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A new force sensor iincorporating force-feedback control for interfacial 
force microscopy 

Stephen A. Joyce and ,J. E. Houston 
Sandia National Laboratories, Albuquerque, New Mexico 87185 

(Received 30 August 1990; accepted for publication 19 November 1990) 

A new interfacial-force microscope capable of measuring the forces between two surfaces over 
the entire range of surface separations, up to contact, is described. 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 is incorporated which 
balances the interfacial forces at the sensor, maintaining the common capacitor plate at its 
rest position. This control therefore eliminates the instability or “jumping” which occurs 
with conventional cantilever-based force sensors when the attractive force gradient between 
the fixed sample and sensor exceeds the mechanical stiffness of the cantilever. The 
operating characteristics of the sensor and its ability to measure interfacial forces using the 
feedback control at surface separations smaller than this instability point are demonstrated. 

I. lNTF?ODUCTlON 

Since its introduction, the atomic-force microscope 
(AFM) ’ has become a widely used tool for imaging sur- 
faces on a microscopic scale. The popularity of the tech- 
nique is due in large part to the fact that the AFM mea- 
sures the force (or force gradient) between a sharp metal 
“tip” and a sample surface as (opposed to the tunneling 
current measured with the scanning tunneling microscope 
(STM). Therefore, the AFM can image insulating as well 
as conducting samples. In addition to its imaging capabil- 
ity, the AFM also offers the possibility of measuring the 
strength of the interfacial interaction as a function of sep- 
aration. A knowledge of the btehavior of the interfacial 
force over the entire range of separations is of fundamental 
importance to obtaining a detailed understanding of such 
phenomena as adhesion, fracture, and tribology. Although 
the AFM is capable of measuring forces between micro- 
scopic surfaces at the pN (picoNewton) level, its primary 
application has been toward surface imaging, and there 
have been only a few experimental studies which specifi- 
cally address the behavior oif interfacial forces with 
separation.2-‘0 

instability leads to the discontinuous movement of the 
probe into virtual contact with the sample. This behavior, 
commonly referred to as “jumping” or “snapping,” has 
been described in detail by a number of groups.6*L3 For 
many systems of interest, jumping may occur at surface 
separations ranging from a few A up to hundreds of A 
depending on the stiffness of the spring and the nature of 
the interfacial forces. Since the instability point in a given 
system is determined by the cantilever force constant, the 
surface separation at which jumping occurs can be made 
smaller by making the cantilever force constant larger.“**’ 
This, however, limits the force sensitivity of the apparatus 
which is necessary for measuring the weak forces present at 
large surface separations. The instability, therefore, pre- 
cludes measurement of the interfacial forces over the broad 
range of separations required to perform a detailed char- 
acterization of surface-surface interactions. 

A large number of studies have investigated interfacial 
forces, particularly in the presence of liquids, using the 
crossed cylinder, surface-force apparatus (SFA) pioneered 
by Tabor and Winterton” and refined by Israelachvili.” 
The SFA measures forces over macroscopic areas, thereby 
requiring smooth, flat surfaces of large area-a nontrivial 
requirement. 

In this article, we describe a new sensor for measuring 
interfacial forces which incorporates a force-feedback con- 
trol to avoid the instability associated with conventional 
techniques. This scheme permits the determination of in- 
terracial forces over the entire range of surface separations, 
from very large up to actual repulsive contact. In Sec. II, 
the concept of the new sensor is discussed, while Sets. III 
and IV describe the design and performance of the new 
interfacial force microscope incorporating the force- 
feedback sensor. 

II. FORCE BALANCE APPROACH 

As presently configured, boith the SFA and the AFM The mechanical instability encountered in deflection 
consist of a fixed sample and a probe mounted on a canti- force sensors occurs when dF/dz, the force gradient be- 
lever beam of known stiffness. Normally, the probe is a tween probe and sample, exceeds k, the sensor force con- 
mica sheet in the SFA and an electrochemically etched stant. The instability can be avoided, however, by balanc- 
metal tip in the AFM. Interfacial forces are determined by ing the interfacial force on the probe with an equal and 
measuring the deflection of the cantilever when the probe is opposite force. The net result is to keep the probe’s position 
in the proximity of the fixed sample. An instability in the rigidly fixed in space as the sample is moved into proxim- 
cantilever-probe-sample potential occurs when the probe- ity. Of course, this scheme only applies to the macroscopic 
sample force gradient, dF/&, where z is the surface sepa- aspects of the force sensor. On an atomic level, at separa- 
ration, exceeds the force constant of the cantilever. This tions on the order of 1 A, a similar instability occurs when 

