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Simple and convenient nonoptical shear force sensor for shear
force and near-field optical microscopes
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A simple, compact, and inexpensive method for shear force distance regulation is presented. A
single piezoelectric cantilever is employed to both dither a fiber probe and to detect the decrease in
piezotension-induced voltage as it approaches the sample surface. On resonance, the large
piezotension-induced voltage-0.2 mV/nm allows for simple electronics to be used. It is expected

to find application both in shear force microscopy and for shear force distance regulation in
near-field optical microscopy. €999 American Institute of Physids$S0003-695(99)05544-§

The shear force and near-field optical microscopechange of the dither pieZ, asymmetric excitation
(NOM) are both members of the family of scanning probedetection'® and piezoelectric pickup from a sectioned later-
microscopes. The former makes use of the damping effect aflly polarized piezoelectric tubé. Although all the above
the sample—probe interaction on a laterally dithered tip tdechniques meet the required sensitivity and tip oscillation
map topography of a sample surface. The latter, in manynagnitude constraints, as pointed out by Deb&tteey un-
configurations, makes use of shear force feedback to maidertunately suffer from various other drawbacks. The first
tain a constant separation between the fiber tip and samptechnique, besides the inconvenience of fiber attachment, and
(<10 nm. With a suitable fiber and stable distance control,relative complexity, suffers from having @ close to 1000.
resolutions greater than 20 nm can be expected in botin the second method, excellent thermal stability is required
optical and shear fordemodes. to enable the complex electronics to compensate a large

Shear force detection is accomplished by using a piezobackground signal. The third method suffers from the twin
electric element to excite the fiber or an assembly includinglrawbacks of having a relatively large footprint and that two
the fiber at a resonance peak, and measuring the reduction piezoelectric units are required.
oscillation amplitude as the fiber approaches the sample sur- The dither excitation/detection method described in this
face. In most systems, the measurement is done optically bgtter seeks to meet, and we believe successfully meets, all of
focusing a laser beam onto the tip and recording the scatterdte criteria for an ideal system—being a single, inexpensive,
light.2=® Although this has proven to be robust, simple, andand sensitive unit that is convenient to use and fits conve-
sensitive, there have been a number of proposals for nonomiently within an ultrastable NOM hedd.

tical detectiof~** motivated primarily by the desire to make Figure 1 presents a schematic illustration of the shear
the microscope system more convenient for the espe- force detection system used in our combined shear force—
cially under nonambient, i.e., vacuum conditipiby elimi-  near-field optical microscope. The fiber is both vibrated and

nating the need for the optical alignment of an additional
light source and detector. An additional advantage of a non-
optical technique is that it allows the fiber rather than the
sample itself to be scanned during image acquisition.

From our experience, the ideal dither excitation/ E;
detection system would be nonoptical, have a small foot- 1> ! out
print, be simple and reliable mechanically and electronically, Lock-in %
have a sensitivity and tip oscillation magnitude comparable Amplifier Piozo
to existing techniques and imaging resolutigrs10 nm), Z cantilever
and a systen® in the range of 50—20®lIdeally, the dither 4
unit itself should be made from a single, low-cost piece. — ] )

Finally, fiber replacement should be simple and convenient. 1 mm Optical

In general, high scanning speed is not required as the avail-

able optical signal is usually the limiting factor rather thanFIG. 1. Schematic re'presentation of t_he dither _excitation/detection meth_od
the shear force bandwidth in high-resolution imaging. Cur_]t_or shear force dete_ctlon. T_h_e system itself _con_S|sts of th_ree part_s. an optical
. . . iber, low-cost lock-in amplifier, and the excitation/detection cantilever. The
rently proposed nonoptical methods include using M@h- fiper is mounted on the side of the cantilever chosen for detection. An ac
tuning forks®” Wheatstone bridges to measure impedancexcitation voltage(lock-in oscillatoy is applied between the left piezocer-
amic pad and groundvibration occurs in the plane perpendicular to the
page, while the piezotension-induced voltage between ground and the other
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- 100 other detection methods. The second is that the piezotension-
WWVW\/W induced voltage drops to a very small percentage of its far-
L 80 field value upon contact with the surface. The percentage of

= residual signal is constant for a given piezo and substrate
10 o (i.e., independent of fibgrlt does not seriously affect the
i 12 60 :t:g distance resolution as it can easily be taken into account
T G when setting the feedback threshold voltage. In relation to
—i 40 X the tip excursion question, we have evaluated the tip excur-
§°'5' ® sion by means of the optical method proposed by Wei, Wei,
| g 20 S and Fanrt! In the case of the excitation at the fundamental
@ » resonance, tip excursion was evaluated A, (nm)
0.0 =4.6(4 )V excitation (MV). Thus, at the 1-2 mV excitation
P _‘;0 : _2'0 : cl) : 200 voltages, which we typically use during imagifef. Ref. 15

for images of the substrate of a pirated ICihe tip dither
amplitude remains below 10 nm.
FIG. 2. Amplitude (in-phase component equivalgrif the piezotension- Having satisfied the primary requirements for any shear
induced voltage as a function of fiber tip—sample separation for the fundaforce-based distance control method, the secondary charac-
mental (3.39 kH2 resonance of the combined fiber cantilever. The pointtaristics of the system will be addressed. Théactor for the
where the signal drops to 50% of its far-field value is defined as zero dis- blv lies in th f50—60 at b th the fund tal
placement. The substrate is ethanol-cleaned silica glass. The lock-in tim@sse'_Tl y lies in . €range o —oUa : 0 ) € lundamental
constant is 1 ms. Excitation amplitude corresponds to a fiber displacemer@nd first-harmonic resonance. As the vibration of the whole
of <7 nm for the fundamental. The primary source of noise is the lock-incantilever, which is asymmetric in the two lateral directions,
amplifier itself. The inset presents the cantilever's response as a function qg monitored, the problem of bistabilifywherein the two
dither frequency with the fundamental, first, and second harmonics emphﬁ- . N . . .
sized. Note the change in scale at 8.6 kHz. _ateral V|bra_t|pnal modes_ of thg fiber contribute to the signal,
is largely mitigated(cf. Fig. 2, inset

