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We examined, both theoretically and experimentally, the characteristics of subsurface imaging with nanometer
resolution and the effect of contact elasticity in the ultrasonic force microscope (UFM). In particular, the effect of
the surface energy and effective elasticity on the maximum tip-sample force and the shift of the averaged tip-sam-
ple distance were examined. Furthermore, kink formation in the cantilever deflection (z,) against the ultrasonic
frequency vibration (UFV) amplitude (a) characteristics was predicted. This model was used to explain experimen-
tal observations in UFM, such as the features of the measured z,(a) curve and the damping of the cantilever tor-
sion vibration by the UFV. Moreover, the previously reported lateral ultrasonic force microscope image of subsur-
face features was explained by the response of subsurface edge dislocation to a large instantaneous force

enhanced by the UFV.
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1. Introduction

As an imaging method of elastic properties and sub-
surface features, the scanning acoustic micrescope
(SAM) developed by Quate et al. provides the best spa-
tial resolution comparable or superior to that of optical
microscopes.? Nondestructive evaluation methods of
defects and elastic properties on a microscopic scale
were developed using SAM, and they have been widely
applied to various fields in science and technology.?*
However, the spatial resolution of SAM is not always
sufficient for nanometer scale defects and advanced
micro/nano devices.

For materials characterization on nanometer scale,
some methods using the vibration forces between the
sample and a probing tip have been developed by ex-
tending the atomic force microscopy (AFM).? In tun-
neling acoustic microscopy, the tip is vibrated® and in
the force modulation mode (FMM), the sample is
vibrated.”® The response to the vibrating force is meas-
ured to image ion implanted layers,® carbon fiber and
epoxy composites” and Langmuir-Blodgett films.® We
have developed the lateral force modulation mode
(lateral FMM) to image surface gaps? and friction
forces'® on a nanometer scale.

To detect ultrasonic frequency vibration (UFV) of
the scanning tunneling microscope (STM) sample, a
method was developed where the nonlinear (rectifying)
properties of the tunneling behavior allowed the detec-
tion of the envelope of the acoustic burst.'” Further-
more, Rohrbeck and Chilla detected the envelope of
surface acoustic waves on an AFM sample using the
nonlinear relationship between the force and the tip-
sample distance.'? We developed a theory of the AFM
response to the UFV, and suggested the possibility of
evaluating the local elasticity and near-field acoustic im-
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aging of a subsurface structure.”® After showing the
AFM response to the UFV depending on the elastic
property of objects and images in ultrasonic force
microscopy (UFM) reflecting the nonlinear viscoelastic
properties,'¥ we proposed a general scheme of UFM
for elastic and subsurface imaging'® based on contact
elasticity.'® Here, both the torsion®? as well as the
deflection™®> of the cantilever were monitored, and
selective imaging of different types of subsurface fea-
tures was achieved even in the overlapped area.'®'”
The expected image contrast due to the contact elastici-
ty was compared between the images obtained by
UFM and the FMM, using an approximate analytic ex-
pression of the z,(a) characteristics, i.e., the additional
cantilever deflection z, as a function of the UFV ampli-
tude a.'® Images of a floppy disk surface,®'? deoxy-
ribonucleic acid (DNA) molecules,? mica,?” and poly-
ester,"*?Y were presented. A method for elasticity
measurement, ultrasonic force spectroscopy (UFS),
was attempted using the threshold behavior of the z,(a)
curves, and was applied to a floppy disk surface.'®'?

However, in order to apply the UFM to materials
evaluation, it is necessary to understand various
aspects of UFM more quantitatively, by introducing a
realistic model. Therefore, in this paper we present a
numerical simulation model of UFM, using a semi-em-
pirical Hertzian contact elasticity considering the sur-
face energy.?? This model is used to explain experimen-
tal observation in UFM, such as the feature of the za(a)
curves and the damping of the cantilever torsion vibra-
tion by the UFV. The previously reported lateral ultra-
sonic force microscope image of a subsurface feature is
also explained.

