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Theoretical investigation of the distance dependence of capillary and van der Waals forces
in scanning force microscopy
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The capillary and van der Waals forces between a tip and a plane in a scanning force mic(8§ddpare
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 conditiongsurface tension, humidity, and tip geometay 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.

[. INTRODUCTION shaped tip and the surface is a half plane. The influence of
the different parameters is presented. In the latter part of the
With the invention of the scanning force microscope paper, the capillary forces are compared to van der Waals
(SFM) in 1986 by Binniget al! a powerful probe for a va- forces and their relative importance in various operating con-
riety of surface studies was made availabtedn important  ditions is studied.
property of the SFM is its abi"% to investigateévarious
sample properties such as adhesimsyrface charge,and
magfleti(? erc))pertiéson a nanometer scale. Howe?/er, if the Il. ANALYSIS OF CAPILLARY AND
SFM is operating in air, capillary forces of water films or VAN DER WAALS FORCES
other liquids cause a strong interaction between the tip and A. Capillary forces

sample. The adhesion, which is the force necessary to sepa- Liquids can spontaneously condense from the vanor phase
rate the tip from the sample, changes with the presence of the d P Y por p

liquid film.”~® Since the introduction of SFM modes such as tﬂ;hga“?#;? ngﬁdaetnssr:t?gncﬁ?gsksinar»:geporris;sz?ee L?f?ggennizr
the force volume mod¥ pulsed force mod&:*?and jump- piiary P

ing mode!® the adhesion can be easily obtained with highacroSS the interface of a curved surface,
lateral resolution. The capillary forces depend on the liquid

volume and its properties and on the interface geometry in- 1 1
cluding the SFM tip radius. Dependent upon the interface P=v EJFE
conditions, the capillary forces can be large as compared to

weak van der Waals forces. For lightly loaded Cond't'onswherey is the surface tension ang andr, are the two

these forces may be comparable to external load. The adngincina) radii of the curved surface. This equation is often

sion due to capillary forces plays also an important role ing5j1e4 the Young-Laplace equatidf®’ From the thermo-
producing and the working of microelectromechanical

31415 . dynamic view the pressure difference influences the free mo-
system&>19(MEMS). Therefore results of this study can 1o energy. The change in free molar energy at constant tem-
be used to design a model of surface roughness for low aAp

; Jerature and a molar volumé caused by a change in the
hesion.

In SFM, not only the force at the contact is needed topressure 's given by
study the influence of capillary forces on adhesion, but the
distance dependence starting from contact until the break of AG=VAp. 2
the meniscus between tip and sample is necessary for an
investigation. In this paper we present an analysis to obtai€ombining the Young-Laplace equatiéh) to describe the
the distance dependence of the meniscus force betweenpaessure difference and the relation for the ideal free molar
SFM tip and a surface. The tip is represented by a parabolienergy we get

: ()
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has to be determined. The starting point is the Kelvin radius
[Eqg. (3)] and the force between tip and surfadeq. (5)].
Figure 1 shows the schematic of a SFM tip in contact with a
plane surface for concave- and convex-shaped menisci. For
calculating the meniscus force between the tip and the sur-
face the two radir; andr, of Eq. (5) must be known. To get

the two radii the surface of the liquid is described by two
intersections. The first intersection, in-plane vertical to the
surface, is represented by an arc, and the second, in-plane
parallel to the surface, is described by a circle. The two radii
are distinguished as follows; is the radius of arc and, is
approximately the distance of the midpokgtfrom the rota-

tion axis minus the radius; of the arc:r,=xy—r4. In the
following model they axis lies normal to the surface. The
origin of the coordinate system is at the point of intersection
of the rotating axis with the surface. Therefore the general
equation for the arc is given by

X(Y)=Xo*\ri—(y—yo)? (6)

~ FIG. 1. Schematic of a sphere on a plane at distdheeith a  with the positive sign for an arc for the convex case in the

liquid film in between, forming concaveright) and convex{left) |eft part of Fig. 1 and the negative sign for the concave case.

