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multi-dimensional transducer 202 is coupled to probe 150,
which is positioned above sample 152.

In one preferred embodiment, multi-dimensional trans-
ducer 202 is a two-dimensional transducer which can be
similar to the multi-dimensional transducer 202 shown in
FIGS. 11A and 11B, as previously described herein. Multi-
dimensional transducer 202 can sense or detect forces in the
x-direction using x-direction transducer 204, and in the
z-direction using z-direction transducer 206 and/or
z-direction transducer 207, and imparts forces on a remote
object 218 (in the drawing shown as probe 150) in the
z-direction using z-direction transducer 206 and/or
z-direction transducer 207.

In use, the surface of sample 152 is imaged as previously
described herein using SPM controller 160 coupled to video
display monitor 162 (at 161). Scanning head 158 moves the
sample 152 back and forth in a raster pattern for imaging the
sample surface using methods previously described herein.

Mutti-dimensional transducer 202 of Applicant’s inven-
tion is used for applying force for indentation or scratching,
measuring the applied force during indentation or scratching
and for imaging before and after testing. Once an image of
the sample 152 surface has been made using the above
procedure, multi-dimensional transducer 202 is used for
forcing the tip of probe 150 into the sample 152 to produce
an indentation. Multi-dimensional transducer 202 provides
an output signal 217 to output signal conditioner/detector
132 representative of the tip penetration into the sample
during the indenting process.

In a preferred embodiment, to perform an indentation,
controller 102 (including electrostatic controller 112) is
manipulated to selectively apply a voltage to multi-
dimensional transducer 202 (at 210), for electrostatic actua-
tion of multi-dimensional transducer 202 to force the probe
150 tip into sample 152. Specifically, in the indentation
mode, z-direction transducer 207 is electrostatically actuated
transferring a comresponding force to probe 218 in the
z-direction, for forcing the probe 150 tip into sample 152.
During indentation, z-direction transducer provides an out-
put signal 217 to output signal conditioner/detector 132
representative of the tip penetration into sample 152 and the
characteristics of the sample 152 being tested.

The force provided by multi-dimensional transducer 202
for indentation may be selectively controlled by manual
operation of electrostatic controller 112, or through auto-
matic operation of electrostatic controller 112 by data acqui-
sition and control system 110. Data acquisition and control
system 110 may include a microprocessor or similar logic
based system for calculating the voltage to apply to generate
a desired force from transducer 202. Alternatively or
additionally, data acquisition and control system 110 may be
used to log data received from output signal conditioner/
detector 132.

Data acquisition and control system 110 may be used to
adjust the force applied by multi-dimensional transducer 202
to compensate for movement of the sample as indentation
occurs, which is known to occur in softer samples. The force
provided by transducer 202 may also be changed by output
signal conditioner/detector 132 based on the output signal
received from transducer 202. Multi-dimensional transducer
202 further includes x-direction transducer 204 for measur-
ing lateral forces on sample 152 (output indicated at 214).

After indentation, the sample 152 surface can then be
reimaged with the same tip so that the resuit of the inden-
tation test can be seen in minutes, rather than hours, without
the need for moving the sample or finding the point where
the indentation was made in the sample. Further, because the
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first image, indentation, and second image are all made with
the sample in a single position, it is assured that the first
surface image and second surface image are of the same
surface area and show the corresponding effect of the
indentation step.

In the imaging mode, z-direction transducer senses/
detects forces on remote object 218 (probe 1560 in FIG. 12)
in the z-direction, and provides output signal 217 to output
signal conditioner/detector 132 representative of the force
detected. Additionally, in the imaging mode, z-direction
transducer 206 may be used as a positioning transducer as an
alternative to using scanning head 158. Z-direction trans-
ducer 206 takes over the function of positioning in the
z-direction. Z-direction transducer 206 operates as a posi-
tioning transducer in a feedback loop to maintain the posi-
tion in the z-direction of probe 218 (shown as tip 150 in FIG.
12) relative to the surface of sample 152.