710 Rev. Sci. Instrum. 62 (3), March 1991 0034-6748/91/030710-06$02*00 @ 1991 American Institute of Physics 710 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

160.36.178.25 On: Sun, 21 Dec 2014 00:41:21



the force gradient exceeds the effective elastic constants of 
the tip and sample materials.‘417 Feedback techniques 
cannot prevent this atomic-level instability. 

Two previous publications have reported the use of 
force-balance schemes employed to measure interfacial 
forces.‘*‘* The first is a modified SFA where the probe is 
mounted on one end of a torsion balance; the initial dis- 
placement of the probe is monitored using optical interfer- 
ence techniques and then counterbalanced by inductive 
forces.‘* The second method employs a modified AFM 
which uses the tunneling current from a tip located behind 
the cantilever to measure displacements.’ The important 
feature of this latter microscope is the ability to reposition 
the cantilever support so that the probe remains fixed at 
the same position in space, effectively varying the spring 
constant. We have developed a new force balance scheme 
based on a differential capacitance sensor which has the 
unique feature that the capacitor acts both as the displace- 
ment detector, through changes in capacitance, and as the 
counterbalance by the application of electrostatic restoring 
forces. 

The use of capacitors as displacement transducers is, of 
course, not new.” They have been used for years in accel- 
erometers and have recently been employed in atomic force 
microscopes.‘0’2’ Indeed, it has been suggested that capac- 
itors are, in principle, the most sensitive electromechanical 
transducers.22 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 that, to our knowl- 
edge, 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. This voltage results in an electrostatic 
force, F, on the free plate, which is given by F, = CV2/2d 
and is always attractive. Thus only external forces which 
are in opposition to the capacitance force can be counter- 
balanced. However, not all interfacial forces are expected 
to be attractive, even in the noncontacting region where, 
for example, repulsive “hydration” interactions between 
hydrophobic surfaces have been observed.23 

We circumvent this problem by using a differential ca- 
pacitor as the sensor element. Thus, 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 differen- 
tial capacitance sensor in our design is comprised of two 
fixed plates above which is suspended a common plate (a 
“teeter-totter”), free to rotate about supporting torsion 
bars. A schematic is shown in Fig. 1. 

There are additional advantages to a differential capac- 
itance scheme. For example, it lends itself naturally to use 
in an ac bridge. Bridge methods have the advantage of 
being null detectors where the output signal is proportional 
to the difference in the capacitance of the two legs, not the 
total capacitance; therefore, very small changes (on the 
order of 1 ppm) in capacitance are readily detected. 

As a sample is brought into proximity of a tip mounted 
on one end of the teeter-totter, the interfacial forces cause 
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FIG. 1. The differential-capacitance force sensor consists of a common 
capacitor plate suspended by torsion bars above two separate counter 
plates. Interfacial forces between the tip and sample rotate the common 
plate and change the two capacitance values differentially. 

a deflection, Ad at that end of the common plate. 
Ad = Fi/k, where Fi is the interfacial force and k is the 
linear force constant of the torsion bars. The change in the 
gap, Ad, on one end results in an opposite displacement, 
- Ad, on the other. These changes will unbalance the 

bridge resulting in an output voltage proportional to AC/ 
C= Ad/2d (so long as Ad<d ) . The factor of 2 arises from 
the fact that the capacitor gap is fixed at the torsion bars 
and d is measured from the end of the teeter-totter. There- 
fore, the average gap varies by only f the value of d. 

The bridge imbalance can be fed to an electronic feed- 
back loop that rebalances the bridge by applying a dc volt- 
age to one of the fixed plates. The force-feedback scheme 
prevents “jumping” by maintaining the common plate at 
its rest position and allows an electronic determination of 
the interfacial force through the magnitude of the applied 
dc voltage. 