shaped menisci. First the concave case will be investigated. To distinguish
the midpoint &q,Yo) and the radius, of the circle part, the

1 1 i iti i :
RTIn£= yV(—+ _)’ 3) following boundary conditions must be considered:
Po r. r; dy(x)
whereR is the universal gas constari,the absolute tem- d =—aq,
perature,p, the normal vapor pressure of the liquid, apd X ly=o
the pressure acting outside the curved surface. Equégjon )
is generally called the Kelvin equation. At given environ- _ _x
ment parametersT( vy, V, andp/py) the Kelvin equation y(x)|yleP X|Yp(X) c Dy, 0
provides the so-called Kelvin radius
dy,(x)
1 1+1 _RT p 4 ﬁ’i —ay
R T @ dyo| T
. . ) . . dx dyp(x) '
This radius defines for the given parameters the adjustable i 1-——- a,
curvature of the condensing liquid. Thus, the relative vapor dx V1

pressurep/pgy plays an important role and the water film . ,
present from capillary condensation is a direct consequencéherea;=tané, and a;=tané, with 6, and 6, being the
of the relative humidity. To calculate now the force acting oncontact angle of the liquid at the surface and the tip, respec-

a SFM tip, the capillary condensation in the case of a smootf{vely. The setP defines the shape of the tip. Here it is a
sphere on a smooth plane is conside(Ed. 1). With the ~Parabola with the parameteras an intersection of the pa-

Young-Laplace equatiofil) for the pressure difference and raboloid shaped tip. If the parabola approximated by a circle

the areamx? the force working/acting perpendicular to this With the radiusR the relationc=2R holds. The solution for
area is given as the midpoint &g,y,) and the radius; due to the three

boundary conditions is not unique, e.g, can be freely
) chosen. The distande cannot be chosen freely because the
X", (5 force shall be calculated for this fixed distance. To get a
unique solution the Kelvin radius from E3) for a given
For a liquid film that wets the tip, the meniscus formed isjiquid (y,#6;,6,,V) an additional boundary condition &
concave in shape as shown in Fig. 1. A concave meniscus z, js used:
with a negative radius of curvature results in an attractive
force between the SFM tip and the surface. In most cases of 1 1
interestr ,>r4; thusF in Eq. (5) becomes negative, meaning a Yo—I1
that it acts towards the surface. Nevertheless the meniscus
force does not act at all distances, because it appears on tfibe distance, is the closest approach of the tip, meaning at
approach only at or shortly before contact. Retracting of thehis distance the meniscus is built and then the tip is re-
tip results in breakage of the capillary, thus elimination oftracted. With this determined arc it is possible with E5).to
the meniscus force, at a significant distance from the surfacealculate the force between the tip and the surface and also
To calculate the meniscus forces for each separation dhe volume of the liquid collected under the tip. This volume
the tip and the surface, the geometric shape of the meniscwgll be kept constant for distancd3>z, between tip and

1 1
_+_
N

F=p7TX2=y ;
2

=r. "t (8)
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surface and replaces the boundary condition @g.in this z,=0 nm, y=72.5 N/m, 6,=6,=0°, c=40 nm
case. Finally the disappearance of the meniscus forces muga) 00—~ m
be determined. This is the case fqy=r,, because for this
condition the neck is zero and the meniscus is no longer
formed, meaning the meniscus breaks.

The second meniscus shape, the convex (afteside of
Fig. 1), uses the same boundary conditig@sand(8) as the
concave constellation. There are, however, only a few spe
cial cases where a solution for the boundary conditions are ~
found. The reason is due to the Kelvin radius, in that the 0s
geometry of a concave-shaped meniscus is not treated by th 03 ,,°,:,,‘,‘~
boundary conditiort8). This is the reason why the following 01 °2/(((
calculations are only done for the concave condition. ( ‘ ‘ )
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The force acting between tip and surface is calculated by 0
Eq. (5) with x=X¢—r4 andr,=Xg—ry: x (nm)
) of T -

1 1
) )

= —_ 2 —_—
F ’y’iT(XO rl) (—rl+xo—rl .
Due to the shape the radiug has to be considered negative.
For small distances between tip and surfag&x,—r, and
the force(9) is attractive.

