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Measurements of stiff-material compliance on the nanoscale using ultrasonic force microscopy
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Ultrasonic force microscopyUFM) 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 siligdmve 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.

I. INTRODUCTION of the tip-surface interaction to detect the high-frequency
force modulation. The upper limit in stiffness is now given
The invention and development of the atomic forceby the effective cantilever stiffness at the excitation fre-
microscopé (AFM) has supplied a new powerful means of quency and can be several orders of magnitude higher than
surface investigation. Provided the probe is sharp enougfihe quasistatic value.
AFM can reproduce surface topography with a lateral reso- [N 1993, Kolosov and YamanaKeproposed a method to
lution of less than a few nanometers and a vertical resolutiof€asure the contact stiffness and from that to evaluate the
of better than 1 & Various AFM modifications(such as sample elastic modulus by using a suitable contact mechan-
so-called force modulation microscopesan map surface IS model: the “differential UFM.” This method can be par-
elastic properties while simultaneously probing theticularly helpful as it provides direct stiffness measurements
topography>* However, these force modulation techniquesindependent of the details of the contact mechanics. In this
are limited in stiffness sensitivity by the probe spring con-Paper we would like to address the applicability of the dif-
stant, typically of the order of a few N/mWhile not pre- ferential UFM to a quantitative analysis of surface elastic

cluding investigations and quantitative evaluation of elastiProperties. Materials with different elastic properties have
properties of polymers and compliant materials, this is exPeen investigated in different environmental conditions. The

tremely limiting in the case of relatively stiff material€ ( €xPerimental data and the predictions of continuum mechan-

>50 GPa. In fact, even at a normal load of a few nano- IcS models are compared and discussed.

Newtons, the tip-surface contact stiffness is expected to be in

the range of hundreds of N/m. One way to overcome this ; 'yEy DETECTION AND DIFFERENTIAL UFM

limitation is to apply a magnetic force directly to the fip.

The upper limit in stiffness is then determined by the detec- In order to understand the UFM detection and the differ-

tion sensitivity to the normal deflection. However, at the mo-ential UFM let us start by considering the nonlinearity of the

ment this method is not applicable to very stiff materials andtip-surface interaction and what happens when the indenta-

the limitation still persist§. tion is modulated at high frequency. In Fifj a schematic
Another approach to investigate stiff materials is to useforce-indentation curve is plottéd.In general we find that

high-frequency modulation above the first cantilever resoonce the tip and the surface are in contact, if one tries to pull

nance and to exploit the fact that the cantilever becomethem apart or to push them together the behavior is different.

dynamically rigid® Techniques based on this idea are theThere is a strong nonlinearity. If the normal force is initially

ultrasonic force microscopy (UFM), the scanning local ac- set at a certain value; and one starts modulating the inden-

celeration microscopyt and the atomic force acoustic tation, e.g., sinusoidally around this point, the force averaged

microscopy'? In particular, UFM relies on the nonlinearity over one modulation cycle depends dramatically on the
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FIG. 1. Schematic of a force-indentation curve. For a normal Amplitude
force value set td-,, modulating the indentation b&h, the nor-
mal force averaged over one modulation cycle is almost unchanged. b) a0 \U
Ah, is the indentation variation needed to reach the pull-off point Ultrasonic _0 [
and change dramatically the average normal force. If the normal Amplitude K
force is set toF,>F;, an indentation variatiomh,>Ah, is : 1
needed to reach the pull-off point. I J/
Normal AN

modulation amplitude. If the variation is equal Ad,, the Deflection Force Jump

normal force does not change appreciably. An indentation
variation of Ah; is needed to reach the pull-off point where  FIG. 2. Applying an out-of-plane vibration of amplitudeo the
the nonlinearity is pronounced and the normal force variesample at a frequency at which the cantilever response is negligible,
strongly. If the normal force is set #,>F, an indentation one can actually modulate the tip-surface indentatimn 4 h) and,
variationAh,>Ah, is needed to reach the pull-off point.  therefore, be sensitive to the nonlinearity of the force-indentation
In the case of stiff samples the indentation cannot beurve.(a) For small ultrasonic amplitudes such ag, the normal
much varied by modulating the tip-surface distance at a freforce averaged in time over one ultrasonic pefiggd. (1)] is equal
quency below the main resonant frequency of theto the initial valueF; as the force curve is linear in first approxi-
cantilever** A significant modulation of the indentation can mation. For the threshold amplitudg , the average normal force
only be achieved via an out-of-plane vibration of the samplg@veraged over the broken linkas a discontinuity that depends on
at a frequency far above the main resonance of théheadhesion hysteresidhe contact is broken for part of the ultra-
cantilever'® At this frequency, the cantilever vibration re- Sonic cycle.(b) Schematic normal deflection response induced by
sponse to an ultrasonic amplitudecan be considered neg- an out-of-plane ultrasonlc_ vibration of the sample. Th_ere is a varia-
ligible and therefore@=Ah. In practice the cantilever spring 1on of the normal deflection only for ultrasonic amplitudes higher
constant is increased working in the inertial regime. Highthan .the threshold amplitud®, . At this Valuef a d's?om'nu'ty oc-
normal and lateral force sensitivities are however maintained" > " the normal force and normal deflectidarce jump.

for quasistatic variations. whereF (h) is the force dependence on the indentation depth

UFM is implemented by introducing a piezoplate ur]der'without ultrasonic vibrationf ,; is the ultrasonic frequency;

neath the sample to allow out-of-plane vibration in the MHZthe integral is taken over a periaty,=1/f ;.20 When F.,

range, typically above 2 MHz. The quasistatic normal deflec-

tion is monitored as a function of the ultrasonic amp“tudemcreases due to the nonlinearity, the cantilever deflection

(Fig. 2. For ag=Ahy, no variation in normal force is ex- mr::.reases as yveII until a nelvvdeﬂumpnum p95|t|otr)1 is reached.

