
PHYSICAL REVIEW B 15 NOVEMBER 2000-IIVOLUME 62, NUMBER 20
Theoretical investigation of the distance dependence of capillary and van der Waals forces
in scanning force microscopy

Thomas Stifter*
Department of Experimental Physics, University of Ulm, 89069 Ulm, Germany

Othmar Marti
Department of Experimental Physics, University of Ulm, 89069 Ulm, Germany

Bharat Bhushan
Department of Mechanical Engineering, Ohio State University, Columbus, Ohio 43210

~Received 19 May 2000!

The capillary and van der Waals forces between a tip and a plane in a scanning force microscope~SFM! are
calculated. The forces are calculated for a fixed distance of tip and sample, as well as during retracting of the
tip from the sample surface. The exact geometric shape of the meniscus is considered, with the boundary
condition of fixed liquid volume during retraction. The starting volume is given by the operating and environ-
mental conditions~surface tension, humidity, and tip geometry! at the point of lowest distance between tip and
surface. The influence of the different parameters, namely, humidity, tip geometry, tip-sample starting distance,
surface tension, and contact angles are studied. For each force curve also the geometric shape of the meniscus
is calculated. The capillary forces are compared with van der Waals forces to understand their relative impor-
tance in various operating conditions. In addition to application in SFM, this analysis is useful in the design of
surface roughness in microdevices for low adhesion in operating environments.
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I. INTRODUCTION

With the invention of the scanning force microsco
~SFM! in 1986 by Binniget al.1 a powerful probe for a va-
riety of surface studies was made available.2,3 An important
property of the SFM is its ability to investigate variou
sample properties such as adhesion,4 surface charge,5 and
magnetic properties6 on a nanometer scale. However, if th
SFM is operating in air, capillary forces of water films
other liquids cause a strong interaction between the tip
sample. The adhesion, which is the force necessary to s
rate the tip from the sample, changes with the presence o
liquid film.7–9 Since the introduction of SFM modes such
the force volume mode,10 pulsed force mode,11,12 and jump-
ing mode,13 the adhesion can be easily obtained with hi
lateral resolution. The capillary forces depend on the liq
volume and its properties and on the interface geometry
cluding the SFM tip radius. Dependent upon the interfa
conditions, the capillary forces can be large as compare
weak van der Waals forces. For lightly loaded conditio
these forces may be comparable to external load. The a
sion due to capillary forces plays also an important role
producing and the working of microelectromechanic
systems2,3,14,15~MEMS!. Therefore results of this study ca
be used to design a model of surface roughness for low
hesion.

In SFM, not only the force at the contact is needed
study the influence of capillary forces on adhesion, but
distance dependence starting from contact until the brea
the meniscus between tip and sample is necessary fo
investigation. In this paper we present an analysis to ob
the distance dependence of the meniscus force betwe
SFM tip and a surface. The tip is represented by a parab
PRB 620163-1829/2000/62~20!/13667~7!/$15.00
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shaped tip and the surface is a half plane. The influenc
the different parameters is presented. In the latter part of
paper, the capillary forces are compared to van der Wa
forces and their relative importance in various operating c
ditions is studied.

II. ANALYSIS OF CAPILLARY AND
VAN DER WAALS FORCES

A. Capillary forces

Liquids can spontaneously condense from the vapor ph
to the liquid state at small cracks and pores. The reason
the capillary condensation lies in the pressure differe
across the interface of a curved surface,

p5gS 1

r 1
1

1

r 2
D , ~1!

where g is the surface tension andr 1 and r 2 are the two
principal radii of the curved surface. This equation is oft
called the Young-Laplace equation.3,16,17 From the thermo-
dynamic view the pressure difference influences the free
lar energy. The change in free molar energy at constant t
perature and a molar volumeV caused by a change in th
pressure is given by

DG5VDp. ~2!

