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The dynamic interaction between a local probe and a viséquslifilm, which provokes the deformation of the latter, leen
studied. The pressure difference across the air-liquétfate is calculated with a modified Young-Laplace equaitidrich takes
into account the effects of gravity, surface tension, thaitl film-substrate and the probe-liquid attractive intdn potentials.
This pressure difference is injected into the lubricatippraximation equation, in order to depict the evolution afiscous
thin-film. Additionally, a simple periodic function is addiéo an average separation distance, in order to define tihe pnotion.
The aforementioned coupled equations, which describeidb@llfilm dynamics, were analysed and numerically solvetle T
liquid surface undergoes a periodic motion: the approaphinbe provides an input energy to the film, which the latiecls by
increasing its surface deformation; afterwards, when tbbg@moves away, an energy dissipation process occurs agrflaees
attempts to recover its original flat shape. Asymptoticmegg of the film surface oscillation are discerned, for exérgmobe
oscillation frequencies, and several length, wavenumbeértine scales are yielded from our analysis, which is basethe
Hankel transform. For a given probe-liquid-substrateeystwith well-known physical and geometric parameters, rioge
stationary regime and instantaneous and delayed probmweitents are discerned from the numerical results, deépegrch
the combination of oscillation parameters. Our resultvidi@an interpretation of the probe-liquid film coupling pleenenon,
which occurs whenever an AFM test is performed over a ligaidsle.

1 Introduction presence of an energy dissipation phenomenon. Indeed, ever
time the probe comes close to the liquid sample surface,-a cap

Over the past two decades, the application of dynamic modglary neck forms between probe and sampl¥. This may

atomic force microscope (AFM) techniques has become a cucause as well the liquid volume to split into two parts, one

rent practice for scanning soft matter samplesevertheless, remaining as the sample and the other placed over the probe

the choice of AFM imaging mode should be done carefullysyrface.

in order to prevent inconveniences and undesired phenamena Imaging of droplets profile using non-contact mode (NC-

Indeed, whenever a probe is brought into close proximity tOAFM), which avoids the probe-liquid contact, has been shown
a surface, molecules jump from the surface to the pfahe g possible solutioh'®-?? A recipe to obtain good resolution

to attractive van der Waals tlp sasrgglg interaction. Th|test_a topographies, consisting in the use of an oscillation fezmy
ment has been extensively discussetiand observed experi-  4,,,t100 Hz higher than the cantilever resonance frequency,
mentally, when a probe is brought close to a high temperaturg free oscillation amplitude of aroun) nm and a probe-

. 5 g
solid samplé® and to polymeric liquid film$®. As a probe sample distance betwee and50 nm, which is heuristically

i_s q_uasi-statically _approached toyvards a liquid sar_npl_ea O determined, has been recently exposed and successfully em-
liquid layer deposited over a solid substrate, the liquid su ployed?®2123 |f larger amplitudes or shorter probe-sample

face performs a jump towards the probe at a minimum Sepgjisiances are used, the “accidental” contact between ghe
ration distanc&™. The |nterm|ttent _contgct mode (IQ—AFM) and the sample is provoked and, as a consequence, distorted
reduce_s the pr_o_bg—sample interaction time, by osmllalm_iag droplet profiles are captured. Although the proposed method
probe in the vicinity of the sample surface and provoking dlogy provides quality results, a formal justification ofsth

soft probe-sample coqtact.lslmages ‘?f qu.uid droplets USing;axperimental combination of parameters is still waitindp&
IC-AFM had been obtainéd!? also registering a large phase revealed

contrast when probe-liquid contact occurs, which indis&te . . .
P g Despite the non-intrusive nature of NC-AFM, the surface

Université de Toulouse, INPT-CNRS, Institut de Mécarigles Fluides de of a soft sample undergoes the growth of a nano-protuberance

Toulouse (IMFT), 1 Allee du Professeur Camille Soula, 314®ulouse, Un_der the aCtion_ of the o_scillating protfe Using a Kelvin- _
France. Tel: 05 3432 2802; E-mail: rledesma@imft.fr Voigt viscoelactic material to model the soft sample, in
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2 Problem formulation

Consider a liquid film of thicknesE, densityp, dynamic vis-
cosity 1 and air/liquid surface tension deposited over a flat
horizontal substrate, as displayed in Fig.1. Within a acjiin
cal axisymmetric coordinate system, the position of the film
free surfacez = 7 is a function of the radial position and
timet. When the film surface is perturbed from its original flat
shapey = 0 due to its interaction with an oscillating probe, a

—7 : periodic response of the liquid is expected. Herein, thé per
: Py i ioni i i ion:
o v, ': 5 odic probe motion is described by the following expression:
or Liquid film D =D + Acos (wt), 1)
Substrate whereD is the time-average probe positias,is the oscilla-

tion amplitude and is the angular frequency.
Fig. 1 Scheme of the liquid film and the deformation of its surface In addition, in a liquid film of thickness below the corre-

due to its interaction with a probe. An oscillating sphere been sponding capillary length, a viscous flow is also envisaged.
used as an AFM probe model. The geometric and physical Let us definey, andv. as the radial and axial components of
parameters are defined in the text. the velocity field, respectively. The corresponding film bdu

ary conditions, of no-slip at the substrate and shear-fréeea
free surfacé®?’, are given by:

v =0 atz = —F,
which inertial effects are disregarded, and a forced noeal v,
damped oscillator, including a sphere/flat surface intevac 9. 0 atz =. 2)

force, to mimic the NC-AFM operatidf, the sample defor-

mation is estimated after the model parameters are detedmnin As well, since the velocity fieldv,, v.) and the film free sur-
by fitting experimental data. When NC-AFM experiments face velocity in the direction normal to the surface showéd b
are performed, it is advisable to use stiff cantilevers,alvhi equal, in order to respect the mass conservation, the kitiema
provides cantilever deflection stability, and to minimibet condition at the liquid surfacé&?®is written as:

probe-liquid separation distance, which increases théero P P
sensitivity, in order to accomplish true atomic resolution 9 _ v, — Ur_n
this scenario, the proper scanning parameters must be define ot or
to prevent the probe-soft sample contact and the sample logghd the pressure fiel®t within the liquid film is identified as
of original shape and shrinking of volume. Therefore, the NC the addition of the air atmospheric pressie which is con-

atz =, 3)

(4)

AFM jump-to-contact distance and the sample surface deforsidered to be constant, and the pressure differéneeacross
mation should to be deduced and compared to those for a statie interface, located at = 7. Therefore, for a thin viscous
probe-liquid interaction. film, the momentum and continuity equations reduce to a typ-
ical Reynolds lubrication equation:

In this paper, we present a theoretical and numerical study
of the liquid film dynamics, generated by its interactiontwit on 10 [E+ 7> 0AP
an oscillating nano-probe. First, in Sec. Il, we present the ot ror|" 3u or
equations that describe the probe and film dynamics. In Sec.
Ill, we describe an implemented pseudo-spectral method t&olving eq.(4) forA P shows that this pressure difference also
solve the probe-film dynamics. Section IV is devoted to therepresents the effect of viscous drainage within the thin,fil
results of the numerical simulations, performed for défgr  due to the surface motion.
probe oscillation conditions. In Sec. V, we submit a théeret  According to the Hamaker theof$; which takes into ac-
cal analysis in the wavenumber domain and a solution for theount the effect of van der Waals (vdW) forces to explain the
film surface position. Section VI reports the critical okeil  interaction between macroscopic objects, the liquid film in
tion parameters that lead to the probe wetting. Finally,dn.S teracts with the surrounding bodies, including the substra
VII we discuss the consequences of the probe-liquid dynamién the present work, a film disturbance is created by the ap-
coupling on AFM experimental situations. proach of a local probe, which, for simplicity, is considite

