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Growth kinetics of a nanoprotuberance under the action of an oscillating nanotip

J. P. Aime* D. Michel, R. Boisgard, and L. Nony
CPMOH, UniversiteBordeaux |, 351 Cours de la Libation, F-33405 Talence Cedex, France

The atomic force microscope is a versatile tool that allows many routes to be used for investigating the
mechanical properties of soft materials on the nanometer scale. In the present work, experiments were per-
formed on polystyrene polymer films of various molecular weight by approaching a vibrating nanotip towards
the surface. The variation of the oscillating amplitude of the cantilever is interpreted as the result of the growth
process of a hanoprotuberance. The growth rate is found to be dependent of the magnitude of the oscillating
amplitude and of the molecular weight. A model is developed describing in a very simple way the action of the
tip and a viscoelastic response of the polymer. The numerical simulation helps in understanding the nonlinear
relation between the growth rate and the vibrating amplitude of the microlever and describes qualitatively most
of the experimental features. For the softer material, experimental situations are found that allow the experi-
mental results to be amenable with an analytical solution. The analytical solution provides a fruitful compari-
son with the experimental results showing that some of the nanoprotuberance evolution cannot be explained
with the approximation used. The presents results show that there exists a new and fascinating route to better
understand the mechanical response at the local $3aRi |SHED IN Phys. Rev. B 59(3), 2407-2416 (1999)

I. INTRODUCTION pens when a sample has a mechanical susceptibility, the re-
ciprocal of a stiffness, that allows the surface to exhibit a
The atomic force microscop@d\FM) is frequently used to sizable elastic displacement under the action of the tip. The
investigate surface properties through the study of the oscilaim is to explore a new route to probe the mechanical re-
lating behavior of a cantilever. The mechanical vibration of asponse of a surface at the nanometer scale without touching
cantilever was first used to provide an image of the forceor only slightly touching the surface.
gradient variations above the surface. A linear analysis The paper is organized as follows, in a second section we
shows that force gradients are detected as shifts in the resdetail the experimental methodology and give the experi-
nant frequency.Taking advantage of the tip-surface interac- mental results. In the third section the main ideas of the
tion, this mode of analysis has a variety of applications, intheoretical simulation that describes the kinetics of a nano-
cluding noncontact surface profilomefryimaging localized  protuberance are introduced. In the last section we discuss
chargee_,s; and, recently, providing a contrast at the atomicihe ysefulness and the limits of the hypothesis that sustain
scale:™" Nevertheless, when the tip is very close or slightly ihe simulation and introduce a simple rheological model. The
touches the surface the system is highly nonlir€a¥: This eEhenomenological model is essentially heuristic and should

nonlinear behavior incrgases .th.e complexity of the cantilev elp us to define new experiments and further quantitative
response, and the physical origin of the contrast at the atom'&nalysis
scale becomes more difficult to describe, but in turn the un- ’
stable behavior of the cantilever can be used to improve the

sensitivity of the AFM.

In Ref. 13 it was shown that the attractive interaction Il. EXPERIMENTAL SECTION
between the tip and the surface is able to strongly modify the A. Methodology
oscillating behavior of the tip-cantilever system. As soon as , L
the tip is near the surface, typically for a tip-surface distance '€ €xperiments have been performed in air and record-
of approximately 1 nm and for a drive frequency slightly INgs were madg by approaching the surface towgrds the tip
below the resonance frequency, the oscillator shows a bifuldsing the tapping mode of a nanoscope'fifwo piezoac-
cation from a monostable to a bistable state. The bifurcatiofiators are needed to perform an experiment in the tapping
leads to a cycle of hysteresis. The attractive force field intromode. A small piezo allowing the microlever to be vibrated
duces nonlinear coupling terms that make the magnitude dt a frequency close to its resonance frequency and a second
the drive amplitude a key parameter. An analytical exprespiezo moving the sample. The piezoactuator holding the
sion is derived showing that the shape of the hysteresis isample is a piezo with a maximum vertical displacement of
dependant of the drive amplitude through a cubic Aw. 660 nm giving a low noise signal with a good resolution.
well-defined cycle of hysteresis can be experimentally ob- At a fix position of the plane surface, the sample is ap-
tained, but this happens strictly for surfaces that are inerproached towards the tip. It then is retracted when the tip is
mechanically, or that have a local stiffness large enough fonear the surface. To get a simple criterion, the drive fre-
an elastic displacement not to be induced. quency is slightly below the resonance frequency, such that

The scope of the present work is to investigate what Fapthe vibrating amplitude is below the resonant one. With this
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FIG. 1. TypicalS shape of the oscillations as a function of the
distance between the surface and the position at rest of the mi-
crolever.A; is the amplitude of the oscillations far from the surface,
typically for distance above 20 niA; . For infinitely hard surface,
the amplitude decreases linearly with the distance as soon as an
intermittent contact happen&omain 3. When the distance be-
tween the equilibrium position at rest of the microlever and the
surface is zero, the amplitude becomes z@tomain 3. Experi-
ments have been performed in the domain defined by the circle
corresponding to distances larger than(domain 2.