pected. When the ultrasonic amplitude is high enough tc;r IS new stationary normal deflection is given by

reach the pull-off point§,=Ah,), the contact is broken for F_(heoa)=kez %)

part of the ultrasonic cycle and the time-averaged force meq Coeqr

shows a discontinuity. We will refer to this ultrasonic ampli- where Zeq and he, are the new cantilever deflection and

tude value as the “threshold amplitude.” The normal deflec-sample indentation depth, respectively.

tion reflects this discontinuity in force with a jump We shall Summarizing, the ultrasonic vibration of the sample can

call this discontinuity in normal deflection the “force jump” pe detected due to the nonlinearity of the force-indentation

[Fig. 2b)]. Any further increase of the ultrasonic amplitude curve. In a real experiment a feedback circuit is active, and

results in a continuous increase of the time-averaged forcgye normal deflection is corrected to maintain the value ini-

and therefore of the quasistatic normal deflection. The nortjally set. Thus the simple addition of an ultrasonic vibration

mal force modified by the ultrasonic vibration can be definechas no effect. One needs to detect the normal deflection

as a functionF ,(h;,a) dependent on the initial indentation variation due to the “ultrasonic force” acting on the fiBig.

h, and the ultrasonic amplitud® The new force~, can be  2(b)]. This can be done if the ultrasonic vibration is modu-

calculated as follows: lated in amplitude at a frequency higher than the feedback
1 cutoff frequency. This prevents the feedback from correcting

Fn(hy,a)= _j F[h,—acog2xf,t)]dt, (1) Vvariations of the normal deflection. For our commercial sys-

T J 7y tem, it has been found that the cutoff frequency is equal to
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a) \ A cycle (pull off). It can be identified as the amplitude at which

) \ Force F(h) a force jump occurs in the normal deflection signal.

(2) The point of contact instabilitfpull off) does not
depend on the applied normal force.

(3) The cantilever vibration at the ultrasonic working fre-
quency is negligible. Therefore the difference in threshold
amplitude at two normal force valuésa can be equalled to
the difference in indentatioAh.

Indentation (h) These assumptions need a few notes of discussion. The
first assumption is based on a clear identification of the
threshold amplitude. This is easy in principle for a contact

a that presents an adhesion hysterdaiglear force jump can

be observeyq less easy in the case of a contact that does not

A

A\

\ /

= present an adhesion hysteresis. In practice, as we shall see,

b) " Threshold this problem needs further discussion in order to define un-

aj Amplitiae ambiguous criteria for measuring the threshold amplitude.

."I‘/ The second assumption is based on assuming contact me-

\;\:\ chanics models that are only valid in quasistatic conditions.

] Viscoelastic effects that might influence the instability point

Force Jump i) (pull off), adhesion hysteresis, and more generally the whole
\/f shape of the force-indentation curve are assumed to be neg-

ligible. Plasticity is supposed to be absent.

The third assumption is based on the basis of representing
two different values of normal forck; (i=1,2), the contact stif- e cantilever with a point-mass model. The authors did not
nessSy; can be evaluated using E@). (b) Schematic of the ultra- N@ve direct means to measure the linear response to the can-
sonic deflection for two normal forces. A force jump occurs in tilever to the ultrasonic excitation. Recently Rabe, Janser,
correspondence to the threshold amplitude. and Arnold built a heterodyne interferometer to measure the

cantilever linear respons@.Up to now, this group has not
0.5 kHz for loop-gain values typically employed. However carried out dedicated experiments to measure simultaneously

this cutoff value can be further reduced by reducing the loog"€@r and nonlinear responses. However, using a distributed
gain whose choice is strongly dependent on the scan speed@ss model, they have performed simulations that indicate
The feedback error signal is then used to monitor the “ultra-that this ratio is relatively small and in many cases less than
sonic deflection.” 0.05:" Therefore the approximation of a dynamically static

The shape of the force-indentation curve depends on Sup_antilever is a_reasonable one. _It should be no_ted that these
face adhesive and elastic properties. In particular atfifee- ~ Values are mainly useful as estimates of the high-frequency
sion hysteresisand the slope of the curve in the repulsive ViPration response. They are valid for a rectangular cantile-
regime are affected, respectively. Variations in these paramZ€l» at a frequency not coinciding with a higher-order reso-
eters change the shape of the ultrasonic deflection. Corff@nce, and for a damped contact.
versely variations in the shape of the ultrasonic deflection
contain information on surface adhesive and elastic proper- lll. CONTINUUM MECHANICS MODELS
ties. From Fig. 1 it is also clear that the threshold amplitude OF AN ELASTIC CONTACT
should depend on the normal force value. For instance, the
threshold amplitudea(F,)=a, should be higher than the
threshold amplitude(F,)=a, . In Fig. 3 the basic principle
of the differential UFM is schematically shown.If one
measures the threshold amplitude val(eesanda,) for two
different normal force valued~, andF,), an effective con-
tact stiffnessSy4 can be operatively obtained as follows:

FIG. 3. (a) Measuring the threshold amplitudes (i=1,2) at

The connective link between values measured using the
differential UFM and material elastic propertig¢such as
Young’s modulugis the contact mechanics of the tip-surface
system. Theories based on the continuum mechanics, that is
no molecular or atomic structure is taken into account, are
quite developed. It is still debated whether or not continuum
mechanics is applicable on the scale of an AFM contact.
However, molecular-dynamics calculations have shown that
FomFy 3) the broad conclusions are not greatly changed until only a
a,—a;’ few atoms are involved’
Hertz in 1882 and Boussinesq in 1885 first treated the
_ elastic contact of a punch and a flat surf4¢& These mod-
Fa=(Fo+Fq)/2. (4) ) . . .
els consider only pure elastic deformations and no attractive
) 15 equal o the conact sfnes(F,) for £y 9 BEWeen e o bodes s ncuced: Por e ertzan

— F2 . ! :
The differential UFM is based on three main assumptions'.S given by

(1) It is possible to identify a threshold amplitude. This 3ER*
threshold amplitude has been defined as the amplitude at 3= '
which the contact starts breaking for part of the ultrasonic ¢ 4E,

Seft(Fay) =

®
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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 arede-
tween two spheres is given by

*

4E,

r3= {F+3AymR* +[6A y7R*F+ (3A ywR*)?]Y2.

