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Measurements of stiff-material compliance on the nanoscale using ultrasonic force microscopy
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Ultrasonic force microscopy~UFM! was introduced to probe nanoscale mechanical properties of stiff ma-
terials. This was achieved by vibrating the sample far above the first resonance of the probing atomic force
microscope cantilever where the cantilever becomes dynamically rigid. By operating UFM at different set force
values, it is possible to directly measure the absolute values of the tip-surface contact stiffness. From this an
evaluation of surface elastic properties can be carried out assuming a suitable solid-solid contact model. In this
paper we present curves of stiffness as a function of the normal load in the range of 0–300 nN. The depen-
dence of stiffness on the relative humidity has also been investigated. Materials with different elastic constants
~such as sapphire lithium fluoride, and silicon! have been successfully differentiated. Continuum mechanics
models cannot however explain the dependence of stiffness on the normal force and on the relative humidity.
In this high-frequency regime, it is likely that viscous forces might play an important role modifying the
tip-surface interaction. Plastic deformation might also occur due to the high strain rates applied when ultra-
sonically vibrating the sample. Another possible cause of these discrepancies might be the presence of water in
between the two bodies in contact organizing in a solidlike way and partially sustaining the load.
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I. INTRODUCTION

The invention and development of the atomic for
microscope1 ~AFM! has supplied a new powerful means
surface investigation. Provided the probe is sharp enou
AFM can reproduce surface topography with a lateral re
lution of less than a few nanometers and a vertical resolu
of better than 1 Å.2 Various AFM modifications~such as
so-called force modulation microscopes! can map surface
elastic properties while simultaneously probing t
topography.3,4 However, these force modulation techniqu
are limited in stiffness sensitivity by the probe spring co
stant, typically of the order of a few N/m.5 While not pre-
cluding investigations and quantitative evaluation of elas
properties of polymers and compliant materials, this is
tremely limiting in the case of relatively stiff materials (E
.50 GPa!. In fact, even at a normal load of a few nan
Newtons, the tip-surface contact stiffness is expected to b
the range of hundreds of N/m. One way to overcome t
limitation is to apply a magnetic force directly to the tip.6,7

The upper limit in stiffness is then determined by the det
tion sensitivity to the normal deflection. However, at the m
ment this method is not applicable to very stiff materials a
the limitation still persists.8

Another approach to investigate stiff materials is to u
high-frequency modulation above the first cantilever re
nance and to exploit the fact that the cantilever becom
dynamically rigid.9 Techniques based on this idea are t
ultrasonic force microscopy10 ~UFM!, the scanning local ac
celeration microscopy,11 and the atomic force acousti
microscopy.12 In particular, UFM relies on the nonlinearit
PRB 610163-1829/2000/61~20!/13995~12!/$15.00
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of the tip-surface interaction to detect the high-frequen
force modulation. The upper limit in stiffness is now give
by the effective cantilever stiffness at the excitation fr
quency and can be several orders of magnitude higher
the quasistatic value.

In 1993, Kolosov and Yamanaka10 proposed a method to
measure the contact stiffness and from that to evaluate
sample elastic modulus by using a suitable contact mech
ics model: the ‘‘differential UFM.’’ This method can be pa
ticularly helpful as it provides direct stiffness measureme
independent of the details of the contact mechanics. In
paper we would like to address the applicability of the d
ferential UFM to a quantitative analysis of surface elas
properties. Materials with different elastic properties ha
been investigated in different environmental conditions. T
experimental data and the predictions of continuum mech
ics models are compared and discussed.

II. UFM DETECTION AND DIFFERENTIAL UFM

In order to understand the UFM detection and the diff
ential UFM let us start by considering the nonlinearity of t
tip-surface interaction and what happens when the inde
tion is modulated at high frequency. In Fig. 1 a schematic
force-indentation curve is plotted.13 In general we find that
once the tip and the surface are in contact, if one tries to
them apart or to push them together the behavior is differ
There is a strong nonlinearity. If the normal force is initial
set at a certain valueF1 and one starts modulating the inde
tation, e.g., sinusoidally around this point, the force avera
over one modulation cycle depends dramatically on
13 995 ©2000 The American Physical Society
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modulation amplitude. If the variation is equal toDh0 , the
normal force does not change appreciably. An indenta
variation ofDh1 is needed to reach the pull-off point whe
the nonlinearity is pronounced and the normal force va
strongly. If the normal force is set toF2.F1 , an indentation
variationDh2.Dh1 is needed to reach the pull-off point.

In the case of stiff samples the indentation cannot
much varied by modulating the tip-surface distance at a
quency below the main resonant frequency of
cantilever.14 A significant modulation of the indentation ca
only be achieved via an out-of-plane vibration of the sam
at a frequency far above the main resonance of
cantilever.10 At this frequency, the cantilever vibration re
sponse to an ultrasonic amplitudea can be considered neg
ligible and thereforea>Dh. In practice the cantilever sprin
constant is increased working in the inertial regime. Hi
normal and lateral force sensitivities are however maintai
for quasistatic variations.

UFM is implemented by introducing a piezoplate und
neath the sample to allow out-of-plane vibration in the M
range, typically above 2 MHz. The quasistatic normal defl
tion is monitored as a function of the ultrasonic amplitu
~Fig. 2!. For a05Dh0 , no variation in normal force is ex
pected. When the ultrasonic amplitude is high enough
reach the pull-off point (a15Dh1), the contact is broken fo
part of the ultrasonic cycle and the time-averaged fo
shows a discontinuity. We will refer to this ultrasonic amp
tude value as the ‘‘threshold amplitude.’’ The normal defle
tion reflects this discontinuity in force with a jump. We sha
call this discontinuity in normal deflection the ‘‘force jump
@Fig. 2~b!#. Any further increase of the ultrasonic amplitud
results in a continuous increase of the time-averaged fo
and therefore of the quasistatic normal deflection. The n
mal force modified by the ultrasonic vibration can be defin
as a functionFm(h1 ,a) dependent on the initial indentatio
h1 and the ultrasonic amplitudea. The new forceFm can be
calculated as follows:

Fm~h1 ,a!5
1

Tult
E

Tult

F@h12a cos~2p f ultt !#dt, ~1!