2| Journal Name, 2010, [vol] 1-19 This journal is © The Royal Society of Chemistry [year]
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be a rigid sphere of radiuB.° Disregarding the air density, length and time scales, the dimensionless thin-film eqoatio
the pressure difference across the interface is decompssed describing the dynamics of the perturbed liquid film is given

by:
AP = pgn + 2vk + s + Iy, (5) g
j _ " o _ 10 [ L], &)t oAp
whereg is the acceleration of gravity, is the local mean cur- o 1+ o o [ (11a)
vature,1l;s andIl,; are the liquid-substrate and the probe-
liquid interaction potentials. In the presented referesys . L2, HH, . Hy .
tem, the local mean curvature takes the form: AP" = Bon" + K" + . (D% g0 + =11, (11b)
3 8¢* (E*) 3
—1/2 .
1)1a | ag([ony 2 / where:
:‘ﬂ?:—i _8_ 7‘8— 8_ +1 . (6) 5 —1/2
renpemier L &) o | og [ Lo
S N R AT B |
Each interaction potential that contributes to the inteefdis-
placement corresponds to the potential energy differeree b (12a)
tween the perturbed state and the originally undisturhese st 1
The potential field created by the interaction between the su 11}, = 3 (12b)
strate and the liquid film, at = 7, is described by: {[D* — 5*77*]2 + [r*]2 — 1}
k% 73
Hls = _Hls ! 3 : 3 (> (7) H?s = - |:1 + 5 Z :| -1, (12C)
6 | [E+n”  [E] B

whereH,, is the Hamaker constant of the liquid-substrate in-Moreover, three dimensionless parameters, which chaizete
teraction. In turn, a local probe placed at a distabcéom  the interface behavior, are yielded: the Bond numBgr=
the film surface, as shown in Fig.1, provokes the displacemen?9R*] /7, the Hamaker constant ratid = H,,/H, and a
of the originally flat interface. Thus, at= 1, the interaction ~modified Hamaker numbell, = 4H,,/ [3myR?|. Finally,
potential mutually exerted between the spherical probeataad for the consistency of the nondimensionalization procies,

liquid film is given by: characteristic time scale results:
3uR*
4H, R? 1 _ 3u
My = ——2 (8) T (13)

37T _ 2 2 2 37

{[D " +r?-R } which definition corresponds to the product of a classic cap-
. . 0.3 .

where H,, is the Hamaker constant of the probe-liquid inter- ilary/viscous timé®#27, — 1R/~ and the reciprocal of the

action. The procedure to obtain egs.(7) and (8) has been pre\Fupe of the dl_mensmnless_ fllm thlckneEé. The value ofr
ously detailed’. The combination of eqs.(4-8) describes thelndlcates the time that the liquid film takes to move against t

behaviour of the film surface in terms of the radial positiod a action of viscosity, when its surface is to be deformed. €her

time, as well as the physical and geometric parameters. Nolfé)re’ dgpending on the liquid physical prpperties and thie ra
that any driving functionD (¢) can be embedded into eq.(8), of the film thickness to the probe size, with the use of eq,(13)

including the AFM-like periodic motion of a probe given in one can infer the fe"?‘c“‘)” time .Of the film. For a given .I|q—
eq.(1) uid with known physical properties and a well characterized

probe, one can conclude that a thick film, with a smalflis-
- plays a fast response, whereas a thin film, with a latgeo-
vides a slow feedback.
Finally, the dimensionless probe periodic motion is given

Let us nondimensionalize using the probe radiuand the
average gag = D — R as the characteristic radial and defo
mation length scales, respectively. Thus, we have:

E*=FE/R, D*=D/R, r =1r/R, by the expression:
" =z/¢, nt=n/&, k" = Rk. 9) D* = D* + A* cos (¢ + 27p) , (14)
We also define the ratio of the two characteristic lengthescal with:
the dimensionless average gap, as: D" - D/R, A* = A/R,
& =¢/R. (10) w* = wr, ¢ =w't" — 2mp, (15)

As well, introducingr, a characteristic time scale, the dimen- where the phase takes values within the rapge[0, 27] and
sionless time variable is written &= t /7. Employing these the number of cyclesis € Z+.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 |3
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3 Resolution method which is also identified as a wavenumber dependent time de-
cay coefficient. This coefficient indicates that the relamt
With the aim of performing a theoretical analysis, comple-time of a particular wavenumbé* is proportional to[k*]_4
mented by a numerical solution, we seek to reduce egs.(11jor large wavenumbers (short wavelengths), whereas iescal
Considering small interface deformatiofis)*/E* < 1and  as|\,/k*]” for relatively small wavenumbers (long wave-
slopes¢™ [0n"/0r*] < 1, hypothesis which were verified |engths). In eq.(20), it is clear thx?, ] ' takes the role of a

a posterior, one is able to simplify the mean curvature, thgnreshold wavenumber between the two behaviours.
liquid-substrate term and the cubic term in the lubrication

equation. The following quasi-linear partial differehégua-
tion, which depicts the evolution of the viscous thin-film in
interaction with a spherical probe, is deduced: The combination of egs.(12b) and (16) was solved with a
o 1 8 [r* 6AP*] home-made Fortran code, which employs a pseudo-spectral

3.2 Numerical method

—— - (16a) method. The implemented algorithm is based on the discrete
ot or or* Hankel and inverse Hankel transforms of order zero, whieh ar
AP — 19 [T* 377*} * n Ha o, (16b) computed in terms of Fourier-Bessel series, following d-wel
r* Or* or* [/\E‘F]Q e Ph known procedur&. For instance, the Fourier-Bessel series of
n* in terms of Bessel functions of the first kind and order zero

where the modified capillary lengtty, ., defined a* is defined as:
sim, i r*
ANop = By + ——t : 17 nr ) = ), Cndo (5’” ; ) o@D
“r { 8 [E* } an m=1 AR

appears. For a localized surface disturbance, which is rawhere3,, is them?” root of Jy (z) = 0. Using the defini-
dially transmitted due to surface tension effects,. is the  tion of the Hankel transform (see eq.(34)), the FouriersBés
length scale at which the surface displacement is resttdipe coefficientsC,,, can be approximated by:

hydrostatic and substrate interaction effects. The nance

consequences of;,, have been extensively discussed else- N* < B t*>
where'1-32 O~ el

. 22
[ A p 1 (B @2

_ _ _ _ ~ The radial position™ = a, \¢ 5, with o, € RT, is the extent
Despite the previous assumptions, egs.(16) retain a rearlin beyond which the film surface remains unperturbed.

term, i.e. the probe-liquid interaction potentld,. As itis Similarly, the Fourier-Bessel series of* in terms of
crucial to understand the natural response of the thin-film t Bessel functions of the first kind and order zero is:

any perturbation, a theoretical analysis is devised. Far th -
reason, we recall the Hankel transform of order zero (see Ap- N* (k%) = Z G Jo (ﬁ k* ) (23)
n=1

3.1 Hankel transform

pendix A), which takes a variable defined in the spatfadnd ik o
temporak* domains, and redefines it in the angular wavenum-

berk* = Rk and timet* = t/7 domains. The application of where, once more},, is then'” root of J, (z) = 0. Using the
this transform turns the quasi-linear thin-film equatioweg  definition of the inverse Hankel transform (see eq.(35)%, th

by egs.(16), into: Fourier-Bessel coefficients,, are estimated from:

ON™ H,

= vn T (18) oy (P

ot* & ankr

Gp ~ mar -, (24)

whereA™* andQ* are: [k 01 (Bn)]

N* (k™ t7) =Ho {n" (v*,t")}, Herein, considering, € R*, the wavenumbet £, . des-

Q* (k*,t*) = H {H*z (™ t*)} (19) ignates a cutoff beyond which no other spatial frequenaies a

) yd ) )

excited. The angular wavenumbkf, . has been obtained
the Hankel transforms of the surface position and the probeanalytically from the coupling between the thin film equatio
liquid interaction, respectively. In addition? is defined as: and the probe-liquid interaction, and will be formally ioir
duced in the following sections. Equivalent expressionsigh
v = [k*]g {[k*]g + 1 EF]_Q} 5 (20)  developed to calculate the discrete Hankel and inverse ¢lank

4| Journal Name, 2010, [vol] 1-19 This journal is © The Royal Society of Chemistry [year]
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transforms of the probe-liquid interaction potential irmep  The values ofv, anday, were chosen by a heuristic approach,
IT7, and wavenumbe@* domains. verifying the convergence of the solution. The discretirat

To briefly summarize, the implemented method starts withprocedure is based on the roots of a Bessel function of or-
discrete Hankel transforms of the surface position and theler zero, which are regularly spaced-out®f,; — 5, =~ =
probe-liquid interaction, which is obtained from the combi for n > 1. Therefore, the discrete radial positions and an-
nation of discrete versions of egs.(14) and (12b); a tempogular wavenumbers are defined igs = £,/ [axk},...] and
ral resolution in the wavenumber domain, using a first ordet, = 3.,/ [a. A& ], respectively. In addition, the number of
semi-implicit Euler method to discretize eq.(18), folloims  meshpoints in both domains was fixedNo= 3071.
sequence; and finally, a discrete inverse Hankel transferm i Numerical convergence of the solution for the liquid sur-
applied to obtain the surface evolution in the space domain. face position was tested, implying a relative error of order