Referring to FIG. 13A, yet another embodiment of a
micro-mechanical testing apparatus using the multi-
dimensional transducer of the present invention is shown. In
one preferred embodiment, multi-dimensional transducer
202 is similar to the multi-dimensional transducer shown in
FIGS. 11C and 11D as previously described herein. During
surface imaging, multi-dimensional transducer 202 is used
to scan the tip of probe 150 back and forth in a raster pattern
over the surface of sample 152, for imaging the sample
surface. Additionally, multi-dimensional transducer 202 is
used for controfling the tip of probe 150 for performing the
desired micro-mechanical test which may include perform-
ing an indentation or scratch in sample 152. After
indentation, the sample 152 can again be imaged with the
same tip so that the results of the indentation or scratch test
can be imaged immediately after performing the test. In each
of these modes, multi-dimensional transducer 202 is used
for moving, positioning, providing force or sensing/
detecting forces in the multiple directions.

As shown in FIG. 13A, in one preferred embodiment,
output signal conditioner/detector 132 includes a synchro-
nous demodulator coupled to a low pass filter (LPF). The
fow pass filter is coupled to an amplifier (AMP) for condi-
tioning of output signal 203 received from multi-
dimensional transducer 202. Additionally, a front panel
display (FPD) may be coupled to the amplifier for providing
an output display representative of output signals 214, 215,
216 and 217.

Referring to FIG. 13B, a micro-mechanical testing appa-
ratus using the multi-dimensional transducer of the present
invention is shown, which can be similar to the micro-
mechanical testing apparatus shown in FIG. 13A. In this
embodiment, a stand-alone system is shown with controller
102 performing the previous functions of SPM controller
160. -

‘When the transducer of the present invention is used with
a scanned probe microscope with its own scanner (typically
a piezo scanner), the microscope scanner can be used to
withdraw the sample from the probe, allowing the trans-
ducer output to be set to zero periodically. This is required
to compensate for thermal drift. When the multi-
dimensional transducer 202 performs the functions of the
scanning head (158), rather than work in conjunction with it,
some means must be provided to allow for periodic drift
compensation. It is recognized that one possible method
would be to use a stepper motor driving a screw to withdraw
the probe from the sample, but that method may disturb the
x and y position if done while an image is being scanned.

In one preferred embodiment, the means of compensating
for drift is to use two z-axis transducers (such as z-direction
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transducer 206 and z-direction transducer 207). One
z-direction transducer may be used as the positioning
device, responding to the feedback signal from the second
z-direction transducer to maintain a constant contact force.
Correction for drift can be done at any time by withdrawing
the first 2-direction transducer slightly, so the tip mounted on
the second z-direction transducer is no longer contacting the
sample, and resetting the output to zero with an offset adjust
circuit. Since there is no sideways play in the z-direction
transducers, this procedure can be done at any time without
disturbing the position of the probe (218) relative to the
sample, even in the middle of scanning an image.

Referring to FIG. 14, it is recognized that alternative
mounting configurations may be used between multi-
dimensional transducer 202 and probe 150 for testing
sample 152 for use in a scan probe microscope test system.
As shown, box 240 may include a multi-dimensional trans-
ducer 202, and box 242 may be a fixed surface similar to that
shown in FIG. 12. Alternatively, box 240 may be a fixed
surface, and box 242 may include multi-dimensional trans-
ducer 202. Additionally, it is recognized that box 240 or box
242 may include a scanning head mechanically coupled to a
scanned probe microscope apparatus for performing various
operations during a micro-mechanical test procedure.

It is also recognized that multi-dimensional transducer
202 may take on alternative structural embodiments while
still remaining in the scope of the present invention. For
example, referring to FIG. 15, a two-dimensional multi-
dimensional transducer 202 is shown which includes an
x-direction transducer 204 and a y-direction transdncer 205.
In this embodiment, x-direction transducer 204 includes
capacitive transducer 104x having drive plates 118x and
120x, having a common center plate 122xy which is also
common to y-direction transducer 205. Y-direction trans-
ducer 205 capacitive transducer 104x also includes drive
plates 118y and 120y. Center plate 122xy is moveably
mounted between drive plates 118x, 118y, 120x, and 120y.
Mechanism 244 is coupled to center plate 122xy for move-
ment of center plate 122xy. One application for this struc-
tural embodiment of multi-dimensional transducer 202 is for
use as a computer mouse or “joystick”.

