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(57) ABSTRACT

A method of operating a probe-based instrument comprises
placing a probe of the probe-based mstrument 1n an opera-
five state in which the probe interacts with a heated sample,
measuring a parameter of probe operation indicative of a
characteristic of the heated sample, and during the measur-
Ing step, maintaining interaction between the probe and the
heated sample that 1s substantially free of influences caused
by condensation on the probe. The maintaining step includes
heating the probe to a temperature at which the measured
parameter of probe operation 1s substantially free of intlu-
ences caused by condensation on the probe. Heating the
probe reduces or eliminates the formation of condensation
on the probe from water or materials that have evaporated
from the heated sample. The invention 1s especially useful in

Continuation of application No. 09/354,448, filed on connection with atomic force microscopes and other probe-
Jul. 15, 1999, now Pat. No. 6,185,992.

based instruments.
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METHOD AND SYSTEM FOR INCREASING THE
ACCURACY OF A PROBE-BASED INSTRUMENT
MEASURING A HEATED SAMPLE

BACKGROUND OF THE INVENTION
0001] 1. Field of the Invention

0002] This invention 1s in the field of microscopy and
metrology, and specifically relates to heating a probe of a
probe-based mstrument to obtain stable measurements of a
heated sample.

[0003] 2. Description of the Related Art

10004] A variety of probe-based microscopy and metrol-
ogy Instruments are known for obtaining metrology mea-
surements and 1maging of surface features to the Angstrom
scale. These instruments include stylus profilometers and
scanning probe microscopes (SPMs) including atomic force
microscopes (AFMs). AFMs usually operate by creating
relative motion between a probe and a sample surface using
a high resolution three axis scanner while measuring the
topography or some other surface property, as described 1n
Hansma et al. in U.S. Patent No. RE 34,489. AFMs typically
include a probe, usually a very small cantilever fixed at one
end with a sharp probe tip attached to the opposite, or free,
end. The probe tip 1s brought very near to or into contact
with a surface to be examined, and the deflection of the
cantilever 1n response to the tip’s interaction with the surface
1s measured with an extremely sensitive deflection detector,
often an optical lever system such as described by Hansma
et al, or some other deflection detector such as a strain
gauge, capacitance sensor, or others well known in the art.
Using piezoelectric scanners, optical lever deflection detec-
tors, and very small probe cantilever arms fabricated using
photolithographic techniques, AFMs can obtain resolution
down to the atomic level on a wide variety of insulating or
conductive surfaces 1n air, liquid or vacuum. Additionally,
AFMs can obtain both surface information and subsurface
information.

[0005] Because of their resolution and versatility, AFMs
are 1mportant measurement devices in a diversity of fields
ranging from semiconductor manufacturing to biological
research. One major application of AFMs 1s high resolution
mapping of polymer structures. Atomic force microscopy
has made 1t possible to obtain information about the mor-
phology and nanostructure of polymer materials, and has
also made it possible to correlate the fine structural arrange-
ment of the polymer with other properties, such as mechani-
cal properties. Another major application of AFMs 1s com-
positional mapping of the distribution of polymer
components. Atomic force microscopy has been utilized to
obtain information about the extent to which different poly-
mer components are perfectly blended when forming poly-
mer blends.

10006] Early AFMs operated in what is commonly referred
fo as contact mode by scanning the tip 1n contact with the
surface, thereby causing the cantilever to bend in response
to the sample features. Typically, the output of the deflection
detector was used as an error signal to a feedback loop which
servoed the vertical axis scanner up or down to maintain a
constant preset cantilever deflection as the tip was scanned
laterally over the sample surface topography. The servo
signal versus lateral position created a topographic map (or
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image) of the sample surface. Thus, the AFM maintained a
constant cantilever deflection and accordingly a constant
force on the sample surface during lateral scanning. Using
very small, microfabricated cantilevers, the tip-sample force
in contact mode AFMs could be maintained at force levels
sufficiently small to allow 1maging of biological substances,
and 1n some cases achieve atomic resolution. In addition, an
AFM can measure very small force interactions between the
tip and sample, and by suitably preparing the probe, such as
coating 1t with an appropriate material, other parameters
such as magnetic or electric fields may be measured with an

AFM.

[0007] Contact mode is basically a DC measurement.
Other modes of operation have been developed 1n which the
cantilever 1s oscillated. At this time, three oscillating probe

modes are common in AFMs, non-contact (Martin, et al, J.
Applied Physics 61(10) May 15, 1987), shear force (U.S.

Pat. No. 5,254,854 by Betzig et al), and Tapping™ or
TappingMode™ (Tapping and TappingMode are trademarks
of Veeco Instruments, Inc.). U.S. patents relating to Tapping
and TappingMode 1nclude U.S. Pat. Nos. 5,226,801, 5,412,
980 and 5,519,212, by Elings et al. These modes, particu-
larly TappingMode, have become extremely commercially
successful. An improved mode of operation which has also
become extremely commercially successtul 1s light Tapping,

which 1s disclosed 1n U.S. patent application Ser. No.
08/984,058 (allowed May 10, 1999).

