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Size determination of field-induced water menisci in noncontact atomic
force microscopy
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We have studied the dimensions of water capillaries formed by an applied electrical field between
an atomic force microscope tip and a flat silicon surface. The lateral and vertical dimensions of the
liquid meniscus are in the 5—30 nm range. The size depends on the duration and strength of the
voltage pulse. It increases by increasing the voltage strength or the pulse duration. The meniscus
size is deduced from the experimental measurement of the snap-off separation. These results are of
special relevance to optimize local oxidation nanolithography. 2@2 American Institute of
Physics. [DOI: 10.1063/1.1510171

I. INTRODUCTION frequency €,) were about 49 N/m and 368 kHz, respec-

Local oxidation of semiconductor and metallic surfacesfl'_\r']ely' The Icantllevertwas g).(;ggd a_ttgs resonjatpgte fr?qr;ancy.

by atomic force microscopAFM) is a reliable and versatile € samples wer@-type (. ) with a resistivity 0 .
Qcm. Due to exposure to air, the surface has a native oxide

method for a variety of nanotechnology application$A | f about 2 Th i fh le with i
key feature of local oxidation lithography is the formation of ayer of about = nm. 7 he position of the sample With respec
to the tip is derived from measurements of the oscillation

a liquid meniscus bridging tip and sample surf4c¥.Cap- ) X ) ,
illary condensation within nanopores is also relevant foramplltude and deflection of the cantilever. The signal from

other areas such as tribolodly, wetting at structured the photodiode s acqgired by_ an oscilloscope tq ”_‘0”“‘” the
surface® and other scanning probe  microscopy cant|leyer movement in real time. Further descrlptlon of the
applications:®> Recently several studies have described dif_dynamlc parameters needeq to operate the A'.:M In a noncon-
ferent aspects of nanometer-size capilldfie¥ and elec- tact mode and to measure tip-sample separation can be found

7
trowetting phenomen¥ However, to the best of our knowl- elsewheré:

edge only a few experimental studies have been devoted t Fl\;lr he pr.otocol to folrmtfleld-'Lr}dL:ctﬁd W"’I‘ti.r b”ﬁ ges d\_/glth;Hn
nanometer-size menisci in genéraf’ and nanometer-size X gﬁgUl(rjestsef\(erz s?ps: tlrzs N rejolc\;e 5%[;' e for
capillary-condensed water bridgés>in particular. IS stabllized at a fixedvalue In the range 2v7—oUv, So a few

Previously, we have shown that the application ofavolt-rnorlOIayerS of water may be adsorbed on tip and sample

age between tip and surface induces the formation of a watd} rface€®2’ The force microscope tip is oscillated at a fixed
meniscus. This may happen at separations larger than thos istance of a fgw naqometers above the sample surface and a
predicted by the Kelvin equation. The size of the liquid ¥?]Itage |c|)_uldse |Ttappl_|eg bet\Ntehenfﬁgroutl_wde()ifand s?mpble_.d
bridge is critical in local oxidation lithography, because it € applied voltage induces the formation of a waler briage
defines the size of the oxide Motives. between tip and sample whenever the voltage strength is

In the present work, we study the influence of appliedabove a certain threshold voltag&uring the application of

voltage and pulse duration on the dimensions of the watetPe voltage pulse the electrostatic force induces the deflec-
bridges. We also propose a method to determine the menidon of the cantilever. It also reduces the oscillation ampli-

cus dimensions from snap-off separation measurements. pude[see Ain Fig. 1c)], however, the tip never gets in con-

nally, we study the effect of meniscus dimensions in the finaLaCt with the surface. After turning off the voltage, if a water
size of oxide marks obtained by local oxidation nanolithog-

raphy experiments.