Combining the Young-Laplace equation~1! to describe the
pressure difference and the relation for the ideal free mo
energy we get
13 667 ©2000 The American Physical Society



n-

ab
po
m
n
on
o

d
is

is
c
iv
s
g
sc
n
th
o

ac

sc

ius

a
For

sur-

o
the
lane
dii

e
ion
ral

he
se.
ish

ec-
a
-
cle

he
t a

at
re-

also
e

13 668 PRB 62THOMAS STIFTER, OTHMAR MARTI, AND BHARAT BHUSHAN
RT ln
p

p0
5gVS 1

r 1
1

1

r 2
D , ~3!

whereR is the universal gas constant,T the absolute tem-
perature,p0 the normal vapor pressure of the liquid, andp
the pressure acting outside the curved surface. Equation~3!
is generally called the Kelvin equation. At given enviro
ment parameters (T, g, V, and p/p0) the Kelvin equation
provides the so-called Kelvin radius

r k
215S 1

r 1
1

1

r 2
D5

RT

gV
ln

p

p0
. ~4!

This radius defines for the given parameters the adjust
curvature of the condensing liquid. Thus, the relative va
pressurep/p0 plays an important role and the water fil
present from capillary condensation is a direct conseque
of the relative humidity. To calculate now the force acting
a SFM tip, the capillary condensation in the case of a smo
sphere on a smooth plane is considered~Fig. 1!. With the
Young-Laplace equation~1! for the pressure difference an
the areapx2 the force working/acting perpendicular to th
area is given as

F5ppx25gS 1

r 1
1

1

r 2
Dpx2. ~5!

For a liquid film that wets the tip, the meniscus formed
concave in shape as shown in Fig. 1. A concave menis
with a negative radius of curvature results in an attract
force between the SFM tip and the surface. In most case
interestr 2@r 1; thusF in Eq. ~5! becomes negative, meanin
that it acts towards the surface. Nevertheless the meni
force does not act at all distances, because it appears o
approach only at or shortly before contact. Retracting of
tip results in breakage of the capillary, thus elimination
the meniscus force, at a significant distance from the surf

To calculate the meniscus forces for each separation
the tip and the surface, the geometric shape of the meni

FIG. 1. Schematic of a sphere on a plane at distanceD with a
liquid film in between, forming concave-~right! and convex-~left!
shaped menisci.
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has to be determined. The starting point is the Kelvin rad
@Eq. ~3!# and the force between tip and surface@Eq. ~5!#.
Figure 1 shows the schematic of a SFM tip in contact with
plane surface for concave- and convex-shaped menisci.
calculating the meniscus force between the tip and the
face the two radiir 1 andr 2 of Eq. ~5! must be known. To get
the two radii the surface of the liquid is described by tw
intersections. The first intersection, in-plane vertical to
surface, is represented by an arc, and the second, in-p
parallel to the surface, is described by a circle. The two ra
are distinguished as follows:r 1 is the radius of arc andr 2 is
approximately the distance of the midpointx0 from the rota-
tion axis minus the radiusr 1 of the arc:r 25x02r 1. In the
following model they axis lies normal to the surface. Th
origin of the coordinate system is at the point of intersect
of the rotating axis with the surface. Therefore the gene
equation for the arc is given by

x~y!5x06Ar 1
22~y2y0!2 ~6!

with the positive sign for an arc for the convex case in t
left part of Fig. 1 and the negative sign for the concave ca

First the concave case will be investigated. To distingu
the midpoint (x0 ,y0) and the radiusr 1 of the circle part, the
following boundary conditions must be considered:

dy~x!

dx U
y50

52a1 ,

y~x!uy1
PP5H xUyp~x!5

x2

c
1DJ , ~7!

dy~x!

dx U
y1

5

dyp~x!

dx U
y1

2a2

12
dyp~x!

dx U
y1

a2

,

wherea15tanu1 and a25tanu2 with u1 and u2 being the
contact angle of the liquid at the surface and the tip, resp
tively. The setP defines the shape of the tip. Here it is
parabola with the parameterc as an intersection of the pa
raboloid shaped tip. If the parabola approximated by a cir
with the radiusR the relationc52R holds. The solution for
the midpoint (x0 ,y0) and the radiusr 1 due to the three
boundary conditions is not unique, e.g.,y1 can be freely
chosen. The distanceD cannot be chosen freely because t
force shall be calculated for this fixed distance. To ge
unique solution the Kelvin radius from Eq.~3! for a given
liquid (g,u1 ,u2 ,V) an additional boundary condition atD
5z0 is used:

1

r 1
1

1

y02r 1
5r k

21 . ~8!