FIG. 1. Schematic of a force-indentation curve. For a norm
force value set toF1 , modulating the indentation byDh0 the nor-
mal force averaged over one modulation cycle is almost unchan
Dh1 is the indentation variation needed to reach the pull-off po
and change dramatically the average normal force. If the nor
force is set toF2.F1 , an indentation variationDh2.Dh1 is
needed to reach the pull-off point.
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whereF(h) is the force dependence on the indentation de
without ultrasonic vibration;f ult is the ultrasonic frequency
the integral is taken over a periodTult51/f ult .

10 When Fm
increases due to the nonlinearity, the cantilever deflec
increases as well until a new equilibrium position is reach
This new stationary normal deflection is given by

Fm~heq,a!5kCzeq, ~2!

where zeq and heq are the new cantilever deflection an
sample indentation depth, respectively.

Summarizing, the ultrasonic vibration of the sample c
be detected due to the nonlinearity of the force-indentat
curve. In a real experiment a feedback circuit is active, a
the normal deflection is corrected to maintain the value
tially set. Thus the simple addition of an ultrasonic vibrati
has no effect. One needs to detect the normal deflec
variation due to the ‘‘ultrasonic force’’ acting on the tip@Fig.
2~b!#. This can be done if the ultrasonic vibration is mod
lated in amplitude at a frequency higher than the feedb
cutoff frequency. This prevents the feedback from correct
variations of the normal deflection. For our commercial s
tem, it has been found that the cutoff frequency is equa

l

d.
t
al

FIG. 2. Applying an out-of-plane vibration of amplitudea to the
sample at a frequency at which the cantilever response is neglig
one can actually modulate the tip-surface indentation (a5Dh) and,
therefore, be sensitive to the nonlinearity of the force-indentat
curve. ~a! For small ultrasonic amplitudes such asa0 , the normal
force averaged in time over one ultrasonic period@Eq. ~1!# is equal
to the initial valueF1 as the force curve is linear in first approx
mation. For the threshold amplitudea1 , the average normal force
~averaged over the broken line! has a discontinuity that depends o
the adhesion hysteresis. The contact is broken for part of the ultra
sonic cycle.~b! Schematic normal deflection response induced
an out-of-plane ultrasonic vibration of the sample. There is a va
tion of the normal deflection only for ultrasonic amplitudes high
than the threshold amplitudea1 . At this value, a discontinuity oc-
curs in the normal force and normal deflection~force jump!.



er
o
e
ra

su

ve
am
o
io
pe
d
th

e

n
is
e
ni

h

e-
old

The
the
ct

not
see,

un-
.
me-

ns.
int
ole
neg-

ting
not
can-
er,
the
t
usly
ted
ate

han
tic
ese
ncy
ile-
o-

the

ce
at is
are
um
ct.
hat
y a

the

tive
ian
s

in
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0.5 kHz for loop-gain values typically employed. Howev
this cutoff value can be further reduced by reducing the lo
gain whose choice is strongly dependent on the scan sp
The feedback error signal is then used to monitor the ‘‘ult
sonic deflection.’’

The shape of the force-indentation curve depends on
face adhesive and elastic properties. In particular, theadhe-
sion hysteresisand the slope of the curve in the repulsi
regime are affected, respectively. Variations in these par
eters change the shape of the ultrasonic deflection. C
versely variations in the shape of the ultrasonic deflect
contain information on surface adhesive and elastic pro
ties. From Fig. 1 it is also clear that the threshold amplitu
should depend on the normal force value. For instance,
threshold amplitudea(F2)5a2 should be higher than th
threshold amplitudea(F1)5a1 . In Fig. 3 the basic principle
of the differential UFM is schematically shown.15 If one
measures the threshold amplitude values~a1 anda2! for two
different normal force values~F1 andF2!, an effective con-
tact stiffnessSeff can be operatively obtained as follows:

Seff~Fav!5
F22F1

a22a1
, ~3!

Fav5~F21F1!/2. ~4!

Seff /(Fav) is equal to the contact stiffnessS(Fav) for F1
→F2 .

The differential UFM is based on three main assumptio
~1! It is possible to identify a threshold amplitude. Th

threshold amplitude has been defined as the amplitud
which the contact starts breaking for part of the ultraso

FIG. 3. ~a! Measuring the threshold amplitudesai ( i 51,2) at
two different values of normal forceFi ( i 51,2), the contact stiff-
nessSeff can be evaluated using Eq.~3!. ~b! Schematic of the ultra-
sonic deflection for two normal forces. A force jump occurs
correspondence to the threshold amplitude.
p
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cycle~pull off!. It can be identified as the amplitude at whic
a force jump occurs in the normal deflection signal.

~2! The point of contact instability~pull off! does not
depend on the applied normal force.

~3! The cantilever vibration at the ultrasonic working fr
quency is negligible. Therefore the difference in thresh
amplitude at two normal force valuesDa can be equalled to
the difference in indentationDh.

These assumptions need a few notes of discussion.
first assumption is based on a clear identification of
threshold amplitude. This is easy in principle for a conta
that presents an adhesion hysteresis~a clear force jump can
be observed!, less easy in the case of a contact that does
present an adhesion hysteresis. In practice, as we shall
this problem needs further discussion in order to define
ambiguous criteria for measuring the threshold amplitude

The second assumption is based on assuming contact
chanics models that are only valid in quasistatic conditio
Viscoelastic effects that might influence the instability po
~pull off!, adhesion hysteresis, and more generally the wh
shape of the force-indentation curve are assumed to be
ligible. Plasticity is supposed to be absent.