[0008] In oscillating AFM operation, the probe is oscil-
lated, typically at or near the probe’s resonant frequency, and
brought near the sample surface. In all oscillation modes the
elfect of the surface on probe oscillation 1s used as one of the
signals of interest, either as an error signal for a feedback
loop or as direct measure of tip-sample interaction. For
example, many AFMs 1n an oscillating mode employ a
feedback loop that uses changes 1n the oscillation amplitude
due to interaction with the surface to maintain that amplitude
substantially constant. In non-contact and TappingMode
operations, the free oscillation 1s substantially perpendicular
(AFM cantilevers are commonly at an 11-12 degree angle of
declination) to the plane of the sample surface, while in
shear force measurement operation, the free oscillation is
essentially parallel with the plane of the sample surface.
Non-contact operation relies on non-contact force gradients
to affect the resonant properties of the probe 1n a measurable
fashion, while TappingMode operation relies on the more
robust interaction of actually striking the surface and losing
some energy to the surface (see, e.g., U.S. patent application
Ser. No. 08/898,469 by Cleveland). Mixed modes such as
Tapping for topography measurements and non-contact for

other force measurements, 1.€., magnetic field, are com-
monly used (see, €.g., U.S. Pat. No. 5,308,974 by Elings et
al.).

[0009] In addition to the modes described above, other
modes of operation of an atomic force microscope are also
possible. The mnvention can be used 1n all of these modes of
operation. Additionally, although the invention will be
described 1n the context of AFMs, 1t should be understood
that the invention 1s applicable to other SPMs and to
probe-based 1nstruments 1n general. Therefore, for example,
the invention may also be utilized 1n conjunction with stylus
proillometers.

[0010] AFM measurements are commonly performed at
ambient conditions. However, with the development of



US 2001/0000279 Al

AFM applications, there has arisen a need to be able to
perform AFM measurements at elevated temperatures. This
1s especially important for studies of polymer materials,
whose structure and performance strongly depends on tem-
perature because of the thermal phase transitions inherent to
such materials.

[0011] In order to perform AFM measurements at elevated
temperatures, 1t 1s known to use a sample stage heater to heat
a sample while performing AFM measurements. Problems
have been encountered when attempting to obtain measure-
ments of heated samples, however, because condensation
occurs on the cantilever of the AFM probe. Droplets ranging
from a few microns to tens of microns in size and can be
distinguished 1n an optical microscope. The droplets typi-
cally appear and change size at a broad range of tempera-
tures depending on the volativity of compounds 1n the
sample and the surrounding vapor pressure for those com-
pounds, and are also attributable in part to condensed water
or other volatiles from the atmosphere. Droplets of volatile
compounds emitted from the heated sample also condense
on the relatively cool probe. The reason for the condensation
1s that the temperature of the cantilever, which 1s ordinarily
10 to 15 microns away from the hot sample, 1s cooler than
the sample. Consequently, traces of moisture that have been
heated 1n the immediate vicinity of the hot sample condense
on the cooler cantilever surface.

[0012] This condensation prevents sufficiently stable
imaging for at least two reasons. First, the droplets signifi-
cantly hamper measurements of probe deflection (in a con-
tact mode of operation) or measurements of probe oscilla-
tion amplitude, phase or frequency (in an oscillation mode
of operation). For example, in systems that use an optical
detection scheme, the spherical shape of the condensed
droplets leads to scattering of the laser beam which 1n turn
leads to a reduction in the intensity or diffusion of the
reflected laser beam that 1s detected by the detectors. There-
fore, the signal to noise ratio of the measurement substan-
fially decreases. Additionally, the intensity of the reflected
laser beam also fluctuates because of the spontaneous
appearance and disappearance of the water droplets. The
formation of droplets may also change the electrical char-
acteristics of cantilevers that are actuated or have their
deflections measured by piezoelectric or other elements on
the cantilever itself.

0013] The second problem is that the droplets affect the
clfective physical properties of the cantilever. For instance,
because the accretion of droplets effectively increases the
mass of the cantilever, the resonant frequency of the canti-
lever decreases, and also becomes unstable due to the
continuous changes 1n the mass of the cantilever associated
with the spontaneous appearance and disappearance of the
droplets. In practice, variations of about 400 Hz in the
resonant frequency of the cantilever have been observed.

[0014] To remedy the condensation problem, attempts
have been made to enclose the sample 1n a humidity-free
atmosphere, such as a dry nitrogen atmosphere or vacuum.
However, this approach does not completely eliminate the
problem of condensation on the probe because, even when
all of the water 1s eliminated from the atmosphere, droplets
of volatile compounds from the heated sample still condense
on the probe.

[0015] Other attempts have been made to continuously
purge the sample atmosphere to keep the atmosphere dry.
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According to this approach, moisture associated with the
evaporated volatile sample components i1s continuously
removed from the sample chamber and replaced with dry
nitrogen, for example. However, purging the atmosphere in
this manner causes cantilever movement due to gas currents
moving around it (like a flag waving in the wind) and
therefore introduces additional noise during 1imaging. Due to
problems of these types, stable AFM measurements at
clevated temperatures have remained elusive.

OBJECTS AND SUMMARY OF THE
INVENTION

[0016] It is therefore a primary object of the invention to
provide a method of operating a probe-based instrument that
produces stable measurements at elevated sample tempera-
tures.

[0017] In accordance with a first aspect of the invention,
the invention provides a method of operating a probe-based
instrument, such as an atomic force microscope, comprising
placing a probe of the probe-based mstrument 1n an opera-
five state in which the probe interacts with a heated sample,
measuring a parameter ol probe operation indicative of a
characteristic of the heated sample, and during the measur-
ing step, maintaining interaction between the probe and the
heated sample that 1s substantially free of influences caused
by condensation on the probe. The maintaining step includes
heating the probe to a temperature at which the measured
parameter of probe operation 1s substantially free of intlu-
ences caused by condensation on the probe.

