
PHYSICAL REVIEW B 66, 035402 ~2002!
Electrostatic forces in atomic force microscopy
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In this paper we quantitatively compare various electrostatic models, which describe the interaction of a
polarized atomic force microscopy tip with a molecularly smooth and grounded substrate, with a large experi-
mental data set collected at many different tip potentials. The model by Hudletet al. @Eur. Phys. J. B2, 5
~1998!# provides an excellent description of the experimental data for tip parameters~heightH, cone half-angle
u0 , and tip radiusR0! close to their typical values, provided contributions from the cantilever body are
included.
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I. INTRODUCTION

The application of an electrostatic charge to the tip of
atomic force microscope~AFM! have found many uses. I
has been used to~i! image small droplets situated upon
substrate on nanometer length scales,1 ~ii ! study the charge
mobility on ionic surfaces,2 ~iii ! map the compositional pat
tern of buried organic interfaces,3 and~iv! quantify the char-
acteristics of charged surface sites.4 Unfortunately, as is well
known, a quantitative interpretation of the AFM signal
difficult because this signal invariably depends in a com
cated fashion upon the tip shape and tip geometry. In fac
the presence of electrostatic forces the cantilever~which is
many microns from the surface under study! contributes a
large background capacitance which gives rise to a ba
ground force on top of which charging effects at the tip m
act. The major theoretical elements which describe the s
plest and most well-studied geometry, of a conductive tip
constant potential approaching a grounded molecularly
conductive surface, are now rather well understood. At sm
separation distancesz between the tip and the substrate, t
force of interaction is mainly influenced by the apex of t
tip, which can be modeled by a sphere of radiusR0 .5 For z
!R0 , the attractive interaction force reads

F;2R0 /z ~1!

which crosses over to

F;2~R0 /z!2 ~2!

at somewhat larger distances. However at very large
tancesR0!z!H, but much less than the effective tip heig
H, the force of interaction is primarily influenced by th
macroscopic tip geometry~Fig. 1! which can be modeled a
a cone of heightH and half-angleu0 at a constant potentia
V. Such an interaction can be represented by a line of ch
of heightH interacting with its image, thus giving6

F; ln~z/H !. ~3!

A rather complete discussion of the various theoretical m
els, together with a comparison with experiment, was p
vided in Ref. 7. Unfortunately these early models, as enco
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passed by the dependences exhibited in Eqs.~1!–~3!, provide
limited insight as to how the interaction force crosses o
between the various force regimes. This difficult theoreti
problem was recently approximately solved by Hudletet al.8

using an analytic scheme. They demonstrated that their
oretical formula@Eq. ~5! below# provides reasonable agree
ment with experiment. However, the data set that they c
sidered was rather sparse and consisted of just a few
points. Recent experimental work of Guggisberget al.9

found a rather unexpected behavior for the electrostatic
teraction between an oscillating charged tip and a substr
which differed considerably from the predictions of th
Hudlet model. They attributed these differences to the pr
ence of frozen charges on the tip, which were static over
oscillation cycle.

The purpose of this publication is to definitively check t
validity of Eqs. ~1!–~5! against a large data set collected
many different tip voltages. We find that a quantitative d
scription of the experimental data can only be obtained us
realistic tip parameters provided an additional cantilever c
tribution @Eq. ~9!# is taken into account.

II. THEORY

The AFM tip and~triangular! AFM cantilever, which are
both at a potentialV, form a capacitor of complex geometr
when in the vicinity of a grounded substrate. The force
the tip possesses the form

F5Fbg1p«0~V2V0!2f ~z!, ~4!

whereFbg represents any non-voltage-dependent backgro
term originating from, for example, the van der Waals forc
V0 is a small residual surface potential~discussed below!,
and «0 is the vacuum permittivity, whilef (z);dC/dz is
generated by the variation in the capacitanceC with separa-
tion distancez. The termf (z) depends in a complicated fash
ion upon the geometric parametersR0 , u0 , andH of the tip.
By modeling the tip as a spherical apex and cone, Hud
et al.8 determined an approximate expression for the cap
tance, and thus found the dimensionless electrostatic fo
f (z). In their model10
©2002 The American Physical Society02-1
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f ~z!52K2F lnS H

z1R0~12sinu0! D211
R0 cos2 u0 /sinu0

z1R0~12sinu0!G
2

R0
2~12sinu0!

z@z1R0~12sinu0!#
~5!

with

K51/ln@ tan~u0/2!#. ~6!