2. Implementation of UFM

Figure 1 illustrates our AFM/UFM. For the verti-
cal”® and lateral®” FMM, the sample scanner is used to
apply the low-frequency (0.7 to 10 kHz) vibration. For
UFM at frequencies between 1 to 10 MHz, a thickness-
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Fig. 1. Schematic illustration of UFM, installed in an atomic force
microscope (AFM). A thickness-mode PZT piezoelectric trans-
ducer was bonded to a sample stage to excite ultrasonic frequency
vibration (UFV) with frequencies between 1 to 10 MHz.

mode piezoelectric transducer bonded to a sample
stage is used. For the lateral UFM, low-frequency later-
al vibration is used together with UFV. The cantilever
deflection and torsion are monitored by a four-segment
photodiode. The deflection signal is used for the con-
stant-force-mode operation of AFM,? and the vibrat-
ing component is measured by using a lock-in amplifier
and is used for the FMM and UFM.

An advantage of sample vibration over the tip vibra-
tion scheme® is the flexibility in choosing the mode, fre-
quency and direction of the vibration. The vertical or
lateral vibration can be applied independently or with a
certain phase relation, using a combination of piezoelec-
tric transducers. A concave transducer was used for
the UFM operation at frequencies above 100 MHz. At
the bottom of the sample stage, a ZnO piezoelectric
film concave transducer was sputter-deposited as
shown in Fig. 2. It was employed to emit continuous
waves or tone burst of focused ultrasonic waves within

\

Concave
transducer
Fig. 2. A fused quartz sampie stage with a ZnO piezoelectric film

concave transducer deposited on its back surface. It is used to ex-
cite the high-amplitude UFV of frequencies above 100 MHz.
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the sample stage. By virtue of focusing and resonance
effect, the central region of the sample stage with ap-
proximate diameter of 200 ym was easily vibrated at 1-
nm amplitude with electric input power of 1 mW.

3. Theoretical Analysis

3.1 Hertzian model with surface energy

We consider the Hertzian contact mode in this
paper, since it is the most universal elastic contact. In
ambient atmosphere, attractive force due to a surface
water film or adhesive forces significantly affect the
tip-sample interaction. Though a number of ap-
proaches for formulating this attractive force have
been presented, a simple analytical expression is not
available. Recently Burnham et al. proposed a sim-
plified semi-empirical formula for tip-sample force.??
In this model the force is expressed as

115,16,18)

F(d)=

E*A® (3 12
- —-(?ﬂwE*A:‘) —Fus, (1)

or,
3 1/2
F(d)zE*(Rd%”?—(;wwE*) (Rd)*—Fu, (2)

converted using the Hertzian approximation A*~Rd.
Here, the variable A is the radius of contact area, d is
the tip-sample distance with the plus sign indicating in-
creasing indentation, and R is the tip radius. The con-
stant E* is the effective elasticity, defined as

L Ja=vD] [A=vd)]
E—[ E, ]+[ E, ’ ®)

where Ei, v1 and Es, vs are Young’s modulus and Pois-
son’s ratio of the tip and sample, respectively, and w is
the Dupré adhesion energy.?? The adhesion energy w is
the work per unit area of contact required to separate
two solid surfaces, or the change of the surface energy
per unit area of two solid surfaces due to the contact.??

The first term in the right-hand side of egs. (1) and
(2) gives the Hertzian repulsion, the second term gives
the transition from attraction to repulsion and the third
term F.: gives the long-range attraction force. Since
we investigate the effect of the second term, we
neglect Fyy in this paper.

The force curves F'(d) for the effective elasticity of
50 GPa and 5 GPa, with the cantilever spring constant
k of 0.2 N/m, tip radius R of 20 nm and the adhesion
energy w of 360 mJ/m? are shown in Fig. 3. It shows
nonlinear behavior, but it is necessary to note that it is
due to the geometric effect of the sphere-flat contact
and the adhesion energy rather than due to the intrinsic
inelasticity, or nonlinear stress-strain relation.
Although there is a discontinuous change of slope at
d=0, it has no essential effect on the following analy-
sis. This discontinuous change can be reduced or elimi-
nated by assuming appropriate attraction term Fy: as a
function of d.?? Although eq. (2) is quite simple, it
reproduces essential features of a more elaborate theo-
retical treatment describing the transition from attrac-
tion to repulsion.?”
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Fig. 3. Tip-sample force F(d) as a function of tip-sample distance.
The effective elasticity of 50 GPa and 5 GPa, with the cantilever
spring constant k of 0.2 N/m, tip radius R of 20 nm and the adhe-
sion energy w of 360 mJ/m? are assumed. Thick curves indicate
the variation of force and distance during UFV.