Referring to FIGS. 16 and 17, yet another alternative
embodiment of the multi-dimensional transducer 202 of the
present invention is shown. In this embodiment, center plate
122xy is moveably mounted above drive plates 118x, 118y,
120x, and 120y using suspension system 246. Mechanism
244 is coupled to center plate 122xy for movement of center
plate 122xy relative to drive plates 118x, 118y, 120x, and
120y. One application of this structural embodiment of
multi-dimensional transducer 202 is also for use as a com-
puter mouse or “joystick”.

The present invention provides the combined capability of
nano-micro-mechanical testing and high resolution in situ
imaging in a single system. This completely eliminates the
effort, time and uncertainty involved with trying to relocate
indents in a conventional AFM or SEM after they were
produced in a separate indentation instrument as is normally
required.

In addition to indentation and hardness testing at the nano
scale, the present invention may be used for micro-scratch/
scratch testing, wear testing of materials, such as hard
protective coatings. and micro-machining. Wear resistance
of materials such as hard protective coatings can be evalu-
ated by repeatedly scanning a region and recording the wear
rate at various contact forces. The wear depth can be
measured by increasing the scan size after the measurement,
to image both the foreign region and the surrounding
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possible to measure wear depths as small as 0.2 nm.

The present invention is extremely useful for testing hard
coatings on items ranging from eye glasses to magnetic
recording disks. Additional applications include micro-
mechanical testing of thin films for micro-electronic inte-
grated circuits, capacitors and pasivation layers. As inte-
grated circuit features become more complex and the
number of metalization layers increases, mechanical effects
due to mismatches of thermal expansion coefficients and
process related stresses become more important. Micro-
mechanical testing of these structures can be used to evalu-
ate the stresses and the probable affect they will have on
device reliability using the present invention. Coatings for
cutting tools and other mechanical components to increase
wear or corrosion resistance can also be evaluated using the
present invention. :

With the present invention, in situ imaging at the nano
meter scale resolution is achieved, allowing measurements
to be made which were not previously possible. Very small
indents of 100 nm or less diameter have been produced and
imaged with the present invention. Previously, indents of
this size produced on a separate indentor would be nearly
impossible to locate later using a microscope (100 nm
features would require a scan size on the order of 1 pm for
imaging. ¥ the sample could be repositioned with a total
error of 100 pm (0,004 inches), there are 10,000 possible 1
pm regions that the indent could be located in.) Even with
larger indents or other features placed on the sample to aid
in location, these small indents cannot be reliably located
once the sample is moved.

At very small loads, indents have been produced in both
GaAs and single crystal copper that are not stable, returning
to the original flat surface within a short period of time.
Surfaces having this type of behavior would be impossible
to study on conventional micro/nano indentors, as the indent
would have disappeared long before it could be located in a
microscope for inspection.

Additionally, it is recognized that the micro-machining
capabilities of the present invention can be used for experi-
mental modification of magnetic recording heads to trim-
track widths or alter air bearing surfaces. Other applications
include exposing varied metalization layers in integrated
circuits to allow probing of signals for debugging or failure
analysis.

If imaging is not required, it is possible to operate the
present invention as a conventional micro-indentor, with the
instrument providing load/displacement curves at a fraction
of the cost of other micro/nano indentors.

New characteristics and advantages of the invention cov-
ered by this document have been set forth in the foregoing
description. It will be understood, however, that this disclo-
sure is, in many ways, only illustrative. Changes may be
made in details, particularly in matters of shape, size, and
arrangement of parts, without exceeding the scope of the
invention. The scope of the invention is, of course, defined
in the language in which the appended claims are expressed.

What is claimed:

1. A high precision multi-dimensional transducer com-
prising:

afirst capacitive transducer including means for imparting

force or movement and/or detecting force, weight, or
position in a first direction via a pick-up plate movably
mounted relative to a drive plate therein; and

a second capacitive transducer including means for

imparting force or movement and/or detecting force,
weight, or position in a second direction via a pick-up
plate movably mounted relative to a drive plate therein.
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2. The transducer of claim 1, further wherein each trans-
ducer includes means for transmitting force between an
object remote from each pick-up plate and said pick-up

late,
P 3. The transducer of claim 2, further comprising means
responsive to the position of each pick-up plate refative to
the respective drive plate for providing an output signal
proportional to said relative position.

