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Actuation and characterization of atomic force microscope cantilevers
in fluids by acoustic radiation pressure
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An actuation method for atomic force microscof®M) cantilevers in fluids is reported. The
radiation pressure generated by a focused acoustic transducer at radio fregdiedt90—300

MHz) exerts a localized force of controlled amplitude at a desired location on the AFM cantilever.
This force can be used to measure the spring constant and other dynamic properties of the cantilever.
Furthermore, by amplitude modulating the rf signal input to the acoustic transducer, the cantilever
is actuated in the dc—MHz frequency range. This provides a broadband actuation and
characterization method for AFM cantilevers with arbitrary geometry. The technique is
demonstrated on AFM cantilevers with spring constants in the 0.01-10 N/m range using a
micromachined acoustic transducer/Fresnel lens structure operating at 179 MHz in wa#901©
American Institute of Physics[DOI: 10.1063/1.1354157

The versatility of the atomic force microscoppAFM)  tip has been recently used for this purpose, its use is limited
has turned this instrument into an essential measuring ani conducting cantilevers immersed in gases or in dielectric
imaging tool for a wide range of environments. Many  liquid environments?
applications of the AFM take place in fluids and use both the In this letter, a method with which to actuate AFM can-
quasistatic(force spectroscopyand first and higher order tilevers with localized forces generated by focused acoustic
dynamic modes(tapping mode, ultrasonic AFMof the  waves in fluids is described. It uses the second order force
cantilever*~® Characterization of AFM cantilevers is essen-generated by sound beams, also known as the acoustic radia-
tial to optimize the experimental conditions and to obtaintion forceX® The method can be used to actuate AFM canti-
quantitative results. For example, the spring constant of théevers with arbitrary shapes and materials, eliminating the
cantilever determines the force applied to the sample in théequirement for magnetic and piezoelectric thin-film coatings
contact mode, and in noncontact and tapping mode operatigdd, since it is an ultrasonic method, it can be used in any
it limits the imaging speed. Yet in some other applicationsfluid environment*** The technique is demonstrated on a
such as force spectroscopy, the accuracy of the measuremé&@mmercial AFM system using a variety of AFM cantilevers
is directly determined by the accuracy of the spring constanimmersed in water.

Therefore, most AFM cantilever characterization efforts A plane target placed in the path of an acoustic wave
have been in this area and several methods have been devBfam in an unconfined medium experiences a time averaged
oped for cantilever spring constant measurement. Statiforce per unit area, which is known as the Langevin acoustic
methods use deflection of the AFM cantilever by anothefadiation pressurée. This pressure, given by the average en-
well characterized cantilever or by the effect of gravity when€r9y density,U, at the target surface, can be localized at a
a known mass is placed at the tip of the cantilé/&wnhereas d_eswed location on the AFM cantllev_er by placing the_ can-
dynamic methods rely on the thermal noise spectrum, resdilever at the focal plane_of an acoustic lens as shown in Fig.
nance frequency shift with added mass, or the hydrodynami¢: AS @ Simple model, it can be assumed that at the focal
function of rectangular cantilevefs!! These characteriza- Plane atime harmonic acoustic pressure wave of amplitude,
tion methods are useful only for operation up to the fundaPi+ IS incident on the cantilever immersed in a fluid and the
mental resonance frequency, and the analysis of comple‘ﬁY_ave is reflected with a complex pressure r(_eflect|on.coeff|—
hydrodynamic forces in biological fluids like water is not Ci€nt I', at the angular frequencyy=2f. This reflection
trivial for arbitrarily shaped cantilevers vibrating at high CO€fficient can be considered as the weighted average over

frequencies? These limitations can be overcome if one canthe incident spectrum of plane waves, which would be in-

apply static and time harmonic point-like forces at the Ioca—CIUded in a focused beam. Then the time averaged energy

tion of the AFM tip on the cantilever in a noncontact mannerdenSIty at the cantilever surface will be given by

and measure its deflection while it is immersed in a fluid. p?

Although a localized electrostatic force applied to the AFM U=— 2(| +|T|?), 1)
2pcC

dElectronic mail: Idegerte@sununo.me.gatech.edu where p is the bulk density of the fluidg is the speed of
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#——%F in FIG. 2. The rf signal applied to the piezoelectric transducer and the resulting
- b Zinc oxide _fU\J_ cantilever deflection signal. The rf signal is pulse modulated at 200 Hz and
ass substrate  transducer its frequency is 179.22 MHz. A rectangular silicon cantilever with a 0.148

N/m spring constant is used. The deflection signal is offset by about 1.7 V
FIG. 1. Schematic of the experimental setup used to demonstrate acoustigr clarity.

radiation pressure actuation of AFM cantilevers.

