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A new method is proposed to detect ultrasonic vibration of the samples in the Atomic Force Microscope (AFM)
using nearity in the tip-sample interaction force curve F(z). Small amplitude ultrasonic vibration less than

detected as an average displacement of a cantilever. This Ultrasonic Force Mode (UFM) of operation is

n detecting ultrasonic vibration with frequencies up to the GHz range, using an AFM cantilever
requency below 100 kHz. It was found that a strong repulsive force is acting after an ultrasonic

amp old of the is crossed, with the amplitude of this threshold’ depending upon the average force ap-
plied to the tip.
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1. Introduction mict+vict+kze=F(z.—z—Acos wt)=F(z). (1)

- difficult to detect ultrasonic frequencies  This equation can be integrated using linearisation of

SH:z frequency range) in an atomic force the F(z) dependence®” or, for the general case, solved

AFM)'? having a soft cantilever with a  numerically by computer simulation. However, for the

rescnant frequency below 100 kHz. Since the depend-  two extreme cases, very low and very high vibration fre-
ence of the atomic force F on the distance z between  quency w, the solution can be found directly from eq.
the tip and surface is essentially nonlinear,®¥ then, (1).

zcements (down to 0.1 A) and small forces
17" N) excited by ultrasound can be meas- 2.2 Low vibration frequency (quasi-static) approrima-

L1 If one vibrates the surface of the object tion
~nic wave, this nonlinearity will result in a If the frequency w is much lower than both the
ne average position of the AFM cantilever  resonant frequency of the cantilever, wg, and the relaxa-

C|

n of the higher harmonics of the ultra-  tion frequency, w;:

o oLus, w., where wo=+k/m, w.=(k/y), (2)

monics special modlﬁcatlon of the cantilever and the then the time derivatives of z. in eq. (1) vanish and eq.

AFM s=2up must be affected. The measurement of the (1) is reduced to

averaz= nosition of a cantilever can be realized in all ex-

is‘-':“-‘ NS kze=F(z.—2:—A cos wt), (3)
- cal Mod s Kioull D . corresponding to the static situation described in the

2. —{f“" et . 9 eltloilt (%Fl\?ll; inear Detection. ;.. ..\ re 246 If the cantilever is soft compared with
{irasonic Force Mode the force derivative (i.e. k<F(z)) the cantilever is

2.1 Dnmamic model of the cantilever-object system trapped near F(z)=0 and the topography of the object
» =valuzte the response of the AFM to the vibra-

-~ =ct it is useful to model the tip-cantilever ;
=n harmonic oscillator, possessing an effec- f F(z)

=oring constant k and effective dissipation

e F is applied to the tip and depends
emancally illustrated in Fig. 1, upon
en the coordinate of the cantdever,

eous position of the surface z. The

mmation of the AFM stage posi- R

rantaneous displacement of the A A z
wt), where A and w are ampli- S waen aew : r
pectively. If origin of the coor- %

_'.’.--:- on-deflected position of the
obevs the following second ord-
erential equation: F |- D

Fig. 1. Schematic illustration of the dependence of the atomic inter-
action force F on the tip—surface distance z (force curve).
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rather than its elasticity is measured.

2.3 High vibration frequency (ultrasonic) approzima-
tion
In the high frequency limit, when w is much higher
than the resonant frequency of the cantilever wy

w>wo= Vk/m, (4)

the inertial force defined by the finite mass of the tip
and the cantilever predominates rather than the elastic
restoring force of the cantilever spring. Considering
that the cantilever of the AFM usually has a resonant
frequency wo below 100 kHz, w has to be in the ultra-
sonic frequency range. We call this limit the ““Ultra-
sonic Approximation’’ and this mode of the AFM opera-
tion as the ‘“Ultrasonic Force Mode (UFM)’".

The oscillation of the z coordinate of an object under
ultrasonic frequency (w in the argument of F(z) in the
right-hand side (r.h.s) of eq. (1)) acts as a driving force
for the tip-cantilever system described by the (Lh.s) of
this equation. When the difference between w and wy is
large, satisfying the condition of the eq. (4), the non-
linearity of F'(z) results in the oscillation of cantilever
coordinate z. at the base frequency w and its harmon-
ics. Also there is a constant deflection of the cantilever,
zo. Therefore, we expand z. as

=+
ze=z9+ D 2n COS NWt, (5)

n=1
where 2, is constant deflection of the cantilever and
z1,"**, zq are the amplitudes of the oscillations with the
fundamental frequency w and its harmonics, nw. Sub-

stituting eq. (5) into eq. (1) we have
o0 [=+]