3.2 Cantilever defleclion

Using Fig. 3, we describe the operation of UFM.
First, the cantilever is deflected by z. from its free posi-
tion by applying a tip-sample static force F.. This is a
standard operation of the constant-force mode in
AFM. Due to this force, the tip is indented into the
sample and the magnitude of the initial indentation is
determined from the force curves, d.=F }(F.), and
shown by the open circles, in Fig. 3.

When UFV is applied, the cantilever cannot follow
the sample vibration due to the inertia effect, since the
frequency of UFV above 1 MHz is much higher than
the cantilever resonant frequency. However, due to the
additional repulsive force caused by contact with the
vibrated sample, the cantilever deflection is increased
from z. to zo, determined by solving an integral equa-
tion'

1 T
kzoz?g F(zs+a cos wt—z) dt, (4)
0 ‘
where T and w are the period and the angular fre-
quency of UFV, respectively, k is the cantilever spring
constant and z, is the sample stage displacement re-
quired to set z., determined by

2e=zc+F "Ykz.). (5)

Once z, is assumed, z, is obtained by solving eq. (4),
and the additional cantilever deflection z,=zo—2. due
to UFV is calculated as a function of a.

The z.(a) characteristics for E*=5 GPa with four
different static repulsive forces F. of 4, 8, 16 and 32 nN
are plotted in Fig. 4. In this figure, (a) shows the case
with no adhesion energy and (b) shows the case with ad-
hesion energy w of 360 mJ/m2 The cantilever spring
constant k and the tip radius R were assumed to be 0.2
N/m and 20 nm, respectively. These parameters were
chosen to be close to those used in the experiments in
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Fig. 4. Calculated additional cantilever deflection as a function of
the UFV amplitude, z,(a) characteristics, for different static repul-
sive forces. The effective elasticity of 5 GPa, the cantilever spring
constant k of 0.2 N/m, and the tip radius R of 20 nm are assumed.
(a) Without adhesion energy. (b) With adhesion energy w:
360 mJ/m?.

the order of magnitude, although not exactly adjusted
to be identical.

In Fig. 4, it is seen that the deflection z, increases
with the increase of the UFV amplitude a. Although
the slope 0z,/0a is small at smaller a and increases at
larger a, it is not easy to define a clear threshold. The
deflection z, also increases as the static repulsive force
F. decreases.’>'® Furthermore, it is noted that the ad-
hesion energy reduces the cantilever deflection z, espe-
cially at small UFV amplitudes a as seen in Fig. 4(b),
although at large amplitude this effect becomes less sig-
nificant. Consequently, a kink is formed around a cer-
tain range of UFV amplitudes a. The kink formation is
particularly obvious for smaller repulsive forces F. of 4
and 8 nN.

The z.(a) characteristics for F.=8 nN with four
different effective elastic constant E* of 1, 5, 20 and
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Fig. 5. Calculated additional cantilever deflection as a function of
the UFV amplitude, z,(a) characteristics, for different effective
elasticity. The static force of 8 nN, the cantilever spring constant k
of 0.2 N/m, and the tip radius R of 20 nm are assumed. (a) Without
adhesion energy. (b) With adhesion energy w: 360 mJ/m?

50 GPa are plotted in Fig. 5. In this figure, (a) shows
the case with no adhesion energy and (b) shows that
with adhesion energy w of 360 mJ/m2. The deflection is
larger for larger effective elasticity E*. The kink forma-
tion is also observed, and the kink position is shifted to
smaller UFV amplitude, as the effective elasticity E*
increases.

