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INTERFACIAL FORCE SENSOR WITH FORCE-FEEDBACK CONTROL
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ABSTRACT

A new interfacial force microscope capable of measuring the
forces between two surfaces over the entire range of surface
separations, up to contact, has been developed. The design is
centered around a differential capacitance displacement sensor
where the common capacitor plate is supported by torsion bars.
A force-feedback control system balances the interfacial
forces at the sensor, maintaining the common capacitor plate
at its rest position. This control eliminates the instability
which coccurs with the conventional cantilever-based force
sensors when the attractive force gradient exceeds the
mechanical stiffness of the cantilever. The ability to
measure interfacial forces at surface separations smaller than
this instability point using the feedback control is
demonstrated.

INTRODUCTION

The atomic force microscope (AFM) has become a popular
technique for the imaging of both conducting and insulating
surfaces on a microscopic scale (1l). In addition to its
imaging capability, the AFM also can measure the interfacial
forces as two surfaces are brought together. A knowledge of
the forces present between two surfaces is of fundamental
importance to any detailed understanding of many phenomena
such as adhesion, fracture, and tribology. In this light, it
is somewhat surprising that there have been only a few
experimental studies vhich specifically address the nature of
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these interfacial forces with an AFM (2-7).

As normally configured, the AFM consists of a fixed sample and
a tip mounted on a cantilever beam of known stiffness.
Interfacial forces are determined by measuring the

deflection of the cantilever while in the proximity of the
fixed sample. An instability in the cantilever-tip-sample
potential occurs when the tip-sample force gradient, 0F/dz,
where z is the surface separation, exceeds the force constant
of the cantilever. This instability results in the
discontinuous movement of the probe into virtual contact with
the sample. This behavior, common.iy referred to as "jumping",
has been described in detail by others (8). For many systems
of interest, jumping may occur at surface separations of from
a few A up to hundreds of A depending on the stiffness of the
spring and the nature of the interfacial forces. The
instability therefore precludes measurement of the interfacial
forces over a broad range of separations, the region of
greatest significance to a detailed characterization of
surface-surface interactions.

In tlhis paper, we describe a new sensor for measuring
interfacial forces which incorporates force-feedback control
and avoids the instability associated with conventional
technidues. This scheme permits the determination of
interfacial forces over the entire range of surface
separations, from very large up to actual repulsive contact.

CONCEPT

The instability encountered in deflection force sensors occurs
when 0F/0z, the force gradient between probe and sample,
exceeds k, the sensor force constant. The instability can be
avoided, however, by balancing the interfacial force on the
probe by feeding back an equal and opposite force. The net
result is to keep the probe's position rigidly fixed in space
as the sample is moved into proximity. There have been two
previously published reports of force-balance schemes employed
to measure interfacial forces (3, 9).
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In the first method, the initial displacement of the probe is
monitored using optical interference techniques and then
counterbalanced by inductive forces (9). The second method
employs the tunneling current from a second tip located behind
the cantilever to measure displacements and moves the
cantilever support to keep the probe fixed at’ the same
position in space, effectively varying the spring constant
(3). We have developed a new force balance based on a
differential capacitance sensor which has the unique feature
that the capacitor acts both as the displacement detector,
through changes in capacitance, and as the counterbalance by
the application of a restoring electrostatic force.

In a typical capacitance transducer, one plate is fixed while
the other is free to move in response to an external force.
The movement of the free plate changes the capacitor spacing
or gap and therefore results in a change in the capacitance.
A feature which, to our knowledge, has not been previously
exploited is the ability to balance the forces on the free
plate by applying a voltage, V, to the fixed plate. The
voltage on the fixed plate results in an electrostatic force,
Fc, on the free plate, where Fp = cvZ/2d for a parallel plate
capacitor.

Note that the electrosta.ic force is always attractive. Thus
only external forces, which are in opposition to the
capacitance force, can be counterbalanced. We use a
differential capacitor to avoid this 1limitation. The
electrostatic force can only act as a restoring force when the
capacitor gap increases, as will be the case when the
interfacial force is attractive. With a differential
capacitor, net repulsive forces on one capacitor, which cause
the gap to decrease, can be counterbalanced by applying the
restoring force to the other capacitor where the gap has
increased. The differential capacitance sensor in our design
is comprised of two fixed plates above which is suspended a
cormon plate, (a "teeter-totter"), free to rotate about
supporting torsion bars. A schematic is shown in Fig. 1.
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A differential capacitance scheme lends itself naturally to
use in a balanced AC bridge. As a sample is brought into
proximity of a tip mounted on one half of the teeter-totter,
the interfacial forces between tip and sample cause a
deflection, Ad, at that end of the common plate. ;Ad = Fi/k,
where F; is the interfacial force and k is torsional force
constant of the teeter-totter. The change in the gap, Ad,
will unbalance the bridge. The bridge output is proportional
to Ac/C = Ad/2d so long as Ad << d. The bridge imbalance can
be monitored and an electronic feedback controller can
rebalance the bridge by applying a DC voltage to one of the
fixed plates. The feedback prevents the jumping by
maintaining the common plate at its rest position and
electronically determines the interfacial force through the
magnitude of the applied DC voltage.

DESIGN

Two designs for the sensor, which differ primarly in the
degree of sophistication, are currently under development.
The first, presesntly in use, is fabricated using standard
thin film techniques. The base, consisting of the two fixed
plates and a ground plane, is made by 1) depositing 200 A
Cr/1000A Au on a glass plate, 2) photomasking, and 3) wet
etching. The common capacitor plate is etched from 50u thick
Be-Cu sheet. The gap is determined by 50u mica shims glued
between the base and upper plate. The individual capacitor
plate areas are 10mmZ, yielding capacitances of 1.5pF. The
torsgion bar are 6.3mm x 1504 x 50y, giving a calculated force
constant, k, 13N/m and a resonant frequency of 175Hz.

