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ABSTRACT

An atomic force microscope in which the deflection of the
force sensing probe owing to surface forces is canceled by
an opposing magnetic force applied to a small magnetic
particle on a force sensing cantilever. A deflection of the
force sensing cantilever is detected by reflecting a laser
beam from the cantilever into a position sensitive detector.
The voltage signal from the position sensitive detector is
used to drive an integrating servo loop which drives a
current in a solenoid placed close to the force sensing
cantilever, and exerts a force opposing the atomic force of
attraction between the force sensing cantilever and the
sample surface via a small magnetic particle attached to the
cantilever and having its magnetic moment aligned with the
axis of the solenoid. In this way, deflection of the force
sensing cantilever is prevented for any force within the
range of the servo control system. The driving signal for the
cantilever is a measure of the operating force of the micro-
scope and can be used to drive a conventional atomic force
microscope controller to generate topographical images of
the surface. The system works submerged in water and other
liquids and can be used for profiling soft surfaces while
avoiding the problem of the force sensing cantilever being
pulled into the sample surface by attractive interactions
between the sample surface and the force sensing cantilever.
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CONTROLLED FORCE MICROSCOPE FOR
OPERATION IN LIQUIDS

STATEMENT AS TO RIGHTS TO INVENTIONS

This invention was made with Government support under
grant N00014-90-J-1455 awarded by the Office of Naval
Research and Grant No. DIR-8920053 awarded by the
National Science Foundation. The Government has certain
rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to scanning force microscopy and
more particularly to a microscope in which deflection of the
force sensing probe is prevented by a feedback loop in which
the force between the scanning force probe and sample
surface is exactly canceled by a compensating force applied
to the scanning force probe by a magnet. This arrangement
permits the scanning force probe to be scanned over a
surface without being pulled into it by attractive atomic
forces. The signal from the force compensating feedback
loop is used to drive the sample position in order to acquire
topographical images of the sample surface at constant force
and constant deflection of the scanning force probe.

2. The Prior Art

All scanning probe microscopes suffer from possible
mechanical instabilities of the scanning probe, but the prob-
lem is most severe for the atomic force microscope (AFM)
when it is operated with a soft force sensing cantilever. A
soft cantilever gives a bigger response for a given strength
of interaction between the probe and the sample and is thus
capable of resolving finer detail in the AFM image. A highly
schematic arrangement of an AFM is shown in FIG. 1.
Referring to this figure, a soft cantilever 2 with an asperity
serving as a probe 4 is held some distance y; from the
surface of a sample 6. As the sample is moved towards the
probe, interaction forces cause a deflection of the cantilever.
This is shown in FIG. 2 where the cantilever has been bent
down an amount x in response to the surface force at a
probe-surface distance y,. An image of the surface topog-
raphy is formed by adjusting the gap, y,, so that the
deflection of the cantilever, x, is kept constant. The adjust-
ments in the gap, required to maintain a constant deflection
x, mapped as a function of the position of the probe over the
surface, generate a map of the surface topography of the
sample.

The instability arises because surface forces rise rapidly
as an inverse function of the gap, whereas the restoring force
provided by the spring of the cantilever is linear in the
displacement x. Specifically, if the surface forces vary as
F(y) (where, for attractive forces, F(y) may be a/y”)) and the
restoring force varies as F(x)=-kx, then an instability arises
when the surface forces increase more rapidly than the
restoring force as the probe moves towards the surface. That
is, when dF(y)/dy>k, the probe is pulled rapidly into the
surface as illustrated in FIG. 3. This behavior is often
observed when moving a soft cantilever towards a surface as
a discontinuity in a plot of the deflection of the cantilever
against the distance that the sample is moved towards the
probe. This is illustrated in FIG. 4 which shows schemati-
cally the relative deflection of the cantilever as the sample is
advanced towards the probe. This advance is represented by
movement along the horizontal axis of FIG. 4 from right to
left. The response of the probe depends upon whether it is
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2