(b) vertical displacement (nm)

condition, the amplitude of the vibrating cantilever increases FIG. 2. The usual approach-retracting curve giving the variation
when the attractive force field between the tip and the surfacef the oscillating amplitude as a function of the vertical displace-
becomes large enough. Therefore, as soon as an increasen@ént of the surface. The sample displacement is performed with a
the amplitude is observed, the sample is retracted and theean size of 20 nm at a scan frequency of 10 Hz. The empty square
range of the tip-sample distance is restricted to the domaiand empty circle correspond to the approach and the retraction mo-
represented by the circle drawn in Fig. 1. tion of the sample(@ A;=44 nm, (b) A;=2 nm. The sample is the
Far from the surface, the vibrating amplitude of the can-Pelymer film ofM,,=150 000.
tilever, here after noted the free amplitude, is given by

the well-known expression idea is that an organic material interacts with the tip uniquely
5 through the van der Waals London dispersive force so that
awy the strength of the attractive interaction is simply given by
\/(wf—w2)2+(2[3w)2’ @) the product of the radius of the tip and the Hamaker constant
[see Eqg.(4)]. The Hamaker constant is a function of the
wherea and w are the drive amplitude and the drive fre- chemical composition and of the density of the two interact-
quency of the small piezay, and g the resonance frequency ing materials® thus does not depend of the molecular
and the damping factor of the cantilever. weight. Consequently, by using the same tip to investigate
The variation of the amplitude as a function of the tip- samples of various molecular weights, thus keeping the same
surface distance depends on the magnitude of the free ampliadius of curvature of the tip, the strength of the attractive
tude. For large free amplitude a cycle of hysteresis fol- interaction between the tip and the surface is a constant in-
lows, while for small amplitude#\; the same variation is dependent of the molecular weight.
observed during the approach and the retraction of the Besides, at the local scale, the mechanical properties of
sample(Fig. 2). In other words, for small;, whatever the the surface were shown to be molecular weight dependent.
distance between the tip and the sample, the variation of thEhe smaller the molecular weight, the softer the material.
amplitude is reversible, while a cycle of hysteresis is ob-Therefore, if any change of the oscillating behavior occurs as
served for largei; values. Theoretically, the whole features a function of the PS films properties, one expects that it will
can be described as a function of the magnitude of the freeorrespond to the change of the mechanical properties of the
amplitude™® At small A; values, the effect of the nonlinear PS films and not to the change of the tip-PS attractive inter-
coupling terms vanishes and the oscillating behavior of thection.
cantilever is satisfactorily described by a linear analysis.
Thus, for a surface that is mechanically inert, a typical re-
sponse of the tip-cantilever system will be identical either to
the one shown in Fig.(2) or in 2(b). The resonance frequency of the cantilever is
The samples are polystyrefieS films. Several PS films =293.23 kHz, the quality factor iQ=450. The damping
have been prepared with molecular weights varying betweefactor of the damped oscillator i8=»,/2Q. Most of the
284 000 and 1890 and polydispersities ranging between 1.03ata reported were obtained with a scan size of 20 nm and a
and 1.07Fluka, Chemika, Buchs/Switzerlahd'he baseline scan frequency of 10 Hz; a few of them were obtained with

Af(w)=

B. Experimental results



A(nm) A(nm)

T T T 15 T T T
12 44nm _ _
) 10 Mw 95000
Sio
2
8 18 nm 1 5
4 ] 0
10 nm
0 -5
onn 1 |_15nm—| -10 1 1 1
d tical displ t
(a) vertical displacement (nm) @ vertical displacement (nm)
A(nm)
10 A0 , . 10 ,
8 42nm M =23000
M_ = 284000 w
w 5
6
4 0
2
-5
0 ittty 5
nm
—_—
-2 -10 | | |
(b) vertical displacement (nm) (e) vertical displacement (nm)
A(nm) A(nm)
T T 10 T T T

M _=150000 - 5

5nm

5nm

5nm
-3 1 ! 1 -10 ) I 1
©) vertical displacement (nm) ) vertical displacement (nm)

A(nm)

M _=1890

9) vertical displacement (nm)

FIG. 3. Variations of the amplitude of the oscillation during the retraction of the surface as a function of the free amplitémtes
different samples. Scan size 20 nm, scan frequency 10 Hz.

a scan frequency of 0.5 Hz. The drive frequeney lating amplitudes obtained with a silica surface and the PS
=292.57 kHz is kept the same throughout the experimentsfilms of high molecular weights, respectivelyM,,

