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Electrostatic forces between sharp tips and metallic and dielectric samples
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A detailed analysis of electrostatic interactions between a dc-biased tip and a metallic or insulating
sample is presented. By using a simple method to calculate capacitances and forces, tip shape effects
on the force versus tip-sample distance curves are dicussed in detail. For metallic samples the force
law, except for a constant background, only depends on the tip radius of curvature. In contrast, for
dielectric samples the forces depend on the overall geometry of the tip. Interestingly, we found that
the contactadhesion force does not depend on the tip size and is bound by a simple expression
which only depends on the applied bias and the sample dielectric consta2®0® American
Institute of Physics.[DOI: 10.1063/1.1424478

By applying a voltage between a force microscope tiptance D curves for a wide range of tip-shape parameters
and a sample, electrostatic force microsc@plFM) has been (L, 6,R,D). For distances smaller than the tip radius, the
used to analyze different surface properties at theesults follow a simple force law given by
nanoscalé ' As in other scanning probe microscopy tech-
nigues, the interpretation of the EFM images is not always F —ACOLIR +BE )
evident!? The detailed shape and dimensions of the tip must eV (OLIR+BgF,
then be taken into account for a precise calculation of both
force and capacitancé* Most of the theoretical studies on WhereA(6,L/R) is a constant which depends on the “mac-
EFM have been focused on the force and capacitance b&oscopic” geometry an@~ —1 for all geometries analyzed.
tween a microscope tip andnaetallicsample!3~*°However, ~ Figure 2a) shows a typical force versus distance curve for a
tip shape effects on the electrostatic interactions with insutiP With 6=10°, L/R=500 (full dots) together with the best
lating samples have not been studied in detail. In this lettefit based on Eq(1) (continuous ling. The constant back-
we study the capacitances and electrostatic forces betweerBUNdA increases its absolute value with increasing amgle
tip and a metallic or insulating sample as a function of dif-for & fixed lengthL/R, while for fixed angleA increases
ferent tip shape parameters. Ioganthmlgally with tip IengthL [§ee Figs. &) and _Z{c)].

We consider a metallic probe tip at a distarzdrom a For metallic samples, the tip radius can be determined from

flat homogeneous semi-infinite insulating surface charactelt-he slope of the force-distance characteris(@s long asD

ized by a dielectric constard A dc-biasV, is applied be- <R).
tween the tip and sample. The tip is assumed to have a total
length L and a conical shape with a half angte with
rounded ends and an apex radRigsee Fig. 1L Our numeri-

cal calculations are based on a generalized image-charge
method® originally developed to calculate the three-
dimensional electron potential energy for arbitrary shaped
(axial symmetri¢ tips in field emission diode geometries.

Let us first consider the interaction between the tip and a
homogeneous metallic sample. As long as the tip-sample dis-
tance is smaller than the tip radiuP/(R<~1) the main
contribution to the electrostatic force comes from the inter-
action of the tip apex with the sampig®® It is then likely
that, in this range of tip-sample distances, the force law
would be close to that of the sphere-plane mdddlhe con-
tribution of the macroscopic part of the conical tip is ex-
pected to have logarithmic dependence witD***’ and,
for small distances, would give an almost constant contribu-
tion. Our results show that this is indeed the case. We have 4 . . . . . .
performed an extensive calculation of forEeversus dis- 6 -4 -2 0 2 4 6

FIG. 1. Scheme of the tip-sample system. The tip shape is characterized by
dpresent address: Depto. de Tecnddode las Comunicaciones, Universidad its angleé, its lengthL, and the tip radius of curvatufRe. The equipotential

Carlos Ill de Madrid, C/ Butarque 15, 28911-Leganes, Spain. lines correspond to a metallic tip at a bigs(with L=10R, D=0.5R, 6
YElectronic mail: juanjo.saenz@uam.es =10°) in front of a dielectric sample witle=5.4.
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° Py ° and a plane dielectric sample=5.4) vs the ratio between tip length and
T radiusL/R for different tip anglesd=0°,10°,20° (=0 corresponds to a
-1.25 1(‘)0 1000 nanotube-like tip. (b) Absolute value of the electrostatic forlfe| vsL/R at
L/R different tip-sample distancd3/R (0,0.05,0.1. ..,0.5 from top to bottorn