[0018] The parameter of probe operation can be a param-
cter of probe oscillation, such as probe oscillation phase
(i.c., a phase of the probe relative to a phase of an oscillator
which drives the probe to oscillate) (see, e.g., U.S. patent
application Ser. No. 08/898,469 by Cleveland), amplitude,
or frequency, for example, 1n an oscillation mode of opera-
tion. The parameter of probe operation can also be a detflec-
tion of the probe, for example, 1In a contact mode of
operation. Preferably, the probe 1s heated to a temperature
that at least substantially prevents condensation from form-
ing on the probe and removes any existing condensation.

[0019] It is another primary object of the invention to
provide a method of operating an atomic force microscope
so as to heat a probe of the microscope to a temperature at
which a measured operating parameter of probe operation 1s
substantially free of mnfluences caused by condensation on
the probe.

[0020] In accordance with a second aspect of the inven-
tion, the invention provides a method of operating an atomic
force microscope having a probe, comprising heating a
sample, measuring a parameter of probe operation and
determining whether the measured parameter of probe
operation 1s substantially stable, and raising a temperature of
the probe 1f the measured parameter of probe operation 1s not
substantially stable. The method then also comprises repeat-
ing the measuring and raising steps until the probe reaches
a temperature at which 1t 1s determined that the measured
operating parameter of probe operation 1s substantially free
of 1nfluences caused by condensation on the probe. Again,
the parameter of probe operation can be a parameter of probe
oscillation, such as probe oscillation phase, amplitude, or
frequency, for example, in an oscillation mode of operation,
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or the parameter of probe operation can be a detlection of the
probe, for example, 1n a contact mode of operation.

[0021] It is yet another primary object of the invention to
provide an atomic force microscope that 1s able to measure
a parameter of probe operation 1n a manner that 1s substan-
fially free of influences caused by condensation on a probe
of the microscope.

[0022] In accordance with a third aspect of the invention,
the mvention provides an atomic force microscope compris-
ing a probe, a probe heater, a sensor and a controller. The
probe heater 1s thermally coupled to the probe and heats the
probe to a temperature above ambient temperature. The
controller 1s coupled to the probe heater and controls opera-
tion of the probe heater to heat the probe to a temperature at
which a parameter of probe operation measured by the
sensor 15 substantially free of influences caused by conden-
sation on the probe. This temperature may be discovered
during or prior to measurement.

10023] Advantageously, therefore, when performing mea-
surements at elevated sample temperatures, sources of mea-
surement instability associated with the formation of con-
densation on the probe can be dramatically reduced or
climinated by heating the probe. Because condensation 1is
reduced, probe deflection/oscillation parameters can be
more accurately measured and there 1s reduced 1nstability 1n
the resonant frequency and amplitude of the probe oscilla-
tion. This allows more stable measurements to be obtained
and therefore improves the performance of probe-based
instrument at elevated sample temperatures.

10024] Other objects, features and advantages of the
present invention will become apparent to those skilled in
the art from the following detailled description and the
accompanying drawings. It should be understood, however,
that the detailed description and speciiic examples, while
indicating preferred embodiments of the present invention,
are given by way of 1llustration and not of limitation. Many
changes and modifications may be made within the scope of
the present i1nvention without departing from the spirit
thereof, and the invention includes all such modifications.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Preferred exemplary embodiments of the invention
are 1llustrated 1n the accompanying drawings 1in which like
reference numerals indicate like parts throughout, and 1n
which:

10026] FIG. 1 is a schematic representation of a first
embodiment of an AFM that 1s usable to take measurements
of a heated sample;

10027] FIG. 2 1s a schematic representation of a second
embodiment of an AFM that 1s usable to take measurements
of a heated sample;

10028] FIG. 3 is a schematic representation of a third
embodiment of an AFM that 1s usable to take measurements
of a heated sample;

10029] FIG. 4A 1s a flowchart representing a first embodi-
ment of a process that 1s usable in conjunction with the
AFMs of FIGS. 1 to 3;

10030] FIGS. 4B-4C are flowcharts describing in greater
detail a process used to determine 10 whether probe heating
1s required 1 connection with FI1G. 4A;
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[0031] FIG. 5 is a flowchart representing a second
embodiment of a process that 1s usable in conjunction with
the AFMs of FIGS. 1-3;

[10032] FIG. 6 is a flowchart representing a third embodi-

ment of a process that 1s usable 1n conjunction with the
AFMs of FIGS. 1-3;

[0033] FIGS. 7A-7D are a first embodiment of a probe
assembly with an associat ed probe heater; and

[0034] FIGS. 8A-8C are a second embodiment a probe
assembly with an associated probe heater.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0035] 1. Structure of Preferred Embodiments

[0036] Referring now to FIG. 1, a schematic representa-
tion of a first embodiment of an AFM that 1s usable to take
measurements of a heated sample 1s illustrated. In particular,
the AFM utilizes a probe 17 including a cantilever 1 and a
fip 2 to obtain measurements from a sample 3, which 1is
positioned on a heater 5a and chuck 4. The sample 3 and the
cantilever 1 are each provided with respective heaters 5a and
5b. The heater 54 1s 1n thermal communication with the
sample 3 and is usable to heat the sample 3. Likewise, the
heater 53b 1s 1n thermal communication with the cantilever 1
and 1s usable to heat the cantilever 1.