The third assumption is based on the basis of represen
the cantilever with a point-mass model. The authors did
have direct means to measure the linear response to the
tilever to the ultrasonic excitation. Recently Rabe, Jans
and Arnold built a heterodyne interferometer to measure
cantilever linear response.16 Up to now, this group has no
carried out dedicated experiments to measure simultaneo
linear and nonlinear responses. However, using a distribu
mass model, they have performed simulations that indic
that this ratio is relatively small and in many cases less t
0.05.17 Therefore the approximation of a dynamically sta
cantilever is a reasonable one. It should be noted that th
values are mainly useful as estimates of the high-freque
vibration response. They are valid for a rectangular cant
ver, at a frequency not coinciding with a higher-order res
nance, and for a damped contact.

III. CONTINUUM MECHANICS MODELS
OF AN ELASTIC CONTACT

The connective link between values measured using
differential UFM and material elastic properties~such as
Young’s modulus! is the contact mechanics of the tip-surfa
system. Theories based on the continuum mechanics, th
no molecular or atomic structure is taken into account,
quite developed. It is still debated whether or not continu
mechanics is applicable on the scale of an AFM conta
However, molecular-dynamics calculations have shown t
the broad conclusions are not greatly changed until onl
few atoms are involved.18

Hertz in 1882 and Boussinesq in 1885 first treated
elastic contact of a punch and a flat surface.19,20 These mod-
els consider only pure elastic deformations and no attrac
force between the two bodies is included. For the Hertz
model, the radius of the contact arear c between two sphere
is given by

r c
35

3FR*

4Er
, ~5!



el

e

.
u
n
ly
nd

M

s
T

th
us
th

-

ce

te
d.

is

ian
-

he
tio
int

l.

13 998 PRB 61DINELLI, BISWAS, BRIGGS, AND KOLOSOV
1

R*
5

1

R1
1

1

R2
, ~6!

1

Er
5

12nT
2

ET
1

12nS
2

ES
, ~7!

whereR* is the reduced radius;R1 andR2 are the radii of
the two spheres;Er is the reduced Young’s modulus;ET and
ES are the tip and the sample Young’s modulus, respectiv
nT andns are the tip and the sample Poisson’s ratios;F is the
normal force.~See Fig. 4.!

The indentation depthh is given by

h35
9F2

16Er
2R*

. ~8!

In order to consider attractive forces, th
Johnson-Kendall-Roberts21 ~JKR! and the Derjaguin-
Muller-Toporov22,23 ~DMT! models were then introduced
More recently, Maugis and Barquins obtained general eq
tions that, in the two limiting cases, reduce to the JKR a
DMT equations.24 Unfortunately, these equations can on
be solved analytically in the two limiting cases. Maugis a
Barquins also introduced a parameterl that determines if a
tip-surface system is better described by a JKR or by a D
model:

l5
2Dg/z0

A3 16pDgEr
2/9R*

, ~9!

wherez0 is the equilibrium separation of the atoms;Dg is the
Dupréwork of adhesion.25

It turns out that if l.1 then that particular system i
better described by the JKR model; otherwise it is the DM
model that gives a better description. More specifically,
JKR model is more appropriate for a low elastic modul
high adhesion, and large tip radii. On the other hand,

FIG. 4. ~a! Hertzian contact: a sphere on a flat~infinitely stiff
sphere in this case!. No adhesive force between the tip and t
surface is taken into account. At zero force no elastic deforma
of the two bodies takes place. Models taking attractive forces
account. Interfacial stress for~b! DMT model; ~c! JKR model. Ten-
sile stress,t. Compressive stress,c. At pull off the predicted contact
area is zero for the DMT model and nonzero for the JKR mode
y;

a-
d

T

e
,
e

DMT model is more appropriate for small tip radii, low ad
hesion, and a high elastic modulus.

For the JKR case, the radius of the contact arear c be-
tween two spheres is given by

r c
35

3R*

4Er
$F13DgpR* 1@6DgpR* F1~3DgpR* !2#1/2%.

~10!

The work of adhesion is given by the following:25

Dg5g11g22g12, ~11!

whereg i ( i 51,2) is the free energy change when the surfa
area of a medium~in this case, the two surfaces in contact! is
increased by unit area;g12 is the energy necessary to crea
a unit area interface between the two surfaces considere

The indentation depthh is equal to

h5
r 2

R* F12
2

3 S r 0

r D 3/2G , ~12!

where r 0 is the contact radius at zero normal force and
equal to

r 0
25

6DgpR* 2

Er
. ~13!

The DMT equations can be obtained from the Hertz
equations~5! and ~8! simply by shifting the force depen
dence of an offset equal to the DMT pull-off forceFc :26

r c
35

3~F1Fc!R*

4Er
, ~14!

h35
9~F1Fc!

2

16Er
2R*

. ~15!

Using Eq.~8! and differentiatingF with respect toh, one
obtains for the contact stiffnessSHertz:

SHertz56F1/3R* Er
2. ~16!

Using Eqs.~10! and ~12!, the JKR contact stiffness is
equal to

SJKR5
]F

]h
5

Fc

Mc

32/3A1/3

~21B!A1S 2
F

Fc
1ADB

, ~17!

where

A52S 11
F

Fc
D 1/2

1
F

Fc
12, ~18!

B511
1

S 11
F

Fc
D 1/2, ~19!

Mc5
3

4 S Fc
2

16Er
2R* D 1/3

. ~20!
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The DMT stiffness can be easily derived from the He
zian stiffness by simply introducing a force offset equal
the pull-off force.

A. Further considerations

In an ambient environment the problem of two bod
contact is more complex. In general, surfaces are cove
with a water film and organic contaminants. An exposure
a few minutes to air is sufficient for a surface to be cove
with a layer of hydrocarbons. Even in the absence of orga
contamination, when two surfaces approach each other w
condenses and a water meniscus forms.27 The problem of
two spheres in an ambient environment was first tackled
Fogden and White.28 This model, called the generalize
Hertzian model, yields the following results.

~1! Large curvature radii and compliant spheres in an
vironment with low values of the relative humidity beha
like a JKR system.