being advanced towards the surface for the first time (curve
labeled “IN™) or retracted after contact with the surface
(curve labeled “OUT”). Far from the surface (“A”) the probe
might be pulled down a little as shown at 10 by attractive
interactions between the probe and surface. When surface
forces increase more rapidly than the restoring force pro-
vided by the cantilever (at “B”) the probe jumps to contact
with the surface as shown at 12. When the probe is in contact
with the surface (“B” to “C”) the probe is pushed up with the
surface, giving the constant increase in deflection as shown
at 14. When the surface is pulled away (C—B—D—E), the
probe rides down with it. When the original point of contact
is reached (“B”) the surface usually remains stuck to the
probe owing to adhesive interactions. These adhesive inter-
actions keep the probe in contact with the surface (“D”) until
the force generated by bending of the cantilever is big
enough to overcome the adhesive interactions and pull the
cantilever away (“E”). The probe then jumps away from the
surface as shown at 16. Thus, once the probe has jumped
into contact with the surface, a large range of interaction
forces are inaccessible to and unmeasurable by the AFM.
This inaccessible range corresponds to the probe deflection
at the jump labeled 12 on the way in and the jump labeled
16 on the way out.

A solution to this problem has been proposed by Joyce et
al. [Physical Review Letters 68, 2790, 1992] and it is
illustrated in FIG. 5. A rigid cantilever 18 is pivoted about
its midpoint 20 so that it can rock about midpoint 20. A force
sensing probe 22 is attached to one end of cantilever 18 and
interacts with a sample 24. The rocking cantilever 18 is an
electrical conductor and it interacts with two other conduc-
tors 26 and 28 placed in close proximity to it. This arrange-
ment corresponds to two electrical capacitors, one formed by
the cantilever 18 and the conductor 26 above the probe 22
and the other formed by the cantilever 18 and the conductor
28 above the end of cantilever 18 opposite to the probe 22.
The capacitor (elements 18, 26) above the probe 22 is used
as a detector to sense movement of the probe 22. Small
variations in the spacing are sensed as variations in an AC
signal 27 derived from a conventional capacitance measur-
ing bridge circuit 29. The second capacitor formed from
elements 28 and 18 serves to apply an electrostatic force in
just such a manner as to cancel motion of cantilever 18. This
is achieved by applying a high voltage between the capacitor
plate 28 and the cantilever 18. The voltage is supplied by an
amplifier 21 which is fed from a DC signal obtained from a
rectified output of the measuring bridge 29. The phase of the
rectified signal is chosen so as to result in a negative
feedback which keeps the cantilever 18 at its initial position
so that no error signal is generated by the measuring bridge
circuit 29. In this way, motion of cantilever 18 is prevented
provided that surface forces are within the range that can be
compensated for by this feedback mechanism. The feedback
signal 27 serves as the measure of the interaction force
between the probe 22 and sample 24 and is used to control
the gap between the sample 24 and probe 22 so as to
generate a topographical image of the sample surface. In this
case, doing so without motion of the probe 22 and without
mechanical instability.

The prior art suffers from the drawback that a mechanical
rocker must be constructed and this is much more complex
to fabricate than the bending cantilevers in use at present
(such as those described by Drake et al. [Science 243, 1586,
1989]). Furthermore, the cantilever is electrified and cannot
be operated in a conductive fluid such as water.
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OBJECTS AND ADVANTAGES OF THE
INVENTION

Accordingly, it is an object of the present invention to
provide a force compensated microscope in which the force
sensing probe is not deflected by surface forces and does not
suffer from mechanical instabilities.

It is a further object of the present invention to provide a
force compensated microscope in which the force sensor is
a conventional microfabricated cantilever.

Yet a further object of the present invention to provide a
force compensated microscope that will operate in an elec-
trically conductive fluid such as water.

These and many other objects and advantages of the
present invention will become apparent to those of ordinary
skill in the art from a consideration of the drawings and
ensuing description of the invention.

