Non parabolic capacitive coupling in an AFM based microsystem at
the picoNewton level
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Capacitive coupling is most commonly used in NEMS/MEMS or in Scanning Probe Techniques to either
induce a displacement or to detect an external interaction applied to the micro/nanosystem. A parabolic
elastic deformation of the sensor signs a capacitive interaction as the applied voltage is varied. In this
paper, we present detailed force measurements performed in the submicron range with a picoNewton
sensitivity, and using a UHV AFM and a silicon microlever equipped with a metallized microsphere,. A
complete treatment of the sensor sphere/plane geometry enables one to detect quantitatively a V*
departure from the parabolic behaviour. This shows that using this setup allows to detect the increased
deformation of a lever much before the mechanical instability. More importantly, this effect must be
carefully taken into account if sphere/plane absolute separations are to be quantitatively measured on the
basis of electrostatic calibration. To our knowledge, this behaviour in AFM is reported for the first time.
We believe that it is relevant for the description of NEMS/MEMS behaviour. Moreover, it provides a
method to accurately measure the lever spring constant without any direct contact.
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as the Van der Waals interaction. This estimate
has been a strong motivation to investigate
guantitatively the long range interaction between
surfaces. The first part of the presented study is

1 Introduction

During the last years, the wide development in
the technology of MEMS and NEMS (Micro and
Nano Electro Mechanical Systems) allowed the
fabrication of miniature movable structures on-
chip. The applications of this new class of
devices include for example nanosensors,
actuators, nano-displacement engines and
capacitive tunable resonators... [1-3]

Reduction of system sizes down to the sub-
micrometer scale and even to the nanometer
scale one makes the system sensitive to long
range attractive forces which are too much weak
to be relevant for larger systems.

A simple estimate of the van der Waals-Casimir
force for a micrometer object shows that this
force overcomes gravity as the distance
separation becomes smaller than a micrometer
[4]. This simple analysis shows that a distance
separation of a micrometer appears a frontier for
the relevance of attractive force interaction such

dedicated to the electrostatic coupling between
micrometer size objects with a nanometer
distance separation measured by AFM
techniques. We quantitavely investigated how
the MEMS and NEMS’s behaviours could
depend upon the dominant interactions at the
nanoscale. We specifically focused our studies
on electrostatic, van der Waals and Casimir
forces, as the importance of these interactions at
the micro/nanoscale can pla ya major role in
various configurations where NEMS/MEMS are
involved.

Indeed, they can be used to:

o for actuate micro/nanodevices [5-6]

e to detect weak forces using a capacitive
coupling between a mechanical oscillator and
an electrical oscillator [7] at the expense of a
significant back action effect.
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e Besides a classical AFM cantilever, to open
new opportunities to quantitatively measure
non contact weak forces using NEMS and
MEMS.[8-9]
Secondly, these long range and rapidly varying
interactions can present strong spatial gradients.
MEMS or NEMS usually present a restoring
force that can be modeled by a spring constant.
As the force gradient of these attractive forces
exceed the MEMS/NEMS spring constant,
mechanical instability —occurs: the two
interacting surfaces irreversibly stick together. A
typical spring constant can be estimated to 1
N/m for a standard silicon cantilever. For
microscale interacting surfaces (S=100um?), the
Van der Waals gradient overcome the restoring
force at a distance of 10 nm. This behaviour can
then be a real nuisance for real MEMS system.
[10]

Then, in this paper, we focus on the importance
of electrostatic forces in the non contact
interaction of two surfaces. We do not address
the problem of capillarity although it is well
known that it introduces a very strong short
scale interaction and that the water layer
efficiently screens the electrostatic interaction
(for water, €, is roughly close to 80).

Therefore, a central objective of this paper is to
provide quantitative measurements of the
measured electrostatic force versus the distance
between the two surfaces on a range as large as
possible (here from 100 nm up to a micrometer)
and for voltage in the commonly used range
(between 0 and 1 volt).

2 Experiments

2.a Range of probed distances.