(10

The work of adhesion is given by the followirig:

Ay=y1+v2— 712, (11)

wherevy; (i=1,2) is the free energy change when the surface

i FERY area of a mediunfin this case, the two surfaces in conjast

b increased by unit area;;, is the energy necessary to create

a unit area interface between the two surfaces considered.
The indentation depth is equal to

FIG. 4. (a) Hertzian contact: a sphere on a flatfinitely stiff
sphere in this cageNo adhesive force between the tip and the

surface is taken into account. At zero force no elastic deformation r2 2 ()32
of the two bodies takes place. Models taking attractive forces into h= _*[ - — <_0) ’ (12
account. Interfacial stress fén) DMT model; (c) JKR model. Ten- R 3\r

sile stresst. Compressive stress, At pull off the predicted contact

area is zero for the DMT model and nonzero for the JKR model. wherer, is the contact radius at zero normal force and is

equal to
1 1 1 6A ymR*2
Il 2_
R* Rl + RZ ) (6) rO—E—r. (13)
1 1-v2 1-43 The DMT equations can be obtained from the Hertzian
E_r: = + Es ' () equations(5) and (8) simply by shifting the force depen-

dence of an offset equal to the DMT pull-off forég, :2°
whereR* is the reduced radiu®}; andR, are the radii of

the two sphere<, is the reduced Young’s modulug; and 3 3(F+FR* 14
Eg are the tip and the sample Young’'s modulus, respectively; e= 4E, ' (14
vt andyg are the tip and the sample Poisson’s ratlos the
normal force.(See Fig. 4. . 9(F+ Feo)?
. ) o _ 1
The indentation depth is given by 16Er2R* (15
2
hgi_ (8) Using Eq.(8) and differentiating~ with respect tch, one
16E7R* obtains for the contact stiffneSer,:
In order to consider attractive forces, the Shier= 6F Y*R* E2. (16)

Johnson-Kendall-Robeffs (JKR) and the Derjaguin-

Muller-Toporov¥??® (DMT) models were then introduced.  Using Egs.(10) and (12), the JKR contact stiffness is
More recently, Maugis and Barquins obtained general equaequal to

tions that, in the two limiting cases, reduce to the JKR and

DMT equations* Unfortunately, these equations can only s _dF F 3L 1
be solved analytically in the two limiting cases. Maugis and WR™9h — M, F ' (17)
Barquins also introduced a parametethat determines if a (2+B)A+| 2 +A|B
tip-surface system is better described by a JKR or by a DMT ¢
model: where
12
Ny L © A=2 1+Fi +Fi+2, (18
3/16wA yEZ/9R* c c
wherez, is the equilibrium separation of the atordsy is the 1
Duprework of adhesiorf® B=1+ F\12 (19
It turns out that ifA>1 then that particular system is 1+F—C

better described by the JKR model; otherwise it is the DMT
model that gives a better description. More specifically, the 113
JKR model is more appropriate for a low elastic modulus, MC:_(_°> (20)
high adhesion, and large tip radii. On the other hand, the 4
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The DMT stiffness can be easily derived from the Hert-velocity 3334 In particular the adhesion hysteresis can be af-
zian stiffness by simply introducing a force offset equal tofected due to the fact that the point of instability at pull off
the pull-off force. depends on the viscoelastic properties of the two bodies. The

presence of a water meniscus between the two bodies can
A. Further considerations also play an important role when performing dynamic mea-

In an ambient environment the problem of two bodiesSurements including possible variations of the |_00int of in_sta-

contact is more complex. In general, surfaces are coverel&IIIty at pull O.ff' However,_to our knowledge, Q|rect stqdles
f water meniscus dynamics as well as of a viscoelastic con-

with a water film and organic contaminants. An exposure o t at hiah f . th le h b
a few minutes to air is sufficient for a surface to be coverecfaC at high frequencies on the nanoscale have not yet been

with a layer of hydrocarbons. Even in the absence of Organigerformed.

contamination, when two surfaces approach each other water

condenses and a water menis.cus fofm$he problem of IV. SIMULATIONS

two spheres in an ambient environment was first tackled by

Fogden and Whité® This model, called the generalized To check the applicability of the differential UFM, we
Hertzian model, yields the following results. have performed simulations of contact stiffness evaluation.

(1) Large curvature radii and compliant spheres in an enWe have assumed that there is no plastic or viscoelastic ef-
vironment with low values of the relative humidity behave fect. Although this might not be true, it is a convenient start-
like a JKR system. ing point to gain insight in the technique. Furthermore, to our

(2) Small curvature radii and stiff spheres in an environ-knowledge, models that include dynamical effe@ach as
ment with high values of the relative humidity behave like aviscoelasticity have not been yet developed. A solid-solid
DMT system. contact described by the JKR model has been assumed. This