For the sake of clarity, we report selected experimental284 000 andM,,= 150 000. The silica surface has been
data corresponding to the retracting displacement of th@repared as described in Ref. 17. The silica surface is used as
sample. These data have been selected from among 10—20hard reference surface from which we do not expect an
experiments for each sample, wify varying from 5 up to  elastic response. The three surfaces give similar variations of
44 nm. To be more easily compared, the experimental datthe amplitude as a function of the vertical displacement of
have been subtracted from théir values(Fig. 3). the sample. Irrespective of the magnitude of the free ampli-

In Figs. 3a)—3(c) are reported the variation of the oscil- tude, down toA;=5 nm, the experimental results are in good
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FIG. 4. Growth rates of the nanoprotuberance as a function ogqsigé?;?éﬁsgggﬁ:c%%)Qmﬂgrisoihdéarg]gitfsra&dt#eeit%‘_m' Go is the

the starting amplitude. The growth rates are given by the fitted

straight line at the beginning of the abrupt decrease of the oscillat- . . . .
ing amplitude. Empty triangleM,,= 95 000, filled triangleM,, the rates at which the amplitude varies. In Fig. 4 are reported

=23 000, empty circleM,, = 3250, filled circleM,, = 1890. the measured rate of the variation of the oscillating ampli-
tudes as a function ok; for four molecular weights.

agreement with the theoretical predictions and the whole A general trend is easily extracted. The rate at which the
variations can be ascribed with the effect of the attractive@mplitudes vary shows a nonlinear dependenceAprand
tip-surface interactiof® increases a#\; decreases. Furthermore, from the highest to
For the sample of molecular weight,,= 95 000 a drastic the lowest molecular weight, the velocity shows an increased
change is observed at the sma}l values 10 and 6 nifFig. ~ Sensitivity to the magnitude oA:. For M, higher than
3(d)]. In place of the usual loop, the amplitudes abruptly95 000, as noted abow&ig. 3), no noticeable decreases of
decrease, almost down to a zero value. One can also notete amplitude were measured allowing a measurement of the
variation of the amplitude showing a slight perturbation atslope to be reported. Conversely, for the low molecular
the beginning of the cycle for the intermediate valuegpf ~ WeightM,,=1890, even at a high value & a measurable
The response of the vibrating cantilever shows a comdecrease is observed. For example, the same velocity is mea-
pletely different behavior for the samples M,=23000 sured forA;=25nm M,=23000) andA;=35nm M,
andM,,=3250[Figs. 3e) and 3f)]. Except for the highest =1890). _
A; values, the cycles of the hysteresis show a marked de- TO interpret the_se e_volut!ons requires consideration of an
crease of the amplitude just after the retracting displacemer@dditional interaction in which the sample properties, apart
has been started. The smaller the free amplitude, the moféom the Hamaker constant, must be included. Considering
pronounced is the minimum of the amplitude. Fa;  What is known about the intermittent contalt’*'we as-
=10 nm, the amplitude decreases by about 6 and 7 nm, ré4me that the tip touche_s the sample anql that the true ve_rtlcal
spectively, forM,,= 23 000 andV,,= 3250. p_osmon of the sample is not the one given by the vert_|cal
The results show that the oscillating behavior cannot bélisplacement of the piezoactuator holding the polymer film.
described by uniquely considering the attractive force field!n other words, we assume a local elastic response creating a
For example, let us compare the results obtained with th8@noprotuberance such that the tip touches the surface at a
polymer of M,,=3250. ForA;=42 nm, a normal cycle of vertical position hlgherlthar'u the one'momtored by the piezo-
the hysteresis is observed and the amplitude returns fi its @ctuator. Such a situation is drawn in Fig. 5.
value after a sample displacement of 10 nm has been made.
For a smaller free amplitude, we normally expect a smaller  1Il. SIMULATION OF A LOCAL VISCOELASTIC
width of the hysteresis as observed for higher molecular RESPONSE UNDER THE ACTION OF THE TIP
weights and the silica surfacdeee Figs. 3—6 Therefore the
oscillator should recover its free amplitude value at a sample
displacement smaller than 10 nm. The opposite behavior is It is worthwhile to examine first how a vibrating cantile-
observed, aA;=14 nm, the oscillator goes back to il  ver measures the growth of a nanoprotuberance. As the nano-
value after a sample displacement of 13 nm. Such a behaviqrotuberance can grow rather quickly, the experimental re-
is even more pronounced fdk;=10 nm. Similar observa- sults give velocities as large as 14 000 nm/s, one has to
tions, can be done for the sample Mf,= 23 000. verify the ability of the oscillator to measure such a rate of
For the lowest molecular weight investigated,  perturbation.
=1890, we were unable, at least with a vertical scan size of Assuming that the variation of the oscillating amplitude
20 nm, to get a complete cycle with a free amplitule  describes properly the growth process means that the oscil-
smaller than 28 nnpFig. 3(g)]. lator adiabatically responds to the perturbation. Let us note
In order to better understand what is really taking placeh(t), the height of the elastic displacement at timéf the
we focus on the abrupt decrease of the amplitude at the b@scillator follows exactly the change of the height the de-
ginning of the retracting displacement. At the beginning ofcrease of amplitude is given by
the abrupt decrease of the amplitudes, slopes can be ex-
tracted and multiplied by the piezoactuator velocity to give A(t)=A(t=0)—h(t). 2