ridge has been condensed between tip and sample, a capil-
lary force damps the oscillation of the cantilejsee B in
Fig. 1(c)]. To determine the snap-off separation, the tip and
the surface are separated while the tip oscillation is moni-
tored by an oscilloscope. At the snap-off separation there is a
The experiments were performed with an atomic forcesudden increase of the oscillation amplitude. The water cap-
microscope operated in noncontact mode with additional cirillary is no longer connecting tip and sample. As a conse-
cuits to apply a voltage between tip and sample. In order tQuence, the capillary force damping the cantilever oscillation
control relative humidity the microscope was placed into adisappears. When the meniscus evaporates, the tip suddenly
closed box with inlets for dry and #D saturated nitrogen. recovers its initial oscillation amplitude. The separation at
Dopedn*-type silicon cantilevers were uséNanosensors, which the liquid bridge is unstable is called the snap-off
Germany. The average force constarit.J and resonance separation.
We have developed a model to calculate the meniscus
3author to whom correspondence should be addressed; electronic maflimensions from the snap-off separation. In this model, the
rgarcia@imm.cnm.csic.es profile of the liquid—vapor interface is approximated by an

Il. MODEL AND EXPERIMENTAL METHODS

0021-8979/2002/92(9)/5539/4/$19.00 5539 © 2002 American Institute of Physics

Downloaded 07 Nov 2002 to 161.111.100.100. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



5540 J. Appl. Phys., Vol. 92, No. 9, 1 November 2002 Calleja, Tello, and Garcia

44 Where ¢ is the filling angle,Z; is the tip-sample separation,
3 @) R is the tip radiusy, is one of the main curvature radius
c 1 !
27 is the water neck radiusee Fig. 2 andt is water thickness
< v M{ adsorbed both on sample and tip surfaes.

0- v . B We consider that at the snap-off separation the neck di-
< | i ametera is zero, therr, is calculated by

204 ' |
2 10- E i (b) I’i [Dsnap-oﬁ+ R_(r1+t)]2 - 3
£ 0-—’_‘_ (R+Tr,+1)2 (RHr,+1)2 = ©)
>

whereD .01t iS the snap-off separation measured as previ-
ously mentioned.
The mean curvature of the meniscusijs determined by

cog ¢+ 0,)+coq 0, sin(O,+ @)

K= T R(1-cosh)+Z -2t Rsing @

Oscillation (nm)

where#; and 6, are the wetting angle$-ig. 2). We consider
that the water perfectly wets both silicon oxide surfaces so
FIG. 1. Measurement of the snap-off separation for a meniscus formed by &1 = 6,= 0.

pulse of 9 V and 1 ms(a) Piezo displacement\z, vs time. (b) Applied If xis constant, then Eq3) implies thatr; must also be
v_oltag(_e.(c) Tip oscnlatlon.Di:Zi_rep_resents the initial tLp)-sampIe equilib- constant. For a knownl, the fiIIing ang|e,¢, can be calcu-
rium distance. Snap-off separation is measure® @gp.oi= Zi + A Zgnap-oft- lated f ti | ti b Th f iti

The zero position in thg axis represents the position of the surface. Rela- ate . orany |p-_samp € Separa lon by E:‘h) ere Or_e’ 1S

tive humidity, RH=55%. possible to obtain the meniscus geometry for any tip-sample

distance. Also, the bridge diametfcniscus 1S Obtained by

time (ms)

Wineniscus™ 2(R+ 11+ 1)sin¢. (5
arc of a circle. This approximation is considered to be accu-
rate whenever the filling anglé and the wetting anglé; Ill. RESULTS AND DISCUSSION
are both smaff® This applies for the present tip-surface ge-
ometry where the tip radius is larger than the tip-surface  Figure 3a) shows the snap-off separation dependence on
separation. Additionally, both surfaces are hydrophilic, i.e,voltage for three different pulse durations 0.3 ms, 30 ms and
9,~0°. The model also assumes that each meniscus evolvésS- By using Eqs(1)—(5) we have calculated the meniscus

by keeping constant mean curvature. dimensions from snap-off measurements. The meniscus di-
From Fig. 2 we derive the following geometric relation- @meter as a function of applied voltage is shown in Fig).3
ships: An apparently linear dependence of meniscus size on applied

voltage is found. Typical rupture distances for the field-
cosp= Zi+R—(ry+t) 1) induced menisci are in the 10-20 nm range. This depen-
R+ri+t dence can be explained as follows. The formation of a water

meniscus arises from the interplay of van der Waals forces,
N+a @) condensation energy, surface tension and electrostatic
R+r +t° interaction?® Increasing the applied voltage increases the
electrostatic energy. So, to minimize the total energy of the
system requires the presence of more water molecules in the
condensed phase. The liquid meniscus joining tip and sample
may be formed by coalescence of water films adsorbed both
on tip and sample surfaces, but also from condensation of
water molecules from the vapor phase.