All of the above discussion is valid if the deformation is model takes into account the adhesion force that acts be-
purely elastic and in a quasistatic regime. In the case ofween the tip and the surface and is generally considered
sphere on a flat, the maximum pressure is exerted at thealistic for AFM systems. Any other theoretical model of a
center of the contact area at a depth of 9,47 Plastic  solid-solid contact described in Sec. Il can be taken, pro-
deformation is initiated when the maximum pressure is equa¥ided it has an analytical formulaticfi.
to the yield stress value of the weakest matefiah good The ultrasonic deflection for two normal force values has
estimation of the yield stress can be obtained from the hardeeen obtained10 and 50 n) The simulations of the canti-
ness value of the bulk. This value represents a lower limit, a{ever deflection have been made usiMpTLAB (The
it is quite likely that hardness increases for smallMath Works, Inc) and are divided in three main steps as
volumes®®3! Therefore, in a specific case, it is possible todescribed in the following.
estimate whether a plastic deformation can occur by compar- (1) First of all a force-indentation curveé(h) must be
ing the maximum pressure with the yield stress of the mategenerated for a certain number of values. The force-
rials involved. As a first consideration it is important to stressindentation curve is made of two branches: approach and
that, if plastic deformation occurdy* tends to increase, retraction. To obtain the most general case, the force and the
which implies an increase of the contact area and, therefor@dentation are expressed in reduced units.
of the contact stiffnesgEq. (16)]. A second consideration is (2) The second step is to generate force-indentation
that the above evaluation is valid for the quasistatic casecurves modified by the ultrasonic modulation of the indenta-
Much more complex is to predict plastic deformation in thetion. After choosing a value of indentation, the new foFgg
case of high strain rates such as UFM might be. In thesés calculated for a set of ultrasonic amplitude values by using
cases extremely high pressure can be applied for short timés. (1). The procedure is iterated for a set of indentation
to the contacfless than 0.Jus for the UFM case However,  values. At this point, we have a two-dimensional matrix: one
in most UFM applications this value decreases as occurs ifimension is given by varying the initial indentation value,
the nonlinear regime when the tip moves away from thethe other by varying the ultrasonic amplitude applied. Figure
surface® Up to now no extensive study has been undertaker® shows the initial retraction branch and two modified retrac-
to observe and measure plastic deformation on the nanoscdien branches obtained at two different ultrasonic amplitude
in such conditions. From a practical point of view, acquiring values. It can be noticed that the pull-off force and indenta-
a topographical image of the investigated area can give aiion values are modified and thit, is generally higher than
indication whether a plastic deformation has occurred and tthe force value at the corresponding indentation value for
what extent. zero ultrasonic amplitude.

A further degree of complexity is added when performing  (3) In the third step, a cantilever spring constant vekye
dynamic measurements such as UFM. The problem of corand an initial normal force valug, are chosen. The force
tact dynamics on the nanoscale is very complex and, to ouand the spring constant must be expressed in reduced units as
knowledge, it has never been addressed systematically. Hovadready specified in stefl). Consequently the initial inden-
ever, it can be expected that viscoelasticity might play artationh, can be calculated from the unmodified JKR retrac-
important role, the more relevant the higher the modulatiortion branch of stegl). Then Eq.(2) can be solved to obtain
frequency. For instance, Maugis and Barqfffrshowed in a  the new equilibrium indentation and normal deflection values
theoretical paper the possible variation that a JKR contacat any given ultrasonic amplitude using the modified retrac-
could undergo when one of the two bodies involved presentson branches calculated in stép).

a viscoelastic behavior. Successive works have also pointed Figure 5 illustrates this solution. The straight line repre-
out an adhesion dependence on the approach-separatisants the Hooke law valid for the cantilever defined by
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40 TABLE I. Contact stiffness values obtained through the differ-
ential UFM by simulating the ultrasonic deflection at two values of
as normal force, 10 and 50 nN. Theoretical values of the JKR model at
F=k.z=k.(d-h) F.~=30nN are also reported. The reduced elastic mod&|uand
28 the work of adhesiorAy have been varied keeping constant all the
/ S other parametersR=50 nm; k.=0.1 N/m. The error values are
" E only due to discretization of the ultrasonic amplitude.
- F 2 . . .
L. 13 E, Ay Differential method JKR stiffness
7 &m_ﬂ___—_#g b £ (GPa (3In) (N/m) (N/m)
-1D w 10 0.1 105:10 114
— Modified 10 1 189+20 191
20 Pull-off 100 0.1 49540 520
Indentation (A/hg) 100 1 872100 884

FIG. 5. The lowest curve represents the retraction branch of the

force-indentation curve=(h) for a JKR solid-solid contact. The 1171 Borregas Avenue, Sunnyvale, CA 94D8Bhe system
force and the indentation are plotted in reduced units. The two othgias peen modified to implement UFM and to allow work
graphs represent the retraction branches modified by an out-of;nqer a controlled atmosphe?eFigure 6 shows a block
plane ultrasonic vibration of the sampig8ec. 1\). The ultrasonic diagram of the setup. The electronics, mechanics, and soft-
amplitude values are sufficiently high to modify the pull-off force 2o of the commercial system will not be entirely described
and indentation valuesag>ay). The black line represents the and one can refer to the manufacturer's manual for more

Hooke law, Wh'Ch.relétes th_e forfe acting on the tip .to the Cantlle'details. We will only describe the features that are relevant to
ver normal deflectioz: F(z)=k.z=k.(d—h) wherek, is the can-

tilever spring constant and is the sample positiorf-; andh; are theTl;]nderstandln% of.thtla |m[()jl$_mer1tat[on OdeFM'h |
the initial normal force and indentation. The intersections betwee e main mechanical modification is made to the sample

the black line and the modified retraction branches give the ne oIder to allow application of an out-of-plane ultrasonic V'f
equilibrium solutions of normal force and indentation valgited ~ Pration to the sample. The sample holder of the commercial
circles. In particular, fora, (threshold amplitudethere are two ~ System is a thin disk of metal. It is fixed to the piezoactuator
solutions, one unstablempty circle and one stabléfilled circle).  through a magnet positioned inside the actuator. A piezoplate
The cantilever deflection undergoes a discontintfityce jump. is glued to the sample holder with cyanoacrylate glue. For
. o . . this work we have used piezoplates 1 mm thick and 1 or 2
choosingk; and the initial force valué=,. The intersection cm in diameter. A piezoplate has a main longitudinal reso-
between the line and the unmodified retraction bralfiwher  pance that depends on its thickngdsmm approximately

curve gives the initial equilibrium solution of indentation ives 2 MHz and 0.1 mm gives 20 Mbizt also has other
and normal deflection values. The intersections between th%

line and the modified retraction branches give the new equi-
librium solutions of indentation and normal deflection values
(filled circles. In particular, the upper curvea() corre-

—<<q | Waveform | || |

sponds to the ultrasonic amplitude at which there are two BENCIAOT | Reference
solutions, one unstablépen circle and one stabléfilled M
circle), and the cantilever deflection undergoes a discontinu- Lock-in Output
ity (threshold amplitude and force jumpn these simula- —_ amplifier
tions, the new equilibrium value of normal deflection is Digital >
reached instantaneously. oscilloscope [* 10 .