O (1073%). ForD* — A* > Dy,.., atime-stepAt* = 102
3.3 Parameters range was employed, whereas, fér* — A* < D7 . . atime-step
At* = 2 x 1073 was selected. Besides, we had arbitrarily

Numerical solutions were obtained féf, = 5.5 x 107%,  chosenp = 200 as the maximum number of cycles for the
B, =3.1x 10711, H=1FE =1 andr = 1.35 x 10~ 7s. simulations.
These parameters correspond to typical silicon oil (PDMS)
physical properties = 3.1 x 1072 N/m, u = 1.4 x 10~}
Pas andp = 9.7 x 102 kg/m?, with a film thickness of 4 Results
E = 10~8 m, generic silicon probes witlR = 10=% m,
and silicon probe/PDMS/silicon substrate interactiorapar 41  Film surface dynamics
etersHy, = 4 x 1072° Nm andH;; = 4 x 1072° N-m,
which are usually found in the literature or obtained from-ty
ical AFM experimentS. Nevertheless, the present analysis
can be extrapolated for other non-polar liquids (oils, iiqu
hydrocarbons and liquids consisting of diatomic molectdes
instance) interacting with ordinary AFM probes.

Considering the fixed aforementioned parameters, sim
ulations were performed for different oscillation parame-

ters. Trhe angul?r _fgequenc}’ was varied within < age position, up t@), the probe-liquid interaction increases,
[2'2 x 107, 2_'2 x 10 ]S - The tlme-avera_lge probe position provoking the formation of small bump atop the former sur-
was swept in the rang® € |l + A, oof, in order to anal-  face shape. When the probe reaches its lower positi@,at
yse the impact of this parameter for a fixed The value  the pump is fed on liquid that is drained from the immediate
D = R + A indicates contact between the probe, at itSgyrroundings. Therefore, the bump surpasses the magnitude
lower oscillation position, and the liquid surface, evethwi ¢ the original surface profile, but presents a sharp contour
out the deformation of the liquid surface. In turn, the oscil afterwards, from@ to (®), the probe retreat diminishes the
lation amplitude was varied withidl € 0,2R]. Therefore,  prope-liquid interaction, inducing a decrease in magritafi
the dimensionless ranges becamiec [3 x 107%,3 x 10°],  the surface bump, together with a profile widening due to the
D* € ]14 A*,co[andA* € ]0,2]. liquid spreading. Note that, when comparing approach and re
As well, we recall the dimensionless static minimum sep-treat instants with the same probe distance (for insta@¢é)
aration distanceD;,;,, = D*/R, already introduced in the and@/(®)), the surface shape does not follows the same defor-
literature**, which indicates the wetting threshold distance for mation path, and the downward motion of the surface during
the interaction with a static probe. For the employed dimenthe probe retreat is slower than its upward displacement dur
sionless parameters, this threshold takes the valfle, = ing the probe approach. Finally, at the end of the cf®lethe
1.2017, which has been previously obtairfédwith a pre-  |iquid bump exhibits a wide shape with a slightly increased
cision of orderO (10~*). Notice that the average position sjze, with respect to the one observed at the beginning of the
D* = D + A* is contained within the proposed range, oscillation period. A progressive accumulation of an impor
which entails a probe lower positidn* — A* = D} .. tant liquid amount below the probe position takes placet as i
Since the problem has been solved using the aforemergan be observed from the comparison between surface profiles
tioned Hankel transform, discrete space (radial) and amgul of the same phasgat different oscillation cycles. Through-
wavenumber domains were defined. A radial extemt’.,,  out the first 200 oscillations, in the transient regime fag th
with o, = 17.4 and A\, = 22.1, and a cutoff wavenum- case presented in Fig.2b, the bump rises vertically from 0 to
beragk* with o, = 5.7 andk’, . = 4.4, were selected. almostl0~2 timesR, at the instant of maximum probe-liquid

max? max

In Fig.2, a typical surface shape is shown at different imsta

of different oscillation cycles, using a phase-locking noet-
ology that provides a long view of the surface evolution. Dur
ing the first quarter of the oscillation period, frafn= 0 to D),
while the probe is relatively far from the surface, the lidjis
quiescent, showing the shape acquired at the end of the previ
ous cycle. In the case of the first oscillation cygle- 0, the
shape is a flat profile. When the probe moves below its aver-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-19 |5



Soft Matter

Page 7 of 20

o

37/2

as a function of the phasg (b) surface vertical position® as a function of the radial positiori and (c)

Fourier-Bessel coefficients,,, as a function of the wavenumbgf. The figures in (b) and (c) correspond to the different instarnth phase

Fig. 2(a) Probe center positioR™

3 x 107 %,

, 49,99, 199 oscillation cycles, growing in the sense of the arrows. Bhigace evolution has been

19
obtained for a probe time-average position = 2.2121, a probe oscillation amplitudd™ = 1 and an angular frequency*

¢, indicated in (a), angg = 0, 1,4, 9,

This journal is © The Royal Society of Chemistry [year]
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g (x1073)

0 2 ™ 37/2 27

Fig. 3Probe and apex surface positions for (a) the first 5 osahaticles and (b) the last computed periog 199, and (c) absolute value
of the capillary, probe-liquid interaction, viscous diage and hydrostatic terms, given in eq.(16)b for the aforgimeed last period. The
viscous drainage term changes its sign during each osuwillaycle, whereas the other terms keep their sense, beegusé), 11, , < 0 and
1o > 0. The probe oscillation parameters correspond to the omsepted in Fig.2.

interaction, which is close t@), and expands laterally up to mutation indicates the diffusion of deformation energynglo
the capillary length\cr. gradually larger film regions, from* = 1 to A%, which
is coupled to the moderated film relaxation (drainage). As

In Fig.2c, the surface shape evolution shown in Fig.2b iswell, the part of the distribution, which corresponds to the
portrayed in the wavenumber domain, using the same phasesavenumbers excited by the probe, attains quickly a station
locking methodology. When the probe is far from the lig- ary shape, overlaying almost exactly with one another ateve
uid surface, fromp = 0 to @, a bell-shaped distribution is oscillation cycle and indicating that the probe-liquideirac-
observed in a range of relatively small wavenumbers<  tion reaches a nearly periodic steady-state.
1, which represents the remnant surface bump, due to the
amassed liquid of the previous oscillation cycle. As thebgro The surface evolution at* = 0, defined as the surface
approaches, fron® to 3, a second bell-shaped distribution apexn;, for the same conditions of the results displayed in
appears and grows in magnitude, in a range of relativelelargFig.2, is shown in Fig.3. This consists of a case for which
wavenumberg* > 0.2. This secondary protuberance corre- the lower probe positioD* — A* is larger than the thresh-
sponds to the wavenumbers excited by the probe@Athe  old distanceD?,,,., corresponding to the jump condition in a
probe excited wavenumbers in the distribution reach itélzen static probe situation. The transitory regime;pfis displayed
shape, which is a direct consequence of the shortest probet Fig.3a, for the first five oscillations with = 0,1, 2, 3,4,
liquid separation distance. Afterwards, fro® to &, as and in Fig.3b, for the last cycle, with = 199. As the
the probe retreats and the probe-liquid interaction lessbe  probe approaches the film, an abrupt rising;phappens af-
secondary bell decreases in size and moves towards smallr an important deferring. Afterwards, when the probe rsove
wavenumbers, until it merges with the former small wavenum-away, a slow shrinkage ofj is observed as a consequence
bers distribution. Finally a), the wavenumber distribution of an unhurried/lethargic film drainage. The rising thie
regains its original single bell-shape, with a higher magieé  lower level, at the end of each oscillation, is also a conse-
than the one observed at the beginning of the cycle. Througlguence of this fact. As well, even though the transitorymegi
out the entire phenomenon, the distribution grows slowly inis not entirely shown, the surface oscillation amplitude; d
magnitude and shifts towards smaller wavenumbers, as thitned asiW* = max (n$) — min (ng), quickly attains a con-
number of oscillation cycles increases. This wavenumbestant value, which occurs because the probe-liquid interac

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-19 |7
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reaches rapidly a steady-state. proximately9A¢/4. Therefore, a wide\¢ indicates shorter