A. Preliminary remarks



Equation(2) is true if and only if the perturbing process is Force T
slow in comparison to the dissipative processes leading to ¥, |- —

res

the establishment of equilibrium in the oscillator. The adia- | | E T
batic condition writes : : ext
1 |
dh/dt<A(t=0)/7 (3) 0 ! = | - -
D time t=0 time
(@ (b)

for a resonance frequency of 293.23 kHz and a quality factor
of 450, the relaxation time of the oscillator & '=7=4.9 FIG. 6. (a) Periodic rectangular function describing the action of
X10 *s. ForA=10 nm, this leads to a maximum velocity the tip. T=3.4x 1P s, the widthr,es of the rectangular function is
A/7=2x10* nm/s. Thus a growth rate of 1&m/s will not  given by Eq.(6). (b) Sketch of the action of the oscillating tip with
be measurable. Indeed, for intermittent contacts, as happettg assumption that the static part is the leading f&m (7)]. The
for nonlinear phenomena, one can demonstrates rigorousheight of the step function is varying with timisee Appendix

that the adiabatic criterion is not given by E@®). In the

nonlinear regimey must be replaced by a value close to the T d.
oscillating period, herel =3.4us. The physical reason is Tres™ 0031(1—A—)-
that the fluctuation-dissipation theorem, from which the f
damping coefficienp of the oscillator is calculated, does not The |arger the amplitudé,, the shorter the residence time
apply when a nonlinear response must be considered. Therg,r-es_

fore the order of magnitude of the maximum velocity iS now A fyrther approximation is to consider a periodic rectan-
better given byA/T=3x10° nm/s, making a growth rate of gular function of widthr,.sand periodT =27/ w [Fig. 6a)].

10* nm/s measurable. _ _ The Fourier transform of the rectangular function is
We shall proceed as follows:(i) In a first step we de-

scribe the action of the tip on the polymer. A very simple r 1
approach is employed, the aim being not to get a quantitative  F,(t)=Fcq =4 E — sin(NwTedco(Nwt) |. (7)
agreement with the experimental data, but to capture most of T l

the physical phenomenadii) In a second step a possible
mechanical response of the polymer is given.

(6)

The static part of .(t) is proportional tor,.s, Which in turn
increases af; decreases. Therefore, even within this rough
approximation, the main experimental result showing the in-

B. Description of the tip-surface interaction fluence of the magnitude &; is preserved.
The attractive interaction between a sphere and a plane
surface is used as the external force acting on the polymer: C. Local viscoelastic response of the polymer

At room temperature, the PS film polymers investigated
E :ﬂ 4 e in the vitreous state and do have the same bulk elastic
et gd? propertiesl =22 Therefore, the experimental results should
normally be identical and independent of the molecular
whereH is the Hamaker constari the radius of curvature weight; besides, we did observe a large change in the friction
of the tip, andd the distance between the tip and the samplepehavior as a function of the molecular weight showing that
Taking the case where the distance between the surface agfi¢e mechanical properties of the surface are different than
the equilibrium position of the cantilever at rest is equal tothat of the bullkt®2!

the free amplitudé\;, one gets the time dependence for the | et us assume that for polymer chains at the surface, a

force: local viscoelastic response occurs when the intermediate and
low molecular weights are studied. The main difficulty is to
B HR estimate the elastic modulus. Taking an elastic modulus at
Fex(t)= 6[A;+0.165- A;coq wt)]?’ ®)  zero frequencyG(w=0)=10° N m~2, with a protuberance

of diameter®~10nm, the stiffness of the protuberance
where w is the drive frequency and 0.165 nm is the “con- scales ako=Gy® andk,=1 N m . The mechanical sus-
tact” distance for most of organic materidfsThe contact ceptibility is given by
distance is used in Ed4) to eliminate the diverging behav-
ior. Let's now define a distanceé, between the tip and the 1
surface above which the action of the force becomes negli- JOZG_CD- ®
gible. Typically, withH=5x10"2°J andR=10 nm, ford °
between 1 and 0.165 nrf,, varies between 0.1 and 3 nN. Relaxation processes in polymer materials usually exhibit
The approximation showing that the influence of the tip isseveral relaxation times. Here, to simplify, we uniquely con-
negligible for values ofi aboved; is sider one relaxation time and the viscoelastic response is

A 1-coqwt)]<d,, J(t)=Jo[1—exp(—t/m\)], (€)

which leads to the definition of a maximum residence time ofwhereJ, andry are molecular weight dependent. The elastic
the tip near the surface given by displacement is given by



t . A-A (nm)
h(t)=f J(t—t)F(t")dt’. (10) !