This equation conforms with the limiting behaviors co
tained within Eqs.~1!–~3! and, additionally, provides an ex
plicit prediction for the manner in which the interaction for
crosses over between the various force regimes.

An alternative expression forf (z) can be derived if the tip
is modeled as a hyperboloid.11,8 With the same parameters
the dimensionless force now reads

f ~z!52K2F lnS 11
H

z D2

S z2
R0

tan2 u0
DH

z~H1z!
G . ~7!

This expression is exact when the grounded plane and
conductive hyperboloid belong to the same set of equipo
tials, namely, when

z5
R0

tan2 u0
. ~8!

In both Eqs.~5! and ~7!, the contribution from the canti
lever body is ignored. Although the cantilever body is l
cated further away from the surface~at a distance larger tha
the tip heightH!, we show below that including this contr
bution is essential for obtaining correct values for the
parameters. If the cantilever can be represented by a t
electrode, with tilt anglea and a rectangular shape~width
Ly , lengthLx!, then the force acting on the cantilever is

f lever~z!5
1

2p

LxLy

~z1H !2

1

S 11
Lx

z1H
tana D . ~9!

FIG. 1. Schematic diagram illustrating the AFM tip paramete
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he
n-

ed

The predictions contained within Eqs.~1!–~9! will be
tested on many different levels in Sec. IV, from the glob
voltage dependence ofF to the more microscopic details o
f (z), where the tip parameters play an essential role.

III. EXPERIMENTAL DETAILS

A Park Scientific AFM was used to collect force vers
distance data at various dc tip voltages ranging from 0 to
V in 1 V steps. The AFM tip~Park Scientific Ultralever,
ULCT! consisted of a silicon cantilever with silicon conic
tip whereH;6 mm, u0;12°, a typicalR0 of a few tens of
nanometers, and a typical force constant ofk50.26 N/m.
Two substrates were used. One was a bare silicon chip ta
from the same material as the AFM cantilever itself. T
second substrate consisted of a polished~100! silicon wafer,
purchased from Semiconductor Processing Company,
thickness 3 mm andn-type phosphorous doping with a resi
tivity of 1–10 V cm. This wafer has a;2-nm-thick oxide
layer upon which we deposited ann-hexadecyltrichlorosilane
self-assembled monolayer using a standard wet chem
procedure.12 After application of this silane coating, the oute
surface consisted of an inert and homogeneous layer pos
ing methyl end groups (-CH3) with low contact angle hys-
teresis~;1°–2° for n-octane droplets! and a surface rough
ness of;0.5 nm over a 10310-mm2 area as measured by
contact mode AFM. This surface roughness conforms w
the underlying surface roughness for a bare silicon wafe13

The results obtained from both substrates were similar.
The background forceFbg, as the tip approaches the su

