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A method to calculate electric magnitudes at very small tip-sample distances in atomic force
microscopy is presented. We show that the method accurately calculates the electrostatic potential
and vertical force for electrostatic force microscopy geometries that cannot be correctly simulated
by the standard techniques. This technique can accurately calculate tip-sample distances four orders
of magnitude smaller than the tip radius. We also demonstrate that, at this range, traditional
techniques underestimate the electrostatic force in almost 30%. Finally, we calculate the
jump-to-contact distance for geometries obtained from experiments that combine atomic force
microscopy and scanning tunneling microscopy. © 2010 American Institute of Physics.
�doi:10.1063/1.3467676�

When electrostatic force microscopy �EFM� �Refs. 1–7�
is working at the nanoscale, several interacting parameters
have a strong influence in the signal. However, since EFM is
a nonlocal technique due to the long-range nature of the elec-
tric interaction, there is no simple way to directly relate the
EFM images with the microscope setup8 or the dielectric and
topographic properties of the sample.9 One of the most im-
portant problems that must be faced when the influence of
the microscope setup is going to be taken into account10 is
the different scale of some magnitudes such as the tip length
or the tip-sample distance. The image charge method11,12

deals with this problem by replacing the surface charge on
the metallic objects by a set of charge elements inside them.
Although this strategy has given good results in many cases,
the difference between the relevant distances of the system is
growing every day since the experimental and technological
worlds are increasing the precision of their applications.

In this article we propose a method that is not affected
by the different order of magnitude of the relevant distances.
We also analyze traditional methods and demonstrate that
they cannot accurately simulate systems where the distances
differs more than three orders of magnitude. Finally, we use
the method to calculate the jump-to-contact �JTC� distance
for relatively stiff cantilevers, which are able to work at dis-
tances as small as a few Armstrongs. These results can be
used to estimate the best experimental setup in recently de-
veloped techniques that combines atomic force microscopy
�AFM� and scanning tunneling microscopy �STM�.

In a typical EFM setup, we have a metallic tip connected
to a battery that applies a constant electric potential V0. The
tip is placed over a sample at a tip-sample distance D. To
solve electrostatic problems with this geometry, an algorithm
called the generalized image charge method �Ref. 13� �GICM�
has been developed. The GICM replaces the surface charge
density by a set of charges inside the metallic tip. The values
qi, positions ri and number of charges NC are not known and
must be estimated individually every time the geometry
changes. The standard minimization technique used by the
GICM has been described elsewhere14 and its efficiency has

been demonstrated for systems where the sample includes
objects such as carbon nanotubes15 or graphene.16 The tip is
characterized by three geometrical parameters: The apex ra-
dius R, the half-angle � and the length L. In the standard
approximation, the tip surface is discretized by a set of points
NP divided in three regions: the apex �region 1�, the cone
�region 2�, and the rounded end of the tip �region 3�. The
sum of the points NP is obtained from the three regions
�NP=N1+N2+N3�. A common feature of this method is that
it gives the same importance to the error obtained at any
point of the surface. However, the error at the tip apex �N1� is
most important than the one obtained from the points at the
conical region �N2� since the tip apex is the region where the
electrostatic interaction is stronger. This problem is typically
solved by increasing the weight of the points at the tip apex
by changing the proportion between N1 and N2. However,
using this strategy the computation time is strongly in-
creased. Moreover, sometimes the minimization adjusts well
the electrostatic potential for N1 and almost forgets N2 and
N3 because of the much bigger weight of N1.

To deal with these problems, we have developed a mini-
mization strategy, called GICM-fixed �GICMf�, that is able to
accurately calculate the electrostatic potential around the
shorter distance of the system. The technique uses one of the
parameters qi to fix the electrostatic potential at the lowest
point �shorter distance� of the tip apex: x1= �x=0, z=D�. To
be sure that the boundary condition V�x1�=V0 is perfectly
fitted, we can write the first charge/coefficient �q1� as a func-
tion of the others �q2 to qNc

� in the following form:

q1 =
V0 − �i=2

NC qiFi�x = 0, z = D�
F1�x = 0, z = D�

, �1�

where x is the radial coordinate, z the vertical one, and F the
Green function of the i-charge element. Technical details
about the Green Function equations, boundary conditions,
and electrostatic potential solution can be found in Sacha
et al.13

Including this modification in the electrostatic potential,
the least-square minimization process can be applied using
the following expression:a�Electronic mail: sacha.gomez@uam.es.
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�2 = �
j=1

NP �F1�xi�
Vi − �i=2

NC qiFi�x = 0, z = D�
F1�x = 0, z = D�

+ �
i=2

NC

qiFi�xi� − Vj�2

. �2�

Applying the minimization routine to �2, we obtain the fol-
lowing set of k equations for the coefficients q2 to qNc