The terms given in eq.(16)b, evaluated-at= 0, are de-  periods of probe-liquid interaction and larger drainageges,
picted and correlated with the evolutiongffor the last oscil- ~ and vice-versa. It is important to note that the alternatieg
lation cycle. The first quarter of the cycle is depicted bymfil tween interaction and drainage dominated stages, onlyreccu
relaxation stage, in which the curvature is opposed onlyby t in the vicinity below the probe position* € [0, 1[. For ra-
drainage effects. The remainder surface deformation flem t dial positions in the range* € |1, A\¢.z[, only the balance
previous cycle lessens due to the restoring curvaturergctio between drainage and curvature effects is observed aleng th
the term containingy; in Fig.3c. But the downwards motion o0scillation cycle, whereas for more distant positions Inel/o
(relaxation) of the surface apey is significantly opposed by ™ = A, the hydrostatic effects take the place of drainage
the viscous drainage tertaP;. Additionally, the probe starts to resist the action of curvature.
its motion far from the liquid surface, amplifying gradugitis In addition, based on the shape of tifgcurve in Fig.3b,
influence over the apex evolution. The hydrostatic-sutestra We introduce the full-width half-maximury, which points
interaction termu;; | *CF]*Q remains negligible in compari- out the sharpness of the surface oscillation respofisgives
son with the other terms along the entire period. During theise to the classic finessg definition:
second quarter, the rising gf occurs abruptly, which marks I
the beginning of a strong probe-liquid interaction stage. | F = e (25)
fact, this interaction, which quickly attains a dominanieto

pulls up the surface, whereas the curvature term acts dgainghich has been taken from the optical interference theory.
the surface deformation. The drainage effects, which had berhis quantity provides information about the way the defor-
comel0 times shorter in magnitude than the curvature and inmation energy is distributed along the film surface. A large
teraction terms, also resists faintly the upwards motionjof 7 indicates an important transmission of deformation energy
The probe moves away from the film surface during the thirdgyer a large area of the liquid surface throughout each-oscil
quarter of the cycle, provoking the shrinkage of i , in-  |ation cycle, whereas a shaft is found when the energy re-
teraction term. The opposing curvature, which also deesas mains concentrated below the probe position.
becomes the dominant term and acts as a restoring force that
pulls the surface towards its original non-deformed shate.
this moment, the film drainage turn its action against the cur
vature term, opposing the downward motion of the surfacan Fig.4, the effect of the oscillation amplitudé® is studied,
apex. The drop ofj; occurs rapidly at the beginning, un- for fixed angular frequency*. The probe time-average po-
til the interaction term is overtaken by the viscous dra@ag sjtion D* and the oscillation amplitudel* were chosen so
term, indicating the end of the probe-liquid interactioag®.  that the probe lower position is the same for all the cases
Therefore, during the final quarter of the oscillation pdrio D* — A* = 1.2121. The qualitative description of the apex
the film evolution becomes drainage-dominated and the apeyosition as a function of the phase during a period, for any
slows down its descent. As the probe gets awayltfyénter-  considered case, corresponds to the same evolution asehe on
action term looses completely its strength, and the cureatu described in Fig.3. Despite the qualitative similarity,pion-
restoring action is only held by the film drainage tefy;. tant quantitative differences are discerned when comgarin
One can discern from Fig.3b that the periodic motions ofthe evolution curves for different oscillation amplitude&s
the probe and the surface apex are globally in antiphase. Thé* decreases, and so daBs to keepD* — A* constant, the
maximum apex positiomax (n;) and the lowest probe po- probe-liquid interaction strengthens and, as a consegughc
sition D* = D* — A* are almost synchronized (at= ), keeps a higher level along the entire oscillation cycle. For
which is consistent with a stage dominated by the balance besmaller values ofd*, the curvature/interaction stage arrives
tween probe-liquid interaction and curvature. In contrdst  earlier in a cycle, marked by a short&rp, which indicates
minimum valuemin (ng) is not concurrent with the farthest that the probe-liquid interaction is faintly deferred by tiim
positionD* = D* 4+ A* (at¢ = 0), showing a phase shift drainage. As well, along duration and strong interactiagst
of nearlyA¢ ~ 7/2. This phase delay\¢ is a character- together with a late beginning of the drainage stage, is ob-
istic fingerprint of a drainage effect, which provokes a timeserved for a small amplitudé*, which is in accordance with
delay on the film reaction to the approaching prolies is  a higher finessé .
thus defined as the phase difference between the moment atin Fig.5, different angular frequencies® are compared,
which the probe starts its downward motion and that at whichwhereas the time-average positibr and the oscillation am-
the liquid film begins its upward displacement. Moreoveg, th plitude A* are fixed. As the probe trajectory is the same, what-
phase fraction during which the probe liquid interactiosigs ~ ever the frequency, so does the probe-liquid interactiom.te
nificant and mainly opposed by the surface curvature is apbifferent values ofy are considered in Fig.5, according to the

4.2 Probe oscillation amplitude and frequency effects

8| Journal Name, 2010, [vol]1-19 This journal is © The Royal Society of Chemistry [year]
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angular frequency*, in order to compare oscillation cycles
that start at the same time (except the quasi-static cab@hw

in the presented case i§ = 27p/w* = 421.8. The sur-
face apex evolution is symmetric with respect¢to= = for

very low angular frequencies (typically* < 10~°), corre-
sponding to a quasi-static situation. For larger valuesof

a symmetry breaking is induced by the gradually increasing
role of the film relaxation (drainage). As well, the maxi-
mum deformationmaz (n§) and the surface amplitudé *
decrease, whereas the lower film positioin (7§) grows, for
higher angular frequencies* (short oscillation periods). A
more symmetric apex evolution provokes a shorter phase de-
lay A¢ and a higher finessg, which indicates that the cur-
vature/interaction stage begins earlier and lasts longeng

an oscillation cycle, and that the film relaxation occursefas

in relation to the probe motion (low oscillation frequencgy).

An asymmetric case denotes the opposite behaviour, as it can
be clearly observed in Fig.5.

1.0f

5 Wavenumber analysis

Fig. 4 (a) Probe positiorD*, and (b) apex position;, as functions ~ 9-1 ~Cutoff wavenumbers
of phasep. All the curves were obtained for the same angular
frequencyw® = 3 x 10~! and probe lower position

D* — A* = 1.2121, but for different values of the probe oscillation

In order to understand the behaviour of the liquid film, one
seeks the range of wavenumbers which are involved in this
phenomenon. The reciprocal of the modified capillary length

amplitudeA™. 1 )
[A\&r]” works as the lower cutoff wavenumber of an innate
5 : : : band-passfilter, since any distortion of the surface near 0
(a) w* P tends naturally to propagate towards the modified capillary
4 — Quasi-static | length. The upper cutoff, which is close to the wavenumber
---38x 10‘? o1 kX, ..» wherein the initial growth rate is maximum, is thus ap-
£ e - 3x107" , 19 ; .
5o~ S proximately:
2 —
: K 2 1+ 22 (26)
€1ep
1 where
2.0f 2 K (eD)]
ep =2m\/|D*]" — 1, epg=¢€ ,
_ o =2mViv] =0 |1
A 15p
5 Ki(ep)]®  Kol(ep) K (ep)
— €1 =€p - +2
X 10| K (ep) K> (ep) K5 (ep)
*Q (27)
051 Ko, K, and K- are zero, first and second order modified
Bessel function of the second kind. The maximization pro-

cedure of the wavenumber distribution &t = 0, which
leads to findk is detailed in Appendix B. It is impor-

max?

tant to note that there is no relationship betwegép,. and

Fig. 5(a) Probe positioD”, and (b) apex position, as functions  the other parameters appearing in eq.(18), i.e. the modified
of phasep. All the curves were obtained for the same time-average capillary length A%, and the Hamaker numbef,. The
probe positionD* = 2.2121 and probe oscillation amplitude wavenumber: that corresponds to the lower probe po-

A* = 1, but for different values of the angular frequency. sition D* — ﬁ”_ A*, operates as the upper cutoff of the