At this point the threshold amplitude has been evaluated UFMsignal
for the two normal force values and the effective contact Lateral deflection
stiffness calculated using E@3). The procedure has been Head = "¢ -V
repeated for two different values of reduced Young’s modu- (cantilever, Normal | i
lus and work of adhesion keeping constant all the other pa- laser, deflection | v !
rameter§R=50 nm;k.=0.1 N/m, The results are reported photodiode) i ;
in Table | along with the stiffness values according to the | Feedback Acquisition |i
JKR model at~,,=30nN. i| control card !

The stiffness values obtained via simulations of the dif- =+ Piezo-plate } !
ferential UFM are in very good agreement with the JKR i > !
predictions. The error values are only due to discretization of : TOIZ‘i’g:{’hy i
the ultrasonic amplitude. These results give some confidence Scan actuator| | oo g i
in the reliability of this method if the assumptions taken are 4 Correction )
valid. : Display :

V. EXPERIMENTAL APPARATUS T T
Sealed chamber Computer (PC 486)

The experimental apparatus used for this work is based on
a commercial AFM(Model CP, Park Scientific Instruments, FIG. 6. Block diagram of the UFM experimental apparatus.
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minor resonant modes at various frequenciesdial and

05

other mixed modes The out-of-plane displacement at non- 2 ” - 7 a)

resonant frequencies is quite small and, in general, not suf- T

ficient for exciting a nonlinear response. The sample is di- _Fz_ 10N
=

rectly bonded to the piezoplate through an organic substance
(salol, phenyl-salicylatethat melts at 70—80 °C. Salol pro-
vides a good binding that is needed for good ultrasound
propagation. At the end of the experiment salol can be
melted and the sample removed without any damage. Re-
garding the sample preparation there are some restrictions on
the sample dimensions, depending on the AFM system used
(2 cm maximum lateral dimensionsand weight. The speci-
men thickness must be generally smaller than the ultrasonic
wavelength used for the experiments. For instance, a longi-
tudinal ultrasonic wave of frequency of about 2 Mktypi-

cally used in our experimentias a wavelength of approxi-
mately 3 mm for ceramics and varies between 0.5-5 mm
depending on the material.

To generate the ultrasonic vibration a programmable
wave form generator is use(Hewlett Packard, Model
33120A, Arbitrary Waveform Generaforlt can generate
signals in a frequency range from 0.001 to 15 MHz. The
amplitude can be modulated and the modulation shape can FIG. 7. (a) Simulations of the ultrasonic deflection for two nor-
be set arbitrarily. The maximum output voltage is 10 Vpp onmal force values. The ultrasonic vibration is ramped in amplitude.
50 () load and for a typical experiment an amplitude of 1—4A JKR solid-solid contact is assumed for the tip-surface interaction.
Vpp is applied to the piezoplate. The modulated voltage jArrows i_ndi_cate the reaching qf the puI_I-off point at which the
applied to the piezoplate via a small connection fixed on thé’ontaCF is first broken(b) Experlmgntal signals of the ultrasonlc_
AFM head. One can also add in parallel an inductive Coildeflectlon under the same conditions assumed for the theoretical

ith al | Hart Fock ferrite toroidal . der t simulations(silicon tip and sample, normal force values, cantilever
with a low loss Rartree-Fock Territe toroidal core in oraer to ring constant The reaching of the pull-off point is not as clear as

. . ) S,
match the impedance of the piezoplate to the impedance qfr the simulated curves. This is due to the fact that the cantilever
the wave-form generator output. does not react instantaneously. The dependence of the threshold
The commercial electronics and acquisition system argmplitude on the normal force is qualitatively in agreement.
generally quite flexible and allow access to internal signals
such as normal and lateral deflections and feedback erreince of the electrical connections of the commercial machine
signal. The ultrasonic deflection can be visualized by usingo RH and it is around 75%.
the feedback error signal. The feedback error signal is fed
into a digita_l oscillosc_ope and mc_)nitored anngside. with the V1. DESCRIPTION OF THE EXPERIMENTAL
ultrasonic signal applied to the piezoplate. The digital oscil- PROCEDURES
loscope (Stanford Research System, Model SR830 DSP
lock-in amplifien allows averaging of the signal up to 256  Before proceeding with the description of the experimen-
times. The oscilloscope display can be printed out or actal procedures a few considerations must be taken regarding
quired via computer so that the normal deflection signal caithe cantilever response to the ultrasonic force. In Fig. 7
be analyzed afterwards in order to evaluate the thresholdimulated and experimental ultrasonic deflection signals
amplitude. However this acquisition, done with an externahave been reported for two normal force valdeds the
software application, cannot be used to sample the ultrasonibeory predicts, in the experimental curves there is a force
deflection at each point of a scan due to slow acquisitiojump after an initial slight nonlinear response. Thereafter the
rate. normal deflection increases almost linearly. The ultrasonic
In Sec. IV it has been pointed out that one of the mainamplitude at which the force jump occurs depends on the
assumptions of UFM is that the cantilever does not follownormal force. Thus under the assumptions stated above, the
the ultrasonic vibration applied to the sample. It would bestiffness can be evaluated from the experimental data using
very important to verify this assumption. But at the momentEqg. (3). It has to be noted that the cantilever response is not
it is not possible to obtain normal deflection spectra of theinstantaneous and the force jump at pull off produces a sharp
cantilever in the desired bandwidth of 3 MHz. slope but not a discontinuity. However it has been observed
In order to control the relative humiditfRH), the AFM  that for a given cantilever this sharp slope does not depend
hardware has been placed in an acrylic chamber that has a l@h the initial normal force. Therefore, although the evalua-
with dry nitrogen and vacuum pump inlets on top of it. To tion of the absolute value of the threshold amplitude can be
reduce the RH, 5 powder and flux of dry nitrogen are affected,Aa is not. For the same reason the cantilever takes
used; to increase the RH water is introduced. The chambex finite time to reach the rest position after the ultrasonic
has proved to be reasonably sealed, so that the minimum Rémplitude is set to zero at the end of the amplitude modula-
achievable is about 15%. The upper limit is set by the tolertion cycle. It is extremely important that one allows the can-