~2! Small curvature radii and stiff spheres in an enviro
ment with high values of the relative humidity behave like
DMT system.

All of the above discussion is valid if the deformation
purely elastic and in a quasistatic regime. In the case
sphere on a flat, the maximum pressure is exerted at
center of the contact area at a depth of 0.47r c .29 Plastic
deformation is initiated when the maximum pressure is eq
to the yield stress value of the weakest material.29 A good
estimation of the yield stress can be obtained from the h
ness value of the bulk. This value represents a lower limit
it is quite likely that hardness increases for sm
volumes.30,31 Therefore, in a specific case, it is possible
estimate whether a plastic deformation can occur by com
ing the maximum pressure with the yield stress of the ma
rials involved. As a first consideration it is important to stre
that, if plastic deformation occurs,R* tends to increase
which implies an increase of the contact area and, theref
of the contact stiffness@Eq. ~16!#. A second consideration i
that the above evaluation is valid for the quasistatic ca
Much more complex is to predict plastic deformation in t
case of high strain rates such as UFM might be. In th
cases extremely high pressure can be applied for short t
to the contact~less than 0.1ms for the UFM case!. However,
in most UFM applications this value decreases as occur
the nonlinear regime when the tip moves away from
surface.32 Up to now no extensive study has been underta
to observe and measure plastic deformation on the nanos
in such conditions. From a practical point of view, acquiri
a topographical image of the investigated area can give
indication whether a plastic deformation has occurred an
what extent.

A further degree of complexity is added when performi
dynamic measurements such as UFM. The problem of c
tact dynamics on the nanoscale is very complex and, to
knowledge, it has never been addressed systematically. H
ever, it can be expected that viscoelasticity might play
important role, the more relevant the higher the modulat
frequency. For instance, Maugis and Barquins24 showed in a
theoretical paper the possible variation that a JKR con
could undergo when one of the two bodies involved prese
a viscoelastic behavior. Successive works have also poi
out an adhesion dependence on the approach-separ
-
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velocity.33,34 In particular the adhesion hysteresis can be
fected due to the fact that the point of instability at pull o
depends on the viscoelastic properties of the two bodies.
presence of a water meniscus between the two bodies
also play an important role when performing dynamic me
surements including possible variations of the point of ins
bility at pull off. However, to our knowledge, direct studie
of water meniscus dynamics as well as of a viscoelastic c
tact at high frequencies on the nanoscale have not yet b
performed.

IV. SIMULATIONS

To check the applicability of the differential UFM, w
have performed simulations of contact stiffness evaluati
We have assumed that there is no plastic or viscoelastic
fect. Although this might not be true, it is a convenient sta
ing point to gain insight in the technique. Furthermore, to o
knowledge, models that include dynamical effects~such as
viscoelasticity! have not been yet developed. A solid-sol
contact described by the JKR model has been assumed.
model takes into account the adhesion force that acts
tween the tip and the surface and is generally conside
realistic for AFM systems. Any other theoretical model of
solid-solid contact described in Sec. III can be taken, p
vided it has an analytical formulation.35

The ultrasonic deflection for two normal force values h
been obtained~10 and 50 nN!. The simulations of the canti
lever deflection have been made usingMATLAB ~The
Math Works, Inc.! and are divided in three main steps
described in the following.

~1! First of all a force-indentation curveF(h) must be
generated for a certain number ofh values. The force-
indentation curve is made of two branches: approach
retraction. To obtain the most general case, the force and
indentation are expressed in reduced units.

~2! The second step is to generate force-indentat
curves modified by the ultrasonic modulation of the inden
tion. After choosing a value of indentation, the new forceFm
is calculated for a set of ultrasonic amplitude values by us
Eq. ~1!. The procedure is iterated for a set of indentati
values. At this point, we have a two-dimensional matrix: o
dimension is given by varying the initial indentation valu
the other by varying the ultrasonic amplitude applied. Figu
5 shows the initial retraction branch and two modified retr
tion branches obtained at two different ultrasonic amplitu
values. It can be noticed that the pull-off force and inden
tion values are modified and thatFm is generally higher than
the force value at the corresponding indentation value
zero ultrasonic amplitude.

~3! In the third step, a cantilever spring constant valuekc
and an initial normal force valueF1 are chosen. The force
and the spring constant must be expressed in reduced un
already specified in step~1!. Consequently the initial inden
tation h1 can be calculated from the unmodified JKR retra
tion branch of step~1!. Then Eq.~2! can be solved to obtain
the new equilibrium indentation and normal deflection valu
at any given ultrasonic amplitude using the modified retr
tion branches calculated in step~2!.

Figure 5 illustrates this solution. The straight line repr
sents the Hooke law valid for the cantilever defined



n
t

qu
e

tw

nu

is

te
ac
n
du
p
d
he

if
R
o

n
re

o
s,

rk

oft-
ed
ore
t to

ple
i-
cial
tor
late
or

r 2
so-

th

th
t-o

e
e
ile

ee
e

r-
of
l at

he

.

14 000 PRB 61DINELLI, BISWAS, BRIGGS, AND KOLOSOV
choosingkc and the initial force valueF1 . The intersection
between the line and the unmodified retraction branch~lower
curve! gives the initial equilibrium solution of indentatio
and normal deflection values. The intersections between
line and the modified retraction branches give the new e
librium solutions of indentation and normal deflection valu
~filled circles!. In particular, the upper curve (a1) corre-
sponds to the ultrasonic amplitude at which there are
solutions, one unstable~open circle! and one stable~filled
circle!, and the cantilever deflection undergoes a disconti
ity ~threshold amplitude and force jump!. In these simula-
tions, the new equilibrium value of normal deflection
reached instantaneously.

At this point the threshold amplitude has been evalua
for the two normal force values and the effective cont
stiffness calculated using Eq.~3!. The procedure has bee
repeated for two different values of reduced Young’s mo
lus and work of adhesion keeping constant all the other
rameters~R550 nm;kc50.1 N/m.! The results are reporte
in Table I along with the stiffness values according to t
JKR model atFav530 nN.