—mu? Y] nza cos nWt—yw D Nza Sin nwt

n=1 n=1

+kzo+ D za cos nwt
n=1

=F (zﬁ- > 2a Cos nwt—z:—A cos wt). (6)
n=1

The maximum of the r.h.s. of the eq. (6) should have an
upper limit because the force acting between the tip
and the surface cannot be infinitely large due to the
finite rigidity of the object, then we can assume |F(z)
| <F,, where Fy is the maximum force. Dividing both
sides of the eq. (6) by w?, we obtain the following rela-
tion

- <] o
—m ), n’z, cos nwt —~fw D) nzasin nwt +kzo/w?

n=1 n=1

+kfw? 2 za cos nwtl <Fo/u?
n=1

and, taking the limit of w to infinity, we have

o
lim | D] nn cos nwt \ =0."
Ww=E | =1

From which it follows that

o

lim Y] n’z, cos nwt=0. (7)

—+ 0 -
A n=1
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Due to the orthogonal properties of the oscillating
Fourier components in the Lh.s of eq. (7), the
coefficient of each component must also be zero at very
high vibration frequencies, so that

lim z,=0 for n=1,2,"-. (8)

w0
To evaluate the response of the cantilever to ultra-
sonic vibration, let us integrate eq. (6) over one period
of oscillation T=27/w. According to eqs. (5) and (8), 2.
in eq. (6) can be replaced by z; at very high frequencies.
Then

o

T @
S ( —mw? Y n*2, cos nwt —yw D, nz, sin nwt+kzo
0 n=1

n=1

Zn COS nwt) dt

T 27
=g F(20—2s—A cos wt) dt, where T=—w—. (9)

The integral of the oscillating terms in the Lh.s. of eq.
(9) containing cos nwt, sin nwt, is performed over a in-
teger number of periods. Therefore, after integration
these terms vanish. Taking the integral, we have

T
k:oT=§ Flzp—zs—A cos wt) dt. (10)

v

Let us assume that the F(z) force curve does not de-
pends upon the time derivatives of the coordinate z.
This case corresponds to the absence of viscoelastic
relaxation in the sample-tip interaction. Then, the time
variable ¢ in the eq. (10) can be replaced by the dimen-
sionless variable z=2mt/T and this integral can be writ-
ten as

(11)

1 2
kZu=§_‘S F(zo—2zs—A cos x) dz.

T Jdo

The r.h.s. of eq. (11) defines a new function, dependent
upon the distance between the tip and the object and
upon the amplitude of ultrasonic vibration, while pos-
sessing no frequency dependence (provided F(z) has
no viscoelastic behavior). This function can be calculat-
ed from the original force curve F(z) once the average
position zo is assumed. It allows us to evaluate the
UFM response to the ultrasonic vibration by solving
eq. (11). This equation is similar to the low frequency
case of eq. (3), if a modified force curve F..(z)is defined
as

kZu=Fm{Zo —Zs, A),

where
2

Fm(c,A)ZQI—Wg

0

F((—Acosz)dz. (12)

It is easy to see that if the original force curve is
linear (i.e. F(2)=—kez), the averaged shift of the can-
tilever zo vanishes. In this case Fu(z)=F(z) and the
function is not affected by ultrasound. Therefore, the
response of the UFM to ultrasound directly reflects a
nonlinearity in the F(z) curve.
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3. Experimental Setup

The experimental setup was based on the modified
commercial AFM (Seiko Instruments Inc. SFA 330)
and its schematic diagram is shown in Fig. 2. A
microfabricated Si;Ny cantilever with a resonant fre-
quency of 33 kHz and spring constant k& of 0.024 N/m
was used. A polished (100) oriented Si wafer of 400 um
thickness was bonded to a PZT ceramic piezoelectric
transducer with a resonant frequency of about 3 MHz
thin layer of crystalline salol (phenyl salicilate).

stage and its electrodes were connected to the
output BNC connector using soft wires.

unction generator with 50 2, +10 dB'm maxi-
1 output was used to drive the piezoelectric trans-
ducer at frequencies ranging from 0 to 9 MHz using
cw, tone-burst, saw-tooth, and triangle modulated RF
S . This system excited ultrasonic vibrations in
the ple at the resonant frequency of the transducer,
and its third harmonic at 9 MHz. The vertical
ns were effectively excited also at lower fre-
s ranging from 0 to about 500 kHz below the

voltage and measuring the resulting displacement
e cantilever. Therefore, the DC displacement sen-
v of the transducer estimated in this way was
0.1 nm/V. Useful to mention here. that this esti-
1ation is valid only at lower frequencies, whereas at
resonant and adjacent frequencies another approach
i.e optical interferometry) has to be used.