The distancez0 is the closest approach of the tip, meaning
this distance the meniscus is built and then the tip is
tracted. With this determined arc it is possible with Eq.~5! to
calculate the force between the tip and the surface and
the volume of the liquid collected under the tip. This volum
will be kept constant for distancesD.z0 between tip and
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surface and replaces the boundary condition Eq.~8! in this
case. Finally the disappearance of the meniscus forces
be determined. This is the case forx05r 1, because for this
condition the neck is zero and the meniscus is no lon
formed, meaning the meniscus breaks.

The second meniscus shape, the convex case~left side of
Fig. 1!, uses the same boundary conditions~7! and~8! as the
concave constellation. There are, however, only a few s
cial cases where a solution for the boundary conditions
found. The reason is due to the Kelvin radius, in that
geometry of a concave-shaped meniscus is not treated b
boundary condition~8!. This is the reason why the following
calculations are only done for the concave condition.

The force acting between tip and surface is calculated
Eq. ~5! with x5x02r 1 and r 25x02r 1:

F5gp~x02r 1!2S 1

2r 1
1

1

x02r 1
D . ~9!

Due to the shape the radiusr 1 has to be considered negativ
For small distances between tip and surfacer 1!x02r 1 and
the force~9! is attractive.

B. van der Waals forces

In a SFM the capillary force is not the only force th
occurs. A major force interacting between tip and sample
dry conditions is the Lennard-Jones force.16,18,19 The
Lennard-Jones force is styled as a classical macroscopic
versus a discrete atomic law, because this force allows u
describe the same scales of tip-surface distances and g
etries as necessary for the capillary force. In general ato
laws can also deal with such a configuration, but the nec
sary computational input is larger. However, the results
both methods are principally equal.

For a better interpretation of how the capillary force w
influence the tip-sample interaction, we need to consider
meniscus force as well as the Lennard-Jones force.
Lennard-Jones potential is composed of two interactions:
van der Waals attraction and the Pauli repulsion. The gen
expression for two interacting atoms is

V~r !524eF S s

r D 6

2S s

r D 12G52
a

r 6
1

b

r 12
, ~10!

with e the depth of the minimum potential,s the position of
potential minimum, and the potential parametersa54es6

and b54es12. The second form allows a separation of a
tractive and repulsive part. van der Waals forces are of g
significance, because they are always present and cann
turned off.16,20

The repulsive part of the Lennard-Jones interaction c
siders only the Pauli exclusion principle, which is the rep
sion caused by the overlap of the electron clouds of the
atoms. The quantum mechanical calculation for the resul
potential of the overlap of the wave functions yields an e
ponential dependence. Usually the exponential dependen
approximated by a power law withn@9. For the Lennard-
Jones potentialn512 is chosen. The distance dependence
the repulsive part is given as square of the attractive par

To get the interaction potential for a SFM system rep
sented by a parabolic tip above a half plane, the atomic
ust

r

e-
re
e
the

y

n

w
to
m-
ic
s-
f

e
he
e

ral

-
at
be

-
-
o
g
-
is

f

-
o-

tential has to be integrated over the volume of the tip a
sample. The calculation results in the potential21

V~D !5
c

12S 2
A

D
1

B

210D7D , ~11!

with D the distance between tip and plane,c the width of the
parabolic tip, and the two potential parametersA
5p2n1n2a and B5p2n1n2b. The constantA is the Ha-
maker constant.