:

�
j=1

NP

�
i=2

NC

qiSj�Fi�xj�F1�x1� − Fi�x1�F1�xi��

= V0�
j=1

NP

Sj�F1�x1� − F1�xj�� , �3�

where Sj =Fk�xj�F1�x1�−F1�xj�Fk�x1� and x1= �x=0, z=D�.
The result of this calculation gives the best values for qi with
i= 	2,NC
 �qI is obtained from Eq. �1��. In Fig. 1 we show the
electrostatic potential for a tip ��=20°, L=10 R� over a me-
tallic sample at D=10−3 R. The figure shows a couple of
zoomed images of the tip-apex region. In the closest one, we
can see the difference between the standard GICM minimiza-
tion and the GICMf. The GICMf perfectly fits the equipoten-
tial V=V0 at D=10−3 R. The GICM, however, places V=V0 at
a higher distance. In practical terms, this can be interpreted
as a tip that is placed at D�10−3 R. Because of this effect,
the electric field and all the physical magnitudes related to
the electrostatic potential are smaller in absolute value.

In Figs. 2 we explicitly show the difference in the elec-
trostatic potential drop at the tip apex between the GICM and
GICMf. Due to the wrong solution obtained by the GICM,
the electrostatic potential only changes 0.89V0 between the
metallic surface and D=10−3 R. The electrostatic potential
difference is exactly V0 for the GICMf. In this region, the
electric field can be considered constant �E=V0 /D� since the
geometry converges to a parallel plate capacitor when D
→0. In the case under study we have E�GICM�=890 V /R
instead of the correct value E�GICMf�=1000 V /R. Both for
the electrostatic potential and electric field, the real value is

around 10% higher than the one obtained by the GICM. This
mistake is directly translated to measurable magnitudes such
us the vertical force between tip and sample. In Fig. 3 we
show the normalized force versus D/R obtained both for the
GICM and the GICMf. The difference between F�GICM�
and F�GICMf� increases when D/R decreases. For the small-
est distance that F can be obtained before the solution be-
comes unstable �D /R=0.0007�, F�GICM� is 27.5% smaller
than F�GICMf�.

The GICMf includes a modification of the standard least-
squares minimization technique that can be easily extrapo-
lated to different numerical methods such as the one pro-
posed by Kalinin et al.17 and Morozovska et al.18 In these
articles, several charged elements such as disks, lines or
punctual charges are used to obtain the electrostatic potential
around the tip. As well as the standard GICM, this configura-
tion can be combined with the GICMf minimization to im-
prove the quality of the results around the tip apex when D is
very small.

Recently, a technique19 that combines AFM and STM
has been used to characterize the dipole moment at mono-
atomic steps. This kind of techniques works at a very small
tip-sample distance. The mechanical instability that induces
the JTC �Ref. 20� is avoided using relatively stiff cantilevers.
In Fig. 4�a� we use GICMf simulations to calculate the JTC
distance and the real position of the tip apex by comparing
the absolute value of the electrostatic force with the force
applied by the spring constant of the cantilever. We have
used the parameters of the experimental results by Park et
al.19 For K=88 N /m, the JTC distance is 3 Å, which makes
the tip apex been at 1.5 Å from the surface. In Fig. 4�b� we
show the JTC and tip apex distances for different spring
constants. As we can see, both distances exponentially in-
crease when K decreases. This figure can be useful for the
experimentalists to estimate the spring constant that must be

FIG. 1. �Color online� Equipotential lines between an electrostatic force
microscope tip and a metallic sample when the tip-sample distance is 0.001
smaller than the tip radius. Two different scales are shown. The smallest one
has been obtained both for the standard GICM minimization and the GICMf

modification.

FIG. 2. �Color online� Electrostatic potential fall between the tip and a
metallic sample along the tip axis for D=0.001 R, L=10 R, and �=20°.

FIG. 3. �Color online� Normalized electrostatic force for both the GICM and
the GICMf. D=0.001 R, L=10 R, and �=20°.
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used to work at very small tip-sample distances in AFM-
STM experiments.

In conclusion, we have developed a method to calculate
electric magnitudes such as the electrostatic potential, the
electric field or the electrostatic force for EFM geometries
with magnitudes that differs more than three orders of mag-
nitude. As an example, we correctly calculate the vertical
electric force between an EFM tip and a metallic sample with
a separation between them almost four times smaller than the
tip radius. At the closest tip-sample distance, the difference
in the electric force between our technique and the GICM �a
technique that is already optimized for geometries that dif-
fers several orders of magnitude� is almost 30%. We have
used GICMf simulations to estimate the spring constant that
must be used in experiments where the tip-sample distance
must be as small as a few Armstrongs.
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