Z
c

F(

B. van der Waals forces

In a SFM the capillary force is not the only force that
occurs. A major force interacting between tip and sample in
dry conditions is the Lennard-Jones for€é®1® The T P
Lennard-Jones force is styled as a classical macroscopic la\ 0123456 7D (,?m)g 10111213 14 15 16
versus a discrete atomic law, because this force allows us to
describe the same scales of tip-surface distances and geom-FIG. 2. (&) The upper diagram shows the geometric shape of the
etries as necessary for the capillary force. In general atomieniscus forD=0 nm for various humiditiep/p,, and (b) the
laws can also deal with such a configuration, but the necedower diagram shows the meniscus force between the tip and the
sary computational input is larger. However, the results ofurface.
both methods are principally equal. . ) .

For a better interpretation of how the capillary force will tential has to be integrated over the volume of the tip and
influence the tip-sample interaction, we need to consider thgample. The calculation results in the potefitial
meniscus force as well as the Lennard-Jones force. The
Lennard-Jones potential is composed of two interactions: the V(D)= _( _2l B
van der Waals attraction and the Pauli repulsion. The general 12\ D 210D7
expression for two interacting atoms is

(o 6 ag
r r

14} .

: (11)

with D the distance between tip and pland¢he width of the

a b parabolic tip, and the two potential parameteis

=-—+t0 (10 =#2n;n,a and B=#?n;n,b. The constantA is the Ha-
r maker constant.

12

V(r)=—4e

with e the depth of the minimum potentiat, the position of
potential minimum, and the potential parametars4ea® Ill. RESULTS AND DISCUSSION
andb=4e0'% The second form allows a separation of at-
tractive and repulsive part. van der Waals forces are of great
significance, because they are always present and cannot beFigure 2 shows the influence of different humidities on
turned off1®-%° the meniscus forces. The lower diagram shows the force
The repulsive part of the Lennard-Jones interaction coneurves and the upper diagram the geometric shapes of the
siders only the Pauli exclusion principle, which is the repul-meniscus between the tip and the surface for the distance
sion caused by the overlap of the electron clouds of the tw® =z,. The force curve for the lowest humidity has the
atoms. The quantum mechanical calculation for the resultingreatest force value at, the strongest distance dependency,
potential of the overlap of the wave functions yields an ex-and the earliest point where the force disappears. With in-
ponential dependence. Usually the exponential dependencedseasing humidity the force value & gets smaller, the dis-
approximated by a power law with>9. For the Lennard- tance dependency gets weaker, and the point when disap-
Jones potentiat=12 is chosen. The distance dependence opearance occurs lengthens. This behavior is expected for
the repulsive part is given as square of the attractive part. increasing humidity, because a higher humidity means a
To get the interaction potential for a SFM system repre-greater Kelvin radius, thus decreasing the forcezgand
sented by a parabolic tip above a half plane, the atomic poncreasing the liquid volume of the meniscus. For a higher

A. Capillary forces
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z,=0 nm, p/p;=0.2, 6,=6,=0°, c=40 nm v=72.5 N/m, p/p,=0.1, 6,=6,=0°, c=40 nm

1.4 14
(@ | ¥=72.5 N/im | @ i
121 . 1.2 i
| 60.0 N/m | J
1.0 — 1.0 _
| 47.5N/m | |
o8- — __os8 o
E r 35.0N/im 1 E 1
> 0.6 i > 0.6 ]
0.4 — 0.4 .
0.2~ — 0.2 _
0.0 .
8 9 10 0'00 8 9 10
b) © : (b) © ]
2 e 8
-4 4 i
8 g 8
28 1 £ 1
w w
-10( 1 1
-12 . .
-14 ] ]
I\’ 1 1 | 1