III. RESULTS AND DISCUSSION

A. Capillary forces

Figure 2 shows the influence of different humidities
the meniscus forces. The lower diagram shows the fo
curves and the upper diagram the geometric shapes of
meniscus between the tip and the surface for the dista
D5z0. The force curve for the lowest humidity has th
greatest force value atz0, the strongest distance dependen
and the earliest point where the force disappears. With
creasing humidity the force value atz0 gets smaller, the dis-
tance dependency gets weaker, and the point when di
pearance occurs lengthens. This behavior is expected
increasing humidity, because a higher humidity mean
greater Kelvin radius, thus decreasing the force atz0 and
increasing the liquid volume of the meniscus. For a high

FIG. 2. ~a! The upper diagram shows the geometric shape of
meniscus forD50 nm for various humiditiesp/p0, and ~b! the
lower diagram shows the meniscus force between the tip and
surface.
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13 670 PRB 62THOMAS STIFTER, OTHMAR MARTI, AND BHARAT BHUSHAN
volume the meniscus can be formed at higher tip-sam
distances and therefore the force disappears later. The lo
force at z0 and the disappearance at greater distances
plains the weaker distance dependency.

The influence of the surface tensiong on the force curve
is presented in Fig. 3. The surface tension appears both in
force equation~9! and in the Kelvin radius equation~3!. In
both the force and the Kelvin radius equations the surf
tension is a scaling factor. In both cases a lower surf
tension generally reduces the meniscus force. Due to
smaller Kelvin radius the liquid volume is smaller and t
force thus disappears at smaller distances.

In Fig. 4 the effect of different starting separations b
tween tip and sample is shown. With greaterz0 the force at
z0 decreases and the disappearance occurs at greater v
of D. The shifting of the disappearance point can again
explained by the greater liquid volume. The lower starti
force is caused by a smaller meniscus neck for higherz0
values.

Figure 5 shows the change due to different tip paramet
With increased tip width the forces are increased, due
greater menisci. A greater tip width means the shape of
meniscus is at a larger distance from the rotation axis. Th
fore the pressure difference due to the meniscus acts ov
greater area and increases the resulting force. The disap
ance point is also shifted to larger distances between tip
surface due to the greater amount of liquid contributing
the meniscus.

FIG. 3. ~a! The upper diagram shows the geometric shape of
meniscus forD50 nm for various surface tensionsg and ~b! the
lower diagram shows the meniscus force between the tip and
face.
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The effects of two contact angles at the tip and at
sample and the geometric shape of the meniscus on the
niscus forces are shown in Figs. 6 and 7. In Fig. 6 the con
angle u1 at the sample is varied. An increasing angle d
creases the meniscus force atz0 and shifts the disappearanc
point to smaller separations. The reason for this is due to
smaller amount of liquid contributing to the meniscus, b
cause the Kelvin radius does not change so much. For an
a little greater than 90° no arc satisfying the border condit
is found and no meniscus force exists.

The meniscus force for different contact anglesu2 at the
tip is drawn foru150° in Fig. 7. The behavior is similar to
that determined for the contact angleu1 at the sample. With
increasing angle the force atz0 decreases and the disappea
ance point shifts to lower values. For this case, however,
limit angle for the existence of meniscus forces is lower. F
contact angles greater thanu2

l imit575.3° a meniscus force is
no longer valid. For greater sample contact anglesu1 this
limit angle increases. For example, foru1580° u2

l imit yields
84.1°.

Figure 8 shows the change in geometric shape of a
niscus after retracting the tip from the surface. The para
eters arez050 nm, humidity p/p050.2, contact angleu1
5u250°, and surface tensiong572.5 mN/m. At the begin-
ning of the retraction the decrease in force is mainly cau
by the decrease ofy0, reducing the area at which the pressu

e

r-

FIG. 4. ~a! The upper diagram shows the geometric shape of
meniscus forD50 nm for variousz0, and ~b! the lower diagram
shows the meniscus force between the tip and surface. In~a! for
eachz0 value the tip position is drawn~thin lines!.
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due to the meniscus acts. At the end of the retraction, be
the meniscus breaks, the change ofr 1 is greater, but the
value is now quite comparable toy0. Due to this the radius
r 25y02r 1 dominates the strength of the meniscus force
fore the break.