Another advantage of a differential-capacitance sensor 
is its relative immunity to certain environmental factors. In 
particular when operated in air, small changes in the hu- 
midity or temperature can have a significant effect on the 
capacitance by changing the dielectric constant of the ca- 
pacitor gaps. These effects are expected to be uniform and 
effectively cancel in the differential design. In addition, this 
design has a greater immunity to vibrations since only vi- 
brations which differentially change the gap will be de- 
tected. And finally, the differential scheme effectively bal- 
ances noise present on the function generator driving the 
bridge. 

III. DESIGN 

The current prototype sensor, shown schematically in 
Fig. 2, was fabricated using standard thin film techniques. 
The base, consisting of the two fixed plates, a ground plane 
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BASE 

DEPOSITION 

FIG. 2. A  schematic illustration of the prototype force sensor. The com- 
mon capacitor plate and torsion bars are photomasked and etched from a 
50 pm BeCu sheet while the two counter plajes are deposited, photo- 
masked and etched on a glass substrate (200 A  Cr followed by 1000 A  
Au). The capacitor spacing is established by two 50 pm mica shims. 

FUNCTION GENERATOR 

and connector pads, is made by depositing a 200 A Cr 
+ 1000 A Au film on a photomasked glass plate. A sub- 

sequent wet etch produced the pattern illustrated in Fig. 2. 
The common capacitor plate (teeter-totter plus torsion 
bars) was photomasked and etched from a 50 pm thick 
Be-Cu sheet. The gap was determined by 50 pm mica 
shims glued between the base and common plate. The in- 
dividual capacitor plates have areas of 10 mm2 yielding 
capacitance values of - 1.5 pF. The torsion bar dimensions 
were 6.3 mmx 150 prnx 50 pm, giving a calculated force 
constant, k, of - 13 N/m. 

Since the bridge imbalance produces output voltages 
proportional to Ad/2d, greater displacement sensitivity 
can be achieved by reducing the capacitor gap. In the 
present design, the minimum gap is limited by the mechan- 
ical stability of Be-Cu common plate. Ultimately, the dis- 
placement sensitivity is determined by the thermally ex- 
cited vibrational amplitude of the teeter-totter, 
A,= (2k,T/k) “2 (Ref. 4). The calculated AT for the pro- 
totype in Fig. 2 is calculated to be 0.02 nm. 

The electronics associated with the ac bridge and the 
feedback are shown schematically in Fig. 3. The ac voltage 
from a frequency generator first passes through a balanced 
rf transformer. The bridge drive voltage was 7 V rms and 
the bridge frequency, although variable, was normally fs 
= 2.5 MHz. A variable capaciior is used to balance the 

small natural imbalance of the differential capacitor and 
stray capacitance. Tuning the bridge to better than 1 part 
in lo5 (i.e. to AC< lo-‘? F) can be tedious with the me- 
chanical variable capacitor. However, the use of voltage- 
variable-capacitance diodes2’ (varactors) was found to 
produce significant amounts of electrical l/‘noise. 

The imbalance signal from the common capacitor plate 
is fed to a close-coupled preamp and finally to an EG&G 
Model 5202 high-frequency lock-in amplifier. The use of 
the preamplifier is necessary since the signal from the 1.5 

FIG. 3. A  schematic of the force-feedback control system. The ac bridge 
imbalance is measured by a low-input capacitance preamp and lock-in 
amplifier. The force-feedback is implemented by a proportional-integral- 
derivative controller and two active diode clamps to guide the dc feedback 
voltage to the proper capacitor plate. 

pF bridge would be significantly reduced by the cable and 
lock-in input capacitances. The preamplifier used has been 
described in detail by Neubauer et aL2’ The use of phase- 
sensitive detection permits the monitoring of only the in- 
phase, reactive, component of the signal in the presence of 
the out-of-phase, resistive component. The out-of-phase 
loss signal eventually overloads the lock-in and sets an 
upper limit on the bridge drive frequency, since the loss of 
capacitors generally increases as the frequency is increased. 