D (nm) D (nm)

FIG. 3. (@) The upper diagram shows the geometric shape of the FIG. 4. (a) The upper diagram shows the geometric shape of the
meniscus folD =0 nm for various surface tensionsand (b) the meniscus forD=0 nm for variousz,, and(b) the lower diagram
lower diagram shows the meniscus force between the tip and sushows the meniscus force between the tip and surfacéa) Ifor
face. eachz, value the tip position is draw(thin lines.

volume the meniscus can be formed at higher tip-sample _
distances and therefore the force disappears later. The lower The effects of two contact angles at the tip and at the
force atz, and the disappearance at greater distances example and the geometric shape of the meniscus on the me-
plains the weaker distance dependency. niscus forces are shown in Figs. 6 and 7. In Fig. 6 the contact
The influence of the surface tensignon the force curve angle 6, at the sample is varied. An increasing angle de-
is presented in Fig. 3. The surface tension appears both in theases the meniscus forcezgtand shifts the disappearance
force equation9) and in the Kelvin radius equatiof8). In point to smaller separations. The reason for this is due to the
both the force and the Kelvin radius equations the surfacemaller amount of liquid contributing to the meniscus, be-
tension is a scaling factor. In both cases a lower surfaceause the Kelvin radius does not change so much. For angles
tension generally reduces the meniscus force. Due to thglittle greater than 90° no arc satisfying the border condition
smaller Kelvin radius the liquid volume is smaller and thejs found and no meniscus force exists.
force thus disappears at smaller distances. . The meniscus force for different contact angiesat the
In Fig. 4 the effect of different starting separations be-ij, js drawn forg,=0° in Fig. 7. The behavior is similar to
tween tip and sample is shown. With greatgrthe force at ¢ determined for the contact angle at the sample. With
Z, decreases and the disappearance occurs at greater ValW?csreasing angle the force a3 decreases and the disappear-

g; ?éi:;gg ;h'fttr']neg ?];gt]eer ?i'sﬁ%p\e/gﬁ%%e $ﬁg]tlgv‘32ra§grgnb%nce point shifts to lower values. For this case, however, the
P y 9 d ) Yjimit angle for the existence of meniscus forces is lower. For

force is caused by a smaller meniscus neck for higher imi ) .
values y contact angles greater thﬂém”=75.3° a meniscus force is

Figure 5 shows the change due to different tip parameterd!© longer valid. For greater sample contact anglesthis
With increased tip width the forces are increased, due tdimit angle increases. For example, féf=80° 6;™" yields
greater menisci. A greater tip width means the shape of th84.1°.
meniscus is at a larger distance from the rotation axis. There- Figure 8 shows the change in geometric shape of a me-
fore the pressure difference due to the meniscus acts overrascus after retracting the tip from the surface. The param-
greater area and increases the resulting force. The disappe&ters arezo=0 nm, humidity p/py=0.2, contact angled,
ance point is also shifted to larger distances between tip ang 6,=0°, and surface tensiop=72.5 mN/m. At the begin-
surface due to the greater amount of liquid contributing toning of the retraction the decrease in force is mainly caused
the meniscus. by the decrease of, reducing the area at which the pressure
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z,=0 nm, y=72.5 N/m, p/p,=0.1, 6,=89.9°, 6,=0° z,=0 nm, y=72.5 N/m, p/p,=0.2, 6,=0°, c=40 nm
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FIG. 5. (a) The upper diagram shows the geometric shape of the FIG. 6. (a) The upper diagram shows the geometric shape of the
meniscus forD=0 nm for various tip parameters and (b) the meniscus foD =0 nm for various contact angle®, and(b) the
lower diagram shows the meniscus force between the tip and sutewer diagram shows the meniscus force between the tip and sur-
face. face.