[0037] The heater 3b 1s mounted on a spring clip 6 which
1s preferably formed of copper or other thermoconductive
material so as to promote heat transfer from the heater 5b to
the cantilever 1. The spring clip 6, along with a spring clip
base 7, mounts the probe 17 to a tip oscillator 8 and an XYZ
actuator 9.

|0038] The tip oscillator 8 is utilized in modes that involve
oscillating the probe 17 (e.g., Tapping, TappingMode and
light Tapping), as discussed above. In contact mode, the tip
oscillator 8 1s disengaged or eliminated altogether. The XYZ
actuator 9 and, depending on the mode of operation, the tip
oscillator 8, cooperate during normal operation of the AFM
to control interaction (e.g., deflection or oscillation) of the
probe 17 relative to the sample 3 so as to maintain the
interaction substantially constant. The XYZ actuator 9 also
controls XY scanning of the probe 17 relative to the sample
3, so that information may be obtained regarding most or all
of the surface (or subsurface) of interest of the sample 3.

[0039] In the illustrated embodiment, deflection/oscilla-
tion of the cantilever 1 1s detected using an optical detection
arrangement that includes a laser 10 and a displacement
sensor 11, which may for example comprise a four quadrant
photodetector (see, €.g., U.S. Pat. No. 5,463,897 by Prater et
al.). In particular, the laser 10 and the displacement sensor
11 are used to implement feedback control of the cantilever
1 and tip 2. For example, in contact mode, the laser 10 and
displacement sensor 11 are used to measure a parameter of
probe deflection, for example, an angle of deflection of the
cantilever 1. The deflection can be either lateral deflection,
vertical deflection or a combination of both. In an oscillation
mode, the laser 10 and displacement sensor 11 are used to
measure a parameter of probeoscillation, such as phase (i.e.,
the phase of the probe oscillation relative to the phase of the
oscillator 8 that drives the probe 17 to oscillate) (see, e.g.,
U.S. patent application Ser. No. 08/898,469), amplitude or
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frequency. An AFM control computer 12 monitors the
feedback generated by the displacement sensor 10 to control
the XYZ actuator 9 and possibly also the tip oscillator 8 to
maintain stable interaction between the probe 17 and the
sample 3.

[0040] The computer 12 also monitors the feedback signal
ogenerated by the displacement sensor 11 because the feed-
back signal 1s indicative of a characteristic of the sample 3.
For example, 1n deflection mode, the feedback signal 1s used
by the control computer 12 to control the XYZ actuator 9 so
as to maintain a constant angle of deflection of the cantilever
1. To the extent that the topography of the sample surface
varies, such variations will cause variations 1n the feedback
signal that are indicative of the variations in the sample
surface topography. Therefore, by measuring the feedback
signal as the probe 17 scans the surface of the sample 3, a
topographic map of the surface of the sample can be created
and displayed on an image display 13. Of course, 1n addition
to the feedback signal generated by the displacement sensor
11, other parameters could be measured that are indicative of
a characteristic of the sample 3.

[0041] The AFM control computer 12 is connected to the
sample heater 5a and controls the heating of the sample 3 via
the sample heater 5a, either automatically or under user
control. The system shown 1n FIG. 1 includes a potentiom-
cter 14, a source of energy 15, and a thermocouple 16 which
are used to control the probe heater 3b. The potentiometer 14
controls the amount of energy supplied to the probe heater
5b from the source of energy 15. The thermocouple 16 is
used to provide temperature feedback in some modes of
operation. Depending on the application, 1t may also be
desirable to use a thermocouple 18 or other temperature
feedback sensor 1n connection with the sample heater 54 to
implement automatic feedback control of the sample heater
Sa. The potentiometer 14, the source of energy 15 and the
thermocouple 16 are discussed 1n greater detail below 1n
connection with the discussion of FIGS. 4-6.

10042] Referring now to FIG. 2, a schematic representa-
tion of a second embodiment of an AFM that 1s usable to
make measurements of a heated sample 1s 1illustrated. In
FIG. 2, the reference numerals have been incremented by
200 to show correspondence between the elements of FIG.
1 and the elements of FIG. 2. The embodiment of FI1G. 2 1s
similar to the embodiment in FIG. 1, except that there 1s no
structure that corresponds to the thermocouple 16 1n FIG. 1.
Additional differences (not apparent from FIGS. 1 and 2)
exist 1n the manner in which the computer 12 1s pro-
grammed.

10043] In FIG. 2, probe heating is achieved through

automatic feedback control using a measured parameter of
probe operation as a feedback parameter, at least during an
initialization mode of the AFM. Instead of using feedback
from a thermocouple, feedback from the displacement sen-
sor 211 1s used to control the heating of the cantilever 201
(although feedback from a different sensor could also be
utilized). Additional details regarding this approach are
orven 1n connection with FIGS. 4A-4C and FIG. 5§, dis-

cussed below.