” 0
We further assume that the external force is given by the
leading term of Eq(7). That is, the static part of the right- -2
hand sidgr.h.s) Fo.mes/ T. The action of the tip becomes a
simple steplike functionfFig. 6(b)] and the initial timet -4
=0 is the time at which the protuberance starts the growth
process. With a step function, EQLO) gives an elastic dis- -6
placement at timé: ,

0 0.5 1 1.5 2
Tres vertical displacement (nm)

h(t)=JoF e [1—exp(—t/7y)]. 11
FIG. 7. Results of the numerical simulations using Ed=),

However, even with this oversimplified approach, becausél3d, and (14). The parameters ar€oFq.=15nm, 7y=143
TresVaries as a function of the time, E€L1) cannot be used X10°°s, andd.=3 nm. From the lower to the upper curve the
as is. After each cycle the height of the protuberance instarting amplitudes are 8, 10, 12, 15, 18, 22, and 30 nm.
creases, consequently the amplitude of the oscillator de-
creases and the residence timg increases. This makes the ~ An attempt to fit the variation of the growth rate as a
source termJgF o, 7ed/ T highly nonlinear and induces an function of A; is given in Fig. 9. The general trend is quite
avalanche effect. At thkth cycle, the residence ti”‘ées is well reproduced, but also is shown the inability of the simu-
given by the amplitude of the oscillator at th&—1)th  lation to quantitatively reproduce both the fast and slow rate
cycle. The amplitude i&f~*=A;—h,_,, whereh,_ is the regime. As discussed beloﬁ&eg. IV)., one reason is that the
height of the protuberance before thth cycle. When the ProductJoFe, and the relaxation timgs are kept constant
sample moves downwards the quantity of interest reducing/hatever the protuberance height.
the vibrating amplitude is not the height of the protuberance,
but the vertical locatiorg,_; of the sample with respect to IV. DISCUSSION
the tip. Thus we subtract the vertical displacement of the
piezoactuator which, at theth cycle, is equal to the product ~ The height dependence of the residence time does not
kv,T. Equation(6) is replaced by enable us to solve analytically the growth process. Neverthe-

less, Egs(12) and(13) describing the fast part of the ampli-

T d tude variations provide information about the relevant pa-
Thes=— COS H| 1 ——— ) (12) P p
T (At—2z¢-1)
where z,_,=hy_;—kv,T or, equivalently, z, 1=z, A(n[m) : ‘
+dhe;—v,T. . 0 M _=3250
An attempt to reproduce the influence of the avalanche i ‘?g i
effect is to differentiate Eq11) to give the elastic displace- 1L o
ment per oscillation: - o
[ o]
T ~ 7~ . k
A= — JoF o —= exp( _ res). (13 3r
TN T TN 4
Thus a height of the nanoprotuberance at ktte cycle hy (a) vertical displacement (nm)
=h,_,+dh, and a sample location given by (A-A) nm
f
= hk_ kv pT. (14) o
The above numerical approach should be able to simulate the
observed features for memory effects remaining negligible -1t
within the short time scale of the fast part of the amplitude
variation. ol
Numerical results are reported in Fig. 7. The general trend
is quite well reproduced. Quantitatively, it is not useful to -3t

separate the magnitude Bf,,; andJ,. The crude approxi-
mation of a rectangular periodic force together with our es-
timation of Jo implies that it is not significant to separate the

two terms. Thus, it is the produdpF ey, Which is varied in FIG. 8. Zoom of the fast part of the variation of the oscillating

the simulation. _ _ _ amplitude for two velocities of the piezoactuat(@ Experimental
The influence of the velocity at which the piezoactuatorgata M,,=3250 andA;=20 nm. Empty symbolv ,=400 nm/s,

retracts is illustrated in Fig. 8. At,=20 nm/s, the minimum filled symbolv,=20 nm/s.(b) Numerical simulation with the pa-
is slightly below the one observed a},=400 nm/s. Here rametersﬁloiiext: 14 nm, 7y=143x10 ® s, d.=3 nm and the start-
again, the simulation gives a good qualitative picture. ing amplitude 15 nm.

0 0.4 0.8
(b}  vertical displacement (nm)



when low amplitudes are used, the second slower, when the

Lex10* V(nm/s) . amplitude returns to thé&; value. The slow regime appears

‘ unambiguously after the minimum has been reached with a
19510* rather flat extremum. As demonstrated with the numerical
X - .

results, the height dependence of the residence time clearly
o account for the fast part, but gives a poor agreement for the
slow domain or just after the minimum. This could be due to
change of the characteristic timg and of the stiffness dur-
O . ing the growth process of the nanoprotuberance. The picture
€5) drawn in Fig. 5 gives an oversimplified description of the
0 ! ! = nanoprotuberance properties. A more realistic picture should
0 10 20 30 40 probably borrow ideas from models describing grazes in a
A, (nm) vitreous polymef*2°Because the polymer experiences large
constraints at a local scale, the structure of the polymer can
FIG. 9. Observed growth rates compared to the numerical rebe different than that in the vitreous bulk state. This, indeed,
sults. Empty circleM,,=95 000, empty squar®l,, =23 000. The is implicitly assumed when a viscoelastic response is intro-
parameters ardyF e,=20 nm, 7y=143x10 °s, d.=4nm, and  duced[Eq. (9)]. Also, nothing is said about the way the
JoFex=8nm, 7y=67x10"°s, d,=3 nm, respectively, foM,,  constraint is transmitted to the bulk. Therefore we may ex-

x
o]
]
o]
T
!

