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Distance control using a tuning fork setup for the detection of shear forces is a standard
configuration in scanning near-field optical microscdiNOM). Based on this concept, a modified
sensor was developed, where a standard silicon tip for atomic force microesBM) is attached

to the front end of one prong of a 100 kHz quartz tuning fork oscillator. Comparison of force curves
of a standard tapping-mode AFM cantilever, a conventional fiber tip SNOM sensor and the novel
AFM tip shear force sensor demonstrate an enhanced stability and sensitivity of the new sensor. Due
to the rigid sensor design the force curves of the AFM tip shear force sensor indicate a perfect
noncontact behavior under normal conditions in air. Noncontact images show a comparable
resolution to conventional force microscopy. ZD00 American Institute of Physics.
[S0034-6748)0)02708-9

I. INTRODUCTION normally used 33 kHz oscillatér8 A detailed investigation

Atomic force microscopyAFM)! has been used exten- of the use of the 100 kHz tuning fork is published
sively to investigate structural, mechanical and chemicaflsewhere.
characteristics of surfaces from a wide spectrum of inorganic ~ For the experiments a modified commercial near-field
and organic materiafs:* In order to establish well defined optical microscop¥ was used, which was operated in scan-
and low probing forces a sharp tip, a strongly distance dening shear force mode. The modifications allowed for stable
pendent tip sample interaction and a fast response of thigedback operation for both amplitude and phase of the pi-
controlled distance signal are essential for all AFM operationezoelectric signal of the 100 kHz quartz tuning fork oscilla-

modes. tor. A silicon tip of a commercial AFM cantilevErserved as

Here, we report on the preparation and setup of a fasfyrce pickup. Figure 1 shows schematically and as photo-

and sensitive shear force sensor for noncontact atomic forc§raph a close-up of the composite sensor. The cantilever is

microscopy which combines the advantages of the integrate 2 .
tip as commonly used in AFM with the rigidity of a quartz glued? onto the front end of one prong of the quartz tuning

13 ;
tuning fork. This AFM tip shear force sensor was character-fork‘ The fork was mount.ed perpenfjlcular_ to the sample
face and resonantly excited by a dither pi¥2@Q. values

ized by force curve measurements. Its specific features areh"
their effects on stability and sensitivity are discussed in comof ~ 1000 and~ 5000 were measured in air for the com-
parison to corresponding force curves of a commercial AFMposite sensor and the bare oscillator, respectively. From in-
cantilever driven in tapping mode and an optical fiber tipterferometric measurements a tip vibration amplitude of
shear force sensor. In order to prove its abilities for noncon~ 0.3 nm and a mean damping force of the sensor in air of
tact imaging, several test samples were investigated in am< 2 nN were derived.For small distances the tip vibration

plitude and in phase signal feedback. parallel to the sample surface was damped additionally by
shear forces modifying the piezoelectric signal. The fork sig-
Il. EXPERIMENTAL SETUP nal was preamplified using a current—voltage converter

Our AFM tip tuning fork sensor is based on the principle (,l__vc) with a gain of 8<10" V/A at 100 kHz. The.prea.mp-
of distance control by shear force detecfiasing a 100 kHz lifier output was demodulated by a lock-in amplifiewith
quartz tuning fork oscillator. This allows for higher sensitiv- integration times in the range from 30 to 10@. An analog
ity and faster response time in shear force detection than theoordinate converter was used to derive amplitude and phase
of the piezoelectric signal from the fask*y” lock-in out-

dAuthor to whom correspondence should be addressed; electronic maiPUt'_FOr distance control the amp“tUde or phase Slgnal was
w.heckl@Irz.uni-muenchen.de fed into the feedback loop.
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FIG. 1. Schematic close-up of the AFM tip shear force sensor. An opticalF|G. 3. Force curves of a conventional fiber tip SNOM sensor: graghjcs
photograph of the composite sensor is shown as ifvekite arrow marks  and (b) according to Fig. 2.
the silicon tip.