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-19 |9
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Appendix C, yields to the solution in the wavenumber domain:
* 7TH11 * g%
N* = Ie ao {1 —exp (—v*t )]
3 [arcos (Gt = )~ e (0| o
j=1
(29)
where:
~ * a-y* * * *
a; (k) ==2—, o (k") =\ ] + T,
J
@, (k*) =arctan (]ui ) . (30)
1%
Eq.(29) provides an entire portray of the wavenumber dhigtri

tion dynamics and, as a consequence, the film surface evolu-
tion, although its Hankel transform must be obtained numeri
cally. Additionally, a matching wavenumbkf, emerges from

the comparison betweert andw*. Using the definition given

in eq.(20),k, is given by:

Fig. 6(a) Coefficients and (b) phase of the solution given by
€q.(29), forD* = 2.2121, A* = 1 andw* = 3 x 10~*. The arrows
indicate the terms corresponding to an increasing valye of

. _ 1L . 1-2 —4 12
= o {- Dot Vi e @
innate film band-pass filter. Furthermore, this particukue
of k¥, has been employed as the cutoff wavenumber in the The wavenumber-dependent coefficiemtsanda;, which

max

numerical method. are defined in Appendix C and can only be computed numer-
ically, together with the coefficienis; and the phase; are
P . . shown in Fig.6 as a function of the wavenumbkér whereon
sented in Fig.2, proving the existence of a natural bang-pa . : . :
. . ) : wo different behaviours are discerned in respeckof For
filter, which arises spontaneously from the physical and geo 1 .

small wavenumberB\f. |~ < k* < Kk, thea, coefficient

metrical properties of the probe-film system. In other words , :
the structures thatlare observed at the film surface are alwafooumng]?;?sa?]\;e\;;ruz 0;2erfnagigrcngézntazhﬁs;:éi IZis
larger thanlk;,,. | but shorter than . cerned from eq.(29), the surface shape contribution, diyen
wavenumbersg* < k7, is not modified by the probe oscil-
lation. Therefore, this wavenumber range portrays the-tran
5.2 Wavenumber dynamics sitory behaviour of the film surface, in the large time scale
t* ~ [/\*CF]4. As k* takes values near the matching wavenum-
Further understanding of the probe-film coupling can beberk}, the first coefficients,; anda;, obtained with smaljj
achieved by assuming tha&x* >> ¢*n*, a small surface defor- values, gain importance with respecitg The phase; dis-
mation compared to the separation distance, in eq.(12dr Af plays the same trend for agiydiminishing its value towards a
applying the Hankel transform to the interaction potentiae ~ zero phase ag* increases, and prematurely triggered for the

The cutoff wavenumbel{S\*CF]_1 andk?, .. have been pre-

finds Q* = — [k*]* Q%, with Q7 given by: large j terms. For large wavenumbers, < k* < k..,
all the coefficients become as weighty&s and a constant
phaseyp; = 0 is recovered for anyj. Therefore, as de-
Ky <k*\/[D*]2 — 1> duced from eq.(29), the surface shape contribution digglay
Qr (k*,D*) = 5 (28) by wavenumberg® > k7 is completely driven by the probe
[D*]" -1 oscillation. Thence, this range of large wavenumbers de-

scribes the periodic response of the film surface, in thetshor
The use of eq.(28) and a subsequent Fourier decompositidime scalet* ~ [w*]_l
turns eq.(18) into a linear non-homogeneous ODE with ana- Briefly, the film surface shape is partially described by
lytic solution. This procedure, which is explained in-dept ~ a profile that saturates exponentially (given fér &

10 | Journal Name, 2010, [vol]l, 1-19 This journal is © The Royal Society of Chemistry [year]
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25

k% = 0, and the coefficients; and the phaseg; reduce to
e o; = v* andy; = 0. This leads to the “slow” wavenumber
2l = 1 distribution, which in stationary state reduces to:
a0 *:0 10 0 * ﬂ-Ha [k*]4 * * *
o\lo 1.5F B 7 N - 45*1/* Qs (k 7D ) (32)
X o The liquid film has enough time to recover its nearly flat shape
~ Quasi-static . . .
o [ ¥ — 3 10-1 | atthe end of each oscillation cycle, which corresponds@ppr
Frosenlike imately to the static deformation obtained with a the farthe
.l probe positionD* = D* + A*. The film drainage occurs
faster than the probe action, which inhibits the amassing of
liquid and the increase of the film surface deformation. €her
o py fore, the film oscillation process develops as a quasiestati
phenomenon, revealing a surface shape that is equal to the
static probe case for the sam¥, at any instant of the oscil-
Fig. 7 Stationary state apex surface positighas a function of lation cycle. A prove of this fact is the behaviour of the apex
phasep, in the stationary regime. Inlets display the surface msit  deformation;; during an oscillation, which is symmetric with
n™ as a function of the radial positiati for ¢ = 0 and¢ = =. All respect tap = , as shown in Fig.7.
the curves were obtained with* = 2.2121 andA” = 1. The In contrast, the probe motion is said to be “fast’” when
Quasi-staticP4ehaviour corresponds .to eq.(32)l, in vyhigh wr > [/ffnaz]4a which yieldso; = jw* andg; = /2.
w* < [Agr]” ", whereas the frozen-like behaviour is given by . N . N wl/4 oo
eq.(33), in whicho* > [k},..]*, and the intermediate steady-state Sincek,q, > Ay, thereforek;, ~ [w*]""", which implies

casew® = 3 x 10, is yielded by eq.(29) with = 10 coefficients. ~ thalao is dominant over any;. As a consequence, the “fast”
wavenumber distribution for the stationary state is given b

* 7-‘-I{aaO
()\*CF)_l kX {), due to the gradual amassing of liquid below N = 4¢+

the probe. This description is in agreement with the behavio |, 1his situation, the liquid film does not have sufficient éim
depictedin Fig.2. Inturn, along an oscillation cycle, thelle 1, react to the probe oscillation. During the transitoryimeg
motion excites wavenumbers in the range € |k;, k...l the film was not able to dissipate the energy injected at each
which provokes the surface oscillation around the satmati cycle, which has been rather stored as an excess surface en-
profile, spanning in the radial direction from the positi@ b gy |ts amount is equivalent to the potential energy due to
neath the probe t@5 times the probe radius. Since the time {he jiquid volume gathered near the probe position. There-
decay coefficient” is a function of the wavenumber, this 516 gt the stationary state, the liquid surface remairis wi
probe excited wavenumber rangg, < k* < k.., &mives  «frozen-like” deformed shape, which is described by eg\.(33

to a steady-state earlier than the left-hand side wavenumbgjnce this expression only contains the constant term of the
distribution,k™ < k. Fourier series oD, the surface shape does not correspond to

It is important to note that for thin films (small* and,  a deformation profile generated by a static probe. Owingdo th
consequently, shortexz,-) and higher frequencies™, the  “fast” probe motion, the liquid film does not have enough time
matching wavenumbet;, takes larger values. In this situa- to spread the excess liquid volume, from the surroundings of
tion, the range of wavenumbers excited by the probe is narr* = ( towards the outer zone, to recover its flat profile, as it
rowed, which also provokes a reduction in the radial extént odoes for the quasi-static case. As it is shown in Fig.7, the fil
the film surface oscillation. The inverse effect should b& pr syrface keeps a same sharp shape (aretind 0) along the
duced for thick films (larges™ andA¢. ) or lower frequencies  entire oscillation cycle, as well as constant apex positipn
W and a deformation extent that is shorter théy..

Since the evolution ofA//* lies on the wavenumber- Also in Fig.7, the surface apex position is shown for an os-
dependent coefficient*, a complete steady-state surface os-cillating probe with a frequency af* = 3 x 10!, corre-
cillation is reached only when time is comparable with thesponding to the intermediate frequency case shown in Fig.5,
reciprocal of the lower cutoff wavenumber, i#.>> [\, F]4. which also occurs between the quasi-static and frozerbkke
Thenceforth, the stationary periodic regime is obtaineénvh haviours. As it has already been mentioned, the apex egaluti
the exponential functions in eq.(29) are dismissed. For thés not symmetric respect i = = because of the alternating
case of a “slow” probe motion, which corresponds to a low fre-dominant role between film drainage and probe-liquid inter-
quencyw* < [)\gF]*‘l, the matching wavenumber becomes action. As well, as it can be discerned from a comparison

(33)

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 | 11
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between egs.(29) and (33), a film surface, in the intermediat
regime and the steady-state, oscillates around the fridzen-
shape.