The second sensor utilizes silicon micromachining techniques.
Fabricated from chemical vapor deposited (CVD) polycrystalline
silicon, the sensor measures 100 x 2004 with torsion arms that
are 4 x 40 x 2u. Fabrication requires 5 Bseparate masking
levels. The base is formed from 20002 of phosphorous -doped
polysilicon over an insulating silicon nitride layer. The
movable capacitor plate is formed from 2p thick polysilicon
for stiffness and low residual stress. The capacitor spacing
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is defined by a 0.5u sacrificial layer of phosphorous-doped

glass, which is later removed with HF solutions. A
micromachined sensor bonded to a TO-5 header is shown in
figure 2. The individual capacitance is ~0.4pF. The

calculated torsional force constant and the resonant frequency
are 1 N/m and 30 KHz, respectively. ‘

In operation ,the sensor is configured as a high frequency
(typically 2.5MHz) capacitor bridge. The bridge output,
conditioned by a preamplifier (10), is detected by a PAR 5202
lock-in amplifier, operating at a bandwidth of 1KHz. The
feedback circuit is a simple proportional integral derivative
controller, which is unique only in its output circuitry. 2s
mentioned above, the magnitude of the electrostatic restoring
force varies as V2 and therefore does not depend on the sign
of the voltage. The sign of the imbalance voltage is
important, however, in determining to which fixed plate the DC
voltage is to be applied. This is accomplished through the
use of two active diode clamps on the output stage of the
feedback controller.

Signal-to-noise considerations indicate that the electronic
noise should be dominated by the first transistor stage of the
preamplifier. This electronic noise results in force and
displacement sensitivities of 0.04A and 5x10 11N, respectively
for the thin film fabricated sensor. These numbers should be
considered lower limits, as other intrinsic, nonelectronic
noise sources, such as the thermal motion of the
teeter-totter, will increase these values.

PERFORMANCE

Several tests were performed to determine the feasibility and
capabilities of the differential capacitance sensor and the
force-feedback control. The first studies, mechanical and
electrostatic force displacement tests, were performed to
determine the linearity and sensitivity of the thin film
fabricated sensor. The bridge responses to the deflections
are, as expected, linear. The minimum detectable deflection
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and force for a 1KHz bandwidth are on the order of 5A and
10°8N, respectively. The deflection and force sensitivities
are correlated and are both presently limited by electrical
interference. With current noise levels, the micromachined
sensor, due to its smaller gap and force constant, .would have
sensitivities of 0.054 and 10-12N, Presumabiy. better
performance can be attained by careful attention to shielding
against electrical noise.

The ultimate test of the sensor is, of course, its ability to
measure interfacial force profiles and in particular to
eliminate the mechanical instability discussed earlier. The
interfacial forces were measured with a polymethyl
methacrylate (PMMA) sample mounted on a piezo tube scanned in
proximity to a platinum tip attached to one end of the Be-Cu
sensor. These tests were done in air so that both the tip and
sensor are undoubtedly covered with oxide and water films.
Scans were performed with and without feedback control. Shown
in Fig. 3a. are the force profiles as measured by the feedback
output as the tip approaches and withdraws from the surface.
The long range nature of the forces and the appreciable
hysteresis between approach and withdrawal suggest a water
capillary interaction (l11). The bridge imbalance/sensor
displacement, not shown, indicates that the feadback maintains
the sensor at its equilibrium position within the noise level
throughout the entire scan.

The sensor displacement for the same system measured without
feedback is also shown in Fig. 3b. Upon approach, the
teeter-totter deflects in response to the interfacial force.
At a separation of ~15nm, the force gradient exceeds the force
constant and the teeter-totter jumps into virtual contact with
the tip. Further scanning simply results in a mechanical
deflection of the sensor and a one-to-one relationship between
piezo displacement and bridge imbalance. There is significant
hysteresis and a second jumping event upon withdrawal. This
type of hysteresis has been observed and detailed by others
(5, 6). It simply reflects that upon withdrawal the jumping
condition does not occur until kAd is nearly equal to the
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peak attractive force. The above results clearly demonstrate
that without feedback control, measuremeuts of the interfacial
forces over a ~15 nm range of surface separations are not be
possible. ’

CONCLUSIONS

We have described the concept of a new ingerfacial force
sensor which does not suffer from the mechanic@l instabilities
common to deflection-based force sensors. The design and
performance of the sensor are presented. The thin film
prototype has force and displacement sensitivities of ~10°8N
and ~54, currently limited by electrical noise. These numbers
are adequate for many interesting systems, although they can
be readily improved by careful attention to minimizing circuit
noise. Even with current noise levels, the performance of the
micromachined sensor should be several orders of magnitude
better. Preliminary results demonstrate the sensor's ability
to measure interfacial forces at surface separations smaller

than the instability point.
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Figure Captions

Figure 1. Schematic of the differential capacitance force
sensor.

Figure 2. The silicon micromachined sensor mounted on a TO-5
header. The differentially capacitor is the small dark
rectangle in the center of the photogragh.

Figure 3. Sensor response with and without feedback for the
Pt/PMMA system. (a) The actual force profiles measured with
the feedback on. (b) The bridge imbalance in the absence of
feedback.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.