Il. RESULTS AND DISCUSSION in z and is therefore not appropriate for distance control.
Thus, true noncontact can hardly be achieved by a conven-
In order to determine the dynamic distance behavior otional cantilever in ambient conditions.
the AFM tip shear force sensor and to allow comparison with A different behavior could be observed for fiber sensors
conventional force sensors, force curves have been recorded used in optical near-field microscogie., the fiber is
on freshly cleaved mica in ambient conditions. Amplitude attached to one prong of a 100 kHz tuning fork and vibrates
and phase data were measured simultaneously. Figure grallel to the sample surfabeThe experimental amplitude-
shows characteristic approach/retraction cycles of a regulatistance relation in Fig.(8) shows a linear decrease of am-
AFM cantilever taken in tapping mode operation. The am-plitude, when the fiber approaches the surface. However,
plitude signalFig. 2(@)] vanishes completely within a 15 nm when the fiber tip is in contact with the sample surface
tip sample interaction zone. It can be divided into three(z=0), the oscillation amplitude does not vanish. In contrast,
parts® In the noncontact zone above the hatched space thie amplitude increases significantly and decreases again,
vibration of the cantilever is damped by long-range attractivavhen the tip is pressed stronger into the sample. This behav-
tip sample interactions. The quasinoncontact or tapping zoner is caused by the elasticity of the glass fiber protruding
below the hatched space is mainly ruled by repulsive forcesrom the fork prong by about 0.3 mm. Another effect of the
Here, the tip touches the sample surface mechanically. Bothigh sensor elasticity is the small total decrease of the am-
zones show a continuous, almost linear decrease of the arplitude signal of AA,,=1.4%. This leads to a maximum
plitude with z. The intermediate regiothatched spagede-  change of the signal of NA/AZ) .= 0.2%/nm, which is
scribes the transition from attractive to repulsive dampingmore than one order of magnitude lower as in the case of the
forces. It exhibits a bistable behavior which is critically de-tapping mode AFM cantilever, where the maximum change
pendent on surface chemistry and therefore cannot be used the amplitude signal amounted to 8%/fFig. 2(a)]. Be-
for reliable feedback regulation. The slope of the phase sigeause of its rather poor sensitivity and its nonmonotonic be-
nal in Fig. 2b) changes the sign over the full response rangehavior at the tip sample touch point the amplitude signal of
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FIG. 2. Force curves of a standard AFM cantilever operating in tapping
mode:(a) amplitude signal normalized to maximum val@b) phase signal  FIG. 4. Force curves of the modified shear force sensor with AFM tip:
normalized to 90°, which corresponds to an amplitude value of 100%.  graphics(a) and (b) according to Fig. 2.
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FIG. 5. Amplitude controlled topographical shear force image of aluminum/ length [nm]

glass patternscan rate 2um/s, unfilteregl White lines mark the cross
section in the graphs below.

the fiber sensor allows a reliable distance control for large tip
sample distances only.

In contrast to all signals mentioned above, the phase
signal of the fiber sens@Fig. 3(b)] is monotonic, ensuring a
stable control over the fult range of probe sample interac-
tion. The signal change of the phase is higher as compared to
the amplitude signal in Fig.(8). It provides with a maxi-
mum value of A ¢/AZ) = 1.2%/nm a much improved
sensitivity. Furthermore, the phase signal offers shorter re-
sponse time&.These results demonstrate, that in the case of
the fiber tip shear force sensor, the phase signal should be the
preferred signal for distance control.

The amplitude of our AFM tip shear force sensor in Fig.
4(a) reveals a superior signal chanp@A/Az) ma= 12%/
nm] as compared to the conventional fiber tip shear force
sensor. The signal decreases continuously. Unlike both other
sensor types mentioned above, there are no critical bistable > -
regions. The phase signdfig. 4(b)] shows a monotonic in-
crease of the phase angle in the noncontact regime. The
maximum signal change is\g/AZ) pa= 8%/nm.

The steady shape of both plots, without changes in the length [nm]
sign of the slope, demonstrate the high stability of the AFM _ _
tip shear force sensor for both signals. The main advantaged®: &: Shear force images of muiltilayer steps on a HOPG suféaem rate

] . . o wum/s, unfiltere¢t (a) topographic phase imag@ote the double step
of the AFM tip shear force sensor are its high sensitivity t0marked by the arro (b) amplitude image. Black lines mark the cross
the tip sample separation and its well defined tip vibration orsection in the graphs below.
an angstrm scale due to a rigid sensor design. The probing
forces are< 100 pN at distances 6¢ 10 nm?

As mentioned above, the phase signal is usually prethere is the option to compare conventional phase-imaging
ferred for distance control, because it offers faster responsaFM*&1° with the phase contrast in the new detection
times. However, there is the need to use the amplitude signacheme.
for distance regulation in experiments, where chemical prop- Different samples were imaged using amplitude or phase
erties of the sample are investigaté&mploying the ampli-  signal for distance control. Figure 5 shows an aluminum/
tude signal for distance regulation potentially allows the useylass pattern recorded with amplitude feedback. The lateral
of the phase signal for additional image information. Thusresolution of this image is comparable to a standard AFM

1000



Rev. Sci. Instrum., Vol. 71, No. 8, August 2000 Non-contact SFM 3107

image. From cross section analysigz aesolution of 4 nm detection scheme is an active field of progress and might
was determined. become a standard procedure.
Figures §a) and b) show phase and amplitude images
of m_ult|layer_ steps on a freshly clea\_/ed highly oriented PY-ACKNOWLEDGMENTS
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