The force curves shown cannot generally be used for
interpretation or calculation of force versus distance cur
or pulsed force mode~PFM! curves. One motive for such
investigations is that the tip motion influences the menisc
which must be controlled. An important condition is th
break of the meniscus. This could happen much earlier,
to the tensile strength of the liquid. This value is depend
on the velocity in retracting the tip from the surface.

B. van der Waals forces

The two dashed curves in Fig. 9 indicate the spread
possible van der Waals forces for a SFM system.22 The dot-
ted curve shows the Lennard-Jones force with the stron
van der Waals force. The two solid curves are capilla
forces from Fig. 2 indicating the range for different humid
ties. Comparing both forces shows a weaker distance de
dance of the capillary forces. Therefore the capillary forc
can be stronger or weaker than van der Waals forces
distances smaller than about 0.5 nm. For greater dista
the capillary forces are stronger than the van der Wa
forces. van der Waals forces must be considered for a

FIG. 5. ~a! The upper diagram shows the geometric shape of
meniscus forD50 nm for various tip parametersc, and ~b! the
lower diagram shows the meniscus force between the tip and
face.
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sample distance up to a few nanometers (D,5 nm!. For
many material combinations a smaller tip-sample dista
~,2 nm! is enough. Capillary forces operate up to the bre
of the meniscus. This is shown in Figs. 2 to 7 from 5 nm
20 nm. For the adhesion force, however, the tip-sample c
tact and the strength of the interaction for tip-sample sep
tions smaller than 1 nm are important. Thus for large se
rations for the retraction only the capillary force is necessa
while for smaller separations both forces must be conside
The capillary forces shown here suggest that they are
most cases stronger or combarable to van der Waals for
However, weaker surface tensions and other contact an
can reduce the strength of the capillary forces.

In Fig. 10 the tip radius dependence is investigated. T
forces show a similar increase with increase of tip radius.
the van der Waals force the increase is exactly linear with
tip radius@see Eq.~11!#. The capillary forces shown here ar
the one of the strongest for each tip radius, together with
strongest van der Waals forces.

IV. CONCLUSIONS

Capillary and meniscus forces between a paraboloid
and a sample are calculated for various tip geometries, r
tive humidity, surface tensions, and contact angles. Com
ing the van der Waals and the meniscus forces, three pos
arrangements can occur. The van der Waals force can

e

r-

FIG. 6. ~a! The upper diagram shows the geometric shape of
meniscus forD50 nm for various contact anglesu1, and ~b! the
lower diagram shows the meniscus force between the tip and
face.
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dominant, the meniscus force can be dominant, or b
forces can be roughly equal. Capillary forces can be m
mized by tip geometry or material design. These needs to
minimized for devices with as smooth surfaces and that
erate under light loads such as MEMS. A typical problem
MEMS is the sticking of parts on the substrate after, e
cleaning processes. If the closest sticking part to the sur
has a small effective radius, the strength of the capill

FIG. 7. ~a! The upper diagram shows the geometric shape of
meniscus forD50 nm for various contact anglesu2, and ~b! the
lower diagram shows the meniscus force between the tip and
face.

FIG. 8. Change of the meniscus shape by retracting the tip f
the surface.
th
i-
be
-

r
.,
ce
y

force can be small enough such that the part detaches itse
low humidity. Another problem occurring for MEMS is th
intersolid adhesion. This effect can be caused by previou
existing capillary forces and can also be reduced or negle
with the aforementioned description. The covering of the
or the sample with a hydrophobic material reduces the c
tact angle and therefore the force. The thickness of the
drophobic material can be very small, which implies that t
main contribution of the Lennard-Jones force comes fr
the material under the hydrophobic layer. This allows us
influence the strength of the Lennard-Jones force through
choice of the tip material.

Further studies and extensions of the model could h
especially in determining the real influence of the SFM
the measured properties. The possibility of separating
desired properties from the capillary-force-affected sig
could also be explored.
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