Figure 4 shows the snap-off separation and meniscus
diameter as a function of pulse duration for a fixed voltage
(24 V). The snap-off separation increases more or less lin-
early with the logarithm of time. The observed dependence
of meniscus dimensions on pulse duration may arise from the
observation that condensation is a sequential process. Recent
studies about the kinetics of capillary condensation in nanos-
cale pores show that the time scale over which spontaneously
condensed capillaries reach their equilibrium sizes may last
FIG. 2. Schematics of a concave water meniscus formed between a spheﬂqousands of seconds. Kohonen, Maeda, and Christé%son
and a flat surfac_a?l ando, being the wetting angle_s both on_tip an‘d sample found that an initial water meniscus of=40 nm is obtained
surfaces,p the filling angle,Z; tip-sample separatiorR the tip radius,, . . .
one of the main curvature radius,water neck radius andwater thickness 20 s after approachlng two mica surfaces. However, it takes
adsorbed both on sample and tip surfaces. about 2000 s to reach the final equilibrium size rat

sing=
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FIG. 3. (a) Snap-off separation dependence on voltage. Lines are drawn 8 4. (3 Snap-off separation dependence on pulse duration. Each point is

a guide for the eyelb) Dependence of meniscus diameter on voltage. Dataye ayerage of five different measuremerits. Dependence of meniscus
obtained from snap-off separation measurements present@. iBxperi-  giameter on pulse duration. Data obtained from snap-off separation mea-

ments were performed at RH5%. surements presented (a). The sample is biased negatively with respect to
the tip. RH=40%, V=24V, R=30 nm.

=100 nm. Those experiments were performed at a relative ) o
humidity of 0.9949. In our case pulse duration values are fapduation should not be used to describe field-induced water
smaller than the times reported in the aforementioned experRridges. _ _ o -
ments. Following the above observations, it seems reason- 1he controlled manipulation of liquid capillaries is of
able to expect that increasing the time that the voltage i§P€cial relevance in local oxidation I|_thogra_|[7h_ymce the
applied between tip and surface will allow the condensatior?”Od"F oxidation of_the surface is confme_d wnhm the menis-
of more water layers. cus diameter. In Fig. 5 we plot the capillary diameter and

The liquid bridges seem to be stable in a scale of tens opXide dot width as a function of the snap-off separation. The
seconds. Several water bridges have been observed for abdlftta allow comparing capillary and oxide lateral sizes. Ox-
50 s. During this time, the oscillation amplitude was smallerid®s and water bridges were obtained for the same voltage
than the initial one, showing that the capillary was still
present.

_ _ 0 - ® Meniscus diameer
The present experiments were performed at relative hu- ] O Ovide dot diameter

midities in the 40—50% range. For those values, the Kelvin _60 - ? ?

equatiori*? predicts a curvature radius ranging fron0.59 E 50 ] ?

to —0.68 nm. Those values are about one order of magnitude £ 1 i

smaller than the ones deduced for field-induced water 2 40 1 %

bridges using Eq5). Here we obtain curvature radius values 30 °

in the range—5 to — 14 nm. According to the Kelvin equa- 20 ] L

tion those values should correspond to 90%—-96% relative ' ' ' ' '
7 9 11 13 15 17

humidities. We attribute those differences to polarization ef- ’
fects involved in the formation of field-induced liquid Snap-off separation (nm)

bridges in the noncontact mode of th? AFM. A!SO., it has be?rFIG. 5. Dependence of meniscus and oxide dot diameter on snap-off sepa-
demonstrated that for nanometer-size menisci the Kelvimation. Meniscii diameters are compared with oxide dot diameters as ob-
equation must be modified by the contribution of surfacetained for the same pulse duration and voltage intensity. Error in the deter-

potential and a curvature dependent surface tension in ordgpaton of meniscus diameter from snap-off separations comes from the
. . . _ érror in the determination of tip radiug.=20 V, RH=45%. Each snap-off
to obtain a good agreement with molecular dynam'csseparation corresponds to a different pulse duratier).075, 0.15, 0.25,

simulationst® The same argument indicates that the Kelvinos, 1, 3s.
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