4000 - >

=23 000 andv,=95 000. pect a nonlinear response coming from the intrinsic change
of the polymer properties at the local scale.
rameters that allow the growth process to take place. The change of the relaxation time as a function of the

At this stage, it is worth to discuss the crude assumption$ieight is difficult to assume. We might either consider an
employed to describe the local mechanical susceptibility ofncrease of the relaxation time as the size of the protuberance
the surface. The most interesting, but also the most difficultincreases, which is the usual relation between size and time
is an appropriate estimation of this local response as manselaxation or, on the other hand, for a column structure one
parameters as the protuberance shape and the effective forcan expect the stability of the structure to be a decreasing
are unknown. One assumption concerns the choice of thiinction of the height. Therefore a relaxation time decreasing
analytical expression of the attractive forfieq. (4)] here  as the protuberance height increases.
was used a sphere-plane surface interaction. A protuberance To end this qualitative analysis, another possibility must
ended with an hemispheric shape with a radiusan also be be discussed to explain the unusual variation of the oscillat-
considered. In this case a sphere-sphere interaction must beg amplitude. A polymer neck could be created between the
used. Following the Derjaguin approximatibhthe attrac- tip and the surface. Such a situation had been observed with
tive interaction goes asymptotically towards a strength othe polysiloxane chains grafted on a silica surfdck that
interaction half that given by Ed4). As a consequence the case, using the static contact mode, the additional elastic
attractive force becomes a function of the protuberance’$orce of entropic origin gives an additional deflection of the
height and decreases as the height increases. This geometriicrolever. However, the neck of polymer was created be-
cal effect has to be introduced with an expansion in term ofause of the capability of the polysiloxane chains to be
h/R in expression(4); including this effect does not make, grafted at the apex of the tip. Such a process cannot occur
however, any marked changes in the results presented aboweith the PS chains. In addition, as shown in this paper, the

Another point is the local stiffness of the polymer. To elastic response was uniquely observed for polymers of mo-
estimate the local stiffness we need to estimate the size of tHecular weight larger than that of the entanglement mégss
local surface interacting with the tip. The diamedeiof this ~ The entanglement mass of the PS chains is approximately
area is roughly defined by twice the radius of curvature ofLl0 000 and the polymer films showing the most spectacular
the tip. The local stiffness varies &®, thus typical values variations correspond tM,,= 3250 andM,,=1890. There-
of the productJgF.,, between 5 and 10 nm, witlR  fore an elastic contribution due to a neck of polymer between
=10 nm andF.,=2 nN, give an elastic modulus between the tip and the film is quite unlikely to occur.

10% and 5< 10’ N m™~2. Here again, because of the change of  In this work were also shown situations in which the sur-
the geometry of the sample, we might consider that the locdlace forces did have a significant contributfrEvaluations
stiffness is a function of the height of the protuberance. Awere done showing that surface forces become significant
simple structure, like a cylinder of diametdrand heighth ~ when the elastic modulus are belowf10 m~2. Such values
(Fig. 5), provides an estimation of the influence of this geo-are much lower than that of the PS films 20 m~2) and
metrical effect. For a height large enough the stiffnés®  the lowest elastic modulus estimated for the nanoprotuber-
must be replaced by a stiffness scalingG$?2/h. With ® ances, around 10N m~2. Nevertheless, at the very begin-
=20 nm, a change of the local stiffness becomes significarming, when the elastic deformation is small, one cannot com-
for heights larger than 20 nm. The maximum height deducegbletely avoid a possible contribution of the surface forces for
from the experimental data is found to be around 15 nmthe most sensitive samples.

Thus considering the geometrical factors as having a weak To answer the complex questions concerning the intrinsic
effect on the growth process is a reasonable assumption. nonlinearity, it would be of great help to find experimental

The third point is the intrinsic nonlinearities due to the situations for which an analytical expression could be used.
locality of the mechanical response. The experimental resultfhe sample ofM,,=1890 gives such an opportunity, the
show two regimes in the kinetics, one very fast, particularlyexperimental results show a measurable variation of the am-



plitude at largeA;, between 28 and 44 nm, with a protuber- A-A_(nm)
ance height varying between 1.7 and 4 nm within a few
milliseconds. Thus, the arccos function of the residence time
can be expanded as a function of the ratft)/A;, giving

the opportunity to make further assumptions to extract an

-1
analytical expression. Wheegt) =h(t) —v t is the effective
vertical location of the sample, 2
Tres 1 _1( dc ) -
—=—c0s |1-—F7—F———
T = Af_[h(t)_Upt] A =28nm
1 [2d 1 h(t)—upt 0 0005 001 0015 002
= A 1+ 27 A (a) time (s)
3 A-A (nm)
L0 1 J/ad 1+3h(t)—vpt 15 3 !
ZVNa |\t )] @ M =3250