—

Ultrasonic Amplitude [arb. units]

Normal deflection [ arb. units]

.
"

Normal deflection [arb. units]

Ultrasonic Amplitude [arb. units]
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tilever to reach the rest position before starting to newly 800 — T T T T

increase the ultrasonic amplitude, otherwise the evaluation of I T ‘[ I T
Aa could be affected. 700 [ y I I .

Preliminary experiments were carried out on a variety of l l l I —[ A
materials over a range of normal forces betweet® and 30 600 | l l T l .
nN. The measurements were performed at one single point’g’ l

i.e., no scan was performed, in order to reduce any influencez 5,4 |- J
of shear and topography. The cantilevers used were thé— | % { ]
V-shaped silicon cantilevers available commercially with a 2 { o )
spring constant between 0.18-0.24 N/m and a nominal tip“c’400 i }:
radius of 10 nm(Ultralever™, Park Scientific Instrumepts $£ | E %% ......... ]
The samples were either freshly cleaved or rinsed in acetonds 300 §

and then introduced in a controlled environment. The time [ [ Sa
elapsed between cleaning or cleaving and the experimen 200} ["©LiF .
quite often exceeded 1 h. No precaution was taken in this
respect. Furthermore, for this set of experiments, the ultra- 4ol —s 1+ . . 1 .
sonic amplitude calibration was performed using an indirect 0 % 100 1% 20

method!® This calibration was carried out by increasing the Normal Force [nN]
ultrasonic amplitude and assuming that the increase rate of ] ] ] -~
the normal deflection at amplitude much larger than the force FIG. 8. Experimental data for three materials: sapphire, silicon

jump was equal to the increase rate of the ultrasonic ampli:09. and LiF (100. The samples were probed with the same

tude. Thus one could calibrate the ultrasonic amplitude, proY Shaped silicon cantilevemominally k;=2.8 N/m, R=10 nm.

viding the cantilever deflection signal was calibrated. The surface rms roughness is less than 0.2 nm over gufeifor

On comparison with continuum mechanics theoreticafﬁ” the three samples. The slope of all the three curves is approxi-
P mately null. The relative difference between the three sets of data

models, it was found that the experimental values of contac

. . tIeveaIs that the differential UFM can distinguish materials on the
stiffness were almost one order of magnitude smaller thaQ cic of their elastic properties

the theoretical values. After a detailed analysis of these pre-

liminary results, two hypotheses were put forward to explain__ . . . .
the discrepancies between experimental and theoretical fo_osmon. Experiments should be started after thermalizing

ues: either a solid-solid contact did not take place due t Eg fgesﬁfnrguigutggttm tgirsn:ilo(:rgte'forg'lrgrr?'zsgt#eoge\gira
contamination, or the ultrasonic amplitude calibration was, . 9 e tp

}he sample become contaminated. The commercial system
itself is not temperature stabilized. A compromise thermali-

experimentsia) careful cleaning of tip and samplé) ul- S . .
trasonic amplitude calibration since the indirect calibrationZatlon time must the(efore be found. For these experiments it
was around 5—10 min.

method proved unreliable on careful examination. A new
homodyne interferometer was buiftThereafter the stiffness
measurements were done referenced to a calibrated ultra- VIl. RESULTS
sonic amplitude. ] . o

A third important issue regarded the range of the normal !N Fig. 8 we present data resulted from an investigation of
force values. Our commercial apparatus does not allow on#ree different samples with different elastic properties. A
to work above a certain normal deflection value. This issilicon V-shaped cantilever was employedominally k-
probably because the laser spot would fall outside the pho= 2.8 N/m,R=10 nm. The three materials were sapphire,
todiode or the linear relation between cantilever normal desilicon (100, and lithium fluoride LiF(100. Silicon and
flection and normal force would not be valid. Therefore, inSapphire were carefully cleaned in soap, acetone, methanol,
order to work at normal force values higher than 30 nN, one2nd sonicated for 5 min at each step; the lithium fluoride was
needs to use stiffer cantilevers. In particular if the cantilevefreshly cleaved before the measurements. The Young's
spring constant is 2.8 N/m, the normal force range can b&wduli of sapphire, silicon, and LiF are 380 GPal65
extended up to 300 nN. In this way the contact stiffness ca®Pa;’ and 106 GP&’ respectively. The materials were in-
be measured over a broad enough range of normal forc&estigated in the following order: sapphire, LiF, and silicon.
Data can then be compared to the predictions of the theorefapphire presented higher stiffness as expected. In spite of
ical models. Such comparison is crucial in order to underhaving a higher Young's modulus, the silicon sample turned
stand the nature of the contact. out to be more compliant than the LiF sample. This could be