face atz50 when the applied potential is 0 V, is shown

. FIG. 2. The backgroundFbg between the AFM tip at 0 V and the
grounded silane coated silicon wafer as a function of the dista
from the surface atz50. At large z, a repulsive force is presen
indicating that some residual charges of thesame signexist on both
the tip and the silicon wafer. At smallz ~within 0.05 mm of the
surface!, the force of interaction is attractive, most probably due
the attractive van der Waals interaction. In the inset we have plo
the forceF as a function ofV2 at fixed z.0.26mm for both in-
creasing and decreasing tip voltages. Residual charges are acc
lating on the tip for decreasing voltage, asF is no longer linearly
proportional toV2.
2-2
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ELECTROSTATIC FORCES IN ATOMIC FORCE MICROSCOPY PHYSICAL REVIEW B66, 035402 ~2002!
FIG. 3. The excess forceF
2Fbg plotted as a function of dis-
tance from the surface, atz50,
for various tip voltages from 1 to
10 V in 1 steps.~These data are
from the ‘‘increasing’’ voltage
data of Fig. 2~inset! where no ad-
ditional charge accumulates on th
tip.!
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Fig. 2. There are a number of important features that sho
be noted. The silicon wafer is grounded; therefore, un
these conditions, one would normally only expect anattrac-
tive van der Waals force between the tip and the substrate
fact, a largerepulsiveforce is present at large distances and
is only when one is within 0.05mm of the surface that an
attractive force is evident. At a sufficiently small distan
zJ'5.4 nm, the tip jumps into contact with the surface wh
the attractive force overcomes the elastic restoring force
the cantilever; for the situation shown, the ‘‘jump-in’’ forc
FJ'1.8 nN. The presence of the repulsive force implies t
residual surface charges of thesame signreside on both the
tip and the substrate. It is not surprising that these cha
are present. It is well known that friction, when the tip a
substrate make contact, can generate contact electrificat14

and, in fact, this effect has been observed before using
AFM.4 These residual charges not only influenceFbg but also
contribute a small surface potentialV0 which will be ac-
counted for below. The termFbg can be treated as an additiv
background and subtracted fromF at eachdistancez. In the
inset to Fig. 2 we showF as a function ofV2, at a fixed
distance ofz.0.26mm, for both increasing and decreasin
voltages.F scales withV2 for increasing voltage and th
force should be described by Eqs.~1!–~4!. However, for de-
creasing voltage, the force no longer scales withV2, and
charge is accumulating on the tip. Hence, in the remainde
this paper, we will only consider theF versusz data collected
during the ‘‘increasing voltage’’ stage.

IV. ANALYSIS

The normalized forceF2Fbg as a function of the distanc
from the surface atz50 ~for different ‘‘increasing’’ voltages
V! is depicted in Fig. 3. According to Eq.~4! the dimension-
less forcef (z)5(F2Fbg)/p«0V2 should fall on auniversal
curve, independent ofV, provided that no residual potentia
03540
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acts between the tip and the surface. For sufficiently la
values ofV, the force scales withV2 as expected, but devia
tions appear at low voltages. To account for the low volta
data, we have introduced a small surface poten
V0(50.52 V) which is independent ofz. The data can now
be normalized toV222VV0 where the noise in the data fo
f (z) decreases as the voltageV increases. Hence, the func
tion f (z) is better defined by the ‘‘high voltage’’ data, sa
6–10 V ~Fig. 4, symbols!, and it will only be these data
which will be used in the analysis of the shape off (z). The
universal curvef (z) contains information about the func
tional dependencies which are operative. In the followin
we first demonstrate that the principal contributions at sm
and largez are described by Eqs.~1! and ~3!, respectively;
we then consider the more complex and necessarily les
luminating ‘‘cross-over’’ forms described by Eqs.~5! and~7!.

At large z@R0 , the dimensionless force reads

f ~z!' f 11 f 2 ln~z!, ~10!

according to Eqs.~3! and~5!–~7!, wheref 1 and f 2 are fitting
parameters. This equation describes the data rather well@Fig.
4 ~solid line! and Table I, column 1#, except at very smallz.
A method for examining how well an equation fits the da
especially for equations which fit the data very well, is
plot the residuals

Re5@ f ~z!2 f f it~z!#/s ~11!