SUMMARY OF THE INVENTION

The foregoing objects have been achieved in the scanning
force microscope of the present invention. It comprises a
force sensing microfabricated cantilever which is held over
the sample to be studied. Deflection of the cantilever is
sensed by an optical beam as described by Drake et al.
[Science 243, 1586, 1989] and an image is formed by a
relative scanning motion of the probe over the surface of the
sample, while monitoring the interaction force between the
probe and the sample surface. Deflection of the cantilever
(with consequent mechanical instability) is prevented in the
present invention by application of a magnetic compensating
force to the end of the cantilever. A small magnetic particle
is attached to the cantilever above the probe in a manner
such as to cause negligible interference with the optical
beam used to monitor deflection. A solenoid is placed in
close proximity to the force sensing cantilever so as to
generate a magpetic field which varies in magnitude with
distance in the direction of deflection of the cantilever. The
action of this field gradient on the magnetic moment of the
particle attached to the cantilever generates a force which
may be used to compensate for the surface force that acts on
the probe below the magnetic particle. If the field gradient
along the direction of cantilever deflection (x) is dB/dx and
the magnetic moment of the particle in this direction is M*,
then the force applied to the cantilever along the x direction
is F*, given by F'=M*X (dB/dx). Gradients of several
hundred Gauss/cm are easily obtained at convenient (centi-
meter) distances from a small solenoid convenient for place-
ment in an AFM. Surface forces are typically nN or 107~
dynes, so a particle with a moment of 107° esu is adequate.
Such a moment is easily obtained with a rare-earth magnet
of dimensions on the order of a micron, a convenient size for
attachment to the end of a microfabricated force sensing
cantilever.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11is a schematic diagram of a force sensing probe and
cantilever held some distance above a sample.

FIG. 2 is as in FIG. 1, but illustrating defiection of the
cantilever as the probe is moved towards the sample.

FIG. 3 is as in FIG. 2, but showing how the cantilever has
jumped into contact with the sample surface after further
approach.

FIG. 4 shows a plot of cantilever deflection for an
approach to and retraction from the sample.
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4

FIG. § illustrates a prior art force compensated micro-
scope.

FIG. 6 shows schematically how a magnetic particle in an
inhomogeneous magnetic field is used to provide a compen-
sating force in the present invention.

FIG. 7 shows the overall layout of a practical scanning
microscope which images in the compensated force mode
according to the present invention.

FIG. 8 shows use of the microscope of the present
invention under a conductive fluid such as water.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Those of ordinary skill in the art will realize that the
following description of the present invention is illustrative
only and is not intended to be in any way limiting. Other
embodiments of the invention will readily suggest them-
selves to such skilled persons from an examination of the
within disclosure.

The essential elements of the AFM microscope according
to the presently preferred embodiment of the present inven-
tion are shown in FIGS. 6 and 7. Referring to FIG. 6, a force
sensing probe 30 on a deformable cantilever 31 (collectively
referred to as a force sensing cantilever) is held over a
sample surface 32. A laser beam 34 from a suitable laser
light source 40 is deflected from the back 35 of the cantilever
31 so that motion of the cantilever may be detected as it is
scanned over the surface of the sample as described by
Drake et al. [Science 243, 1586, 1989]. The cantilevers as
used herein are preferably microfabricated using litho-
graphic methods and are available as commercial products.
An example is the Microlever™ available from Park Sci-
entific Inc. of Sunnyvale, Calif. A small solenoid 38 is
arranged so as to generate a magnetic field gradient in the
vicinity of the end of the force sensing cantilever with the
direction of the gradient having a component along the
direction of deflection of the cantilever. A magnetic particle
36 is attached to a distal end 39 cantilever 31 above probe
30 and is arranged so that its magnetic moment M, lies along
the direction of the deflection of cantilever 31 as shown in
FIG. 6.

According to a presently preferred embodiment of the
present invention, magnetic particle 36 is made from a small
piece of a rare-earth cobalt magnet obtained by abrading
such a magnet with a fine file. Magnetic particle 36 is placed
on the distal end 39 of cantilever 31 and is preferably
attached by a small patch of epoxy adhesive (not shown).
Magnetic particle 36 is preferably oriented by applying a
magnetic field to it as the epoxy adhesive cures forcing it to
assume a proper alignment. In other embodiments, the
magnetic particles may be iron, nickel, cobalt, neodymium,
boron-strontium alloys, chromium oxide or other magnetic
materials having the property of being attracted to an
activated solenoid. In yet a further embodiment, cantilever
31 may be magnetized by sputtering or evaporation of
magnetic material onto the back of the cantilever (not
shown).