Thick line corresponds t®@/R=1. The inset shows the force vs distance
FIG. 2. (a) Electrostatic force between a tifip radius R, L=500R, 6 D/R for different tip lengthd/R. (§=10°, e=5.4).
=10°) and a plane metallic sample vs the tip sample distdnfe. Con-

tinuous line is the best fit of the numerical resytists to Eq. (2). (b) Best o . . . .
fitting parameter#\ andB [see Eq(2)] as a function of the tip anglé for Fo=Fo(L/R,0), this implies that, for a given radius, the

a fixed tip lengti_ = 500R. (c) Best fitting parameter andB as a function ~ force decreases with increasing tip length, i.e., the longer the
of the tip lengthL/R for a fixed angle§=10°. tip-cone is the smaller the contact force is. In the libiR
—o, the contact force saturates to the contact force of a
In contrast with metallic surfaces, the electrostatic tipsharp cone of anglé. The strongest contact force corre-
interaction with a dielectric sample shows a very interestingsponds to a spherical tip/R=2, i.e., contact forces are al-
and sometimes apparently paradoxical, behavior as a fungvays smaller thanF| given by Eq.(2) (see Fig. 4. For a
tion of tip shape parameters. Some of the differences begiven cone angle, there is a lower bound for the contact
tween metallic and dielectric samples can be illustrated witforce given by the force of a sharp confég(,6). This
the simplest spherical tip. The exact solution for the spherémplies that, for a given anglé the electrostatic contact
can be written as an infinite sum over multiple image charge§orce is bounded between the results for a spherical tip and
(see for example Ref. 18In the limit D—0, i.e., when the those of a sharp conBy(, 6) <Fo<Fg’. In Fig. 4 we have
sphere is in contact with the dielectric samfaad assuming  plotted the contact force versyisfor these two limits'?

there is no charge transfer between thewe found a simple The situation is reversed when the tip-sample distance is
closed expression for the electrostatic contact force larger than the tip radiusX=R). In this case, the force must
sp be a function~(L/D, 6) which decreases with the tip-sample
Fo 2 B distance. Then, for a fixed distanbe(L>D=R), the force

meV? 3 (L-pr ") ?
whereB=(e—1)/(e+1). In other words, the contact force
does not depend on the radius of curvaturhis is a general
property that follows from a simple scaling argument. Since 100 ¢

increases with the tip length. In the limit L—, the force

sphere
———- nanotube
----- 0=10°

the capacitance is a first order homogeneous function of the N
length variables[C(kL,kR,kD,0)=kC(L,R,D,#)], the & 10
force is invariant under spatial scaling;(kL,kR,kD,8) £
=F(L,R,D, ). In the limit D—0, and settink=1/R, the = ol

forceF is a function of the ratid./R, Fo(L/R, ). Interest-
ingly, in the limit whereL — (or D, R—0) the force only
depends on the anglé. In other words, for a dielectric
sample theelectrostatic contact force does not depend on the
tip size but only depends on the tip shape FIG. 4. Electrostatic conta¢adhesionforce, ~F (<, §), vs sample dielec-
In Fig. 3a) we plot our results for the contact force tric contrastB=(e—1)/(e+1) for sharp conical tips of different anglés

. _ Continuous line corresponds to the contact force of a spheric&ftipThe
versusL/R for different anglesﬂ [L/R 2 corresponds toa contact force for any tip size and shape is bounded betWgBmand the

) L 2 s X X
spherical tip, '-e--FO(L/F\_’_Zﬁ) = Fop]_- For a given tlp. force corresponding to its opening angleThe arrows indicate the force
length, the contact force increases with the tip radius. Sinc@indow for a nanotube-like tip and a sample witk5.4.
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