Within these AFM force measurements, we start
with the identification of experimental limits and
sources of errors. In particular, we identify in the
case of interacting surfaces of large areas, the
domain of accessible distances. That is clearly
very different from AFM measurements that are
based on nanotips with an area of interacting
surfaces smaller by about five or six orders of
magnitude. At short scale, the achievable
distance range achievable is limited by the

mechanical instability and at large scale by the
measuring system sensibility. These two limits
are not independent. This behaviour can be
rationalised and based on characteristics figures.
A reasonable cantilever would present a spring
constant of k=0.1 N/m, a fundamental resonance
frequency of 10 kHz and a quality factor Q
(characteristic factor of the resonance peak
width) of 1000. The force detection relies on the
surface coupling with a sphere of radius R=10-
100um. In the van der Waals limit, the force
between two surfaces is:
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e In the usual AFM behaviour
with R =10nm , we find D = 2,6nm .

This is routinely observed in approach-
retract curves under vacuum.
e For a sphere radius R ~ 50 um , this

distance increases up to D=50nm.
This provides the low limit separation between
the surfaces that we can possibly achieve.
The upper limit is fixed by the noise level
intensity. In our measurements, the thermal
noise is observed in the measured spectral
density and is a dominant factor at room
temperature. In any case, the analysis of the
noise influence, based on the Brownian motion
enables us to show how using a large sphere
allows to extend the measurable range of
distances. The average displacement of the

: . 2 kgT
sphere is determined by <X >= " and

then transformed in a  fluctuating

force F ;. = +kgTk , equal to 20pN at room

temperature. Such a noise floor limit enables one
to measure, in force measurement and using
static cantilever deflection detection, the
retarded Van der Waals interaction up to a
separation of 189 nm, taking into account a
sphere radius of 50um. As a reference and to
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better show the relevance of this estimate, we
can establish this upper limit for the classical
AFM setup. One finds D=7nm. One
immediately notices that the distance range for
which the Van der Waals interaction can be
measured using a classical AFM set up is limited
by the mechanical instability for the lower limit,
D=2.7 nm and by the noise floor at larger
distances, D=7 nm. This is indeed what is
observed using a vacuum AFM: this
measurement is hardly possible.

The use of large spheres largely broadens this
measurable distance range from a few
nanometers up to more than 100nm.

Using a stiffer cantilever spring enables one to
measure closer to the surface. This is of course
at the expense of a reduced sensibility and
therefore to a limited range of large separations
investigations. On the contrary, a soft cantilever
favours force measurements at large separations
between  surfaces and prevents force
measurements at small separations. It leads to
the use of very stiff tuning forks (k=1000-
10000N/m) [11-13] to obtain true atomic
resolution with wvery short scale interactions
between a tip and a surface. On the opposite, the
development of ultra soft cantilevers allow the
measurement of very weak interactions as for
instance magnetic interactions between a tip and
a single spin [14-15]

Nanometer scale control, high sensitivity in the
measurements of nano displacements and
increased availability of specific MEMS beside
AFM cantilever have largely motivated
investigations in weak forces measurements.
Two strategies are basically used:

e Measurement of static deflections

e Measurement of oscillator perturbations.

In this last technique based on the use of narrow
bandwidth detections, force sensitivity often

reaches a few fN /\/ Hz [6, 8, 16]. Thanks to

this higher sensitivity, major improvements in
weak force and long range force measurements
have been achieved [8, 14, 15, 17, 18]. A
classical set up of Atomic Force Microscope
(AFM) is a very stable and powerful tool to
measure non contact forces. For example, the
nanotip approach and retract curves technique is
a very well adapted tool to measure and identify
interactions between a tip and a surface for

distances smaller than few tens of nanometers.
[19, 20]. In [19], a clear separation between a
longer range electrostatic force and a shorter
range van der Waals could be experimentally
achieved at the nanometer scale surface
separation using a nanotip.

Using large sphere to drastically increase the
interaction area, the capability of an AFM to
measure, on the basis of static deflection, long
range and weak interactions between a surface
and a micrometer size object has been
demonstrated [17,18]. These measurements have
opened an avenue in the use of AFM systems to
measure long range and non contact interactions
for micrometers objects.