6 Ciritical oscillation parameters and wetting
transition

Fig.8 shows the surface vertical position and the Fourier-
Bessel coefficients’,, for different probe lower positions,
above and below the valup* — A* = D! ., at the in-

min?
stant of maximum probe-liquid interactiah = =. For rel-
atively large distance®* — A* > D* . . the film surface

min’

7
shows a narrow profile, below the probe positidne [0, 2], S
X

) _ (2)
D~ = 2.1409

D* =2.1429
surrounded by a not deep annular crater. Even though, the

vertical position of the liquid surface increases at eadatiegy Lo
it remains far away from the probe lower surface. As well, I—
the direct effect of the probe-liquid interaction, represel B — 52101
by the large wavenumbers sidé > k7 of the C,, distribu- 0
tion, quickly arrives to a steady-state, opposite to thellsma D* = 2.1409 (b)
wavenumbers sidé* < k7, which indicates the slow dif- AN D~ = 2.1429]
fusion of deformation energy towards larger radial posgio ng\ — .
before attaining the stationary regime. On the other hand, 1 br=22121
for shorter separation distancés — A* < D? . . the sur- 275
face profile can never reach a steady-state, because tlie liqu
jumps-to-contact the probe. The probe-liquid interacfion (©)
creases at each oscillation, provoking the amassing oidliqu

below the probe position. Thus, the film surface exhibits pro

gressively a more stretched profile, which becomes a vértica

column of liquid at the last observable oscillation. At thast N
p cycle, which valuep decreases along with the lower probe 10
positionD* — A*, the liquid touches the probe surface. Under

these circumstances, tlig,, distribution of the last periog D= 53101
presents a large wavenumbers side> k£, that is consider- 5 0 00 50 200
ably magnified with respect to the previous cycles, hightigh D

ing a significant augmentation of the probe-liquid intei@ct

which can not attain a stationary regime. As observed wheffid: 9 (&) Surface oscillation amplitudé™, (b) phase delaAo
comparing Figs.8e and 8f, the probe wetting is charactrize?"d (¢) finesse” as functions of the number of cyclpsAll the
by aC,, distribution of the same shape and magnitude in theurves were Obtained for the same angular frequency

wavenumbers ranae*  As a consequence. the same w* =3 x 10~! and probe oscillation amplitudé* = 1, but for
ger > k. q ’ different time-average probe positions in the range

deformation below the probe and a threshold intensity of they= € [2.1383, 2.2121]. D* decreases in the sense of black arrows.
interaction are found, regardless of the number of cycles-

fore the jump-to-contact occurs. Nevertheless, the valye o

indicates the periods that the system takes to attain ttessio-

tion frontier, due to the alternating attraction-relagatstages.

Therefore, a sequential transition from a stable surfac#-os

lation regime withp — oo, observed for distant lower probe

positionsD*— A* > D7 . to a delayed wetting phenomenon

with p > 0, for D* — A* < D7 .., and an instantaneous probe

wetting event fop = 0, for closer valueD* — A* < D¥ . |,
is discerned.

In Fig.9, the surface oscillation amplitud&*, the phase

A

D* =2.1409
15

D* =2.1429
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Fig. 8(a-c) Surface vertical position" as a function of the radial positiori and (d-f) Fourier-Bessel coefficients,, as a function of the
wavenumbek™, for (a,d)D* — A* = 1.009D,,,,,, @ non-wetting regime, (b,d)* — A* = 0.948D,,,., a delayed wetting, and (c,f)

D* — A* = 0.945D;,,,,, an instantaneous wetting phenomenon. All the curves waisened forA* = 1 andw™ = 3 x 10~ !, and they
correspond to the phage= .

delay A¢ and the finesseF, already defined in Fig.3 and indicates the wetting of the probe by the liquid film depend-
eq.(25), are shown as functions of the number of oscillatioring on the lower probe positiob* — A*. In Fig.10, typical
cyclesp and for a probe oscillation amplitudé* = 1. For  phase spaces, of the apex positignand the separation dis-
relatively large lower distance®* — A* > D} . . astation- tanceD*, are shown for different values dd* — A*. For
ary state is pursued, and thus* and A¢ reach a saturation D* — A* = 1.01D}, ., the liquid film reaches the oscilla-
value after the transient regime, consisting of severallasc tory steady-state, a non-wetting behaviour, and thus & limi
tion cyclesp ~ 25, whereasF slowly converges towards a cycle attractor is observed in the phase space. This limit pe
constant level. The final stage &f*, A¢ and F becomes riodic trajectory, ofy as a function ofD*, exhibits a “chis-
higher asD* — A* diminishes and approachés’, . . For tera” shape, following a clockwise motion with smooth slepe
slightly shorter distance8.95D;,,,. < D* — A* < D7 .,  aroundD* = D*+A* and a stepper path neg* = D*—A*.
after the initial stage of the transient regime, the growatgs  This particular pattern is shown in Fig.10a, ugste- 199 os-
of W*, A¢ andF tend to stabilize, although, they slowly con- cillation cycles. FoD* — A* = 0.95D;, ..., a delayed probe
tinue to increase with faint slopes. Fbr — A* < 0.95D7 ., wetting ofp = 17 cycles is observed. In this case, although
the surface amplitud@* and the finess& curves look like  the apex displacement seems to reach a periodic orbitais tr
inverse hyperbolic tangents. These quantities alwayeass, jectory shifts constantly towards greater valueg;pf As a
suffering an important decrease in the growth rate durieg th consequence of this gradual augmentation, the probedliqui
first cycles and reaching a minimum slope, and then, as thimteraction becomes unbounded and the liquid rises to touch
growth rate becomes unbounded agdin? and 7 are am- the probe, at the half-period of the= 17 cycle in Fig.10b.
plified until they diverges near a vertical asymptote. Imtur Finally for D* — A* = 0.94D; ., the liquid film touches the
for these relatively small probe lower distandes — A*, the  probe at the first oscillation cycle, as it is shown in Fig.10c
phase delayA¢ increases strongly during the first oscillations, Therefore, at the half-period of the first cygle= 0, the in-
which corresponds to an enhancement of the film drainage eftant of maximum probe-liquid interaction, an instantarseo
fects and an important surface deformation along each-oscilvetting process occurs after a single barely curved trajgct
lation cycle. Afterwards, as the cycles go by calms down  of the liquid film apexxg. In brief, the liquid film wets the
and its growth rate shows more gentle slopes, until it re;cheprobe forD* — A* < D} . at a limit number of cyclep,
a critical valueA¢ ~ 0.58w, wherein it completely halts. which lessens as the probe lower position — A* is short-
The divergence ofV’* and F, together with the halt afp, ~ €ned.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 | 13
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AFM experiments

Force non-contact
spectroscopy normal high-speed
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Fig. 11 AFM modes and liquid film behaviour depending on the Debomahlver D.. The boundaries for the quasi-static and frozen-like
behaviour were placed according to their values for a filrokiéss ofl0 nm and a lower probe position< D* — A* < 3.5. Arrows (red)
indicate the impact of decreasing the parameters: film tieiskE™ and the lower probe positiob* — A*.

7 AFM experimental consequences lation amplitudes and probe-liquid separation distanees r
stricted to the rangé—25 nm, the probe activates a wavenum-

The results presented in this theoretical study correspmad ~Per range with lowet, € [107,10°] m™! and uppe¥.q. €
typical AFM-film system, consisting of a silicon probe oscil [10%,10°] m~" boundaries.

lating near a liquid PDMS film placed over a silicon wafer This ph b vsed f | .
(substrate), with specific physical and geometrical proper IS phénomenon can be analysed from an anajogous view-

ties and a single combination of dimensionless paramete@o'm’ performm_g a comparison between the two main time
~ , , ) . Scales: the reciprocal of the angular frequencyt, corre-
Ha7BO,H7E*), which were already given in Section 3.3.

sponding to the experimental AFM time scale, and the char-
Notwithstanding, the effect of these dimensionless nusiberacteristic film time scale-, which also refers to the film re-
can be observed and analysed through their relationship witjaxation timeé®. Therefore, the dimensionless angular fre-
the merging length, time and wavenumber scales (see e}js.(1guencyw* = wr is also identified as the Deborah number
and (17) and Fig.2): modified capillary lengilar = 2.2 x D, = wyE3/3uR*, which herein characterizes the liquid
1077 m, film time scaler = 1.35 x 107" s, transitory regime  film response to a periodic AFM nano-probe periodic exci-
durationt ~ 7 [Acp/R]" = 3.2 x 10-% s and lower cutoff tation. Large Deborah number3, are obtained for liquids
wavenumbek = [\cp| ' = 4.5 x 10° m~'. In addition,we  of high viscosity: or relatively thin films E, which corre-
recall the static thresholB,,,;,,, the separation distance below sponds to large relaxation times This situation is also dis-
which the liquid jumps-to-contact a static probe, whichtf@@  cerned when the film is perturbed by a probe oscillating with
aforementioned parameterslis,;,, = 1.2017 x 10~ m. a high frequencw > [ka,w]4 /7, wherek,, ... depends on