According to a presently preferred embodiment, solenoid
38 is made by pile-winding several hundred turns of insu-
lated wire 41 onto a core 43 made from the linear magnetic
alloy permendur®, an alloy available from Eagle Alloys Inc.
of Jefferson City, Tenn.). According to a presently preferred
embodiment, the solenoid is pile-wound to reduce capaci-
tance and speed up the response of the solenoid. Pile
winding is a method of winding a solenoid whereby turns are
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spread about somewhat haphazardly (such as might result
from winding by hand) in order to increase the distance
between neighboring turns and thus reduce the stray capaci-
tance between turns. Three hundred turns 41 operated at a
current of 200 mA using a 0.125" diameter core 43 produce
a field gradient of 500 Gauss/meter 5 millimeters from the
end of core 43. Pile winding has the advantage of reducing
the capacitance of solenoid 38 and thus, increasing its
frequency response. For the solenoid described, the response
time is about one microsecond. In accordance with other
preferred embodiments of the invention, core 43 may be
fabricated from similar materials such as low silicon-iron,
conpernik®, perminvar®, hipernik®, nikalloy® (these last
four alloys are also available from Eagle Alloys of Jefferson
City, Tenn.), and mild steel.

According to the preferred embodiment and referring to
FIG. 7, deflection of cantilever 31 is detected by a bi-cell
silicon photodiode position detector 42 which monitors the
motion of cantilever 31 through the consequent motion
(deflection) of reflected laser beam 34. The deflection is
detected by a change in the relative illumination of the
segments 42a, 42b of bi-cell photodiode 42, detected by
taking a difference of the signals 43a, 43b from the bi-cell
photodiode segments 42a, 42b, respectively, using opera-
tional amplifier 44 as is well known to those of ordinary skill
in the art. Some fixed deflection of cantilever 31 may be
obtained by summing a set-point voltage signal 48 with this
difference signal 45 using operational amplifier 46. The
resultant deflection error signal 49 is integrated by integrator
50, the output of which is amplified by power amplifier 52
which drives a current in a solenoid 38 to apply a force to
magnetic particle 36 on the end of cantilever 31 in such a
manner as to oppose the deflection error signal 49 and keep
the cantilever deflection at the leve] determined by set-point
voltage signal 48. The voltage out of integrator 50 is a signal
on a line labeled 58 and is therefore a measure of the force
applied to the distal end 39 of cantilever 31 since it will rise
or fall so as to oppose exactly any force applied as a
consequence of an interaction between the force sensing
probe 30 and sample 32. This signal on line 58 is then fed
into the input of a conventional atomic force microscope
controller 54 such as that described by Elings et al. in U.S.
Pat. No. Re. 34,331. This controis the relative position of
sample 32 and force sensing probe 30 on cantilever 31 by
means of a conventional XYZ piezoelectric actuator 56 such
as that described by Binnig and Smith [Review of Scientific
Instruments vol. 57, p. 1688, (1986)]. XYZ piezoelectric
actuator is a combined XY scanner and Z scanner, i.e., the
XY scanner portion moves the sample back and forth under
the force sensing probe 30 and the Z scanner portion is
capable of moving the sample closer to and further from
force sensing probe 30. There is no requirement that a single
XYZ piezoelectric actuator be used, an XY scanner and a Z
scanner could also be used. Also, the XY scanner and/or the
Z scanner could be attached to the cantilever 31 rather than
the sample 32.