The stiffness values obtained via simulations of the d
ferential UFM are in very good agreement with the JK
predictions. The error values are only due to discretization
the ultrasonic amplitude. These results give some confide
in the reliability of this method if the assumptions taken a
valid.

V. EXPERIMENTAL APPARATUS

The experimental apparatus used for this work is based
a commercial AFM~Model CP, Park Scientific Instrument

FIG. 5. The lowest curve represents the retraction branch of
force-indentation curveF(h) for a JKR solid-solid contact. The
force and the indentation are plotted in reduced units. The two o
graphs represent the retraction branches modified by an ou
plane ultrasonic vibration of the sample~Sec. IV!. The ultrasonic
amplitude values are sufficiently high to modify the pull-off forc
and indentation values (a1.a0). The black line represents th
Hooke law, which relates the force acting on the tip to the cant
ver normal deflectionz: F(z)5kcz5kc(d2h) wherekc is the can-
tilever spring constant andd is the sample position.F1 andh1 are
the initial normal force and indentation. The intersections betw
the black line and the modified retraction branches give the n
equilibrium solutions of normal force and indentation values~filled
circles!. In particular, fora1 ~threshold amplitude! there are two
solutions, one unstable~empty circle! and one stable~filled circle!.
The cantilever deflection undergoes a discontinuity~force jump!.
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1171 Borregas Avenue, Sunnyvale, CA 94089!. The system
has been modified to implement UFM and to allow wo
under a controlled atmosphere.32 Figure 6 shows a block
diagram of the setup. The electronics, mechanics, and s
ware of the commercial system will not be entirely describ
and one can refer to the manufacturer’s manual for m
details. We will only describe the features that are relevan
the understanding of the implementation of UFM.

The main mechanical modification is made to the sam
holder to allow application of an out-of-plane ultrasonic v
bration to the sample. The sample holder of the commer
system is a thin disk of metal. It is fixed to the piezoactua
through a magnet positioned inside the actuator. A piezop
is glued to the sample holder with cyanoacrylate glue. F
this work we have used piezoplates 1 mm thick and 1 o
cm in diameter. A piezoplate has a main longitudinal re
nance that depends on its thickness~1 mm approximately
gives 2 MHz and 0.1 mm gives 20 MHz!. It also has other

e

er
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-

n
w

TABLE I. Contact stiffness values obtained through the diffe
ential UFM by simulating the ultrasonic deflection at two values
normal force, 10 and 50 nN. Theoretical values of the JKR mode
Fav530 nN are also reported. The reduced elastic modulusEr and
the work of adhesionDg have been varied keeping constant all t
other parameters:R550 nm; kc50.1 N/m. The error values are
only due to discretization of the ultrasonic amplitude.

Er

~GPa!
Dg

~J/m2!
Differential method

~N/m!
JKR stiffness

~N/m!

10 0.1 105610 114
10 1 189620 191

100 0.1 495640 520
100 1 8726100 884

FIG. 6. Block diagram of the UFM experimental apparatus
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minor resonant modes at various frequencies~radial and
other mixed modes!. The out-of-plane displacement at no
resonant frequencies is quite small and, in general, not
ficient for exciting a nonlinear response. The sample is
rectly bonded to the piezoplate through an organic substa
~salol, phenyl-salicylate! that melts at 70–80 °C. Salol pro
vides a good binding that is needed for good ultrasou
propagation. At the end of the experiment salol can
melted and the sample removed without any damage.
garding the sample preparation there are some restriction
the sample dimensions, depending on the AFM system u
~2 cm maximum lateral dimensions!, and weight. The speci
men thickness must be generally smaller than the ultras
wavelength used for the experiments. For instance, a lo
tudinal ultrasonic wave of frequency of about 2 MHz~typi-
cally used in our experiments! has a wavelength of approx
mately 3 mm for ceramics and varies between 0.5–5 m
depending on the material.

To generate the ultrasonic vibration a programma
wave form generator is used~Hewlett Packard, Mode
33120A, Arbitrary Waveform Generator!. It can generate
signals in a frequency range from 0.001 to 15 MHz. T
amplitude can be modulated and the modulation shape
be set arbitrarily. The maximum output voltage is 10 Vpp
50 V load and for a typical experiment an amplitude of 1
Vpp is applied to the piezoplate. The modulated voltage
applied to the piezoplate via a small connection fixed on
AFM head. One can also add in parallel an inductive c
with a low loss Hartree-Fock ferrite toroidal core in order
match the impedance of the piezoplate to the impedanc
the wave-form generator output.

The commercial electronics and acquisition system
generally quite flexible and allow access to internal sign
such as normal and lateral deflections and feedback e
signal. The ultrasonic deflection can be visualized by us
the feedback error signal. The feedback error signal is
into a digital oscilloscope and monitored alongside with
ultrasonic signal applied to the piezoplate. The digital os
loscope ~Stanford Research System, Model SR830 D
lock-in amplifier! allows averaging of the signal up to 25
times. The oscilloscope display can be printed out or
quired via computer so that the normal deflection signal
be analyzed afterwards in order to evaluate the thresh
amplitude. However this acquisition, done with an exter
software application, cannot be used to sample the ultras
deflection at each point of a scan due to slow acquisit
rate.

In Sec. IV it has been pointed out that one of the m
assumptions of UFM is that the cantilever does not foll
the ultrasonic vibration applied to the sample. It would
very important to verify this assumption. But at the mome
it is not possible to obtain normal deflection spectra of
cantilever in the desired bandwidth of 3 MHz.

In order to control the relative humidity~RH!, the AFM
hardware has been placed in an acrylic chamber that has
with dry nitrogen and vacuum pump inlets on top of it. T
reduce the RH, P2O5 powder and flux of dry nitrogen ar
used; to increase the RH water is introduced. The cham
has proved to be reasonably sealed, so that the minimum
achievable is about 15%. The upper limit is set by the to
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ance of the electrical connections of the commercial mach
to RH and it is around 75%.

