in detail. In addition, from the
the slowest system eleme(that is, either actuator or sen- insets showing cross-sectional profiles along the white line in
son, we have to use lov@ and highf, values to achieve a each image, the spatial resolution can be estimated to be
high scanning speed. around 200 nm, which is in good agreement with the diam-
We have found that the initial higQ value of the QCR  eter of the probe tip itself.
decreases drastically depending on the amount of glue used |n principle, the achieved spatial resolution of shear-
to fix the fiber tip. With a highQ probe @>10%), its dith-  force microscopy is not sacrificed by fast scanning speed and
ering amplitude becomes unstable near the surface and thigs mainly determined by tip diameter and dithering ampli-
no reliable control of the tip-sample separation was obtainedude. However, tip diameter obtained by the pulling method
On the other hand, wheQ is reduced down to foandfyis (=100 nm is typically much larger than the dithering am-
adjusted to 1.997 MHz, we could obtain reliable control andplitude (=1 nm). Therefore, the resolution is mainly deter-
the settling time is now 5=1.4 ms. Note that this time con- mined by the tip diameter. In the inset, the distance between
stant is only 1% of that of a conventional tuning fork. measured points is about 130 nm, which is smaller than the
Figure 2 shows a schematic of experimental setup. Théip radius. Consequently, 128128 points of measurement
QCR is mounted on amyztranslation stage for coarse ad- are enough to achieve full imaging resolution without any
justment of the QCR position, whereas fine movement of theoss of resolution due to fast scanning.
sample is controlled by a PZT tube that supports the sample |f shear-force distance control is perfect, the dithering
stage. An ac-voltage, from a frequency synthesizer is ap- amplitudea should be equal t@,. However,a typically
plied to a QCR electrode and an induced voltages pro-  exhibits variations that correspond to sample topography that
duced on the other electrode of QCR, which is then amplifiec¢omes from error signal. This means that the scanning time
and rectified. The resulting dc sigralwhich is proportional s slightly faster than the response time of feedback loop. As
to the amplitude ofv, is sent to an integrator that has an mentioned before, this is equivalent to the intermediate
offset-reference voltaga,. For the integrator output-voltage scheme presented in Ref. 3. We find that the time interval of
Vpz7 (that is, error signal the integration time-constaor 120 us taken per pixel is three times longer than B@time
response timeis given byRC=45us and this is 100 times constant and 200 times longer than the dithering period. In
longer than the oscillation period of QCRE0.5u5s). other words, during scanning of each pixel, the probe is dith-
Note that the dithering frequency of QCR is much higherered 200 times.
than the fiber-tip resonance. Therefore, instead of flexural This may be quite redundant and there is a certain pos-
motion, translational motion of the tip occurs, making thesibility to reduce the amount of dithering for faster scanning.
dithering amplitude same as the shear distortion of the QCRonsequently, we could obtain images taken at a faster scan-
itself. Since the distortion is very smale.g., 102 A for ning speed, as presented in Figsa)dand 4b). The same
vo=1V), vy can be increased enough to obtain a large insurface area is now scanned at a speed of 1.2 mm/s for 64
duced signal without any compromise in spatial resolution. X 64 pixels. Note that this scanning speed is even faster than
Consequently, the dithering amplitude can be easily meathat of nonfeedback scanning schehidoreover, pits of the
sured by directly rectifying the signap without using sample are clearly observed with reasonable quality of image
lock-in detection. This not only simplifies feedback loop, butas well as similar lateral resolution. While we obtain a clear
also facilitates high-speed scanning. topographic image as in Fig(a&, the error-signal image in
For a test sample, we have used a commercial compaéiig. 4b) shows slight footprints of the pits. This indicates

disk that has data pits with 12m pitch. Figure 8 shows that the bandwidth of the feedback control is sufficient to
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images at the fastest scanning speed of 1.2 mm/s. We em-
phasize that the resolving power of shear-force microscopy is
not compromised by the fast scanning speed. Furthermore,
with the increase of feedback bandwidth, we expect to im-
prove further our scanning system so that real-time optical
imaging using a high-speed near-field optical microscopy
may be feasibléwork is under progress
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FIG. 4. Same as Fig. 3 except that the scanning speed is 1.2 mm/s. The totafJ
scanning time is 0.5 s.
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