The samples were chosen so that the topography was regftributed to the presence of a native oxide layEk;g,
sonably smooth with wide homogeneous areas. Typically ar=71 GPa)%® In all three cases, the slope of the curve is
AFM topographical image was acquired before and after thapproximately zero.
UFM experiments. This was done not only to avoid any pos- In an ambient environment, a parameter that might influ-
sible topographical artifact but also because one entire acquénce the nanocontact is the RH. In fact the shape of the water
sition can last 15—-20 min on average. In an ambient envimeniscus strongly depends on the RH value. We therefore
ronment thermal drifts are unavoidable, so that there istudied the influence of RH on the contact stiffness. In our
always a lateral movement of the tip relative to the surfaceexperimental apparatus, the RH can only be reduced to a
and at the end of the experiment the tip is not on the initiaiminimum value of 18%. The upper limit is around 75%. A

not correct. Therefore two precautions were taken in late
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FIG. 9. Stiffness measurements on a sapphire sample varying FIG. 10. Stiffness measurements on a sili¢bd0) sample vary-
the relative humidity(RH). A silicon V-shaped cantilever was em- ing the RH. A silicon V-shaped cantilever was employ@dmi-
ployed (nominally k.= 2.8 N/m,R=10 nm. The contact stiffness hally k,=2.8 N/m,R=10nm. For the two sets of measurements at
generally increases with increasing normal force. At a lower RH30% and 55% of RH, no clear dependence on RH is noticeable. The
value the contact stiffness is higher. This observation is in accorsSlope shows a general increase in stiffness with increasing normal
dance with another set of data that was recorded at a low normdprce. A set of data taken 1 day later at 18% RH shows stiffness
force value. Independently of the RH value, the contact stiffnesyalues of a factor of 2 smaller. This was probably due to the pres-
seems to be similar at high normal force values. ence of contamination of the sample. At 70% RH the ultrasonic
deflection signal was quite unstable: the results were variable with
. . . time and were not reproducible.
long period of time is needed to change the RH value and
this is a significant limit as we shall see. In Figs. 9 and 104ra50und. Therefore we took scanning electron microscopy
data for sapphire and silicon at various RH values are prersgy) images of the tip used for the measurements on sili-
sented. Both samples were investigated with a silicon,qn and sapphire varying the RH value. We have noticed that
V-shaped cantilevenominallyk.=2.8 N/m,R=10 nm. In  he gverall shape of the tip can be modified becoming blunter
this case silicon was investigated first. with respect to the tip shape before UFM measurements. It is
Starting with sapphiréFig. 9), the two sets of data were igficult to identify the exact moment at which the tip is

taken at two extreme values, 20% and 75% RH. The signajogified. However these results indicate that the application
was stable and the results reproduciile appreciable varia- - of an out-of-plane ultrasonic vibration could lead to a change
tion in the threshold amplitude when reducing the normaly ihe tip shape. This change can be detected sometimes. For
load. The two plots show that stiffness increases with in-5 get of measurements carried out on sapphire at 30% RH,

creasing normal force. Figure 9 also shows that at a lowegjata were scattered and did not present a definite trend. This
RH value the contact stiffness is higher. This dependence o5 probably due to small modifications of the tip apex. In

RH is in accordance with another set of data that was reg,c; the ultrasonic deflection was subjected to small but no-
corded at a low normal force value. Independently of the RH;ceaple variations.

value, the contact stiffness seems to tend to similar values at
high normal force. With the silicon dat&ig. 10, the situa-
tion is slightly different. Data were taken at two different VIII. DISCUSSION

values of RH(30% and 55% As for the case of sapphire,  |et us first consider the sets of data presented in Fig. 8.
the contact stiffness generally increases with increasing nom|| the curves show no dependence of the contact stiffness
mal load but no clear dependence on RH is noticeable. Apn the normal force. On the contrary, the continuum mechan-
70% RH the ultrasonic deflection signal became unstablecs models predict an increase of contact stiffness with in-
the results were variable with time and were not reproduccreasing normal force. However, in these experiments, the
ible. No plausible explanation has been found. A set of datgtyal shape of the tip employed may be different from the

taken 1 day later at 18% RH shows that stiffness decreaseghherical one usually assumed. On the basis of the following
by a factor of 2. This observation might be explained by thegquation®

presence of contamination on the surface that reduces the
contact stiffness. A similar effect has been already men- S=2E,JAlr, (22)
tioned in the previous section.

As a final observation we would like to mention that sev-valid for a Hertzian contact between a flat surface and an
eral experiments were interrupted as the normal deflectioaxisymmetric probe, no dependence of the contact stiffness
signal suddenly became unstable. This could suggest that ttoe the normal force is expected if the tip apex was repre-
tip might undergo deformations during the application of ul-sented by a flat punch. In this case, sapphire, which is the
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FIG. 11. Experimental data for a silicofl00 surface. Four theoretical curves have been plotted using different tip radius val-
different silicon tips have been used mounted on cantilevers witlues: 6 and 25 nm. The experimental values at low normal forces
two different spring constant values. The sample rms roughness waratch the theoretical values calculated assuming a tip radius of 6
less than 0.2 nm over a fewm?. This high value is mainly deter- nm. On the other hand, at high normal forces, they tend to be in
mined by noise. The four graphs are quite different in their overallagreement with the theoretical values obtained assuming a tip ra-
shape. One is relatively flat over the whole range of normal forcedius of 25 nm.
values. The other three show an increase of the contact stiffness
with increasing normal force, but with somewhat different slopes. (1) The tip apex deforms and its radius of curvature con-

tinuously increases when the normal force is increased.

stiffest material, was first investigated and this might have (2) A compliant layer of finite thickness is interposed be-
contributed to a flattening of the tip. The fact that most of thetween the tip and the surface affecting the contact stiffness
other sets of data taken for silicdfrig. 11) have different dependence on the normal force.
slopes could be a further hint suggesting that the tip was flat (3) Viscoelasticity might play an important role at such
or a shape modification may have occurred previously to théigh-frequency modulation.
data acquisition. A SEM investigation of the tip used after The first hypothesis cannot be checked directly with the
the three sets of experiments suggested that the tip radius afailable instrumentation. The maximum pressure calculated
curvature is larger than the nominal value of 10 nm. Al-for silicon on sapphire at a force of 300 nN with a tip radius
though the perspective was not ideal and it is difficult to seef 10 nm is equal to 9 GPa. On the other hand, the maximum
the actual shape of the tip apex, the hypothesis of a flapressure is equal to 6 GPa for silicon on silicon at a force of
punch could not be ruled out. Independently of the tip shape300 nN with a tip radius of 10 nm. These values decrease by
the relative difference between the three sets of data of Fig. icreasing the tip radius. Hardness values for sapphire and
reveals that the differential UFM can distinguish materialssilicon are 28 GPgRef. 3§ and 20 GP&° respectively.
on the basis of their elastic properties. Calculations mad&herefore, in quasistatic approximation, a plastic deforma-
using Eq.(21) and assuming foE, [Eq. (7)] the bulk values tion might be just initiated in the silicon body in the case of
of the three materials investigated have given the same valusapphire and silicon at 300 nN and a tip radius of 10 nm. The
of VA=5nm in all three cases with a spread-p2%. fact that in UFM operation a high strain rate is applied fur-

