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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 microscope~AFM! cantilevers in fluids is reported. The
radiation pressure generated by a focused acoustic transducer at radio frequency~rf! ~100–300
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 water. ©2001
American Institute of Physics.@DOI: 10.1063/1.1354157#
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The versatility of the atomic force microscope~AFM!
has turned this instrument into an essential measuring
imaging tool for a wide range of environments.1–3 Many
applications of the AFM take place in fluids and use both
quasistatic~force spectroscopy! and first and higher orde
dynamic modes~tapping mode, ultrasonic AFM! of the
cantilever.4–6 Characterization of AFM cantilevers is esse
tial to optimize the experimental conditions and to obta
quantitative results. For example, the spring constant of
cantilever determines the force applied to the sample in
contact mode, and in noncontact and tapping mode opera
it limits the imaging speed. Yet in some other applicatio
such as force spectroscopy, the accuracy of the measure
is directly determined by the accuracy of the spring const
Therefore, most AFM cantilever characterization effo
have been in this area and several methods have been d
oped for cantilever spring constant measurement. St
methods use deflection of the AFM cantilever by anot
well characterized cantilever or by the effect of gravity wh
a known mass is placed at the tip of the cantilever,7,8 whereas
dynamic methods rely on the thermal noise spectrum, re
nance frequency shift with added mass, or the hydrodyna
function of rectangular cantilevers.9–11 These characteriza
tion methods are useful only for operation up to the fun
mental resonance frequency, and the analysis of com
hydrodynamic forces in biological fluids like water is n
trivial for arbitrarily shaped cantilevers vibrating at hig
frequencies.12 These limitations can be overcome if one c
apply static and time harmonic point-like forces at the lo
tion of the AFM tip on the cantilever in a noncontact mann
and measure its deflection while it is immersed in a flu
Although a localized electrostatic force applied to the AF
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tip has been recently used for this purpose, its use is lim
to conducting cantilevers immersed in gases or in dielec
liquid environments.12

In this letter, a method with which to actuate AFM ca
tilevers with localized forces generated by focused acou
waves in fluids is described. It uses the second order fo
generated by sound beams, also known as the acoustic r
tion force.13 The method can be used to actuate AFM can
levers with arbitrary shapes and materials, eliminating
requirement for magnetic and piezoelectric thin-film coatin
and, since it is an ultrasonic method, it can be used in
fluid environment.14,15 The technique is demonstrated on
commercial AFM system using a variety of AFM cantileve
immersed in water.

A plane target placed in the path of an acoustic wa
beam in an unconfined medium experiences a time avera
force per unit area, which is known as the Langevin acou
radiation pressure.16 This pressure, given by the average e
ergy density,U, at the target surface, can be localized a
desired location on the AFM cantilever by placing the ca
tilever at the focal plane of an acoustic lens as shown in F
1. As a simple model, it can be assumed that at the fo
plane a time harmonic acoustic pressure wave of amplitu
pi , is incident on the cantilever immersed in a fluid and t
wave is reflected with a complex pressure reflection coe
cient, G, at the angular frequency,v52p f . This reflection
coefficient can be considered as the weighted average
the incident spectrum of plane waves, which would be
cluded in a focused beam. Then the time averaged en
density at the cantilever surface will be given by

U5
pi

2

2rc2
~ I 1uGu2!, ~1!

where r is the bulk density of the fluid,c is the speed of
8 © 2001 American Institute of Physics
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sound in the fluid, andu•u denotes the absolute value. Usin
the relation that the average intensity of the incident beam
given by I i5pi

2/(2rc), the Langevin radiation pressure o
the cantilever,V, can be expressed in terms of the intens
as

V5I i

~11uGu2!

c
. ~2!

The total force applied to the cantilever can be found
integrating the radiation pressure, and hence it is prop
tional to the average power incident on the cantilever.

The localization of the radiation force can be estima
using the relations for diffraction limited focused acous
beams.13 For an acoustic lens with anF number equal to 1,
the 3 dB diameter,d, of the diffraction limited beam at the
focal plane is given by the relationd51.02l, wherel is the
wavelength of the time harmonic acoustic wave in the flu
For example, in water (c51.53103 m/s!, the diameter of the
beam at the focal plane will be between 10 and 5mm when
the rf frequency,f, is in the 150–300 MHz range. Accordin
to Eq. ~2!, for 150 mW incident average acoustic power
the focal plane of the lens,Pi5pd2I i /4, the force applied to
the AFM cantilever will be 200 nN, if perfect reflection i
assumed at the water/cantilever interface (uGu51). Both
these frequencies and power levels are typically used
acoustic microscopy and acoustic ink printing application17

A schematic of the experimental setup used in this st
is shown in Fig. 1. The AFM cantilever is mounted on
transparent holder, which fits into a commercial AFM sc
head.18 The cantilever is immersed into a drop of water
wet the entire holder–sample cavity. A glass substrate c
taining a surface micromachined acoustic Fresnel len
placed below the cantilever as the sample. The Fresnel
is designed such that when the zinc oxide transducer is
cited with a sinusoidal signal at 179 MHz, the acous
waves are focused to a diameter of approximately 10mm at
a focal distance of 360mm. This lens structure is part of
two-dimensional array of micromachined acoustic lenses
the same glass plate, which was originally developed

FIG. 1. Schematic of the experimental setup used to demonstrate aco
radiation pressure actuation of AFM cantilevers.
Downloaded 08 Apr 2004 to 133.28.19.11. Redistribution subject to AIP
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acoustic ink printing purposes.17 The deflection of the canti-
lever is measured using the standard optical detector of
AFM system.