due to the meniscus acts. At the end of the retraction, beforeample distance up to a few nanometes<(5 nm). For
the meniscus breaks, the changergfis greater, but the many material combinations a smaller tip-sample distance
value is now quite comparable §g. Due to this the radius (<2 nm) is enough. Capillary forces operate up to the break
r,=yo—r, dominates the strength of the meniscus force beof the meniscus. This is shown in Figs. 2 to 7 from 5 nm to
fore the break. 20 nm. For the adhesion force, however, the tip-sample con-
The force curves shown cannot generally be used for théact and the strength of the interaction for tip-sample separa-
interpretation or calculation of force versus distance curvegions smaller than 1 nm are important. Thus for large sepa-
or pulsed force modéPFM) curves. One motive for such rations for the retraction only the capillary force is necessary,
investigations is that the tip motion influences the meniscusywhile for smaller separations both forces must be considered.
which must be controlled. An important condition is the The capillary forces shown here suggest that they are for
break of the meniscus. This could happen much earlier, dugost cases stronger or combarable to van der Waals forces.
to the tensile strength of the liquid. This value is dependentHowever, weaker surface tensions and other contact angles

on the velocity in retracting the tip from the surface. can reduce the strength of the capillary forces.
In Fig. 10 the tip radius dependence is investigated. The
B. van der Waals forces forces show a similar increase with increase of tip radius. For

o o the van der Waals force the increase is exactly linear with the
The two dashed curves in Fig. 9 indicate the spread ofiy radius[see Eq(11)]. The capillary forces shown here are

possible van der Waals forces for a SFM sysféﬂihe dot-  the one of the strongest for each tip radius, together with the
ted curve shows the Lennard-Jones force with the strongegtyongest van der Waals forces.

van der Waals force. The two solid curves are capillary
forces from Fig. 2 indicating the range for different humidi-
ties. Comparing both forces shows a weaker distance depen-
dance of the capillary forces. Therefore the capillary forces Capillary and meniscus forces between a paraboloid tip
can be stronger or weaker than van der Waals forces fasnd a sample are calculated for various tip geometries, rela-
distances smaller than about 0.5 nm. For greater distancéive humidity, surface tensions, and contact angles. Compar-
the capillary forces are stronger than the van der Waaling the van der Waals and the meniscus forces, three possible
forces. van der Waals forces must be considered for a tiparrangements can occur. The van der Waals force can be

IV. CONCLUSIONS



13672 THOMAS STIFTER, OTHMAR MARTI, AND BHARAT BHUSHAN PRB 62

z,=0 nm, y=72.5 N/m, p/p,=0.2, 6,=0°, c=40 nm
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FIG. 9. Comparison of van der Waals and capillary forces. Val-
ues for the van der Waals curvédashedt tip width 20 nm; Ha-
maker constants 0.04 and X@0 '° J. The dotted curve is a
Lennard-Jones force with the strongest van der Waals force. The
. capillary forces show the range for different humidities.

force can be small enough such that the part detaches itself at
1 low humidity. Another problem occurring for MEMS is the

] intersolid adhesion. This effect can be caused by previously
existing capillary forces and can also be reduced or neglected
with the aforementioned description. The covering of the tip

g or the sample with a hydrophobic material reduces the con-
tact angle and therefore the force. The thickness of the hy-
5 drophobic material can be very small, which implies that the
D (nm) main contribution of the Lennard-Jones force comes from
the material under the hydrophobic layer. This allows us to

FIG. 7. (a) The upper diagram shows the geometric shape of thgpfence the strength of the Lennard-Jones force through the
meniscus foD=0 nm for various contact angles,, and(b) the choice of the tip material

lower diagram shows the meniscus force between the tip and sur- Further studies and extensions of the model could help

face. especially in determining the real influence of the SFM on
Ijihe measured properties. The possibility of separating the

dominant, the meniscus force can be dominant, or botdesired roperties from the capillary-force-affected signal
forces can be roughly equal. Capillary forces can be mini- prop pifiary 9
ould also be explored.

mized by tip geometry or material design. These needs to b
minimized for devices with as smooth surfaces and that op-
erate under light loads such as MEMS. A typical problem for ACKNOWLEDGMENTS
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