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Abstract. In this paper, we present simulation results for thethe simple case of a tip in front of a plane sample at con-
electrostatic force between two conducting parts placed atant potential [13]. In Sect. 2 we consider the response of
different voltages: an atomic force microscope (AFM) sensothe microscope near a potential step [17]. For this, we study
and a metallic sample. The sensor is composed of a cathe 3-dimensional tip—object system and determine the force
tilever supporting a conical tip terminated by a spherical apexapplied on the tip by the finite element method and then we
The simulations are based on the finite element method. Faleduce the resolution for a potential step.

tip—sample distance5£50 nn) and for an electrically homo-

geneous plane, the electrostatic force can be compared to the

results obtained with the equivalent charge model and expert- Mathematical model

ment. By scanning a plane with a potential step, the variation

of the electrostatic force near the discontinuity gives the spat 1 The electrostatic problem

tial resolution in electrostatic force microscopy (EFM). We

establish then the relationships between the resolution, tiPrhe problem consists in determining the interaction between
sample distance, and tip apex radius. an AFM sensor (tip + cantilever) and an infinite plane (both
conducting). If the tip is long enough or the distarttée-
tween the tip and the sample is small, we can neglect the
effect of the cantilever [18]. Then, the study is reduced to
. . the calculation of the force exerted on a conical tip in front
The electrostatic force microscope results from one of manys o metallic plane. We treat the problem in 3-dimensional
specializations of tip sensor in near-field microscopy [1, 2lgpace hecause heterogeneities, as introduced in Sect. 2, cause
More precisely, this type of microscope is realized by applyype reyolution symmetry to disappear. First, we must obtain
ing a voltage on a conducting AFM tip. It is a good tool for e potential distribution in the space between the tip and the
imaging samples that present a gradient of electrical propefjane.

ties [3—5]. Variations of flexion of the cantilever holding the * \ys solved the Laplace equation in a domsirbounded

tip during a scan allow us to construct an electrical image [6},,, r 1 is composed of three part$, I'1, and [, which are
on inhomogeneous materials as well as on nanostructures (Ysfined given potentials and electrical fields (see Fig. 1). The
perlattices, nanoelectronics, etc.) [7-9]. In the simple casg,qpjem is written as follows:

where the tip is in front of a conductive plane sample, we ca
deduce the force applied on the sensor by means of analytk, — gin o (1)
cal expressions [10—12] or an equivalent charge model [13%

As soon as the geometry of the sample becomes complex (in-Y = V0 on/ly ()
tegrated circuits, dielectrics), the theoretical behavior of the v= v1 on Iy, for a simple conducting plane (3)
system can be obtained by numerical methods such as thw

surface charge method [14], finite difference method [15], ory; = 0 On/% (4)

finite element method [16].

To determine the properties of the electrostatic force miwherevy andv; are the constant applied polarizations of the
croscope in front of a sample with areas at different potentip and the sample andthe vector normal to the surface.
tials, we propose to use the finite element method. In Sect. 1 The domains2 is chosen sufficiently large to neglect the
we verify the results obtained by this numerical method inedge effects and to allow us to approximate closely the prob-
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Fig. 1. Domain £2 for the finite element method with boundary conditions

lem of the single tip in front of an infinite plane in infinite
space.

1.2 Application of the finite element method to obtain the
potential

In order to solve numerically the problem, the domain

Then, the electrostatic forde is given by:

F,= / okds (6)

I'o
wherek is the unit vector in the direction,

1 v | L
o= égoEzn , E= % is the electrical field. @)

The calculation gives also the charge distribution on the tip
and the plane, which allows us to localize the part of the tip
which contributes to the interaction and the area concerned on
the plane.

For two typical tips, i.e. length = 4 um or 10um, apex
radius R= 10 nmand the cone half angl@é(®, we deter-
mined the force versus tip—sample distamteThe results
are reported in Fig. 2. The finite element method results ap-
pear very close to those from the equivalent charge model
that have already been validated experimentally [13]. For dis-
tancesd of less thanlO nm the force difference is no more
than10%, the interaction being localized on the apex of the
tip. So, the finite element method gives the same results as
other methods in the case of a single tip in front of a conduct-
ing plane.

2 Mapping of potentials on a flat surface

A material with areas of different chemical natures can
present potential heterogeneities on its surface. Also, dopant
concentrations in semiconductors, and oxide or absorption
layers imply areas of different potential on a sample. We are
interested in the simple case of two materials with different

is split into tetrahedrons (or pentahedrons). On each tetra-

hedron, between the nodes, the potential is interpolated by
a piecewise polynomial approximation of degree equal to ]
one. The problem consists of the determination of the poten-

tial values at each node of the triangulation, i.e. the vector . ———- E.C.M, length L=10p

[Vi] (h being the elementary size of the tetrahedron, in the 1 e F.EM, length L=4p
A 4+ F.EM, length L=10u

3-D space).
Classically, this leads to a linear system [19]

[An][Vh] = [bn] )]

[bn] is a right-hand side taking into account the boundar

conditions, as already defined, a4 ] is a symmetric and

whose order is equal to the number of nodés (N, up
to 150 000.

The solution of system (5) gives us an approximation of ]

the potential distribution in the domaif®, this approximation
is controlled by the sizh, i.e. the number of nodes [19].