Since the radiation force is proportional to the intensi
the acoustic waves can only ‘‘push’’ the AFM cantilever
the propagation direction. This is clearly seen in Fig.
where both the rf signal input to the piezoelectric transdu
and the resulting cantilever deflection signal are shown.
obtain these data, the cantilever is first placed approxima
in the focal plane of the acoustic transducer using theZ ac-
tuator of the scan head. Then it is moved in theX–Y plane to
bring the cantilever tip to the focal spot of the acoustic bea
Finally, theZ level is adjusted for maximum deflection. Th
cantilever is made of silicon and has a spring constan
0.148 N/m. The cantilever is moved upward from its re
position after a transient when the rf signal is turned o
showing its step response. This is consistent with the
that the cantilever has a fundamental resonance of around
kHz in water. The low frequency appearance in the rf sig
is due to the low sampling rate of the digital oscillosco
~100 kS/s!.

Figure 3 shows the measured cantilever deflection a

stic

FIG. 2. The rf signal applied to the piezoelectric transducer and the resu
cantilever deflection signal. The rf signal is pulse modulated at 200 Hz
its frequency is 179.22 MHz. A rectangular silicon cantilever with a 0.1
N/m spring constant is used. The deflection signal is offset by about 1.
for clarity.

FIG. 3. Measured cantilever deflection as a function of the power leve
the rf signal input to the piezoelectric transducer at 179 MHz. Data po
are indicated by circles. The 205mm long cantilever has a spring constant
1.14 N/m.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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function of the rf power input to the transducer. The canti
ver is 205mm long, 2 mm thick, and 29mm wide and its
spring constant is specified as 1.14 N/m.19 As expected from
Eq. ~2!, the radiation force on the cantilever varies linea
with input power to the transducer over a wide range. Giv
the spring constant of the reference cantilever, the force
plied to the cantilever can be calibrated. For example,
4.98 mW electrical power input to the transducer we meas
31 nm cantilever deflection as shown in Fig. 3. Assum
that the calibrated spring constant of 1.14 N/m is accur
we need to have a force of 35 nN applied to the tip of
cantilever by acoustic radiation pressure. An independ
measurement of the insertion loss of the acoustic transd
and lens combination was performed to determine the i
dent acoustic power at the cantilever surface. This meas
ment yielded a loss of 26.5 dB. Therefore, for the 4.98 m
electrical power on the transducer, we find that the incid
acoustic power on the tip is 11.1mW. Using Eq.~2! the force
on the cantilever due to acoustic radiation pressure is
dicted as 13 nN, assuming an average reflection coeffic
of 0.85 for the 2mm thick cantilever immersed in water. Th
number is of the same order of magnitude as the value
dicted from the cantilever deflection. Further measureme
and theoretical analysis will be performed to explain the d
crepancy in the numbers. Once the radiation force is c
brated, it is used to measure the spring constants of 405
105 mm long cantilevers on the same chip. The measu
values are 0.132 and 10.18 N/m, which are 12% smaller
19% larger, respectively, compared to the values quoted
the vendor.

The dynamic response of AFM cantilevers is also m
sured by the radiation pressure method. Time harmo
forces are generated by applying a sinusoidal amplit
modulation on the rf input signal. By choosing a modulati
factor of less than 1, appropriate biasing force is applied
actuate the cantilever at the modulation frequency and
second harmonic. The deflection of the cantilever is th
measured by a lock-in amplifier, which locks to the modu
tion frequency. Figure 4 shows the normalized magnitude
the lock-in amplifier output as a function of the modulati

FIG. 4. Measured cantilever deflection signal at the lock-in amplifier ou
as a function of frequency for three different cantilevers. The signal le
are normalized by the autogain feature of the lock-in amplifier.
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frequency for two of the calibration cantilevers and a
shaped, diamond coated force modulation cantilever.20 The
frequency sweep is limited to the 0.2–100 kHz range limi
tions of the lock-in amplifier.21 The fundamental and secon
modes of the long cantilever are clearly seen around 4.6
38 kHz. Figure 4 also shows the ability of the radiation pre
sure method in actuating different cantilevers without a
undesired effects of the cantilever holder and the fluid cel
has to be noted that torsional modes of the cantilever
also be characterized by applying the radiation pressur
off-axis locations on the cantilever.

The frequency response of the actuation method is
termined by the bandwidth of the acoustic transducer/Fre
lens system around the center rf frequency. In this particu
case, the 3 dB bandwidth is approximately 1 MHz, which
well above the resonance frequencies of common AFM c
tilevers. It may be possible to use the method both in air a
liquids, and microfabrication techniques can be used
implement it in the form of arrays for high speed imaging

In summary, the radiation pressure generated by a
cused acoustic beam is introduced as a method to actuate
characterize AFM cantilevers in fluids. The method is de
onstrated on a variety of AFM cantilevers by measuring th
static and dynamic characteristics in water.

The authors are grateful to Professor B. T. Khuri-Yak
of the E. L. Ginzton Laboratory, Stanford University, for h
support during the experiments and to members of the Do
ment Hardware Laboratory of Xerox-PARC for fabricatin
the acoustic lens.
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