In this context, we present in this paper results
based on high precision AFM measurements of
the capacitive interaction between a micrometer
sphere and a flat surface. We essentially focus
on the quantitative acquisition and analysis of
experimental curves. A detailed description of
the quantitative  determination of the
experimental parameters (i.e. Force constant of
the lever, absolute distance) will be done. We
shall show that this objective requires taking into
account effects that are usually neglected and
put emphasis on limiting factors in both
measurement and analysis.

2.b Experimental Set Up

A schematic representation of the experiment is
shown in figure 1.

cantilever

sphere, k

Figurel. Schematic representation of the experiment. (At
this scale, z/R is such that no long range interaction can be
measured)

Experiments were performed under ultra high
vacuum with a pressure in the range of 10" Torr
and at room temperature with an Omicron UHV
AFM. In this system the sample is mechanically
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fixed (i.e. immobile) and electrically grounded.

The displacement and the applied voltage are

imposed to the cantilever.

In order to investigate capacitive interaction in

the 0.1 to 0.5 um range, a polystyrene sphere

with a radius of 42um was mounted on a

cantilever. Nominal geometrical characteristics

of the cantilever are (350 um x35pum x1
um).The sphere was glued onto the cantilever
using a micromanipulator following this method:

e The first step, consists in manually depositing
glue on the cantilever. The amount of deposited
glue must be large enough to insure a good
mechanical maintains. On the other side,
depositing too much glue can severely degrade
the reflectivity of the lever or deteriorate the
electrical contact between the lever and the
sphere. For these reasons, the gluing process
constitutes a crucial step. Bad gluing prevents
the use of the final system.

e The second step consists in approaching the
lever towards the sphere until contact using a
micromanipulator. After gluing the lever is
retracted.

All these manipulations are performed under an

optical microscope.

The sphere is then metallized by evaporating
thin gold layer of about 300 nm thick. Before the
gold deposition, a 2 nm thick layer of titanium is
evaporated to insure the strong adhesion of the
gold layer. The coating thickness is sufficient to
consider the properties of an infinitely thick
metal. In our experiments, the voltage being
applied to the cantilever, this metallization
establishes the electrical continuity between the
lever and the coated sphere. In the case of a bad
electrical continuity, time scale to reach
electrical equilibrium of more than one minute
has been observed. On the other side, for good
metallization this equilibrium time was much
below the measuring time. Figure 2 shows a
picture of a sphere mounted onto the cantilever
after metallization.

Figure 2 Picture of a sphere glued on the cantilever after
metallization obtained by Optical microscopy.

The surface used is a Au (111) prepared under
Ultra High Vacuum by ion sputtering and
annealing. Use of a gold surface suppresses the
problem of static surface charges by screening.
In the case of oxidized surfaces, this may be a
central problem.

The experiment consists in measuring the
displacement of the laser back reflected on the
cantilever into a photodiode. This is the classical
AFM measurement. In this method, the
displacement of the laser spot in the photodiode
as a consequence of the cantilever’s deflection is
directly proportional to the force acting between
the sphere and the plate. There is, a priori, no
reason to question this statement but its failure
would appear in the subsequent measurement
and analysis. The cantilever is chosen with a
very low force constant to be as sensitive as
possible. The value of the force constant is
supposed to be around 0.01 N/m as indicated by
the supplier. The precise determination of this
spring constant through departure from the
classical \V? capacitive force is an issue in this
work.

3 Measurement methods

Quantitative measurements of non contact force
with an AFM require a precise determination of
the following parameters: the absolute distance,
the stiffness of the cantilever and the shape of
the tip. Short range forces in non contact AFM
usual configuration are locally measured thanks
to the nanosize of the tip apex and to the fact
that the tip cone contribution is negligible.
Quantitative force measurements with no
adjustable parameters are usually based on the
electrostatic force measurements. However due
to the tip-cantilever geometry and to the very
long range of the unscreened electrostatic
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