In another embodiment of the present invention, the
distance between sample 32 and force sensing probe 30 is
optionally modulated by applying a small AC voltage signal
60 to piezoelectric actuator 56 so as to modulate the Z axis,
that is so to increase and decrease the distance between the
sample and the probe. This results in a corresponding
modulation of the force signal out of the bi-cell photodiode,
42a, 42b. A lock-in detector 62 is added into the control
circuit in order to produce a DC error signal from the
magnitude of this AC force signal which appears at the
output of 46 as an AC signal 49 as a consequence of the AC
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modulation 60 applied to the Z transducer 56. The lock-in
detector may be a commercial product such as the model
SR530 from Stanford Research Systems of Sunnyvale,
Calif. Persons skilled in the art will recognize that a custom
circuit can be assembled to achieve lock-in detection on a
board that is part of the microscope electronics assembly by
using integrated circuits or a digital signal processing board.
The advantage of using this modulation technique is an
enhancement of the signal to noise ratio in the deflection
signal. Noise, such as thermal fluctuations, Johnson noise
and shot noise has a power spectrum which varies as the
square root of the bandwidth of the detection system.
Therefore, noise may be rejected if the bandwidth of the
system is reduced. It is not feasible to do this around zero
frequency and a great improvement results if the error signal
is obtained by modulating the parameter to be controlled (in
this case, the gap between the sample and probe). The error
signal is then obtained by coherent detection of the AC
modulation using a lock-in detector. The bandwidth of the
lock-in detector 62 is adjusted so that the frequency response
of the control loop is adequate for the required imaging
speed, resulting in improved noise rejection at slower scan-
ning speeds. A typical image is acquired in about two
minutes (for a full scan). If the image consists of 400 lines,
each composed of 400 points, then each data point is
obtained in 120/160,00 seconds or 0.8 mS. In this case, an
optimal bandwidth for the signal acquisition system would
be 1.33 kHz. If, however, the scan speed were slowed down
to .20 minutes for a full image, the bandwidth could be
reduced to 0.133 kHz, giving a tenfold reduction in noise
voltage (or a factor 3.16 reduction in noise power). Thus the
microscope force sensitivity may be greatly increased so that
the microscope may be operated at a smaller set-point force.

It is often desirable to limit the response of the magnetic
part of the system to only those motions which retract the
force sensing probe 30 from the surface of the sample 32.
This is because of an unfavorable condition that might arise
when the force sensing probe 30 does contact the surface. In
this case, the piezoelectric actuator 56 pulls the sample away
from the force sensing probe 30 while the magnetic system
pushes the force sensing probe 30 down toward the surface
of sample 32. If the response of the magnetic control system
is faster than the response of the piezoelectric actuator 56,
this condition could cause the force sensing probe 30 to be
pushed further into the sample surface 32. This problem is
eliminated if the magnetic system is polarized (shown
schematically by diode 64) so that it can only pull the force
sensing probe 30 away from the surface 32. According to a
preferred embodiment of the present invention, this polar-
ization is achieved by applying a magnetic field of known
orientation to the magnetic particie as it is placed into the
adhesive on the end of the cantilever. This results in the
particle adopting a preferred orientation, e.g., north pole
pointing normal to the plane of the cantilever and away from
the probe. Thus, the direction of deflection for a given field
applied to the solenoid is determined. Also, twisting of the
cantilever owing to application of an undesired torque by the
particle in the solenoid field may be minimized.

FIG. 8 shows the use of the microscope of the present
invention under a conductive fluid such as water.

While illustrative embodiments and applications of this
invention have been shown and described, it would be
apparent to those skilled in the art that many more modifi-
cations than have been mentioned above are possible with-
out departing from the inventive concepts set forth herein.
The invention, therefore, is not to be limited except in the
spirit of the appended claims.
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What is claimed is:

1. A scanning probe microscope for generating a signal
corresponding to the surface characteristics of a scanned
sample, comprising:

a force sensing probe tip disposed on a first side of a free
end of a flexible cantilever and adapted to be brought
into close proximity to a sample surface;

an XY scanner for generating relative scanning movement
between said force sensing probe tip and said sample
surface; '

a Z control for adjusting the distance between said force
sensing probe tip and said sample surface;

a deflection detector for detecting deflection of said
flexible cantilever; and

a magnetic control system responsive to said deflection of
said flexible cantilever for providing a magnetic force
to said flexible cantilever which counters an atomic
force of attraction applied to said flexible cantilever due
to interaction between said force sensing probe tip and
said sample surface in order to minimize movement of
said force sensing probe tip during scanning of said
sample surface.

2. A scanning probe microscope according to claim 1
wherein said magnetic force is one attracting said force
sensing probe away from said sample surface.

3. A scanning probe microscope according to claim 1
wherein:

said z-control further includes a signal generator for
generating a signal which modulates said distance
between said force sensing probe tip and said sample
surface.
4. A scanning probe microscope according to claim 3
wherein:

said modulation of said distance between said force
sensing probe tip and said sample surface is detected
with a lock in detector which produces an error signal
which is applied to said z-control in order to reduce the
bandwidth of said deflection detector.