Assuming T, Nearly constant throughout the experiment
gives 7o/ T=(1/7)y2d./A; and the elastic displacement is B
simply given by

Af= 34 nm

1 /2d. A =26nm
h(t)=JoFex— \ 5 [1-exp—BD], (16 7Y
a f i
taking into account the first order term of the Taylor expan- “0 0.005 0.01 0015 0.02
sion Eq.(15) gives a self consistent equation remaining ana- (b) time (s)

lytically soluble (Appendix, Eq.(A7). The solution does _ _
have the same structure as the one given by the expressiontFle- 10. CO.mparl;SOtfkl‘ beEtwelelr; %he eﬁpeflmgn)tm data and com-
(16) [Appendix, Eqs(A9) and(Al11)] and have been used to puted curves given by the EGA See Appendix).

fit the experimental data. furthermore, since these corrections are partly taken into ac-

Not included in the above approach is taking into accoun . . .

) . cPunt with the first-order term of the expansidrb), one can

the elastic contact between the tip and the sample. The effeC t that the fitted val £ th dUGE..v2d. and

of the contact between two elastic solids can be simply exSXpect that the Titted vajues ot the produgt ey 0. an
pe relaxation timery= By-1 are independent o4; and, in

r hrough the stiffness ratio between th niIV% ; LA
pressed through the stiffness ratio between the cantile urn, of the protuberance height. As shown in Fig. 11, these

stiffnessk, and the contact onle,=G®. In contact mode, a hiities that aim to describe the intrinsic properii t th
linear relationship between the cantilever deflection and thguantties that aim to describe the | SIC properties of the
gnoprotuberance vary as a function of the free amplitude

sample displacement is observed and the slope can be Ie% Theref the att t to fit th . tal
than 1 if the contact stifiness is of the same order or less thafif - ' "€r€fore, the attempt {o it the experimental curves

the cantilever stiffnes¥. The slopea between the cantilever ShO.WS th"’?t Eq(17_) does have a too simple structure to de-
deflection and the piezoactuator displacemery, A scribe satisfactorily the whole kinetics of the nanoprotuber-

L ance. The fact that these two quantities vary as a function of
=aZ,, isgiven bya=1[1+(k./k,)]. Therefore, a change . L :
p c/Re .
of the cantilever deflection is given byZ,= av,t, and the the height of the protuberance can have two origins: one is

observed velocity becomesv,. For intermittent contact it the change of the intrinsic properties as function of the pro-

is not obvious that such an expression is straightforwardI)'{[Jusbee:)a]:nafesif’rﬁﬁe"’1\23(::';;;1 S’siﬁ:drzggggéé]he(gi]e ;Zgﬁr:]ﬁn%ugnto the
applied, particularly vyhen dissipation happens during theaverage homogeneous response of th.e protuberance instead
contact between the tip and thg sample. It IS far beyond thgf an heterogeneous one as it occurs with a pointlike force
scope of the present paper to discuss in details the usefulness

of the above equation to describe the intermittent corftact. ap;_)rllheed nounmaer:is;?sstilfnLrJTI]aet(ij(I)ﬁﬂs'hows the oriain of the purel
The equation to fit the experimental data is of the form 9 purely

experimental nonlinearity coming from the way the experi-
2(t) =S 1—exp — Beb) ] — av o, (17) ment is performed. Eor _small pro_tuberance heigh_t with re-
spect to the free oscillating amplitude of the cantilever, an
whereS, and B, have the structure given in the Appendix. analytical solution can be derived that allows fits to be fruit-
Fits of the experimental variations are reported in the Figfully compared to the experimental results. In most cases, a
10. Attempts to fit the results obtained for the sample ofsimple rheological model is unable to describe the whole
M,,=23 000 andV,,=3250 at the highest amplitudes were growth process.
also done. Since the experimental curves are correctly fitted The above results show that by recording an image on a
with Eq.(17), it becomes possible to check the validity of the soft material with the tapping mode gives a topography that
approximations used. For example, for free amplitudes is a function of the experimental conditions employed. For
varying between 32 and 44 nm, the effective vertical locatiorexample, the step height of a liquid film appears as a direct
z(t) varies between 2.7 and 1.3 nm, corresponding to relativeunction of the free amplitude used. The smaller the free
variations of the amplitude of 8.4% and 3%, respectively.amplitude, the higher the observed height of the $tefdso,



JF. ahkd linear assumptions appear suitable enough to reproduce
. ¢ qualitatively the main features describing growth rates be-