o ) ) ~ Fiber change is convenient as acetone quickly dissolves
has its vibration detected by means of a single piezoelectrig,e glue holding the fiber in place, and a new fiber can be
cantilever polarized in the longitudinal direction. This canti- easily set in position. As the resonance frequency of the as-
!ever is producedl from the piezoelectric diaphragm of a min'sembly changes little with fiber change100 Ha, experi-
iature buzze(a} thin meta}l base plate covered on one side bynents can be quickly resumed once the glue dries, without
a piezoceramic layer with electrod&as follows: An 11-  |oss of time spent looking for a sitable resonance peak.
mm-long (8 mm covered by piezoceramiby 3-mm-wide A key advantage of this method, relative to other tech-
ering piezoceramic is cut into two padgf. Fig. 1. Only  magnitude of the piezotension-induced voltage. For a tip ex-
ground. The excitation and detection electrodes are attachegyy. This large signal, which is due to use of longitudinal
to the two piezoceramic pads and the metal base plate servesger than lateral geometry, greatly simplifies the electronics
as a common ground. A sharpened filjeroduced, in our |;5eq.
case, by chemical etchings mounted on the surface of the In conclusion, a dither excitation/detection method uti-
detection electrode. An ac voltage is applied between groungling a single head with three electrodes has been presented.
resonance frequency. A piezotension-induced voltege to  ith its low cost and high signal level, make it an attractive
the piezoelectric effegtsensitive to both the magnitude and gjternative for distance control feedback mechanisms. Its
phase of the tip vibrational motion, appears between the deésmajl footprint allows convenient mounting at the center of
tection electrode and ground. Amplitudter phase-sensitive  an axial-symmetric tube piezoelectric scanning system.
detection, utilizing a low-cost lock-in amplifier, is used to At the 1-2 mV excitation we use in scanning at the
provide a signal for a software feedback loop that maintaingyndamental, tip excursion is less than 10 nm. Where higher
a constant separation between fiber tip and sample. sensitivity or scanning speeds are required, the fiber can be

Probably the most important characteristic of any sheayjibrated at a higher harmonic, a better lock-in amplifier used,
force-based distance control method is that it be sensitive tg aqgitional electronics incorporated.
the shear force interaction as one approaches the surface, and
that it do this with small tip dither amplitude<10 nm. The W. Zhao is gratefully thanked for loaning much of the
approach curveéamplitude; in-phase component is equiva- equipment used in this experiment. The authors thank A.
lent) at the fundamental as the fiber approaches an ethandPrabenstedt for useful discussions.
cleaned glass surface, is plotted in Fig. 2. The inset shows
the cantilever resonances as a function of frequency with the
fundamental and first two harmonics emphasized. Two:p v zyyagin, J. D. White, and M. Ohtsu, Opt. LeR2, 955 (1997).
things are important to note. First is the fact that the decay?A. v. zvyagin, J. D. White, M. Kourogi, M. Kozuma, and M. Ohtsu,
occurs over a distance 6f5 nm as would be expected for a  Appl- Phys. Lett.71, 2541(1999.
hydrophobic sample at low humidity with a low dither am- g 500 S MR BRI R D o
plitude (the curve is more gradual at higher levels of |nsyum. 65, 626 (1997.

excitation.'® This is similar to approach curves taken with SF. F. Froehlich and T. D. Milster, Appl. Phys. Le@5, 2254 (1994.
Downloaded 28 Dec 2004 to 140.109.112.167. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

Displacement [nm]



Appl. Phys. Lett., Vol. 75, No. 18, 1 November 1999

8K. Karrai and R. D. Grober, Appl. Phys. Le@i6, 1842(1995.

’R. S. Decca, H. D. Drew, and K. L. Empson, Rev. Sci. Instr68.1291
(1997.

8J. W. P. Hsu, M. Lee, and B. S. Deaver, Rev. Sci. Instré@). 3177
(1995.

9M. Lee, E. B. McDaniel, and J. W. P. Hsu, Rev. Sci. Instr@#,. 1468
(1996.

0A. Debarre, A. Richard, and P. Tchenio, Rev. Sci. Instr@8. 4120
(1997.

Bai et al. 2733

1A, Drabenstedt, J. Wrachtrup, and C. von Borczyskowski, Appl. Phys.
Lett. 68, 3497(1996.

2The diaphragm, commonly used for watches and multimeters, is widely
available in electronic hobby shops at around $0.15/piece.

M. J. Gregor, P. G. Blome, J. Schofer, and R. G. Ulbrich, Appl. Phys.
Lett. 68, 307(1996.

1C. C. Wei, P. K. Wei, and W. Fann, Appl. Phys. Lef, 3835(1995.

15y, Bai, G. Zhang, K. Ren, J. D. White, and X. Hou, Acta Photonica Sinica
28,120(1999.

Downloaded 28 Dec 2004 to 140.109.112.167. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