4. The transducer of claim 1, further comprising means for
selectively controlling each pick-up plate.

5. The transducer of claim 4, wherein the means for
selectively controlling each pick-up plate further includes
means for selectively imparting a force on the remote object
via the pick-up plate. _

6. The transducer of claim 5, wherein the means for
selectively imparting a force on the remote object via the
pick-up plate includes electrostatic actuation.

7. The transducer of claim 4, wherein the means for
selectively controlling each pick-up plate includes a con-
troller having an electrostatic actuator coupled to each
transducer.

8. The transducer of claim 1, further comprising a third
capacitive transducer including means for imparting force or
movement and/or detecting force, weight or position in a
third direction having a pick-up plate movably mounted
therein.

9. A high precision multi-dimensional transducer com-
prising:

a first capacitive transducer for imparting force or move-
ment and/or detecting force, weight, or position in a
first direction having a pick-up plate movably mounted
relative to a drive plate therein;

a second capacitive transducer for imparting force or
movement and/or detecting force, weight, or position in
a second direction having a pick-up plate movably
mounted relative to a drive plate therein;

a third capacitive transducer for imparting force or move-
ment and/or detecting force, weight or position in a
third direction having a pick-up plate movably mounted
therein; and

a fourth capacitive transducer for imparting force or
movement and/or detecting force, weight or position in
the second direction having a pick-up plate movably
mounted relative to a drive plate therein.

10. A high precision multi-dimensional transducer com-

prising:

a first capacitive transducer for imparting force or move-
ment and/or detecting force, weight, or position in a
first direction having a pick-up plate movably mounted
relative to a drive plate therein;

a second capacitive transducer for imparting force or
movement and/or detecting force, weight, or position in
a second direction having a pick-up plate movably
mounted relative to a drive plate therein; and

a third capacitive transducer for imparting force or move-

ment and/or detecting force, weight or position in the
second direction having a pick-up plate movably
mounted relative to a drive plate therein.

11. A high precision, multi-dimensional transducer com-

prising:

a first capacitive transducer for detecting force, weight or
position in a first direction having a pick-up plate
movably mounted relative to a drive plate therein;

a second capacitive transducer for detecting force, weight
or position in a second direction having a pick-up plate
movably mounted relative to a drive plate therein;
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means to couple each pick-up plate to a remote object; and

means to generate an output signal proportional to the

force, weight or position detected.

12. The transducer of claim 11, further including means
for selectively controlling the position of each pick-up plate
and/or a force generated by each pick-up plate.

13. The transducer of claim 12, wherein the means for
controlling the position and/or force includes electrostatic
actuation.

14. The transducer of claim 12, further comprising means
for drift compensation in the second direction, including a
third transducer similar to the second transducer.

15. The transducer of claim 11, further comprising a third
capacitive transducer including means for detecting force,
weight or position in a third direction having a pick-up plate
movably mounted relative to a drive plate therein.

16. In a scanned probe microscope apparatus, the
improvement comprising a high precision multi-
dimensional transducer including:

a first capacitive transducer including means for imparting
force or movement and/or detecting force, weight or
position in a first direction via a pick-up plate movably
mounted relative to a drive plate therein; and

a second capacitive transducer including means for
imparting force or movement and/or detecting force,
weight, or position in a second direction via a pick-up
plate movably mounted relative to a drive plate therein.

17. The transducer of claim 16, further wherein each
transducer includes means for transmitting force between an
object remote from each pick-up plate and said pick-up
plate.

18. The transducer of claim 17, further comprising means
responsive to the position of each pick-tp plate relative to
the drive plate for providing an output signal proportional to
said relative position.

19. The transducer of claim 16, further comprising means
for selectively controlling each pick-up plate.

20. The transducer of claim 19, wherein the means for
selectively controlling each pick-up plate further includes
means for selectively imparting a force on the remote object
via the pick-up plate.

21. The apparatus of claim 20, wherein the means for
selectively imparting a force on the remote object via the
pick-up plate includes electrostatic actuation.

22. The apparatus of claim 19, wherein the means for
selectively controlling each pick-up plate includes a con-
troller having an electrostatic actuator coupled to each
transducer.