10044] Referring now to FIG. 3, a schematic representa-
fion of a third embodiment of an AFM that 1s usable to make
measurements of a heated sample 1s 1llustrated. In FIG. 3,
the reference numerals have been incremented by 300 to
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show correspondence between the elements of FIG. 1 and
the elements of KFI1G. 3. The embodiment of F1G. 3 1s similar
to the embodiment of FIG. 1, except that the chuck 4 in
FIG. 1 has been replaced with an XYZ actuator 304 which
1s associated with the sample 303 and, furthermore, there 1s
no XYZ actuator associated with the probe 317. In the
embodiment of FIG. 3, therefore, the sample 1s moved
relative to the probe rather than vice versa as in F1G. 1. The
actuator arrangement 1n FIG. 3 1s therefore similar that
found in the MultiMode™ AFM, whereas the actuator
arrangement 1n FIG. 1 1s similar that found in the Dimen-
sion™ AFM, both of which are commercially available from
Veeco Instruments Inc. (MultiMode and Dimension are
trademarks of Veeco Instruments Inc.).

0045] 2. Operation of Preferred Embodiments

0046] Referring again to FIG. 1, the most preferred
modes of operation of the invention, and especially the
manner 1n which the probe heater 5b 1s controlled, will now
be described 1n greater detail. For simplicity, the following
discussion 1s presented with respect to the embodiment of
FIG. 1. It should be understood, however, that the discus-
sion 1s equally applicable to the embodiments of FIGS. 2 and

3.

[0047] In general, measurement stability is enhanced by
heating the probe 17 to a temperature at which a measured
parameter of probe operation 1s substantially free of intlu-
ences caused by condensation on the probe. Ordinarily, at
this temperature, the measured parameter of probe operation
will be substantially stable. However, as will be appreciated,
there are numerous sources of potential probe 1nstability that
are unrelated to condensation on the probe. Therefore, it 1s
possible that, even though the probe 1s heated to a tempera-
ture at which a measured parameter of probe operation 1s
substantially free of mnfluences caused by condensation on
the probe, the measured parameter will nevertheless be
unstable. This of course 1s an 1ndication that the AFM 1s not
working properly for some other reason unrelated to con-
densation on the probe.

[0048] The temperature of the probe should preferably be
hiech enough to prevent, remove, or at least substantially
prevent condensation of water and volatile compounds on
the probe. At normal atmospheric conditions, for example,
water evaporates at 100° C. and most polymer additives
evaporate around 80-120° C. Additionally, it normally will
be desirable to heat the probe to a temperature that 1s not so
high (e.g., 250° C. or more) as to cause melting or other
breakdown 1n the structure of the sample, for example, when
the tip 2 contacts the surface of the sample 3. Therefore, for
a large range of applications, a probe temperature between
70-250° C. (or at least between 120-250° C.) will be
acceptable and will provide stable operating conditions. In
certain applications, significantly lower probe temperatures
may also be utilized, as discussed below. Of course, for any
ogrven application, the acceptable range of probe tempera-
tures will depend on the material tested, the test conditions,
and so on.

[0049] Given that the acceptable range of probe tempera-
tures will often be quite large, the temperature of the probe
17 need not be tightly controlled. Rather, the probe 17 can
be heated to a temperature which 1s allowed to vary within
a relatively large range of temperatures. It 1s therefore often
acceptable to use a very sumple control scheme to control the
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heater 5b, and two such control schemes will now be
described. More sophisticated control schemes are discussed

1in connection with FIGS. 4A-4C and FIG. 5.

[0050] According to a first preferred approach for control-
ling the temperature of the probe 17, the temperature of the
probe 17 1s manually controlled. For example, 1f an oscil-
lation mode of AFM operation 1s utilized, then, after the
sample has been heated to an elevated temperature but
before normal AFM operation (e.g., during an initialization
procedure), the probe 17 is first oscillated at a distance
suflicient from the sample to prevent direct probe-sample
interaction, referred to as free oscillation. The user then
monitors the probe oscillation frequency (or other parameter
of probe operation), which is displayed on the display 13, to
determine whether the oscillation frequency 1s substantially
stable. During free oscillation, the oscillation frequency
should be constant (i.e., non-time varying) because the
probe 17 1s not mteracting with the sample. If the oscillation
frequency 1s not stable, then the user gradually increases the
setting of a potentiometer 14 until the oscillation frequency
stabilizes.

[0051] Once the oscillation frequency (or other parameter
of probe operation) stabilizes, the probe is then placed in an
operative state 1n which the tip 2 interacts with the heated
sample 3 and a parameter of probe operation indicative of a
characteristic of the heated sample 1s measured, for example,
o create a topographic map or image of the surface of the
sample 3 or to create a compositional map of a distribution
of polymer components 1n the sample 3. During this mea-
suring, interaction 1s maintained between the probe and the
heated sample that 1s substantially free of influences caused
by condensation on the probe, 1.e., because the probe 1s
heated to a temperature at which the measured parameter of
probe operation 1s substantially free of influences caused by
condensation on the probe. Indeed, depending on when the
probe 1s heated, the measured parameters may be substan-
tially free of influences caused by condensation because
condensation has not had an opportunity to form on the
probe.

[0052] Another relatively simple approach for controlling
the temperature of the probe 17 1s to connect the 1nput of the
probe heater 5b to the mput of the sample heater Sa. Thus,
for example, 1f the sample heater Sa 1s driven with a voltage
signal, the same voltage signal (or a predetermined deriva-
tive thereof) may also be used to drive the probe heater 5b.
Assuming the heating of the sample heater 54 and the
heating of the probe heater 5b are scaled the same way with
respect to the input voltage signal (that is, both heaters
achieve the same degree of heating per input volt), then the
probe 17 will be maintained at approximately the same
temperature as the sample 3. Therefore, if additives evapo-

rate from the sample, they will also evaporate from the probe
17.