VI. DESCRIPTION OF THE EXPERIMENTAL
PROCEDURES

Before proceeding with the description of the experime
tal procedures a few considerations must be taken regar
the cantilever response to the ultrasonic force. In Fig
simulated and experimental ultrasonic deflection sign
have been reported for two normal force values.32 As the
theory predicts, in the experimental curves there is a fo
jump after an initial slight nonlinear response. Thereafter
normal deflection increases almost linearly. The ultraso
amplitude at which the force jump occurs depends on
normal force. Thus under the assumptions stated above
stiffness can be evaluated from the experimental data u
Eq. ~3!. It has to be noted that the cantilever response is
instantaneous and the force jump at pull off produces a sh
slope but not a discontinuity. However it has been obser
that for a given cantilever this sharp slope does not dep
on the initial normal force. Therefore, although the evalu
tion of the absolute value of the threshold amplitude can
affected,Da is not. For the same reason the cantilever ta
a finite time to reach the rest position after the ultraso
amplitude is set to zero at the end of the amplitude modu
tion cycle. It is extremely important that one allows the ca

FIG. 7. ~a! Simulations of the ultrasonic deflection for two no
mal force values. The ultrasonic vibration is ramped in amplitu
A JKR solid-solid contact is assumed for the tip-surface interacti
Arrows indicate the reaching of the pull-off point at which th
contact is first broken.~b! Experimental signals of the ultrasoni
deflection under the same conditions assumed for the theore
simulations~silicon tip and sample, normal force values, cantilev
spring constant!. The reaching of the pull-off point is not as clear a
for the simulated curves. This is due to the fact that the cantile
does not react instantaneously. The dependence of the thres
amplitude on the normal force is qualitatively in agreement.
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tilever to reach the rest position before starting to new
increase the ultrasonic amplitude, otherwise the evaluatio
Da could be affected.

Preliminary experiments were carried out on a variety
materials over a range of normal forces between210 and 30
nN. The measurements were performed at one single p
i.e., no scan was performed, in order to reduce any influe
of shear and topography. The cantilevers used were
V-shaped silicon cantilevers available commercially with
spring constant between 0.18–0.24 N/m and a nominal
radius of 10 nm~Ultralever™, Park Scientific Instruments!.
The samples were either freshly cleaved or rinsed in ace
and then introduced in a controlled environment. The ti
elapsed between cleaning or cleaving and the experim
quite often exceeded 1 h. No precaution was taken in
respect. Furthermore, for this set of experiments, the ul
sonic amplitude calibration was performed using an indir
method.10 This calibration was carried out by increasing t
ultrasonic amplitude and assuming that the increase rat
the normal deflection at amplitude much larger than the fo
jump was equal to the increase rate of the ultrasonic am
tude. Thus one could calibrate the ultrasonic amplitude, p
viding the cantilever deflection signal was calibrated.

On comparison with continuum mechanics theoreti
models, it was found that the experimental values of con
stiffness were almost one order of magnitude smaller t
the theoretical values. After a detailed analysis of these
liminary results, two hypotheses were put forward to expl
the discrepancies between experimental and theoretical
ues: either a solid-solid contact did not take place due
contamination, or the ultrasonic amplitude calibration w
not correct. Therefore two precautions were taken in la
experiments:~a! careful cleaning of tip and sample;~b! ul-
trasonic amplitude calibration since the indirect calibrat
method proved unreliable on careful examination. A n
homodyne interferometer was built.32 Thereafter the stiffness
measurements were done referenced to a calibrated u
sonic amplitude.

A third important issue regarded the range of the norm
force values. Our commercial apparatus does not allow
to work above a certain normal deflection value. This
probably because the laser spot would fall outside the p
todiode or the linear relation between cantilever normal
flection and normal force would not be valid. Therefore,
order to work at normal force values higher than 30 nN, o
needs to use stiffer cantilevers. In particular if the cantile
spring constant is 2.8 N/m, the normal force range can
extended up to 300 nN. In this way the contact stiffness
be measured over a broad enough range of normal fo
Data can then be compared to the predictions of the theo
ical models. Such comparison is crucial in order to und
stand the nature of the contact.

The samples were chosen so that the topography was
sonably smooth with wide homogeneous areas. Typically
AFM topographical image was acquired before and after
UFM experiments. This was done not only to avoid any p
sible topographical artifact but also because one entire ac
sition can last 15–20 min on average. In an ambient en
ronment thermal drifts are unavoidable, so that there
always a lateral movement of the tip relative to the surfa
and at the end of the experiment the tip is not on the ini
y
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position. Experiments should be started after thermaliz
the system so that the thermal drift is minimized. Howev
the thermalization time must not be too long as the tip a
the sample become contaminated. The commercial sys
itself is not temperature stabilized. A compromise therma
zation time must therefore be found. For these experimen
was around 5–10 min.

VII. RESULTS

In Fig. 8 we present data resulted from an investigation
three different samples with different elastic properties.
silicon V-shaped cantilever was employed~nominally kc
52.8 N/m, R510 nm!. The three materials were sapphir
silicon ~100!, and lithium fluoride LiF ~100!. Silicon and
sapphire were carefully cleaned in soap, acetone, metha
and sonicated for 5 min at each step; the lithium fluoride w
freshly cleaved before the measurements. The Youn
moduli of sapphire, silicon, and LiF are 380 GPa,36 165
GPa,37 and 106 GPa,36 respectively. The materials were in
vestigated in the following order: sapphire, LiF, and silico
Sapphire presented higher stiffness as expected. In spit
having a higher Young’s modulus, the silicon sample turn
out to be more compliant than the LiF sample. This could
attributed to the presence of a native oxide layer (ESiO2

571 GPa).36 In all three cases, the slope of the curve
approximately zero.

In an ambient environment, a parameter that might infl
ence the nanocontact is the RH. In fact the shape of the w
meniscus strongly depends on the RH value. We there
studied the influence of RH on the contact stiffness. In o
experimental apparatus, the RH can only be reduced
minimum value of 18%. The upper limit is around 75%.