23. The transducer of claim 16, further comprising a third
capacitive transducer including means for imparting force or
movement and/or detecting force, weight, or position in a
third direction having a pick-up plate movably mounted
therein,

24. In a scanned probe microscope apparatus, the
improvement comprising a high precision multi-
dimensional transducer including:

a first capacitive transducer for imparting force or move-
ment and/or detecting force, weight or position in a first
direction having a pick-up plate movably mounted
relative to a drive plate therein;

a second capacitive transducer for imparting force or
movement and/or detecting force, weight, or position in
a second direction having a pick-up plate movably
mounted relative to a drive plate therein; and

a third capacitive transducer for imparting force or move-
ment and/or detecting force, weight, or position in the
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second direction having a pick-up plate movably
mounted therein.

25. A method of performing a micro-mechanical test on a
sample comprising the steps of placing the sample, and
performing the micro-mechanical test using a high-
precision, multi-dimensional capacitive transducer, wherein
the step of performing the micro-mechanical test using the
multi-dimensional capacitive transducer further comprises
the steps of:

imparting force or movement and/or detecting force

weight, or position in a first direction; and

imparting force or movement and/or detecting force,

weight, or position in a second direction.

26. A method of performing a micro-mechanical test on a
sample comprising the steps of placing the sample, and
performing the micro-mechanical test using a high-
precision, multi-dimensional capacitive transducer, wherein
the step of performing the micro-mechanical test using the
multi-dimensional capacitive transducer further comprises
the steps of:

imparting force or movement and/or detecting force,

weight, or position in a first direction; and

imparting force or movement and/or detecting force,

weight, or position in a second direction

wherein the step of performing the micro-mechanical test

using a high-precision, multi-dimensional capacitive

transducer further comprises the step of imparting force
or movement and/or detecting force, weight or position
in a third direction.

27. In a scanned probe microscope apparatus having a
piezo scanner for moving a sample relative to a tip, the
improvement comprising:

means for surface imaging and multi-axis force and/or

displacement measurement including a multi-

dimensional transducer having,

a first capacitive transducer including means for detect-
ing force, weight or position in a first direction
having a pick-up plate movably mounted relative to
a drive plate therein, and

a second capacitive transducer including means for
detecting force, weight or position in a second direc-
tion having a pick-up plate movably mounted rela-
tive to a drive plate therein;

means to couple each pick-up plate to a remote object; and

means to generate an output signal proportional to the

force, weight or position detected.

32

28. The apparatus of claim 27, further comprising means
for providing application of multi-axis force and/or displace-
ment. .

29. In a scanned probe microscope apparatus, the

5 improvement comprising:

a multi-dimensional capacitive transducer;

means coupled to the transducer for surface imaging,
multi-axis force and/or displacement measurement; and

means coupled to the transducer for application of multi-
axis force and/or displacement.

30. An instrument for providing high resolution surface
imaging and micro-mechanical properties test, the instru-
ment comprising:

a probe;

means for scanning, including providing relative motion
between the probe and a sample, the means for scan-
ning including a multi-dimensional transducer; and

a controller coupled to the multi-dimensional transducer,
including a data acquisition and control system and an
electrostatic controller.

31. The instrument of claim 30, further comprising:

a video display monitor coupled to the controller; and

a means for operator control coupled to the controller.

32. A high precision multi-dimensional transducer com-
prising:

afirst capacitive transducer including means for imparting
force or movement and/or detecting force, weight, or
position in a first direction via a pick-up plate movably
mounted relative to a drive plate therein;

a second capacitive transducer including means for
imparting force or movement and/or detecting force,
weight, or position in a second direction via a pick-up
plate movably mounted relative to a drive plate therein;
and

means for mechanically coupling the first capacitive
transducer pick-up plate to the second capacitive trans-
ducer pick-up plate.

33. The transducer of claim 32, wherein the means for
mechanically coupling includes means for maintaining each
pick-up plate relatively parallel to its respective drive plate
during movement of the pick-up plate.

34. The transducer of claim 32, wherein the means for
mechanically coupling moves the first capacitive transducer
pick-up plate in the same direction as the second capacitive
transducer pick-up plate during movement of each pick-up
plate.
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