as a function of z where the standard deviations
5Ax2/(N2n), x25( i 51

N @ f i(z)2 f f it ,i(z)#2, N(52012) is
the number of data points, whilen is the number of adjust-
able parameters. For a perfect fit, 67% of the points will f
between6s, 95% of the points will fall between62s, and
all points will be randomly distributed about 0. The residua
in Fig. 4 indicate that the logarithmic fit in Eq.~10! is good
at largez but it progressively worsens at smallz. The height
2-3
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FIG. 4. Dimensionless force
f (z) calculated from the 6–10 V
data in Fig. 3 using Eq.~4!. All of
the data fall on the same univers
scaling curve where the shape o
f (z) is better defined the highe
the voltageV. The solid line rep-
resents a fit to thef (z) data using
Eq. ~10!, where the fitting param-
eters are listed in Table I, column
1. The residuals Re indicates tha
the fit is good at largez but pro-
gressively worsens at very smallz.
ty

ly
tip
H and cone half-angleu0 can be calculated fromf 1 and f 2
~Table I, column 1! by Taylor expanding Eq.~5! or ~7! to-
gether with Eq.~6!, from which

f 152K2~ ln H21!, ~12!

f 25K2. ~13!

The data values for bothH(573mm) andu0(529.2°) ob-
tained from these equations are considerably above the
cal specifications of 6mm and;12°.

The deviations observed in Fig. 4, at smallz, can be ap-
proximately accounted for by including az21 term. Thus

f ~z!' f 11 f 2 ln~z!1 f 3 /z ~14!
03540
pi-

should provide a better description of the data wheref 3}
2R0 . This equation~Fig. 5, solid line! describes the data
~symbols! very well where the residuals are more uniform
distributed about 0 compared with Fig. 4. The additional
parameterR0 can be calculated fromf 3 . However, the Tay-
lor expansions of Eqs.~5! and ~7!, for z!R0 , are different
for the two models:

f 352K2
R0

tan
u0

2

for Eq. ~5!, ~15!

f 352K2
R0

tan2 u0
for Eq. ~7!. ~16!
TABLE I. Fitting parameters.

Column 1 2 3 4 5 6

Eq. ~10! ~14! ~5! ~7! (5)1(9) (7)1(9)

f 1 21.82260.004 21.89160.002
f 2 0.55460.003 0.34160.003
f 3 ~nm! 234.660.4
u0 29.2° 20.5° 21.560.1° 20.560.1° 13.360.2° 14.960.3°
H ~mm! 73 692 503620 687634 5.9760.02 6.2960.03
R0 ~nm! 18.4 @Eq. ~5!#

14.3 @Eq. ~7!#
42.560.4 14.160.1 47.960.3 11.760.1

x2 28.3 6.05 5.94 6.05 5.99 5.80
2-4
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FIG. 5. Comparison of the
6–10 V f (z) data with Eq.~14!
where the fitting parameters ar
listed in Table I, column 2. The
residuals Re are reasonably ra
domly distributed about zero.
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The values obtained forH and u0 ~Table I, column 2! are,
however, again considerably above the tip specifications

We now use the full equations~5! and~7!, with the same
number~3! of parameters, namely,R0 , u0 , andH to model
the data. As is evident from Table I~columns 3 and 4!, the fit
quality remains very good (x2'6) using these full-fledged
equations; however the values foru0(.21°) and H
(.600mm) still remain considerably above specificatio
~;12° and 6mm!. The residuals~which are not plotted! do
not exhibit a significant improvement over and above
residual plot displayed in Fig. 5. The anomalously high v
ues foru0 andH indicate that something is still missing from
our model of the electrostatic interaction.