FIG. 8. Experimental data for three materials: sapphire, silic
~100!, and LiF ~100!. The samples were probed with the sam
V-shaped silicon cantilever~nominally kc52.8 N/m, R510 nm!.
The surface rms roughness is less than 0.2 nm over a fewmm2 for
all the three samples. The slope of all the three curves is appr
mately null. The relative difference between the three sets of d
reveals that the differential UFM can distinguish materials on
basis of their elastic properties.
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long period of time is needed to change the RH value
this is a significant limit as we shall see. In Figs. 9 and
data for sapphire and silicon at various RH values are p
sented. Both samples were investigated with a silic
V-shaped cantilever~nominallykc52.8 N/m,R510 nm!. In
this case silicon was investigated first.

Starting with sapphire~Fig. 9!, the two sets of data wer
taken at two extreme values, 20% and 75% RH. The sig
was stable and the results reproducible~no appreciable varia
tion in the threshold amplitude when reducing the norm
load!. The two plots show that stiffness increases with
creasing normal force. Figure 9 also shows that at a lo
RH value the contact stiffness is higher. This dependence
RH is in accordance with another set of data that was
corded at a low normal force value. Independently of the
value, the contact stiffness seems to tend to similar value
high normal force. With the silicon data~Fig. 10!, the situa-
tion is slightly different. Data were taken at two differe
values of RH~30% and 55%!. As for the case of sapphire
the contact stiffness generally increases with increasing
mal load but no clear dependence on RH is noticeable
70% RH the ultrasonic deflection signal became unsta
the results were variable with time and were not reprod
ible. No plausible explanation has been found. A set of d
taken 1 day later at 18% RH shows that stiffness decrea
by a factor of 2. This observation might be explained by
presence of contamination on the surface that reduces
contact stiffness. A similar effect has been already m
tioned in the previous section.

As a final observation we would like to mention that se
eral experiments were interrupted as the normal deflec
signal suddenly became unstable. This could suggest tha
tip might undergo deformations during the application of

FIG. 9. Stiffness measurements on a sapphire sample var
the relative humidity~RH!. A silicon V-shaped cantilever was em
ployed ~nominally kc52.8 N/m, R510 nm!. The contact stiffness
generally increases with increasing normal force. At a lower
value the contact stiffness is higher. This observation is in ac
dance with another set of data that was recorded at a low no
force value. Independently of the RH value, the contact stiffn
seems to be similar at high normal force values.
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trasound. Therefore we took scanning electron microsc
~SEM! images of the tip used for the measurements on s
con and sapphire varying the RH value. We have noticed
the overall shape of the tip can be modified becoming blun
with respect to the tip shape before UFM measurements.
difficult to identify the exact moment at which the tip
modified. However these results indicate that the applica
of an out-of-plane ultrasonic vibration could lead to a chan
of the tip shape. This change can be detected sometimes
a set of measurements carried out on sapphire at 30%
data were scattered and did not present a definite trend.
was probably due to small modifications of the tip apex.
fact the ultrasonic deflection was subjected to small but
ticeable variations.

VIII. DISCUSSION

Let us first consider the sets of data presented in Fig
All the curves show no dependence of the contact stiffn
on the normal force. On the contrary, the continuum mech
ics models predict an increase of contact stiffness with
creasing normal force. However, in these experiments,
actual shape of the tip employed may be different from
spherical one usually assumed. On the basis of the follow
equation:38

S52ErAA/p, ~21!

valid for a Hertzian contact between a flat surface and
axisymmetric probe, no dependence of the contact stiffn
on the normal force is expected if the tip apex was rep
sented by a flat punch. In this case, sapphire, which is

ng
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FIG. 10. Stiffness measurements on a silicon~100! sample vary-
ing the RH. A silicon V-shaped cantilever was employed~nomi-
nally kc52.8 N/m,R510 nm!. For the two sets of measurements
30% and 55% of RH, no clear dependence on RH is noticeable.
slope shows a general increase in stiffness with increasing no
force. A set of data taken 1 day later at 18% RH shows stiffn
values of a factor of 2 smaller. This was probably due to the pr
ence of contamination of the sample. At 70% RH the ultraso
deflection signal was quite unstable: the results were variable
time and were not reproducible.
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stiffest material, was first investigated and this might ha
contributed to a flattening of the tip. The fact that most of t
other sets of data taken for silicon~Fig. 11! have different
slopes could be a further hint suggesting that the tip was
or a shape modification may have occurred previously to
data acquisition. A SEM investigation of the tip used af
the three sets of experiments suggested that the tip radiu
curvature is larger than the nominal value of 10 nm. A
though the perspective was not ideal and it is difficult to s
the actual shape of the tip apex, the hypothesis of a
punch could not be ruled out. Independently of the tip sha
the relative difference between the three sets of data of F
reveals that the differential UFM can distinguish materi
on the basis of their elastic properties. Calculations m
using Eq.~21! and assuming forEr @Eq. ~7!# the bulk values
of the three materials investigated have given the same v
of AA55 nm in all three cases with a spread of62%.

In Fig. 11 we have plotted other results obtained for s
con using four different silicon tip-cantilever systems. The
sets of measurements were carried out in an ambient e
ronment at 20 °C and 30–40 % of RH. The four graphs
quite different in their overall shape. The one already
ported in Fig. 8 is relatively flat over the whole range
normal force values. The other three show an increase o
contact stiffness with increasing normal force, but w
somewhat different slopes. These differences should be
tributed to differences in tip shape. A flat tip gives a cur
with no slope and a spherical tip a curve with a posit
slope. However, discrepancies between the experimental
and the theoretical predictions still remain as shown in F
12 for a JKR model~the same is valid for DMT and gene
alized Hertzian models!.