When the vibration frequency is much lower than the
cantilever resonant frequency, we can assume that the
cantilever remains in equilibrium position for each sam-
ple stage displacement z,."¥ Then the peak-to-peak
vibration amplitude of cantilever deflection zpmm when
the sample stage displacement is varied from z;—a to
zsta is given by

ZFMM Z[F(dz) _F(dl)]/k (6)
where d; and ds are solutions of the equations

F(dl)zk(zs’"a_dl), F(dz):k(ls_a_d2)- (7)
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The amplitude zrmu is also plotted in Fig. 5 for two
effective elasticity of E*=1 GPa and 50 GPa. Since the
difference between two curves is negligibly small, it
will be difficult to obtain a high image contrast in the
FMM images, for the elasticity difference of 1 and 50
GPa. Although the modulus of carbon and industrial
graphite ranges from 3.5 GPa to 28 GPa,?? it would be
difficult to distinguish them in the FMM. This is in con-
trast to the UFM, where the difference for each E* is
large enough to show a significant contrast. Qualitative-
ly, this trend agrees with the linearized spring
model.’®'® Experimentally observed high contrast in
UFM and low-contrast in FMM of HOPG'™ and a
floppy disk surface'®'® are consistent with this predic-
tion.

3.3 Tip-sample force and distance

During UFV, the tip-sample force F and the distance
d (indentation depth) vary with time at the same ultra-
sonic frequency. The force and distance are important
parameters for the physical process that takes place at
the contact. The range of tip-sample distance d be-
tween the maximum dmsx and minimum dmi, for the case
of the UFV amplitude a of 0.5 nm is shown as thick
curves in Fig. 3. This UFV amplitude is above the kink
for 50 GPa and below the kink for 5 GPa, as seen from
Fig. 5(b).

The average tip-sample distance during the UFV,
do=2s— 2, is also calculated from the solution of eq. (2).
They are also indicated in Fig. 3. It should be noted
that do is much smaller than the initial indentation
depth d. for E* of 50 GPa. In this force curve, the UFV
amplitude is large enough to reach the nonlinear
region. Then, substantial repulsive force is generated
by averaging over one cycle.'>'>'® As a result, d is shift-
ed from the initial d. to more separated position dy.?”
For a given UFV amplitude, this tendency is less
dominant in the-low elasticity of E¥*=5 GPa, as shown
in Fig. 3 and Table I.

The maximum instantaneous tip-sample force Frna.x=
F(zs+a—=z0) is also a useful quantity to consider the
deformation. As listed in Table I, the maximum force
tends to increase with the effective elasticity E*. Such
tendency of the indentation and force has important im-
plications in the interpretation of UFM images.

Table I. A numerical example of tip-sample forces and distance dur-
ing the UFV of AFM samples. The constant E* is the effective elas-
ticity, Fpay is the maximum tip-sample force, and dy,, dy., and dg
are the minimum, maximum and averaged tip-sample distances
during UFV. The variable d, is the tip-sample distance under the
static repulsive force without UFV. The UFV amplitude a of 0.5
nm, the tip radius of 20 nm, and the adhesion energy of 360 mJ/m?
are assumed. Note that the difference between d, and d; increased
as the effective elasticity increased.

E* GPa Fpu, nN  dpy, nm  dy, nm  dy,,, nm  d,, nm
1 12.2 4.42 4.90 5.38 4.91

5 20.7 1.16 1.64 2.12 1.68

20 36.6 0.06 0.54 1.02 0.67

50 40.5 —0.38 0.10 0.58 0.36
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4. Experimental Results and Discussions

4.1 Dependence of cantilever deflection on the UFV
amplitude

We confirmed theoretically predicted features of the
z.(a) characteristics by measurement. We used a 400-
nm-thick 100-um-long SizN, cantilever mounting a
SisNy tip, with the spring constant of 0.09 N/m and
resonant frequency Fy of 40 kHz. The UFV frequency
was 114 MHz. Although the rigid tip-sample spring
may enhance the highest possible vibration frequency
of the cantilever-tip-sample system, all the linear vibra-
tion modes should be frozen at 114 MHz since this fre-
quency is more than three orders of magnitude higher
than the cantilever resonant frequency.