In contrast, different combinations of the probe oscitiati the lower probe positioD — A. This high frequency case
parameters have been presented. The time-average probe [gdso yields a relatively large matching wavenumber, approx
sition D and oscillation amplituded influence directly the imately k., ~ R[on]l/‘*. In this large D, regime, the film
film surface oscillation amplitud®/, the probe wetting con- time scaler governs the dynamics of the liquid surface. Since
ditions and the corresponding limit of oscillation cycles the surface) (r,t) evolves during the transient regime, finally
(see Figs.4, 9 and 10). As well, the impact of the probereaching a steady-stater) independent of time (see Fig.7),
oscillation frequencyv lies on the wavenumber scales: up- a frozen-like behaviour of the film is observed. Therefole, a
per cutoff wavenumbet,,,,, and matching wavenumbaér, the terms in eq.(11) become constant over time. The viscous
(see egs.(38) and (31)). Itis important to remember that thidrainage restrains and slows down the film dynamics, which
two quantities delimit the range of wavenumbers excited bycoherently provokes a phase delay — =. As indicated by
the approach of the probe. Considering the aforementionetihe observed finesseé — 2, the surface deformation is re-
probe/film/substrate system and common dynamic NC-AFMstrained to a span shorter than the modified capillary length
tests, with frequencies in the rangé' — 103 kHz, oscil-  Acr, and to relatively small vertical displacements. The de-

14| Journal Name, 2010, [vol]l, 1-19 This journal is © The Royal Society of Chemistry [year]
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Instantaneous
wetting

Fig. 10Phase diagram of the apex positighand the separation
distanceD™ of the three different behaviours: (a) Non-wetting for
D* — A* = 1.01D;,,,, showing a transient regime and approaching
a limit periodic orbit in the permanent state, (b) delayeditivg for

D* — A* = 0.95D;,..., showing a similar transient regime but
diverging from a possible limit orbit at the half-period betp = 17
cycle, and (c) instantaneous wetting Ior — A* = 0.94D;,,..,
showing a monotonic trajectory that diverges immediatély & 0.
Curves obtained withl* = 1 andw™ = 3 x 1071,

formation energy is gathered below the probe position, gene
ating a very narrow surface profile, due to the slow film relax-
ation (drainage). Considering the probe-film-substrastesy
analysed in this work, this frozen-like state should be oles
for a probe oscillating around an average posifior: 35 nm
with an amplitude ofA = 10 nm, only at frequencies above
MHz, which is only achieved with ultra-high frequency prebe
for high-speed AFM.

Small Deborah number3, are found for liquids of low vis-
cosity i or relatively thick filmsE, which yields short relax-
ation timesr. Equivalent similarity conditions are also gener-
ated by low probe oscillation frequencies< 1/7 [A\cr/R]",
which for our specific thin film corresponds o <« 3.1 x
10's7!, leading to a matching wavenumbes = 0. In this
small D, regime, the AFM experimental time scale] '
determines the film evolution, displaying a quasi-statie be
haviour. The viscous drainage happens quickly and a full-
period probe-liquid interaction is observed, leading t@st f
and full film reaction, which corresponds to a phase delay
A¢ — 0. At each instant, the surface attains the equilibrium
shape of a static probe-liquid interaction phenomenorh wit
maximum vertical displacement and a deformation extent tha
coversAcr. Therefore, the drainage term in eq.(11) becomes
negligible, and the probe-liquid interaction is only oppd &y
the curvature term throughout an oscillation cycle. This be
haviour is validated with a large valued fines&e pointing
out that the deformation energy is spread over a large radial
span, owing to a relatively rapid film relaxation (drainage)
For the parameters of the proposed probe-film-substrate sys
tem, this regime is perceived for a probe oscillating with a
frequency lower thas Hz, which is hardly considered as a
dynamic AFM mode. Note that this frequency increases as
the thickness of the film is reduced. For instance, for a film
of 1 nm, the quasi-static threshold frequencyis 10° Hz,
which means that almost the entire NC-AFM operation range
presents a quasi-static behaviour. This last case mustrbe co
sidered for example when a thin layer of water is adsorbed
over a silicon wafef1®,

A comparison between the differeii}, regimes, corre-
sponding to a thin film ofil0 nm, and several AFM modes,
showing their frequency range, is depicted in Fig.11. The
upper limit of the quasi-static behaviour, which is fixed for
a given film thickness, also defines the limit of force spec-
troscopy tests, whereas the lower boundary of the froZzem-li
behaviour moves according to the probe lower position. én th
presented diagram, normal NC-AFM experiments occur in the
transition zone, above the quasi-static boundary, whidi in
cates that the probe oscillation provokes a significaneserf
oscillation amplitude and a transmission of surface entrgy
large radial extent, but not as important as for the quaiest
case. The frozen-like boundary is located within the higher
frequency range of high-speed NC-AFM experiments, imply-

This journal is © The Royal Society of Chemistry [year]
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Fig. 12Number of oscillation cyclep before wetting as a function
of the difference between the lower probe position — A* and the
static minimum separation distan€g;,;,,, obtained withA* = 1
andw® = 3 x 10~!, within an intermediate Deborah regime
Mep] ™ < De < [klhae]". The quasi-static and frozen-like trends,
including their wetting thresholds, are also depicted.

ing surface profiles with small surface oscillation amlig
and restrained radial spans, under these conditions. égtino

p on D* — A* — Dz .. Interestingly, the non-wetting tran-

sition does not take place &* — A* = Dy, ., the jump-
to-contact threshold distance for a static probe. In aoldjti
the wetting transition for the two asymptotic frequencyesas
are also depicted in Fig.12, foi* = 1. The right-hand
side inlet in Fig.12 corresponds to a small Deborah regime
D, < | EF]"‘ (quasi-static film behaviour), in which wet-
ting may occur instantaneously fé~* — A* < Dy ., fol-
lowing the same trend as the phase diagram in Fig.10c with
P 0. Under this conditions, an oscillating steady-state
should always be observed fay — A* > D} . ., equiva-

lent to the periodic trajectory shown in Fig.10a. A delayed
wetting event can never occur for the quasi-static sitmatio
and a straightforward transition from wetting to non-wedti

is observed, displayed as a vertical asymptote overlapping
the absciss&)* — A* — Dy, = 0 in the right side inlet

in Fig.12. Dynamic NC-AFM experiments executed in this
small D, regime are restricted to large separation distances
D — A > D,,:», which reduces significantly the probe sensi-
tivity, in order to inhibit the probe wetting. On the othemiuia

the large Deborah regim®, > [k,,.]* (frozen-like film be-
haviour) is displayed in the left-hand side inlet of Fig.18.
this case, wetting is reprieved to shorter separation riists
and a vertical asymptote placedat — A*—D7,. = —0.153
indicates the wetting transition. This threshold distaheas
been obtained by solvingp* — A* = ¢£*n§ + 1, with the
use of Eq.(33). Therefore, when dynamic NC-AFM experi-

an equivalent diagram can be obtained for a film of differ-ments are performed in this large. regime, the liquid film
ent thickness, a particular interpretation of the AFM modessurface can be scanned at shorter probe-liquid separasion d

should be done due to the thickness-dependenék pf and
Acr. Forinstance, considering a film with a thicknessl of

tancesD — A < D,.;», Which increases the apparatus reso-
lution without the risk of wetting the probe or engendering a

nm, a large range of normal NC-AFM experiments may besignificant surface deformation.

comprised in the quasi-static regime. On the other hand, the When performing NC-AFM experiments over liquids, one
quasi-static state is never observed for NC-AFM tests over aust prevent the sample damage and the probe wetting. The
film of 100 nm, because frequency needed to reach this situemployment of a high oscillation frequency (larQe regime)
ation becomes five orders of magnitude smaller than that foallows to “freeze” the dynamic response of the liquid film,

the10 nm film case.