[0053] One advantage of the second approach is that it
enables automatic control of the probe temperature without
requiring any knowledge of the composition of the sample.
However, a disadvantage of this approach is that 1t may
result in unnecessary heating of the probe 17 to higher
sample temperatures. For example, if the sample 1s heated to
250° C., this temperature i1s likely to be well above that
required for stable AFM operation. Therefore, 1t would be
desirable to provide an approach that enables automatic
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control of the probe temperature which does not require any
knowledge of the composition of the sample and which does
not result in unnecessary probe heating.

[0054] Referring now to FIGS. 4A-4C, a process that is
usable to control probe heating and that enjoys these benefits
1s 1llustrated. Referring first to FI1G. 4A, the process 1n FIG.
4A starts with an 1nitialization of an mnitialization procedure
for the AFM 1n step 401. The sample 3 1s then heated to the
temperature at which 1t 1s desired to make measurements at
step 402. Once the sample 1s brought up to temperature, it 1s
determined whether probe heating i1s required at step 403.

[0055] Step 403 can be implemented in a variety of ways
depending on the feedback mechanism that 1s used to control
the temperature to which the probe 17 1s heated. Preferably,
the feedback mechanism that 1s used to control heating of the
probe 17 1s the same mechanism that 1s used to make
measurements of the sample 3. If the signal from this
mechanism 1s stable for purposes of controlling heating of
the probe 17, then 1t will also be stable for purposes of
performing the measurement.

[0056] Assuming the same mechanism is utilized, then the
manner in which step 403 1s accomplished depends upon the
mode of operation of the AFM. Referring now also to FIG.
4B, F1G. 4B illustrates a preferred implementation of step
403 when an oscillation mode 1s utilized. In step 4034', the
probe 17 1s put into free oscillation at a distance suificient
from the sample to prevent direct probe-sample interaction,
but close enough to allow condensation to occur. A param-
cter of probe oscillation 1s then measured at step 4035’
Again, the parameter of probe oscillation that 1s measured
depends on the operating mode of the AFM, but the param-
cter of probe oscillation may for example be oscillation
frequency, amplitude or phase. In FI1G. 1, the parameter of
probe oscillation 1s measured using the laser 10 and the
displacement sensor 11. The parameter of probe oscillation
1s then analyzed to determine whether 1t 1s substantially
stable (e.g., non-tine varying within acceptable limits for
several seconds or minutes) at step 403c¢’. During free
oscillation, the oscillation frequency should be constant
because the probe 17 1s not interacting with the sample. If
the parameter of probe oscillation 1s not constant, then this
indicates that additional probe heating 1s required.

[0057] Referring now to FIG. 4C, FIG. 4C illustrates a

preferred implementation of step 403 when a contact mode
1s utilized. In step 403a”, the probe 17 1s put 1nto contact
with a surface of the sample 3, but no XY scanning 1s
performed. A parameter of probe deflection (e.g., deflection
angle) 1s then measured at step 403bH”. The parameter of
probe deflection 1s then analyzed to determine whether 1t 1s
substantially stable (e.g., non-time varying within accept-
able limits for example for several minutes) at step 403c”.
The parameter of probe deflection should be constant
because no XY scanning 1s performed.

[0058] Referring to FIG. 1, the parameter of probe deflec-
tion 1s measured using the laser 10 and the displacement
sensor 11. For example, assuming a four quadrant photode-
tector 1s used, as previously described, then deflection 1is
measured by comparing the signal intensity for the top half
of the photodetector with the bottom half of the photode-
tector. If the deflection 1s constant, then the difference
between the signal intensity from the top half of the photo-
detector and the signal intensity from the bottom half of the
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photodetector should remain constant (indicating that the
laser light spot reflected from the back surface of the
cantilever 1 1s not moving around on the four quadrant
photodetector). Additionally, if the deflection is constant,
then the sum of the signal intensity from the top half of the
photodetector and the signal intensity from the bottom half
of the photodetector should also remain constant (indicating
that the intensity of the laser light spot reflected from the
back surface of the cantilever 1 is not fluctuating). Presence
of droplets on the back of the cantilever 1 can cause both
movement of the laser light spot and fluctuations in the
intensity of the laser light spot. If the parameter of probe
deflection 1s not constant, then this indicates that additional
probe heating 1s required.

[0059] Returning to FIG. 4A, if it 1s determined in step
403 that probe heating (or additional probe heating) is
required, then power (or additional power) is supplied to the
probe heater 5b at step 404, which raises the temperature of
the probe 17. The process of steps 403 and 404 then continue
until additional probe heating 1s not required at step 403. At
this time, scanning 1s 1nitiated at step 405. The probe 1is
placed 1n an operative state 1n which the probe 17 interacts
with the heated sample 3 and a parameter of probe operation
indicative of a characteristic of the heated sample 1s mea-
sured. During this measuring, interaction 1s maintained
between the probe and the heated sample that 1s substantially
free of mmfluences caused by condensation on the probe, 1.¢.,
the scanning continues until completed at step 406.

[0060] Referring now to FIG. 5, a flowchart of another
process that can be used to control probe heating 1s illus-
trated. Like the process 1n FI1G. 4A, the process in FI1G. 5
enables automatic control of the probe temperature without
unnecessary overheating. The process illustrated 1 FIG. 5
1s similar to the process illustrated 1n FIG. 4, except that
provision 1s made to check the stability of the system at
regular intervals.