When the UFV at 114 MHz was amplitude-modulat-
ed at 1.0 kHz (Fig. 6, upper trace), the cantilever was
vibrated at the modulation frequency as shown in lower
traces of Fig. 6, where the downward direction cor-
responds to the increase of the cantilever deflection.
The deflection z, remained at almost zero for small am-
plitudes of a, and increased as the amplitude a in-
creased over a threshold indicated by the arrow, which
is consistent with previous experimental data'>'® and
theoretical analyses.'*'>"18) Moreover, by careful ex-
amination, it is observed that the slope of z,(a) first in-
creased and then slightly decreased, and a kink or a
deflection was formed. This kink had already been ob-
served at lower frequencies of 1-10 MHz,'®'® though
not explained. The theoretically predicted z,(a) charac-
teristics considering the adhesion energy given in §3.2
may explain the experimentally observed kink.

However, the magnitude of the kink changed in
different experiments even on the same sample, and
the reproducibility was not very good: This may be due
to the change of the surface condition, and hence the

200us/div

Cantilever deflection vibration
at the modulation frequency (1kHz)

Fig. 6. Waveforms in vertical UFM. Upper trace: A sawtooth-
modulated RF signal at 114 MHz for exciting the UFV on fused
quartz sample stage. Lower traces: Cantilever deflection vibration
signal at the modulation frequency (1 kHz) showing the measured
za(a) curves at three different static forces.

K. YAMANAKA et al. 3201

adhesion energy. Therefore, atmosphere control is es-
sential for better reproducibility and more detailed com-
parison with theory.

4.2  Reduction of cantilever torsion vibration by the
UFV

We investigated the effect of the UFV amplitude on
the cantilever torsion vibration on a fused quartz sam-
ple. The UFV amplitude was estimated as follows.™
First, the additional cantilever deflection under the am-
plitude-modulated UFV was measured using the photo-
diode output voltage, which is calibrated using a DC
displacement of the already calibrated piezoelectric
sample scanner. Then, the UFV amplitude was approxi-
mated by the additional cantilever deflection, since
these quantities are close for materials with large elas-
ticity (fused quartz; Young’s modulus of 73 GPa and
Poisson’s ratio of 0.17), according to Fig. 5.

When the sample was laterally vibrated at 1 kHz,
cantilever torsion vibration was excited as previously
reported.'®'®'” The static repulsive force was 0.72 nN.
When continuous UFV at 114 MHz was applied
together with lateral vibration of the sample, the ampli-
tude of cantilever torsion vibration was reduced as
shown in Fig. 7. The torsion vibration became very
small at the UFV amplitude above 1.8 nm. This damp-
ing of the torsion vibration was commonly observed on
other samples such as Si or HOPG at UFV frequencies
of 1-10 MHz, though the UFV amplitude required for
such damping varied depending on experimental condi-
tions.

This damping of the torsion vibration is rather sur-
prising, since the torque that produces the cantilever

I\
S}gggf Fused silica
-
Lateral vibration
Small a
Large a
L

A\VAVAVA
T d Ultrasonic
A i Vibration

-
Lateral vibration

Fig. 7. Waveforms in lateral UFM. Upper traces: Continuous wave
RF signal for exciting the UFV on a fused quartz sample stage at
114 MHz with the amplitude ranging between 0 and 1.8 nm. Lower
traces: Cantilever torsion vibration caused by the lateral force
modulation at 1 kHz. This vibration is damped by the UFV.
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torsion should increase as the tip-sample force in-
creases, and the UFV increases the maximum instan-
taneous tip-sample force, as well as the average force,
according to the theoretical prediction given in the
previous section. A possible reason for the damping of
torsion vibration is that the decrease of the torque dur-
ing the tip-sample detaching period of the UFV' is
more significant than the increase of the torque during
the tip-sample contact period. More detailed measure-
ments and analysis will be the subject of a future publi-
cation.