. _ _acoustic ink printing purposé$.The deflection of the canti-
sound in the fluid, ang:-| denotes the absolute value. Using joyer is measured using the standard optical detector of the

the relation that the average intensity of the incident beam ig gy system
. _ 2 . . . -
given byl;=pj/(2pc), the Langevin radiation pressure on  gjnce the radiation force is proportional to the intensity,

the cantilever(}, can be expressed in terms of the intensityha acoustic waves can only “push” the AFM cantilever in

as the propagation direction. This is clearly seen in Fig. 2,
14|12 where both the rf signal input to the piezoelectric transducer
Q:h( )_ (2) and the resulting cantilever deflection signal are shown. To
C obtain these data, the cantilever is first placed approximately
in the focal plane of the acoustic transducer usingZAree-
The total force applied to the cantilever can be found bytuator of the scan head. Then it is moved in ¥a€Y plane to
integrating the radiation pressure, and hence it is proporbring the cantilever tip to the focal spot of the acoustic beam.
tional to the average power incident on the cantilever. Finally, theZ level is adjusted for maximum deflection. The
The localization of the radiation force can be estimatedcantilever is made of silicon and has a spring constant of
using the relations for diffraction limited focused acoustic0.148 N/m. The cantilever is moved upward from its rest
beams:® For an acoustic lens with af number equal to 1, position after a transient when the rf signal is turned on,
the 3 dB diameterd, of the diffraction limited beam at the showing its step response. This is consistent with the fact
focal plane is given by the relatiah=1.02\, where\ is the  that the cantilever has a fundamental resonance of around 4.6
wavelength of the time harmonic acoustic wave in the fluid kHz in water. The low frequency appearance in the rf signal
For example, in watero=1.5x 10° m/9), the diameter of the is due to the low sampling rate of the digital oscilloscope
beam at the focal plane will be between 10 andrb when (100 kS/3.
the rf frequencyf, is in the 150-300 MHz range. According Figure 3 shows the measured cantilever deflection as a
to Eq. (2), for 150 uW incident average acoustic power at
the focal plane of the len®,= 7d?1,/4, the force applied to

70
the AFM cantilever will be 200 nN, if perfect reflection is

assumed at the water/cantilever interfad®|&1). Both ~60
these frequencies and power levels are typically used for E
acoustic microscopy and acoustic ink printing applicatitns. 5 0

A schematic of the experimental setup used in this study S 40
is shown in Fig. 1. The AFM cantilever is mounted on a E
transparent holder, which fits into a commercial AFM scan 530
head'® The cantilever is immersed into a drop of water to §

. X = 20

wet the entire holder—sample cavity. A glass substrate con- g
taining a surface micromachined acoustic Fresnel lens is “10
placed below the cantilever as the sample. The Fresnel lens
is designed such that when the zinc oxide transducer is ex- %
cited with a sinusoidal signal at 179 MHz, the acoustic Input RF power (mW)

waves are focused to a diameter of approximately.fdat

a focal distance of 36@m. This lens structure is part of a FIG. 3.'Mea§ured cantllev_er deflect!on as a function of the power Ieve] of
. . . . . the rf signal input to the piezoelectric transducer at 179 MHz. Data points
two-dimensional array of micromachined acoustic lenses 0By indicated by circles. The 2(Bn long cantilever has a spring constant of

the same é;lass plate, which was originally_ developed fon.14 N/m.
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9 : R frequency for two of the calibration cantilevers and a V
gl | — 405um calibration cant. g. | shaped, diamond coated force modulation cantiléVdine
""" 205um calibration cant. [ frequency sweep is limited to the 0.2—100 kHz range limita-
7rL Diamond coated Ultralever | f 3 1 tions of the lock-in amplifief The fundamental and second
@6, f | modes of the long cantilever are clearly seen around 4.6 and
E £ 38 kHz. Figure 4 also shows the ability of the radiation pres-
el 1 sure method in actuating different cantilevers without any
S4f undesired effects of the cantilever holder and the fluid cell. It
é has to be noted that torsional modes of the cantilever can
53' also be characterized by applying the radiation pressure at
2l | off-axis locations on the cantilever.
; The frequency response of the actuation method is de-
1 . | termined by the bandwidth of the acoustic transducer/Fresnel
0 . ‘ : lens system around the center rf frequency. In this particular
10° 10° 10* 10°
Frequency (Hz)

case, the 3 dB bandwidth is approximately 1 MHz, which is

well above the resonance frequencies of common AFM can-
FIG. 4. Measured cantilever deflection signal at the lock-in amplifier outputtilevers. It may be possible to use the method both in air and

as afunctipn of frequency for_ three different cantilgvers. T_h_e signal Ievelqiquid& and microfabrication techniques can be used to
are normalized by the autogain feature of the lock-in amplifier. implement it in the form of arrays for high speed imaging.

In summary, the radiation pressure generated by a fo-
function of the rf power input to the transducer. The cantile-cysed acoustic beam is introduced as a method to actuate and
ver is 205um long, 2 um thick, and 29um wide and its  characterize AFM cantilevers in fluids. The method is dem-
spring constant is specified as 1.14 Nftis expected from  gnstrated on a variety of AFM cantilevers by measuring their

Eg. (2), the radiation force on the cantilever varies linearly siatic and dynamic characteristics in water.
with input power to the transducer over a wide range. Given

the spring constant of the reference cantilever, the force ap- The authors are grateful to Professor B. T. Khuri-Yakub
plied to the cantilever can be calibrated. For example, foof the E. L. Ginzton Laboratory, Stanford University, for his

4.98 mW electrical power input to the transducer we measurgupport during the experiments and to members of the Docu-

31 nm cantilever deflection as shown in Fig. 3. Assumingment Hardware Laboratory of Xerox-PARC for fabricating
that the calibrated spring constant of 1.14 N/m is accuratethe acoustic lens.
we need to have a force of 35 nN applied to the tip of the, .
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