The output of the lock-in, normally operated at a gain 
of 103, represents the input to the feedback controller. The 
control circuit consists of a simple proportional-integral- 
derivative (PID) controller, which is unique only in its 
output circuitry. As mentioned above, the electrostatic re- 
storing force does not depend on the sign of the applied 
voltages. The sign of the imbalance voltage is important, 
however, in determining to which fixed plate the dc voltage 
is to be applied. The output stage of the controller directs 
the application of the dc voltage through the use of two 
active diode clamps.24 The clamp attached to C, passes 
voltages resulting from positive sensor displacements while 
the other clamp passes voltages to C, resulting from neg- 
ative bridge displacements. 

IV. PERFORMANCE 

Several tests were performed to determine the overall 
capabilities of the force feedback, differential-capacitance 
sensor. In the first, mechanical-displacement tests were 
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performed by attaching a W tip to a piezo tube and elec- 
trically ramping the tip after it had made mechanical con- 
tact with one end of the sensor. The bridge response to the 
mechanical deflections were found to be linear, within the 
noise, over the measurement range of deflection of approx- 
imately 1 pm. The minimum detectable deflection for a 
measurement time constant of 1 ms was found to be - 5 A. 

1 

Ideally, the signal-to-noise ratio for a bridge circuit of 
the type used here is given by the expression,25 

S/N=[~d(e,+e,)][C/(c+ Ci)][l/Af]“*, 

where v. is the bridge drive voltage, C is the individual 
teeter-totter capacitance, Ci is the total input capacitance 
of the preamplifier (including cabling, etc.), e, is the volt- 
age shot noise corresponding to the signal current entering 
the base circuit of the initial-stage transistor, e, is the elec- 
tronic noise present in the system, and Af is the overall 
system bandwidth. Under ideal conditions, e, is dominated 
by white noise generated by the preamplifier and consists 
of shot noise from the base-bias current and the voltage 
noise produced in the first-stage transistor.*’ 

2 

;i 
I 

Y 
2 
d 
s 

1 

i 

E 

0 

0 20 40 60 80 100 

v& 
For our preamp, the value e, for the MPHSlO first- 

stage transistor is given as - 10 nV. Thus with an overall 
system bandwidth of 1000 Hz, the displacement sensitivity 
predicted from noise considerations is 0.04 A. This value is 
to be compared with the -5 A figure obtained from noise 
measurements and the 0.2 A value predicted earlier from 
the thermal vibrations of the sensor. The reason for the 
discrepancy between these figures is partly due to mechan- 
ical vibrations of the system and partly to extraneous elec- 
tronic noise. A spectral analysis of the overall electronics 
noise shows a dominance by 60 Hz (and its overtones) and 
by 305 Hz, which was found to be generated by the lock-in 
amplifier. Careful attention to circuit design and the elim- 
ination of the lock-in contribution should result in a sig- 
nificant improvement of the system performance to that 
near the ideal indicated above. 

FIG. 4. The result of measurements of the bridge imbalance voltage 
caused by the application of a dc voltage to the individual capacitors. The 
linear curves show the expected quadratic dependence with applied dc 
voltage. The curves for the two capacitors have different slopes because of 
the natural imbalance of the sensor. 

Electrostatic displacement tests were performed by ap- 
plying a dc voltage to one of the fixed plates and measuring 
the resulting bridge imbalance. These results are presented 
in Fig. 4 showing the expected ( I’,,,)* dependence. The 
measurements indicate that the minimum detectable force 
for the present level of system noise is - 10 nN. Note that 
the slopes of the curves for the two capacitors, which are 
proportional to l/d*, are different implying that the sensor 
has a natural imbalance. The ratio of the slopes in Fig. 4 is 
1.50*0.05, while the independently measured ratio d:/d$ 
is 1.40*0.1, in good agreement. These measurements also 
permit an experimental determination of the teeter-totter 
force constant yielding a value of 15 f 2 N/m in excellent 
agreement with the 13 N/m value calculated earlier. 

Shown in the top curve marked (a) in Fig. 5 are the force 
profiles as measured by the feedback output as the tip ap- 
proaches and withdraws from the point of equilibrium 
force (the two curves are vertically displaced for clarity). 
The long-range nature of the forces indicates either a Van 
der Waal or capillary-type interaction.23 There is no appre- 
ciable hysteresis between approach and withdrawal, indi- 
cating that only small, irreversible adhesion occurred; al- 
though hysteresis behavior is observed if one probes more 
deeply into the repulsive region. The bridge imbalance or 
sensor displacement during the scan is shown as the lower 
curved marked (a) in Fig. 5. As can be seen, the feedback 
maintains the sensor at its equilibrium position, within the 
noise level, throughout the entire scan. 