4.3 UFM images of subsurface features in HOPG

We examined the effect of UFV on the lateral FMM
images,>'? obtained from the cantilever torsion vibra-
tion signal while the sample is laterally vibrated.
Figure 8(a) shows the surface plot of lateral FMM im-
age of a highly oriented pyrolytic graphite (HOPG) sam-
ple'® with 500 X 500 nm field of view. The sample was
cleaved in ambient air prior to imaging. Several surface
steps were clearly observed and, a few faint stringlike
features were observed.

When a continuous UFV of 5.6 MHz frequency and
0.5 nm amplitude was added to the lateral vibration,

(@

(®)

Fig. 8. Observation of subsurface features.'® (a) Lateral FMM im-
age of a HOPG sample with 500 X 500 nm field of view. (b) Lateral
UFM image of the same area.
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Fig. 9. Schematic illustration of a subsurface edge dislocation.

the lateral UFM image'® was obtained as shown in Fig.
8(b). In this image, stringlike features labeled A to D
were observed. Among these, A and B were not ob-
served in the lateral FMM image, though C and D were
faintly observed in the lateral FMM image. This fact in-
dicates that A and B were perhaps located far from the
surface and C and D were located close to the surface.

A possible origin of the stringlike features is edge dis-
locations with an extra atomic plane on one side, as il-
lustrated in Fig. 9. Since the dislocation core has shear
elasticity different from that in the perfect crystalline
region, it should have a specific response to lateral
UFM. If the dislocation is close to the surface, it will
change the surface topography, and hence, will be ob-
served also in topography image and lateral FMM (C
and D). If the dislocation is far from the surface there
will be no effect on the surface (A and B). This possibili-
ty may be examined by investigating samples with
different amounts of dislocation densities, or by con-
trolling it with annealing.

The effects of UFV on the contrast enhancement
may be explained by the significantly enhanced maxi-
mum tip-sample force. Although the average tip-sam-
ple indentation depth do decreases as the UFV ampli-
tude increases, the maximum instantaneous tip-sample
force is increased as shown in Fig. 3. This effect is sig-
nificant when the effective elasticity is relatively large.
For the case of E*=20-50 GPa, the maximum tip-sam-
ple indentation force exceeds 36-40 nN (Fig. 3 and
Table I). We assume that this large force causes the in-
teraction between the tip and subsurface features, and
leads to the subsurface contrast in UFM images. In con-
trast, if the vibration frequency is much lower than the
cantilever resonant frequency, the maximum force in-
creases only by AF~ka=0.1nN, when k is 0.2 N/m
and a is 0.5 nm.

The large maximum tip-sample force in UFM did not
damage the samples and the UFM images were
reproducible, for fairly rigid solids such as HOPG. In
this sense, UFM is regarded as a nondestructive imag-
ing method of subsurface features such as the SAMY
although the spatial resolution is significantly im-
proved.

5. Conclusion

We examined the characteristics of subsurface imag-
ing and the effect of the contact elasticity in UFM. In
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particular, the effect of the surface energy and effec-
tive elasticity on the maximum tip-sample force and
the shift of the averaged tip-sample distance were ex-
amined. Furthermore, kink formation in the cantilever
deflection (z,) against the UFV amplitude (a) character-
istics was predicted. This model was used to explain ex-
perimental observation in UFM, such as the shape of
the z.(a) curves, and damping of the cantilever torsion
vibration by UFV. Moreover, the previously reported
lateral UFM image of subsurface features was ex-
plained by the response of subsurface edge dislocations
to a large instantaneous force enhanced by the UFV.
In the next step, we will investigate samples with
controlled surface conditions and subsurface features.
Various types of theoretical models for the surface at-
tractive force will also be studied for more elaborate
comparison with the observed z.(a) curves.
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Here, it is necessary to comment on Fig. 1 of ref. 13. First, the
label z, of the abscissa should be replaced by z.—z,, for the ini-
tial tip-sample distance to be consistent with eq. (1) of the same
paper. This figure illustrates the initial tip-sample distance
together with the UFV at the instant it is switched on. There-
fore, the tip-sample distance is not yet shifted to the final value
2072, in contrast to Fig. 3 of the present paper.