4. Experimental Results and Discussion

3 shows: (1)—driving tone bursts of the
ic transducer with a carrier frequency of 3
{2z peak to peak amplitude of 2 V, and envelope fre-
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Fig. 3. Experimental verification of the nonlinear detection of
ultrasound in the UFM: (1)—the driving signal for the ultrasonic
tone bursts (RF frequency—3 MHz, RF amplitude—2 V p-t-p, and
envelope frequency 700 Hz); (2) the resultant deflection of the can-
tilever z, measured by the differential PD (sensitivity 0.5 nm/div,
negative change of PD signal corresponds to the positive (repell-
ing) displacement of the cantilever), the deflection of the can-
tilever follows the envelope of the tone burst; a microfabricated
SizN, cantilever with a spring constant k~0.024 N/m and a
resonance frequency ~33 kHz was used.

quency of 700 Hz and (2)—a resultant deflection of the
cantilever measured by the differential PD. In (2), a
shift of the averaged cantilever position z; following
the envelope of the tone burst is observed. This is due
to the nonlinear response to the ultrasonic vibration of
the sample. Using a vibration with a carrier frequency
in the range of 300 to 500 kHz, much lower than the
resonance frequency of the piezoelectric transducer, an
estimation of the vibration amplitude by the zero-fre-
quency measurements (see §3) was possible. Then the
amplitude required for nonlinear response was esti-
mated to be 0.2-0.5 nm. An analogous (but not calibrat-
ed regarding to the vibration amplitude) shift of the
averaged cantilever position due to the nonlinear
response was observed at vibration frequencies up to 9
MHz.

Next, we investigated a dependence of the cantilever
deflection upon the ultrasonic vibration amplitude of
samples under the average force Fy applied to the tip.
The deflection of the cantilever was measured as the
piezoelectric transducer was driven by a saw-tooth
modulated signal with the carrier frequency of 3 MHz,
peak to peak amplitude of 2 V, and envelope frequency
of 700 Hz. To diminish the effect of the Z feedback
loop on the cantilever position, integral regulation with
the lowest possible gain was chosen. The results of
these measurements for different values of the average
force Fy are shown in Fig. 4.

It was found that at small amplitudes of ultrasonic
vibration, a weak attractive or an almost non-existent
force was observed. This force became a repulsive
force after the amplitude of ultrasonic vibration
reached a certain threshold level, A,. When we shift the
average force Fy to negative values (from F;=1.2 nN to
Fy=—1.2 nN) so that an attractive force is applied to
the cantilever by the sample, the transition took place
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Fig. 4. Experimental study of the cantilever deflection vs ampli-
tude of the ultrasonic wave for different average force F;, applied to
the tip—z(A} curves; a) an envelope of the saw-tooth-modulated
RF signal on the piezotransducer (RF frequency—3 MHz, RF am-
plitude—2 V p-t-p, and envelope frequency—700 Hz): b)—can-
tilever deflection for the average force Fj equal to 1.2 nN, 0 ulN,
and —1.2 aN.

at a smaller amplitude of ultrasonic vibration, and a
noticeable decrease in the transition threshold A. (up to
40% ) was observed.

This behavior may be related to the following fact.
The higher average force level Fy corresponds to the
average position of the tip z: close to the object on the
repulsive branch of force curve F(z) (Fig. 1). In this
region the nonlinearity of the F'(z) force curve is small
and an ultrasonic vibration of large amplitude is needed
to reach the nonlinear region near the minimum on the
force curve. The moment when this position is reached
can be detected by a shift in the average cantilever posi-
tion. Changing the average force to a negative value in-
creases the distance between the tip and the object and
allows us to reach the nonlinear region with a smaller
amplitude A., resulting in a decrease of the threshold.

0. KoLosov and K. YAMANAKA

This result suggests the possibility of estimating the
shape of the F(z) curve and paves the way for evaluat-
ing the local elasticity of the object by means of the
UFM with nanoscale resolution.

5. Conclusion

We proposed a new method to detect an ultrasonic
vibration in the samples of the AFM using the non-
linearity in the force curve F(z) between the tip and
the sample. A small amplitude ultrasonic vibration
(less than 0.2 nm) is detected as an average displace-
ment of the cantilever. It was found that a strong repul-
sive force is acting after the threshold of ultrasonic am-
plitude is crossed, with the amplitude of the threshold
depending upon the average force applied to the tip.
This transition mayv allow new sources of the contrast
in AFM images. After solving the mechanisms of these
newly found phenomena, it could provide new informa-
tion on local viscoelastic properties and near field acous-
tic imaging of the subsurface structure.
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