To explain these discrepancies, three hypotheses h
been put forward.

FIG. 11. Experimental data for a silicon~100! surface. Four
different silicon tips have been used mounted on cantilevers w
two different spring constant values. The sample rms roughness
less than 0.2 nm over a fewmm2. This high value is mainly deter
mined by noise. The four graphs are quite different in their ove
shape. One is relatively flat over the whole range of normal fo
values. The other three show an increase of the contact stiff
with increasing normal force, but with somewhat different slope
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~1! The tip apex deforms and its radius of curvature co
tinuously increases when the normal force is increased.

~2! A compliant layer of finite thickness is interposed b
tween the tip and the surface affecting the contact stiffn
dependence on the normal force.

~3! Viscoelasticity might play an important role at suc
high-frequency modulation.

The first hypothesis cannot be checked directly with
available instrumentation. The maximum pressure calcula
for silicon on sapphire at a force of 300 nN with a tip radi
of 10 nm is equal to 9 GPa. On the other hand, the maxim
pressure is equal to 6 GPa for silicon on silicon at a force
300 nN with a tip radius of 10 nm. These values decrease
increasing the tip radius. Hardness values for sapphire
silicon are 28 GPa~Ref. 38! and 20 GPa,30 respectively.
Therefore, in quasistatic approximation, a plastic deform
tion might be just initiated in the silicon body in the case
sapphire and silicon at 300 nN and a tip radius of 10 nm. T
fact that in UFM operation a high strain rate is applied fu
ther induces us to consider the possibility of a plastic def
mation. It has been reported that the dynamic pressure
increase up to a factor of 2 the static pressure at the initi
set normal force. However, in the nonlinear detection
gime, the tip moves away from the surface and, therefore,
contact pressure reaches high values only for a few cy
and for a short period of time. For these sets of measu
ments, the ultrasonic deflection and stiffness values at
loads were reproducible when the normal force was
creased after measurements carried out at high normal f
values. Besides, topographical images did not show any c
deformation imputable to plastic deformation. Another inte
esting observation is that the pull-off force did not apprec
bly vary after each set of measurements. Therefore if pla
deformation occurred, this effect was not dramatic thoug
might still be relevant for the interpretation of our results

The second hypothesis is based on studies that report
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FIG. 12. ~a!, ~b! Two sets of experimental data on silicon~Fig.
11! are compared with~c!,~d! JKR curves. The Young’s modulu
value was set to 165 GPa, the surface energy to 1.4 J/m2. Two
theoretical curves have been plotted using different tip radius
ues: 6 and 25 nm. The experimental values at low normal for
match the theoretical values calculated assuming a tip radius
nm. On the other hand, at high normal forces, they tend to be
agreement with the theoretical values obtained assuming a tip
dius of 25 nm.
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uid layering when squeezed between tip and surface.39–41

Though for water no clear observation of such behavior
been reported, there is some evidence that this solid tra
tion might occur. If this happened, a cushion relatively mo
compliant than the two surfaces might interpose between
two bodies reducing the contact stiffness. As the normal l
gradually increases this cushion could either stiffen or dis
pear giving rise to a solid-solid contact.

The third hypothesis is also quite relevant. However, i
objectively very difficult to implement any experiment
verify it. In Sec. III, it has been already pointed out that JK
and other continuum mechanics models are valid in a qu
static regime and might not be valid in a dynamic regim
such as in UFM. Viscoelasticity might influence the shape
the force-indentation curve~pull-off point, adhesion hyster
esis, etc.!. However, it is difficult to predict what effect thi
might produce on the stiffness evaluation and its depende
on the normal load.

Let us now consider the results obtained varying the re
tive humidity. It is firstly to be noticed that the ratio of con
tact stiffness for sapphire and silicon at the same load
approximately equal to the one calculated from the exp
mental data presented in Fig. 8. This is further evidence
materials with different Young’s moduli can be distinguish
using the differential UFM. Other considerations regard
slope of the stiffness-load curves, which is not in agreem
with the theoretical predictions, and the fact that by chang
the RH value, the curves are shifted to lower values. As
the sets of measurements previously analyzed, the ultras
deflection and stiffness values at low loads were reproduc
when the normal force was decreased after measurem
carried out at high loads. Topographical images did not sh
any clear deformation and the pull-off force did not app
ciably vary after each set of measurements. Therefore,
are again left with two hypotheses: the presence of a c
pliant layer between the two bodies in contact; continu
mechanics models might not be valid in a dynamic regi
such as in UFM. These hypotheses will be the subjec
future studies.
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IX. CONCLUSIONS

The differential UFM has been applied to materials
various elastic properties in different environmental con
tions. It has proved to be capable of measuring absolute s
ness values of nanoscale contacts up to 1000 N/m. Th
achieved by using relatively compliant cantilevers~2.8 N/m!.
Materials with different elastic constants such as sapph
LiF, and silicon have been successfully differentiated. T
results obtained show that the tip shape might play an
portant role: for instance, a blunt tip would give no depe
dence of the stiffness on the normal force. The environm
tal conditions and the surface state are also quite influen
factors. Not clean surfaces can induce lowering of the c
tact stiffness whereas high relative humidity can lower
contact stiffness and sometimes induce instabilities in
UFM detection.

While continuum mechanics models provide stiffness v
ues of the same order of the measured values, they ca
explain the dependence of contact stiffness on the nor
force and on the relative humidity. This can be due to
fact that these models are valid in quasistatic approxima
and in a clean environment, while UFM operates at very h
vibration frequencies in an ambient environment. In th
high-frequency regime, it is likely that viscous forces mig
play an important role modifying the force-indentatio
curve. Plastic deformation might also occur due to the h
strain rates. Another possible cause of the discrepan
might be the presence of water in between the two bodie
contact. Nevertheless, it can be concluded that using
UFM approach it is possible to advance into the unexplo
area of the submicrosecond dynamics of nanometer cont
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