[0061] Thus, the process in FIG. § starts with an initial-
1zation of an initialization procedure for the AFM 1n step
501. An interval 1s then set at step 502 that determines how
often the AFM rechecks stability. Each interval may, for
example, correspond to one scan line 1n a raster scan pattern
if the probe 17 1s scanned to create a topographic map of the
surface of the sample. The sample 3 1s then heated at step
503 to the temperature at which 1t 1s desired to make
measurements. Once the sample 1s brought up to tempera-
ture, 1t 1s determined whether probe heating 1s required at
step 504. Step 504 can, 1 practice, be implemented 1n the
same way as step 403, as discussed above. Assuming that
probe heating (or additional probe heating) is required, then
power (or additional power) is supplied to the probe heater
S5b at step 505, raising the temperature of the probe. The
process of steps 503 and 504 continues until additional
probe heating 1s not required at step 504. At this time,
scanning 1s 1nitiated at step 506, as discussed above 1in
connection with step 4085.

[0062] Scanning continues until the end of an interval
(c.g., the end of a scan line or a predetermined period of
time) 1s reached at step 507. If the end of an interval has been
reached, then the process returns to step 504 and the stability
of the measured parameter 1s reevaluated and, if necessary,
the probe 1s heated. Otherwise, the process proceeds to step
508 1n which 1t 1s determined if the scan 1s complete. If the
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scan 1s not complete, then the process returns to step 506 to
continue scanning, otherwise the process ends at step 509.

[0063] Referring now to FIG. 6, a flowchart of another
process that can be used to control probe heating is illus-
trated. In FIG. 6, the temperature of the probe 17 1s set
directly (either manually or by the computer 12). This
approach may be used when the probe temperature required
for stable operation 1s known, for example 1n a manufac-
turing situation in which the probe temperature required for
stable operation can be determined 1 advance and thereafter
used for day-in, day-out manufacturing operations.

[0064] The process starts at step 601, and the sample
temperature 1s set to the temperature at which 1t 1s desired to
make measurements at step 602. At step 603, the probe
temperature 1s set to the temperature that 1s known to
provide stable operating conditions for the known operating
parameters (e.g., sample type, sample temperature, ambient
humidity, etc.). If desired, the temperature of the probe 17
may be monitored using a thermocouple 16 mounted, for
example on the spring clip 6. Alternatively, a probe that has
an 1ntegrated thermocouple could be utilized. If the tem-
perature 1s set manually, the output of the thermocouple 16
may displayed on the display 13 (as in FIG. 1) or more
simply on a meter that 1s connected to the thermocouple 16.
At step 604, the sample 3 and the probe 17 are heated to the
set temperatures. At step 605, the scanning 1s performed as
discussed above 1n connection with step 405 of FIG. 4A,
and the process ends when scanning 1s complete at step 606.

[0065] Referring now to FIGS. 7A-7D, a first embodiment
of a head assembly having a probe with an associated probe
heater 1s 1llustrated. FIGS. 7A-7D show a tip holder that 1s
similar to the MultiMode™ force modulation tip holder
commerclally available from Daigital Instruments, Santa
Barbara, Calif. (MultiMode is a trademark of Veeco Instru-
ments Inc.), except that it has been modified to include a

probe heater and the thermal properties have been modified,
as discussed below. The reference numerals used in FIGS.

7A-7D therefore correspond to those used in FIG. 3.

[0066] FIG. 7A is a perspective view of the entire head
assembly. As shown therein, the head assembly includes a
head 320 with a tip holder 322. The tip holder 322 includes
a handle 324 for mserting and removing the tip holder 322
from the head 320. The head 320 fits over a spacer block
326. Within the spacer block 326 i1s a removable sample
clamp 328 which 1s used to clamp the sample 303. The
sample 303 1s 1n thermal communication with the sample
heater 3054 which, 1n the embodiment of FIG. 7A, includes
a microheater 330 and a ceramic block 332.

[0067] FIGS. 7B-7D show the tip holder 322 in greater
detail. FI1G. 7B 1s a bottom plan view of the tip holder 322.
FIGS. 7C-7D show the cantilever 301, the probe tip 302, the

probe heater 305b and the spring clip 306 1n greater detail.

[0068] In FIG. 7B, the cantilever 301 is fabricated on a
cantilever substrate 334 which 1s held 1n a socket 336 by the
spring clip 306. A push rod (not illustrated) on the backside
of the tip holder 322 allows the spring clip 306 to be pushed
upwardly and allows the cantilever substrate 334 to be
inserted. The heater 3055 1s mounted on the spring clip 306,
which as previously mentioned 1s preferably made of copper
to promote heat transfer from the heater 305b to the canti-
lever 301. In contrast, the remaining components of the tip
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holder 322 are preferably made of a thermally non-conduc-
five material, to prevent conduction of heat away from the
cantilever 301. Preferably, the cantilever substrate 334 is
formed of a substantially homogenous material. If a non-
homogenous material 1s utilized, then it 1s likely that the
cantilever 301 will experience bending, like a bimetal strip.
Finally, all of the components are preferably made of a
material that 1s thermally stable, 1.e., that do not expand or
bend, or change shape 1 any other way when heated and
cooled, or at least change 1n a predictable manner.

[0069] The heater 3055 may be constructed in a variety of
different ways. If a resistive heating element 1s utilized, a
practical consideration 1s that the element should be small
enough to be mounted near the probe yet rugged enough for
industrial operation. The heater 305bh may, for example, be
a thermistor driven to generate heat instead of sensing heat.