In Fig.12, for a fixed oscillation amplitudé* = 1, the limit
number of oscillations before wettingis shown as a func-
tion of D* — A* — D . the difference between the lower

min

probe position and the static minimum separation distance,

also corresponding to the threshold jump-to-contact dista
of a quasi-static situation. The trend for an intermediatpa
lar frequencyw* = 3 x 10!, which is located in the interme-
diate Deborah regimpk*CF]_4 <D, < [k%,,.]", is shown in
Fig.12. The instantaneous probe wetting occurgfor A* <
served within the zone 0.066 < D*—A*—D} . < —0.057,
and the oscillating steady-state without wetting takesgpfar
D* — A* < D . — 0.057. These three situations, which

min

— 0.066, whereas a delayed wetting behaviour is ob-

which generates the following advantages:

1. The probe-liquid separation distance can be shortened,
increasing the AFM sensitivity and preserving the sample
physical integrity. In the presented case, this distance,
which corresponds to the probe lower position — A*,
can be shortened of around> nm (see Fig.12), around
13% of the static threshold separation distaHc®, .., .

2. The amplitude of the liquid surface oscillation is small,
thus the effect of its displacement over the measured to-
pography is reduced. The maximum deformation of the
surface is reduced up 86%, from the quasi-static to the

frozen-like regime (see Fig.7).

correspond to previously mentioned behaviours (see Fig.10 3.
are connected by a monotonically increasing dependency of

The surface oscillation is restrained and, as a conse-
guence, the noise in the AFM signal is also diminished.

16 | Journal Name, 2010, [voll, 1-19
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Since the probe-liquid separation distance is sometimes ha sample, as it is usually observed under uncontrolled huynidi

to control precisely in experiments, high oscillation fueq-

conditions. The importance of quantifying the effect of the

cies contribute to perform successful measurements by-creaadsorbed thin layer has been emphasidebecause surface
ing a margin of the probe lower position. As well, more ac-deformation and capillary effects may lead to false intetgr
curate NC-AFM data can be retrieved by increasing the prob&ons and to obtain inaccurate topographies.

frequency, even if the large. regime is not always attainable.

8 Conclusions

The dynamic response of a liquid film due to its interaction 1
with an oscillating nano-probe was studied by means of nu-
merical simulations. Our analysis yielded the wavenumbers,
scales, that limit the range excited by the probe at eachiasci
tion cycle and that corresponding to the natural film relexat 3
The time scales which describe the transitory regime camati 4
and the film relaxation were determined, as well as the phase5
duration along an oscillation cycle for the governing defor
mation mechanisms. The effects of the time-average probe
position, the probe oscillation amplitude and frequencyeve 8
analysed. For large separation distances, a theoreticgicso 9
in the wavenumber domain was obtained, which completely
describes the dynamics of the film surface. Moreover, asymp-
totic behaviours for the probe oscillation frequency weee d 14
rived from the solution. A quasi-static deformation regime
is observed for low oscillation frequencies, whereas adnez 12
like behaviour is found for high frequencies. For short sep-13
aration distances, the solution provided evidence ofoatiti
combinations of oscillation parameters (time-averagei-pos ;o
tion, amplitude and frequency) that lead to prove wetting.;g
Therefore, an educated selection of the oscillation pararse 17
can be made based on our results, depending on the experi-
mental objectives, instead of finding them heuristically. 18
Itis important to notice that the present analysis doesmot i 19
clude the effect of thermal agitation. Under this premis&, 0 ,,
work should be considered as a first order approach, which;
yields the average behaviour of a liquid film interactinghwit
an oscillating probe. A posterior and extensive analysis, i 22
cluding higher order corrections (which should certairdsgle
with kT, as it has been recently done for a static probe-bulk2
liquid interactior’®, must be taken into account in order to ob-
tain a more precise picture of the film interface. 25
The surface film dynamics, exposed in this paper, may b@é
useful to understand liquid properties and their behavadur
the micro- and nanoscopic scales. Furthermore, it has beed
proven that the dynamic NC-AFM mode provides a non-,g
intrusive tool to scan liquid samples, when a good choice obg
experimental parameters (frequency, free and set-poipliam 30
tude) is made. We expect that this work will lead to a quan-
titative understanding of the AFM imaging of soft samples, 3!
mainly in the recovery of unspoilt sample topographies.iAdd 5
tionally, the introduced ideas should also be applied tdyaea
AFM experimental results when a thin film of water covers the33

2
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A Hankel transform and inverse transform

definitions

The Hankel transform of order zero of a functigndefined in the spatial*
and temporat* domains, is defined by:

g (K", t") =Ho {f (", ")}
:2 o *7 * J k* * *d *7
7'(/0 fOr %) Jo (K™ r*)r*dr

whereas the inverse transform of a functigh defined in the angular
wavenumbek* = Rk and timet* = ¢t/7 domains, is given by:

FOr ) =Hy ' {g (k7,t7)}

1 oo

34

= — [ gk t) Jo (k*r*) k*dk", (35)
21 0

whereJy is the zero-order Bessel function of the first kind.

B Upper wavenumber cutoff

At the first stages of the phenomenon, the upper cuthff ., corresponds to
the wavenumber at which the growth rate is maximum#*At= 0, the film

free surface is flah* = 0 and, as a consequence, its related wavenumber

distribution isA* = 0. Nevertheless, the growth rafeV* /9¢* is not null
at this stage. If one applies:
o [ON* ON*
=0 with * = =0
ok* { ot* } N ok
to eq.(18), and solves fde* att* = 0, one finds the prime wavenumber
k* = k.. that is instantaneously excited for a given separatioradst

max

D*. This procedure leads, as a first step, to the expression:
* * 6Q*
20" + k 7
Making n* = 0 in eq.(12b) and applying the Hankel transform, the interac-
tion potentialQ* can be simplified in the same way as for eq.(28). Taking
into account this complexity reduction, and makig = &, ..., the follow-
ing non-linear implicit equation is obtained:

K (km D] - 1)

i (k1077 1)

(36)

=0.

@7

k;knacv [D*}2 -1

2, (38

m (>< 10_2)

. N OTIC

——— Analytic
0 . L
0 T2 372 27

Fig. 14 Surface apex position; as a function of phasg, obtained
from the numerical solution of eq.(18) and the analytical
approximation given by eq.(29) with= 10 coefficients, and for

D =2.2121, A* = 1,w* =3 x 107! andp = 199. Inlets display
the Fourier-Bessel coefficiens,, as a function of the wavenumber
k™ and the surface positiofi* as a function of the radial positiori,
forp =0and¢ = .

which relates the wavenumbky,, ... and the separation distanfég*. K; and
K are first and second order modified Bessel function of thernsekimd. An
expansion to the first order of the left hand-side term ardipgd, = 2, the
wavenumber naturally given by the probe radius, yields2&y.(In Fig.13,
wherek, .. is displayed as a function d*, a good agreement between the
exact solution of eq.(38) and the approximation given by2&j.is observed
over the entire domain ab*.

C Wavenumber analytical solution

Eq.(28) allows us to rewrite eq.(18), which becomes a linean-
homogeneous ODE with analytic solution. Considering a flatase as the
problem initial condition, i.en* = N'* = 0 att* = 0, the expression of
N* (g*,t*) is thus provided by:

o

*14
mHa T[T o (k) DY exp (<" [t — 7)) dX*,

4%
where the probe position is temporarily given by = D* (T*), T* being
a time integration variable. Moreover, &} is an even function, it can be
decomposed into a Fourier cosine series, which is reprsdot D* (¢*)
by:

N* = (39)

0

Q: (k*,D*) =229 1 5 W% cos (jutt*), (40)
ot 2 ]

*14  x 27 fw™

ao (k") L / QF (k*, D*) dt*,
2rv* Jo
*14 27 /w™

aj (k%) :M/ O (k*, D*) cos (jw*t*) dt*,
O o

whereo; is given in eq.(30). An in-depth analysis indicates igtdepends
only on the time-average probe positi@* and oscillation amplituded*,
rather than on the angular frequency. The Fourier decomposition allows
us to find eq.(29). A comparison between the numerical swiusind the
approximation given by eq.(29), with= 10 coefficients, is shown in Fig.14.

18 | Journal Name, 2010, [voll, 1-19

This journal is © The Royal Society of Chemistry [year]



Soft Matter Page 20 of 20

An excellent agreement has been found, mainly in the gtieétdehaviour
of the film surface, in both space and wavenumber domains.nidgnitude
difference, obviously due to the approximatidh® > £*n*, is 10% at the
most in space and less thaft in the wavenumber domain.
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