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Using scanning probe techniques, surface properties such as shear stiffness and friction can be
measured with a resolution in the nanometer range. The torsional deflection or buckling of atomic
force microscope cantilevers has previously been used in order to measure the lateral forces acting
on the tip. This letter shows that the flexural vibration modes of cantilevers oscillating in their width
direction parallel to the sample surface can also be used for imaging. These lateral cantilever modes
exhibit vertical deflection amplitudes if the cantilever is asymmetric in thickness direction, e.g., by

a trapezoidal cross section. Z)04 American Institute of Physid©OI: 10.1063/1.1833533

The atomic force microscop(aﬁ\FM)1 has found wide possibility to gain information on frictional properties or
applications in biology, physics, and material science. Mosshear elasticity.
AFM operation modes measure the deflection of the cantile- Using a scanning interferometBrwe examined the vi-
ver caused by the forces acting vertically between the tip antiration spectra of cantilevers made of single crystal silicon
the sample while it is scanned. This allows mapping of surwith approximately rectangular shape. We noticed that eigen-
face properties such as topography, elasticity, magnetic ognodes of the cantilever can be excited by in-plane displace-
piezoelectric domains and other quantities with nanometements which are neitheorsional nor flexuralmodes. The
resolution. Both lateral and vertical forces contribute to thefrequencies of all eigenmodes up to 3 MHz of one sensor
total tip-sample interactioh.In friction force microscopy used by ugtype FM manufactured by Nanosensors GmbH,
lateral tip—sample forces are measutdd early experiments ~ Erlangen, Germanyare listed in Table I. We found a third
the lateral deflection of a bent tungsten Wice the buckling ~ kind of eigenmode at a frequency located between the sec-
of the cantilever in its length directiBnwas exploited to ond free flexural and the first torsional modes. Figures
image atomic-scale friction. In commercial AFMs friction 1(&—1(d) show amplitudes and phases of the oscillations of
and lateral forces are detected by measuring the torsion dyo cantilever modes measured with the optical interferom-
AFM cantilevers. Here, a new mode of atomic force acoustic€ter. The cantilever was not in contact with a sample surface.
microscopy(AFAM)6 is discussed. In AFAM the flexutsbr  |ts suspension was located at the left-hand side of the im-
torsionaf resonance frequencies of AFM cantilevers in con-29€S-

tact with a sample surface are measured. We show that it is Finite-element calculations were carried out to identify
possible to image local variation in shear elastic propertiedhis unknown mode. The beam was assumed to be free at one

by exciting the flexural resonances of the cantilever polar€Nd and rigidly clamped at the other end. Due to the etching
ized in its width direction with the sensor tip in sample con-Process during manufacturing the cantilevers have a trap-

tact. We present briefly the AFAM technique followed by aezoidal instead of a rectangular cross section. A lateral mode
discussion of the lateral resonance mode. Then images of @" in-plane flexural mode vibrating parallel to the width of

tained on a polycrystalline stabilized zirconia are presentedt. et Cantlllever(here lnt_the}(/j_dlrlectlom. Evelzln at b?ar|n with
In the AFAN tecmique an AFM camtlover isse o SCETG SEE S0 sy sl eutef e com
flexural oscillations either by out-of-plane movements of theP y=>.. . 1
38 . " . “due to transverse contraction and expangieig. 1(e)]. As-
sampl&~® caused by ultrasonic waves or by exciting the chip . . .
. o . __“suming a trapezoidal cross section, the calculated out-of-
of the cantilever. The oscillations are detected by the optical . .
X . lane component df; becomes much higher azdy is now
beam-deflection scheme of an AFM. Since the contact res

. ; 5.8% 1072 [Fig. A(f)]. The z/y ratio for the first torsional
nance frequency depends on the tip—sample contact St'ﬁnesr%’odeT is 17 with the same trapezoidal cross sectibiy
variations of local elasticity lead to a shift of the resonanc ! :

frequency. This shift can either be used to measure quanti%\légg'gpﬁlgr?e? nf 4an|mated version of Fig. 1 is available

tively the local contact stiffness or to image variation in elas- In-plane motion cannot be detected with the optical in-
. . —12 . I . .
tic propert|e56. By insonifying ultrasonic shear waves into terferometer we used or with the built-in optical beam-

the sample causing in-plane surface displacements, torsionghiaction of an AEM. However, an asymmetry like the trap-
resonances of the AFM cantilevers were excited, offering the,,yiqal cross section leads to = component of the

displacement allowing the detection of the lateral modes.
¥Electronic mail: arnold@izfp.fhg.de Amplitude and phase of the first lateral mode are similar to
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TABLE |. Experimental and calculated resonance frequencies of a single crystal silicon cantilever with the
dimensions 239.5 29% 3.3 um?® (lengthx width X thicknes$. The width is the mean value of the upper and

the lower width of the trapezoid. For the calculations a Young’s modulus of 169 GPa and a shear modulus of
50.9 GPa were used. The equations for calculating the torsional or flexural resonance frequencies can be found
in Refs. 2 and 6.

