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Tapping mode and elasticity imaging in liquids using an atomic force
microscope actuated by acoustic radiation pressure
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We report the use of the radiation pressure generated by a focused acoustic beam near 170 MHz to
implement tapping mode and elasticity imaging using the atomic force micros@dpd) in

liquids. Since the acoustic radiation force can be localized on an area of a few microns in diameter,
this method enables efficient excitation and spatial mapping of both higher-order flexural and
torsional modes of AFM cantilevers in liquids. We exploit the sensitivity of the higher-order
cantilever mode shapes to the tip—sample contact stiffness for elasticity imaging. We present
higher-order flexural and torsional AFM cantilever mode shape measurements in the 1-250 kHz
range, and initial results on elasticity imaging on a sample withuhBthick patterned photoresist

layer on silicon obtained at 50 kHz. @002 American Institute of Physics.
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Dynamic imaging and measurement modes of the atomimode shape on the contact stiffness can be exploited to form
force microscope(AFM) in liquids have been increasing elasticity images. By positioning the acoustic radiation force
both in number and significance in recent yéarsin order  on the AFM cantilever at a judiciously chosen location, the
to exploit the capabilities of the AFM in a wide range of sensitivity to sample elasticity is optimized to obtain elastic-
applications from biology to surface science, researchery images in liquids similar to the ultrasonic AFM images in
have used cantilevers with different shape, size, and mategir.*
ials in a variety of immersion fluid%:® This variation in The experimental setup used in this study is shown in
applications creates significant challenges for the actuatiofig. 1. It consists of a commercial AFM system with the
of AFM cantilevers in liquids. Furthermore, for accurate addition of a rf signal generator to drive the ARP actuator
evaluation of the AFM data one needs to characterize nodnd a lock-in amplifier to record the amplitude and phase
only the spring constant but also the higher-order modes ari@formation’® The ARP actuator is fabricated on a glass sub-
the vibration profiles of the cantilever in the liquid over a strate and it consists of a piezoelectric transducer and a
wide frequency rang®’ A piezoelectric transducer attached Fresnel lens to generate and focus the sound in the fluid. The
to the AFM system to vibrate the whole assembly is the mos\RP actuator is placed underneath the cantilever and the
widely used technique for actuating AFM cantilevBidow- imaging sample is located on the actuator surface near the
ever, this technique suffers from significant spurious meacoustic Fresnel lens. The cantilever and the sample-
chanical resonances. Although thin piezoelectric and mag@ctuator assembly are immersed in water. The rf amplifier is
netic films deposited on cantilevers result in a “clean” used to drive the transducer with a carrier frequency of 174

excitation, these methods limit the type of cantilevers to d¥Hz. The rf signal is amplitude modulated with the desired
narrow range, prohibiting the use of very small, low-noise{feauency to apply time harmonic forces. The lock-in ampli-

ones for force spectroscopy and fast imagint.

The acoustic radiation pressu(ARP) generated by a
focused acoustic transducer operating in the 100-300 MHz r}
frequency range has recently been introduced as an AFM )
cantilever actuation mechanism in fluitfsThis method does \| Piezotube X;Y AFM Controller
not require any special cantilevers and it is very suitable for and Computer

array fabrication. In this letter, we show that this technique  SawpLE

can be used for tapping mode imaging in liquids, avoiding \‘ )tg
spurious fluid—cell cavity resonances. We use the large band- — %
width and point-like forces generated by the ARP actuator
for active characterization of the flexural as well as the

higher-order torsional modes of AFM cantilevers in liquids.

We also demonstrate that the dependence of the cantilever ZINCOXIDE
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dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. Schematic of the experimental setup used to perform tapping mode,
ldegerte@sununo.me.gatech.edu elasticity imaging, and resonant mode characterization.

0003-6951/2002/80(21)/4063/3/$19.00 4063 © 2002 American Institute of Physics
Downloaded 26 Dec 2007 to 133.28.47.30. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



4064 Appl. Phys. Lett., Vol. 80, No. 21, 27 May 2002 Onaran, Degertekin, and Hadimioglu

10.0

400.0 nm
FIG. 2. AFM images of a 100 nm
thick 2 um wide aluminum grating on
200.0 nn silicon substrate obtained in standard
contact modda) and in tapping mode
with ARP actuator(b). Image size is
0.0 nw 10 um square.
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fier is synchronized with the amplitude modulatiAM)  tained by measuring the photodetector output using the
signal to the rf amplifier and the output of the lock-in is usedlock-in amplifier while scanning the cantilever along its
to measure the cantilever vibration mode profile with highlength. Note that the optical detection spot is not moved from
S|gnall to noise ratio. _ ~ the tip of the cantilever during these measurements. As an
First, we used the ARP actuator to obtain regular tappingxample, the measured vibration profile of the third flexural
mode images in water. Our current experimental setup showgode of a cantilever at 72.2 kHz is shown in Figt®3.
in Fig. 1 impose_s certain res.trictions on the choice of the |, order to verify the quantitative nature of the results, a
sample and cantilever. The thickness of Fhe sample needs gqlmme analytical model is constructed assuming that the
be close to the focal length of the acoustic Fresnel (868 ideal, lossless modal shapes of the cantilever are unchanged
wm) and the features on the sample must be close to the ed%g? the liquid and the incoming acoustic beam creates a
of the sample. In addition, the image size is limited by the . ) . o
Gaussian force profile on the cantilever. The prediction of