Let us finally consider the cantilever contribution, name
Eq. ~9! added to Eq.~7! or ~5!. It can be seen from the Taylo
expansion of this additional term, that, whenz!H!Lx
5180mm, the lever contribution to the force is essentially
constant~with respect to the tip-surface distancez! depen-
dent upon the fitting parameterH, but independent of the
cantilever length. The other parameters, entering this co
bution, are known and are kept fixed ata515° and Ly
525mm. Columns 5 and 6 in Table I demonstrate that wh
this contribution is added, the fit quality remains very go
(x2'6), where in addition the parametersu0 ~;14°! andH
~;6 mm! now fall within the expected specifications. Thus
combination of either the Hudlet model@Eq. ~5!# or the hy-
perboloid model@Eq. ~7!# together with the cantilever con
tribution @Eq. ~9!# provides an excellent quantitative descri
tion of the experimental data with realistic values for the
tip parameters.
03540
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However, there remains a difference between the Hu
and hyperboloid models which needs to be discussed. Fo
former model the radius of curvature of the tip isR0
.48 nm, while for the latter it isR0.12 nm. The reason for
this difference can be readily understood when the two p
files are superimposed upon each other for the same pa
eter values@Fig. 6~a!#. The hyperboloid goes gradually from
a radiusR5R0 at the tip end toR5` far from the tip; hence
the amount of material present in the neighborhood of
opposing surface is much higher for the hyperboloid~light
line! than for the sphere/cone of Hudlet~dark line!, which
appears to be much sharper. Thus, for the electrostatic fo
this difference in shape is compensated by choosing a la
radius of curvature for the Hudlet model@Eq. ~5!#, compared
with the hyperboloid model@Eq. ~7!#. This is illustrated in
Fig. 6~b!, where the two profiles with the best fit paramete
are displayed—the overall shape of the two curves is rem
ably similar. Contact mode AFM images of the tip, agains
scanning probe microscope grating sample possessing
sharp edges, exhibit profiles very close to what is shown
this figure, thus giving a final validation to our electrosta
procedure.

V. SUMMARY

In this publication, we have found that provided a bac
ground termFbg at 0 V is subtracted and the surface potent
term V0 is accounted for, the dimensionless electrosta
force f (z)5(F2Fbg)/p«0(V2V0)2 can be described by a
universal curve~Fig. 4, symbols!. The dominant features o
2-5
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FIG. 6. Comparison of the hyperboloid tip~light line! and the cone/sphere tip~dark line! for, respectively,~a! identical tip parameters and
~b! the best-fit parameters.
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this universal curve are described by a lnz and z21 depen-
dence at, respectively, largez ~Fig. 4! and smallz ~Fig. 5!
where the crossover between these two asymptotic beha
is correctly described by Eq.~5! or ~7! ~Table I, columns 3
and 4!. We have shown that the tip parametersu0 , H, andR0
can be reliably derived from a fit to thef (z) data provided
that the contribution from the cantilever body@Eq. ~9!# is
included. The most amazing and interesting part of th
results is that one can obtain geometric information on th
microscopic~and even nanoscopic! parameters of an AFM
tip ~its radius of curvature, the opening angle of the tip, a
J

ng

hy

, J
.

,

s.
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its height! without the use of any microscopic imaging tec
nique ~e.g., AFM, TEM, etc.!.
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6H. W. Hao, A. M. Baróand J. J. Sa´enz, J. Vac. Sci. Technol. B9,
1323 ~1991!; H. Yokoyama, T. Inoue, and J. Itoh, Appl. Phy
Lett. 65, 3143~1994!.

7S. Belaidi, P. Girard, and G. Leveque, J. Appl. Phys.81, 1023
.

-

s.

.

~1997!.
8S. Hudlet, M. Saint Jean, C. Guthmann, and J. Berger, Eur. P

J. B 2, 5 ~1998!.
9M. Guggisberg, M. Bammerlin, Ch. Loppacher, O. Pfeiffer,

Abdurixit, V. Barwich, R. Bennewitz, A. Baratoff, E. Meyer, an
H.-J. Güntherodt, Phys. Rev. B61, 11 151~2000!.

10We takeF,0 for an attractive force. However, Eq.~5! differs by
a negative sign in front of the Ln term, compared with the c
responding formula given in Ref. 8 due to a sign error. O
expression is in agreement with their Eq.~9!, and their discus-
sion.
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