1.3 Electrostatic force deduction

In the mathematical frame of the finite element method it i

possible to extract the electrical field on the boundarfrom
the solution given by (5).

z
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5
w

positive definite matrix depending on the triangulation and
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] —— E.C.M, length L=4p
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ig. 2. Electrostatic force versus distance for two types of tips of different
engths with apex radiuR = 10 nmand cone half anglé(. Comparison
of results obtained by equivalent charge model (ECM) and finite element
method (FEM) { V polarization)
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work functions and we determine the response of the micro- 350 -
scope in front of the potential step induced at the surface of ]
the sample. 1

Commonly, the resolution is defined as the capability of 300 ]
separating two objects. For the case of a potential step on ]
a plane sample, the concept of resolution is linked to the volt—~ 250
age contrast between the two areas separated by such a dts- ]
continuity. The larger the tip—sample distance is, the more thé,,
image of the discontinuity becomes blurred, the variation oﬂf 200
the force near the frontier being weaker. o ]

In the following, we present numerical simulation results 5 150 ]

N
o

for the voltage step and propose an analytical formulation oﬁ ] ’§‘15 =
the resolution. & 1 =
100 510
7 3
o : ] 2 5
2.1 Numerical simulations 50_: & o
When the object is scanned at a constant height irxttle 0
rection, i.e. at right angles to the potential discontinuity, we 0% e
obtain the force profiles given in Fig. 3. We ensured that we 0 10 20 30

were using a sufficiently long tip. So, the effect of the can-
tilever is negligible and the force on the sensor is due only
to the tip for distances normally used in microscopy, i.e. )
d < 100 nm[18]. —— Numeflcal method.

We define here the resolutid® as the difference between 77 Analytical expression
the pOSitiOth, where the contribution to the signal 25% Fig.'4. Resolution versus _tip—sampl_e distance for a tift ¥tscanning a po-
of maximum, and the positior, where it is close ta75  tential step-1V. Same tip as in Fig. 3
of the maximum:Re = X1 — X2 (see Fig. 3). We establish the
resolution for the case of a tip at a potentiallo¥ in front  2.5% (see Fig. 4). For tip—sample distanaks 20 nm we
of a step of0—1V. The results are deduced from the forceobserve that the resolution becomes dramatically weak and
profile shown in Fig. 3 with a numerical uncertainty close tocorresponds to the linear relatioRg = 8d.

Tip - sample distance d (nm)
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Fig. 3. Electrostatic force exerted on the tip at
-100 -80 -60 -40 -20 0 20 40 60 80 100 120 140 potential1 V during a scanning on a potential
Distance x of the scanning (nm) step0-1V for different fixed tip—sample dis-

tances. The discontinuity is positionedxat

, 0 and the tip lengtiL = 10pm, R=10
Analytical model d=5nm - d=5mm ———- d=10nm —-— d=40nm an%nhalfgng),eeig%o mm m
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For a tip in front of a plane at constant potential— oo),
(9) corresponds to the one obtained by the sphere model [13].
The analytical expression is plotted in Fig. 4 for a small value
of distanced. At larger distances, the analytical model does
not fit because real profiles are asymmetric. This occurs be-
cause the electrical field distribution at the frontier is com-
plex: this is a horizontal component of the force. The charge
distribution on the sample near the discontinuity decreases the
force which reaches its maximum amplitude more slowly dur-
ing the scan on the potential step. In the analytical model,
the electrical field is assumed to be vertical and the effect of
the discontinuity is not taken into account, so the result is
symmetric.

With the criteria of Fig. 3, the analytical expression of the
force (9) allows us to deduce the resolution:

R.= 2,/ 2Rd (10)

/ which agrees with the resolution deduced from the finite

element method for small distances (see Fig. 4). From the
study of the relationship between radius R and the distdnce
p we conclude that the analytical resolution is a suitable ap-
oV

Y% proximation ford/R < 0.5. This expression gives a good
knowledge of image formation and allows us to deduce the

Fig.5. Detailed representation of tip facing a potential step on a planetranS]cer funCt_IO_n and deconvolution .Of images. At Iarge_r dis-

sample positioned at = a, whereu is the distance used in the analytical tances, the finite element method is needed to predict the

model. Distances! and a are exaggerated for clarity. View of the charge resolution.
distribution on the tip apex for this configuration

3 Conclusions

2.2 Comparison with analytical expressions ] ) ]
We have given a numerical approach for the resolution for

We determine below an analytical expression of the force fofhe problemin electrostatic force microscopy. We have shown
the system of three conductors under influence: the probéat the resolution, for a potential step on a flat surface, de-
and the two parts of the plane at potentials0df and1V.  pends linearly on the tip-sample distance d at large distances
We cannot treat the three-conductors problem. We treat sepnd varies asi’/? at shorter distance@ < R/2). The the-
arately the interaction of the tip with the different parts oforetical results give a resolution of abdubmif d =1 nm

the sample and neglect the effect of the frontier between tw# the study of contrast formation, it will be convenient to
potential domains on the tip. The area of the probe\afac-  e€xplore also the sensitivity to step topography at constant po-
ing the surface at potenti@lV presents a charge distribution tential and possibly separate the influences of potential and
(grey area in Fig. 5). Then, we calculate the force on the tigopography in the behavior of EFM.

by integrating the electrostatic pressure on its surface with the , _ _
approximation ofa parabolic shape for the tip. If we make th(ﬁcknowledgeme_nm is a pleasure to acknowledge Mr. Gilles Requile for

a imati ; tical electrical field li tab is helpful technical assistance. This work has been partly supported by the
Approximation or verucal electrical field ineés, we can estabrentre National Universitaire Sud de Calcul (Project Lai 1005).

lish an analytical expression for the force for distantesR

only. So, the electrical field is written as follows (see Fig. 5):

E= ¥ whereu=d+ % is the distance between a point of References
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