width and length of the AFM cantilever and the size of thethis simple model fitted to the measured data is also shown in
acoustic beam. Therefore, long and wide cantilevers are de- P

sirable to obtain reasonable-sized images. We used a#50 Fig. 3. In these plots the free end of the cantilever is to the

long rectangular silicon probe and a sample with large peril€ft Of the graph. The good agreement between the experi-

odic features to satisfy these requireméfit¥he sample ment and the model shows that the ARP actuator can be used
consisted of a 30@m thick silicon substrate with 100 nm 0 obtain quantitative information for AFM cantilever char-
thick, 2 um wide aluminum lines with 4um pitch. Figure acterization in liquids.

2(a) shows a standard contact mode image of this sample, Although the torsional modes of AFM cantilevers are
whereas Fig. () shows the tapping mode image of the sameshown to provide elasticity and friction information, they
region obtained by using the ARP actuator to vibrate théhave not been fully utilized because of the lack of an effi-
cantilever at 2.6 kHz, close to its first flexural resonance ircient actuation schemé.Using the ARP actuator, the tor-
water. During tapping mode imaging, a vibration amplitudesional modes can also be excited and characterized in fluids.
of 200 nm is obtained in water with an input rf signal power Figure 4a) shows the magnitude and Fig(b} shows the

of 10 dBm. The excellent correspondence between the corphase of oscillation of the second torsional mode of a 100
tact and tapping mode images shows the viability of the ac;m long, V-shaped silicon nitride AFM cantilever at 250
tuation method for tapping mode imaging. We should alsqHz*° These images are formed by scanning the cantilever

point out that integrating the ARP actuator to the cantileveryt the focal plane of the ARP actuator while recording the
holder will overcome the setup limitations imposed on the

sample and cantilever selection.
A unique property of the ARP actuator is its ability to .~ T—— Experimental
generate point-like forces on the AFM cantilever. It has been g 200f === Theoretical
shown that the force generated by the radiation pressure oe 150} d\
the acoustic field is confined to the size of the ultrasonic;% 100} ..’
beam at the focal poirtt. At the 174 MHz frequency used in g— 50 PN ,/' ) @ -
this study, the size of the focal spot is approximatejyr8 in < g / ! h
diameter. The localized nature of the applied force can be
used to characterize the flexural and torsional modes of the 400 : . : : i
cantilever by moving the focal spot position over the canti- ~ [— Exerimental
lever and recording the oscillation amplitude and phase from_g'f 200} y
the deflection signal. The ac excitation signal, regularly ap-g
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plied to theZ piezo by the commercial AFM system, is di- § or ©) 1
rected to the AM input of the rf signal generator to drive the & . . . . —\
ARP actuator(see Fig. 1 The tip of the cantilever is placed 200, 100 200 300 400 500 600
at the focal spot of the ARP actuator and the modulation Position (um)

frequency ge_nere_lted by the eXtemal_SIgnal generat_or IS SWGPFG. 3. Amplitude(a) and phaséb) profiles of the third flexural mode of a
to find the vibration mode frequenues. The magn'tUde a-n('?lectangularAFM cantilever at 58 kHz. Dashed lindahis the prediction of

phase of the vibration profile of the flexural modes are ob-a simple theoretical model.
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FIG. 5. Contact mode imagé) of a feature defined on 1.am thick
photoresist on silicon substrate. Ima@® shows the elasticity image ob-
tained by using the amplitude of oscillation of the second flexural resonance
mode at 50 kHz. Image size is J0n square.
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FIG. 4. Amplitude(a) and phaségb) “images” of the second torsional mode
of a V-shaped silicon nitride cantilever at 250 kHz. Dark and bright regions
in (b) represent a 180° phase difference. Brighter regions in(parepre- In summary, it is shown that the ARP actuator can ex-

sent the areas with larger oscillation amplitude. pand the capabilities of the AFM for applications in liquids.
By applying point-like forces to the desired locations on a

magnitude and phase of the lateral tilt signal by the lock-inc@ntilever in a wide frequency range, it enables accurate
amplifier. Darker colors on the amplitude image CC,rrespond:haracterization and excitation of flexural and torsional
to larger magnitude of oscillation. The difference betweenModes of AFM cantilevers. In addition to improving the tap-
the dark and light areas in the phase image is 180° so th&ing mode imaging performance, the ARP enables elasticity
two diagonal regions on the cantilever are moving in ongdMmaging based on monitoring the change in the cantilever
direction while the other two are moving in the oppositemOde shape due to contact stiffness. The wide bandwidth of
direction. actuation with the ARP offers the capability of high speed
The mechanical boundary conditions imposed on thdmaging in liquids. Future work will focus on integration of
cantilever when it is in contact with a sample change thdhe ARP actuator with the cantilever holder to overcome
resonant frequency and the resonant mode shape of sample limitations, as well as implementation of an array of
cantilever** Since the quality factors of resonant modes are2ctuators to vibrate an array of cantilevers.
high in air, the shift in resonant frequency has been usedc_ A. J. Putman, K. O. can der Werf, B. G. de Grooth, N. F. can Hulst, and
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