The ultimate test of the sensor is, of course, its ability 
to measure interfacial force profiles in the absence of the 
mechanical instability discussed earlier. The interfacial 
forces were measured with a W tip attached to a piezo 
drive which moves it in proximity to one end of the Be-G 
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. 

The sensor displacement for the same system measured 
without feedback is shown as the lower curved marked (b) 
in Fig. 5. Upon approach, the teeter-totter deflects in re- 
sponse to the interfacial force. At a separation of - 30 nm, 
the force gradient exceeds the force constant and the 
teeter-totter jumps into virtual contact with the tip. Fur- 
ther ramping simply results in a mechanical deflection of 
the sensor and a one-to-one relationship between piezo dis- 
placement and bridge imbalance. This contact is main- 
tained up to the equilibrium force point where the motion 
is reversed. Subsequent withdrawal reveals significant hys- 
teresis and a second jumping event at about 60 nm sepa- 
ration as shown by the x’s in (b) of Fig. 5. This type of 
hysteresis has been observed and detailed by others.4*7*‘3 
Again, it simply reflects the point at which k = aF/dz. For 
tip withdrawal, the instability occurs at a separation just 
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FIG. 5. The two plots indicated by (a) show the dc feedback voltage and 
bridge imbalance plotted as a function of the interfacial separation be- 
tween a W tip and the BeCu sensor surface. The top curve illustrates the 
actual force profile for these two surfaces while the bottom (a) curve 
shows that the feedback keeps the bridge balanced, within the noise, over 
the entire excursion. The (b) curve indicates the bridge imbalance in the 
absence of feedback and illustrates the two instability points for the ap- 
proach and withdrawal excursions. 

beyond that corresponding to the maximum interfacial 
force. It is clear from Fig. 5 that without the force- 
feedback control a large percentage of the force profile is 
lost because of the mechanical instabilities of the displace- 
ment sensor. 

v. DlSCUSSlON 

We have described the conceptual design and proto- 
type performance data for a new interfacial force micro- 
scope that employs an electrostatic force feedback sensor 
to circumvent the mechanical instability inherent in 
deflection-type force sensors. We have demonstrated the 
efficacy of the electrostatic feedback scheme utilizing a dif- 
ferential capacitor arrangement for the sensor itself. This 
sensor offers distinct advantages over other displacement 
detectors including: ( 1) electronic displacement detection 
and electrostatic feedback in the same compact unit, (2) 
the ability to impose both attractive and repulsive balanc- 
ing forces, and (3) only second order sensitivities to both 
mechanical vibrations and electrical noise in the function 
generator driving the ac bridge circuit. While these are 
important advantages, they be no means restrict the appli- 
cation of the electrostatic feedback technique to this sen- 
sor. For example, the placemenl of appropriate electrodes 
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around the cantilevers widely used in present-day AFM 
sensors could convert these units into active feedback force 
detectors. Furthermore, such an arrangement could be im- 
plemented with presently used displacement detection 
schemes; e.g., using field emission,’ laser interferometer26 
or laser lever8 techniques as well as capacitance 
techniques. 2o 

The prototype unit discussed here was found to have 
force and displacement sensitivities of 10 nN and -5 A, 
respectively; values that are presently limited by system 
vibrations and extraneous electronic noise. Preliminary re- 
sults demonstrate the force-feedback sensor’s ability to 
measure interfacial-force protiles over their entire effective 
range, including interfacial contact. Although initial per- 
formance figures indicate that the prototype is adequate for 
studying interfacial bonding for a wide variety of interest- 
ing systems, significant improvement in performance can 
be achieved by careful attention to improving circuit noise 
and to enhancing teeter-totter stability in order to decrease 
the capacitor-plate spacing. In fact, it is reasonable to an- 
ticipate that sensors of this general type will eventually be 
among the most sensitive available for interfacial applica- 
tions.“. Finally, we should point out that with the sample 
mounted on a three-axis piezo drive, the sensor readily 
lends itself to n-y scanning that will be able to form 3-D 
images for the full range of interfacial force-both attrac- 
tive and repulsive. 
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