5. A scanning probe microscope for generating a signal
corresponding to the surface characteristics of a scanned
sample, comprising:

a force sensing probe tip disposed on a first side of a free

end of a flexible cantilever and adapted to be brought
into close proximity to a sample surface;

an XY scanner for generating relative scanning movement
between said force sensing probe tip and said sample
surface;

a Z control for adjusting the distance between said force
sensing probe tip and said sample surface;

a deflection detector for detecting deflection of said
flexible cantilever; and

amagnetic control systemn responsive to said deflection of
said flexible cantilever for providing a magnetic force
to said flexible cantilever which counters an atomic
force of attraction applied to said flexible cantilever due
to interaction between said force sensing probe tip and
said sample surface in order to minimize movement of
said force sensing probe tip during scanning of said
sample surface,

wherein said magnetic control system includes:
a magnetic material capable of being attracted by a
solenoid disposed on said flexible cantilever; and
a solenoid having a current flowing therein, said sole-
noid oriented to be capable of exerting an attractive
magnetic force upon said magnetic material, said
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current flowing in said solenoid responsive to said
deflection of said flexible cantilever such that
increasing deflection results in increasing current
flow within said solenoid.

6. A scanning probe microscope according to claim 5
wherein said flexible cantilever, said force sensing probe tip
and said sample surface are all submerged in a fluid.

7. A scanning probe microscope according to claim 6
wherein said fluid is a liquid.

8. A scanning probe microscope according to claim 7
wherein said fluid is water.

9. A scanning probe microscope according to claim §
wherein said magnetic force is one of attraction between
said magnetic material and said solenoid.

10. A scanning probe microscope for generating a signal
corresponding to the surface characteristics of a scanned
sample, comprising:

a force sensing probe tip disposed on a first side of a free

end of a flexible cantilever and adapted to be brought.
into close proximity to a sample surface;

an XY scanner for generating relative scanning movement
between said force sensing probe tip and said sample
surface;

a Z control for adjusting the distance between said force
sensing probe tip and said sample surface;

a deflection detector for detecting deflection of said
flexible cantilever; and

a magnetic control system responsive to said deflection of
said flexible cantilever for providing a magnetic force
to said flexible cantilever which counters an atomic
force of attraction applied to said flexible cantilever due
to interaction between said force sensing probe tip and
said sample surface in order to minimize movement of
said force sensing probe tip during scanning of said
sample surface

wherein said magnetic control system includes:
a magnetic material capable of being attracted by a
solenoid disposed on said flexible cantilever; and
a solenoid having a current flowing therein, said sole-
noid oriented to be capable of generating a magnetic
field extending along its axis and varying in magni-
tude as a function of linear distance from said
solenoid, said magnetic material oriented so that it
has a substantial magnetic moment directed substan-
tially parallel to said axis of said solenoid, and said
current flowing in said solenoid responsive to said
deflection of said flexible cantilever in a manner that
increasing deflection of said flexible cantilever
results in increasing current flow within said sole-
noid.
11. A microscope for determining the characteristics of
the surface of a sample, said microscope comprising:

a force sensing probe tip disposed on a free end of a
flexible cantilever;

means for detecting bending of said cantilever;

means for scanning said force sensing probe tip relative to
the surface of the sample; and

means responsive to said bending for applying a magnetic
compensating force to said force sensing probe tip for
cancelling deflection of said probe.

12. A microscope according to claim 11 wherein said
force sensing probe tip and the surface of the sample are all
submerged in a fluid.

13. A microscope according to claim 12 wherein said fluid
is a liquid.
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14. A microscope according to claim 13 wherein said fluid
is water.
15. A microscope for determining the characteristics of
the surface of a sample, said microscope comprising:
a force sensing probe tip disposed on a frec end of a 5
flexible cantilever;
means for detecting bending of said cantilever;
means for scanning said force sensing probe tip relative to
the surface of the sample; and

10
means responsive to said bending for applying a magnetic
compensating force to said force sensing probe tip for
cancelling defiection of said probe,
wherein said magnetic compensating force is one only
pulling said force sensing probe away from the surface
of the sample.
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