In Fig. 11 we have plotted other results obtained for sili-ther induces us to consider the possibility of a plastic defor-
con using four different silicon tip-cantilever systems. Thesamnation. It has been reported that the dynamic pressure can
sets of measurements were carried out in an ambient envincrease up to a factor of 2 the static pressure at the initially
ronment at 20 °C and 30-40% of RH. The four graphs areset normal force. However, in the nonlinear detection re-
quite different in their overall shape. The one already regime, the tip moves away from the surface and, therefore, the
ported in Fig. 8 is relatively flat over the whole range of contact pressure reaches high values only for a few cycles
normal force values. The other three show an increase of thend for a short period of time. For these sets of measure-
contact stiffness with increasing normal force, but withments, the ultrasonic deflection and stiffness values at low
somewhat different slopes. These differences should be albads were reproducible when the normal force was de-
tributed to differences in tip shape. A flat tip gives a curvecreased after measurements carried out at high normal force
with no slope and a spherical tip a curve with a positivevalues. Besides, topographical images did not show any clear
slope. However, discrepancies between the experimental dateformation imputable to plastic deformation. Another inter-
and the theoretical predictions still remain as shown in Figesting observation is that the pull-off force did not apprecia-
12 for a JKR modelthe same is valid for DMT and gener- bly vary after each set of measurements. Therefore if plastic
alized Hertzian models deformation occurred, this effect was not dramatic though it

To explain these discrepancies, three hypotheses hawright still be relevant for the interpretation of our results.
been put forward. The second hypothesis is based on studies that report lig-
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uid layering when squeezed between tip and surfack. IX. CONCLUSIONS
Though for water no clear observation of such behavior has

been reported, there is some evidence that this solid transi- The differential UFM has been applied to materials of

tion might occur. If this happened, a cushion relatively more”arous elastic properties in different environmental condi-

compliant than the two surfaces might interpose between th%ons' It has proved to be capable of measuring absolute stiff-

two bodies reducing the contact stiffness. As the normal load®33 values of nanoscale contacts up to 1000 N/m. This is

gradually increases this cushion could either stiffen or disap‘:’ICh'eveo| by using relatively compliant cantilevezs8 N/m.

pea g e 103 ozl conact e et e
The third hypothesis is also quite relevant. However, itis__ ' Y '

objectively very difficult to implement any experiment to results obtained show that the tip shape might play an im-

verify it. In Sec. Ill, it has been already pointed out that JKRportant role: for instance, a blunt tip would give no depen-

. . S dence of the stiffness on the normal force. The environmen-
and other continuum mechanics models are valid in a quaslt—

static regime and might not be valid in a dynamic regime al conditions and the surface state are also quite influential

such as in UFM. Viscoelasticity might influence the shape Oitactors. Not clean surfaces can induce lowering of the con-

e forcendentaton curveplLof o, adhesion st 12, S1EEE uhereas 1gh relave humiy con over te
esis, etg. However, it is difficult to predict what effect this

might produce on the stiffness evaluation and its dependencléFV'\\/l/h?leetigtr']%?]'uum mechanics models provide stifiness val-
on the normal load. P

Let us now consider the results obtained varying the relat > of the same order of the measured values, they cannot

tive humidity. It is firstly to be noticed that the ratio of con- ?oﬁgglgntgeor?etﬁgnrii:tfvee %fu(r‘}?iz??ydfr?ignf;ﬁ 82 éﬂi ?:rtr;]]:I
tact stiffness for sapphire and silicon at the same load 'Fact that these models are valid in quasistatic approximation

approximately equal to the one calculated from the experi- " . : . )
mental data presented in Fig. 8. This is further evidence tha"’tlnd in a clean environment, while UFM operates at very high

materials with different Young's moduli can be distinguishedvIbratlon frequencies in an ambient environment. In this

using the differential UFM. Other considerations regard thehlgh—frequency regime, it is likely that viscous forces might

slope of the stiffness-load curves, which is not in agreemenghari/le agla:;?igocriggtrn:gtlﬁmmn?idlglg?sotrc])icg?rgﬁ;ntgetw:thoinh
with the theoretical predictions, and the fact that by changin ' g 9

the RH value, the curves are shifted to lower values. As fo tzalhrl br:tﬁ]sé Ar\ggg;ge 2?3\,5;?5 igak;ftsveoefntthhee ?VL%CLeOpd"?Qg'ﬁ]S
the sets of measurements previously analyzed, the ultrasonid'9 P . .
ontact. Nevertheless, it can be concluded that using the

deflection and stiffness values at low loads were reproducibl EM aporoach it is possible to advance into the unexolored
when the normal force was decreased after measurements pp P b

carried out at high loads. Topographical images did not sho e of the submicrosecond dynamics of nanometer contacts.
any clear deformation and the pull-off force did not appre-
ciably vary after each set of measurements. Therefore, we
are again left with two hypotheses: the presence of a com-
pliant layer between the two bodies in contact; continuum F.D. and O.V.K would like to thank the Paul Instrument
mechanics models might not be valid in a dynamic regimeFund and EPSRC suppdi&R/L02234 for the development
such as in UFM. These hypotheses will be the subject obf UFM. F. D. would like to thank the “AFAM” CEC Net-
future studies. work for financial support.
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