First Second First First Third Fourth Second
flexural flexural lateral torsional  flexural flexural torsional
mode mode mode mode mode mode mode

Experimentally

observed

frequency(kHz) 79.5 501 631 1111 1410 2765 3342
Calculated

frequency(kHz) 79.1 496 695 1110 1399 2721 3331

the amplitude and phase of the first torsional mode. Theions of the characteristic equation ¢gg.)coshk,L)=-1.
slight difference in frequency between experiment and simufFor lateral modes Eq.l) holds as well whera andb are
lation is mainly caused by the cantilever suspension, whiclexchanged. The theoretical flexural resonance frequencies
is not perfectly rigid and symmetric as assumed in the simuaccording to Eq(1) are shown in Table I.
lations. Lateral modes of rectangular beams shkalisplace- We also examined whether the lateral resonances shift in
ments similar to the one shown in Figfilas well when an  frequency with applied force with the tip in sample contact.
elastic and asymmetric suspension is included in the modekigure 2 shows the contact resonance frequency as a function
The eigenfrequenciek, n={1,2,3, ..} of the flexural  of the applied force for the first lateral mode. The resonance
modes of a clamped-free cantilever with rectangular crosgrequency of the lateral mode increases with static load, al-

section aré though only slightly. Moreover one can observe that the reso-
nance amplitude significantly increases with load because the
(knL)2 contact area increases, and that for loads up to 200 nN the

fn= oml2 (1) width of the resonance curve is larger than for still higher

loads, i.e.,Q is smaller. At present we surmise that sliding

with 1=ab’/12. Here,E is the Young's modulusp is the friction occurs between the tip and the sample which is sup-
density, A is the cross section of the cantilever,is its  pressed at larger static loatfsWVe will examine this in more
length, anda andb are the thickness and the width of the detail.
cantilever, respectively. The wave numbéysare the solu- In the AFAM imaging mode one works at a fixed fre-

quency near the cantilever contact-resonance. A shift of the
Experimental amplitude resonance frequency leads to a variation of the oscillation
() |28 amplitude, allowing one to image local variations of elastic
properties. An important difference between imaging with
vertical and lateral excitation of the cantilever resides in the
Experimental phase fact that scanning with a flexural mode maps local varlat|ons
©= |+n of the reduced Young’s modulus defined Bs=E/(1-1?),2

whereas scanning with a lateral-mode contact resonance

@ |+1: maps local changes in the reduced shear modulus defined as
G'=G/(1-v?). Here, E is the Young’s modulusy is the

Poisson ratio, an is the shear modulus. Figuréa3 shows

Finite element simulati
(e)n ——— I:l a topography image anq_the corresp'qnding AFAM imgges
—— [(b)—(d)] at the same position of a stabilized 3% mol yttrium

0 _______ zircon oxide sample. The lateral AFAM image recorded at a
_D frequency of 685 kHz is compared to an AFAM image ob-
tained with the first flexural mode80 kH2 and to the first

[ D

FIG. 1. Interferometrically measured amplitude and phase distribution of a
free cantilever{(a)<(d)] and finite-element simulationge), (f)]. The first
lateral (L;) and torsional modeéT,) were measured at a frequency of 583
and 1003 kHz, respectively. The finite-element simulations were carried out
with a cantilever thickness of 2,8m and a length of 24Lm. In the grey
scales, white means a negative and black a positive displacement in thick-
ness direction(e) The lateral mod€L,, 605 kH2 in the case of a rectan-
gular beam cross section of 26n width. (f), (g) The first lateral modeéL ,, 650 700 750 800 850

631 kH2 and the torsional modéT,, 983 kH2 for the trapezoidal cross Frequency [kHz]

section. The lengths of the narrow and wide side of the trapeze were 18 and

33.5um, respectively. The finite-element simulations were processed withFIG. 2. Resonance curve for the first free lateral mode measured with an
ANSYS 7.1by using approximately 2000 tetraeder shaped elements of the typeptical interferometer and contact resonances of the same cantilever as a
Solid 187. function of applied load~ on the 3Y-TZP stabilized zirconia sample.
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(O f = 685 kHz (d) f = 1080 kHz
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