2578 tween 3000 and 15 000 nm/s. At high initial oscillating am-
° plitudes, or equivalently short residence time of the tip near
201 the surface, the growth process is found to be amenable to a
d d ° ® simple analytical solution. The main interest of the analytical
151 solution is to exhibit variation of the nanoprotuberance prop-
erties during the growth process that our present description
10--% is unable to describe. Further work is needed to investigate
dJ H g the nonlinearity of the mechanical response at the local scale.
5 , , . The present works show unambiguously that mechanical
2 30 35 40 45 properties can be probed by simply approaching a vibrating
(a) Af (nm) . . . . .
tip. It is also shown that the action of the tip can be simply
B described by considering uniquely the static component of
1500 the force. A direct consequence is that the strength of the
o attractive interaction can be finely tuned by varying the am-
plitude of the vibrating lever.
w0000 © @ .
@] APPENDIX
5001 ¢ o ° o The S'[E-ltiC part of the force acting on the sample is given
) by Eq. (7):
; : T
%5 30 35 40 45 F=Fex %S (A1)
{b) A (nm)

because the vibrating amplitude of the microlever varies as a
function of the height of the protuberance, the static part has
a time dependence through the relation

FIG. 11. Parametersl§F ./ m)2d.. () and 3 (b) calculated
from the fits shown in Fig. 10. The parametersemain constant:
a=0.25(2) M,,=1890), =0.53(2) (M,,=3250), «=0.50 (1)
(M,,=23000). Filled circle, M,=1890; empty circle, M,

=3250; empty squarél,,=23000. Tres_ 1 cos 11— de )
T = Ai—(h(t)—v,t)
the height of islands or aggregates of molecules grafted on a
surface may become a function of their mechanical suscep- 1 J/2d. 1 h(t)—vpt
tibility. Therefore, the image recorded becomes a mixing of a 7 VA ) A
true topography and the mechanical response. Since the lead- 3
ing term of the action of the tip varies 84/A;, an easy way ‘o 1 j2d N 3 h(®) —vpt> A2)
to check the origin of the contrast will be given by recording T ¥V A¢ 2 A
two images with two different free oscillating amplitudes.
The height of the protuberance is given by
V. CONCLUSION .
The aim of the present work was an attempt to investigate h(t)= f wJ(t—t')F(t')dt'- (A3)

the ability of a vibrating tip-cantilever system, the Tapping
mode, to probe mechanical properties without or only
slightly touching the surface. On the one hand, to achieve th
goal of minimizing the contact time between the tip and the ‘ .
surface, we use a criterion based on the study of the cycle of L( f J(t—t’)F(t’)dt’) =pJ(p)F(p) (A4)
the hysteresis of the vibrating amplitude induced by an at- —
tractive field. On the other hand, polystyrene polymer films ) )
of various molecular weights were chosen as model sampledd the following equation to solve
exhibiting different mechanical properties at the surface.
Anomalous variations of the oscillating amplitude were in- h(p)=pJ(p)F(p). (AS)
terpreted as a response of the vibrating lever to the growth of i ,
a nanoprotuberance. The smaller the molecular weight, th&aking the first-order term of the E¢A2) gives
more sensitive is the polymer to the strength of the attractive
field due to the proximity of the tip. In addition, the smaller _Fex [2dc (1 h(p) vy 1}
the initial oscillating amplitude, the faster is the growth rate F(p)= = VA, E+ 2A;  2A; p?)’ (AB)
of the nanoprotuberance.
A numerical simulation shows the nonlinear relation be-consequently the Laplace transform of the protuberance
tween the oscillating amplitude and the growth rate, besiddeight is

gsing the Laplace transform, we have



vy 1 JoF 2d. B v
1——"—) Se=— —°—(1+ P )
h(p):':_ext L[4 J(p) ( Galls coo At Be 2A¢Be)’
T AI Fext ch
m VA thus a vertical location of the sample is given by
1=——a PP
f
(A7) 2(t)=h(t)—v,t
With a viscoelastic response of the ford(t)=Jy [1 IE 2d 8
—exp(=pB)], the Laplace transform is _ _ _ _ 0 ext [ P
L 1—exp(—Bet)]—| 1+ 7oA, \/Af 3. vpt.
JoB
Jp)=—">. A8 (A10)
(P) p(p+AB) (A8)

Inserting Eq.(A8) into (A7) and solving the inverse Laplace The final equation used to fit the experimental data is
transform gives the time dependence of the protuberance

height:
Z(t)=h(t) —av,t
‘]OFext 2dc ﬂ

h(t)=SJ1—exp —B:t)]— —— vt JoF 2d
¢ 0 m2A; N A B P =SJ1-exp —Bt)]—al 1+ = 2.5 vt
(A9) m2A; NV At Be

with (A11)

Bezﬁ( 1— JoF ext Z_dC) and the parameters fitted are the proddgt(,/ 7) v2d., B,
772Af Af and a.
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