Currently, the preferred heater 1s a platinum resistive thermal
device (RTD) sold by Heraeus Sensor of Philadelphia, Pa.,

part number 1PT100 FKG 222.4 RTD. Of course, numerous
other arrangements are possible. For example, a radiant
heating arrangement could be utilized to heat the probe 317
with radiant light energy, such as laser light.

0070] Daisposed on one side of the socket 336 is the

thermocouple 316. The thermocouple 316 may, for example,
be a K-type thermocouple from Omega of Stamford, Conn.,
part number 5TC-TT-K-36-36.The thermocouple could be
in any of a number of positions sufficiently proximal to the
substrate 334 to allow sensing of heating. Temperature may
also be sensed remotely, as by infra-red imaging or in
another manner.

[0071] The tip holder 322 includes a generally circular
sample cavity 338 as well as an additional U-shaped cavity
340. In operation, the sample 303 fits within the sample
cavity 338 and the sample 303 moves relative to the cavity
338. The light from the laser 310 1s transmitted through the
U-shaped cavity and 1s reflected from the back surface of the
cantilever 301, and then returns back through the U-shaped
cavity to the photodetector 311.

[0072] Referring now to FIGS. 8A-8C, a second embodi-
ment of a tip holder with a probe heater mounted thereon 1s
illustrated. The tip holder shown in FIGS. 8A-8C 1s similar
to the Dimension™ tip holder commercially available from
Digital Instruments (Dimension is a trademark of Veeco
Instruments Inc.), except that it has been modified to include
a probe heater and the thermal properties have been modi-
fied, as discussed below. Accordingly, the reference numer-

als used 1n FIGS. 8A-8C correspond to those used 1n FIG.
1.

[0073] The cantilever 1 is fabricated on a cantilever sub-
strate 34 which 1s held 1 a socket 36 by the spring clip 6.
The heater 5b 1s mounted on the spring clip 6. The spring
clip 6 1in this embodiment 1s made of fiberglass and prefer-
ably has a copper strip 42 mounted thereon to conduct the
heat from the heater 5b to the cantilever 1. Disposed on one
side of the socket 36 1s the thermocouple 16. In operation,

heat from the heater 5b 1s conducted through the copper strip
42 and heats the probe 17.

|0074] It has generally been assumed herein that AFM

operation 1s conducted at or near room temperatures and that
the probe and sample are heated above room temperature.
However, 1t 1s often desirable to perform AFM measure-
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ments 1n conditions that are below room temperature. In this
context, rather than using heaters to heat the sample and
probe, heating the sample and/or the probe may actually
comprise simply refrigerating the sample and probe less than
the air or other material that surrounds the sample and probe.

[0075] Additionally, although the invention has been
described 1n the context of atomic force microscopes, it
should be understood that the invention applies equally to
other probe-based mstruments, such as other scanning probe
microscopes and such as stylus profilometers, and any other
method utilizing a probe-based measurement to study ther-
mal expansion, the effects of infra-red heating, adhesion,
stiffness, indentation, stretching of single molecules (“pull-
ing”), etc.

[0076] Many changes and modifications may be made to
the invention without departing from the spirit thereof. The
scope of some of these changes has already been discussed.
The scope of others will become apparent from the attached
claims.

We claim:

1. A method of operating a probe-based instrument com-
Prising;:

(A) placing a probe of said probe-based instrument in an
operative state 1n which said probe interacts with a
heated sample;

(B) measuring a parameter of probe operation indicative
of a characteristic of said heated sample; and

(C) during said measuring step, maintaining interaction
between said probe and the heated sample that is
substantially free of influences caused by condensation
on said probe, mcluding heating said probe to a tem-
perature at which the measured parameter of probe
operation 1s substantially free of influences caused by
condensation on said probe.

2. A method as defined 1n claim 1, wherein the measured
parameter of probe operation 1s a parameter of probe oscil-
lation.

3. A method as defined 1n claim 2, wherein the measured
parameter of probe oscillation 1s an oscillation frequency.

4. A method as defined m claim 2, wherein the measured
parameter of probe oscillation 1s a phase of said probe
relative to a phase of an oscillator which drives said probe
to oscillate.

5. A method as defined 1 claim 2, wherein the measured
parameter of probe oscillation 1s an oscillation amplitude.

6. A method as defined 1in claim 1, wherein the measured
parameter of probe operation 1s a deflection of said probe.

7. A method as defined 1n claim 1, wherein said probe 1s
heated to a temperature that at least substantially prevents
condensation from forming on said probe.

8. A method as defined 1n claim 7, wherein said probe 1s
heated to a temperature that 1s less than a melting point of
the sample.

9. A method as defined 1 claim 1, wherein said probe 1s

heated to a temperature that 1s approximately equal to the
temperature of the heated sample.

10. A method as defined in claim 1, further comprising
one of (1) creating a topographic map of the surface of the
heated sample, and (2) creating a compositional map of a
distribution of polymer components 1n the heated sample.
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11. A method as defined in claim 1, wherein the placing
step comprises moving a tip of said probe and the surface of
the sample relative to each other while said tip 1s substan-
fially 1n contact with the surface of the sample, wherein the
method further comprises

controlling said probe so as to maintain substantially
constant probe deflection; and

wherein the measuring step comprises one of (1) creating
a topographic map of the surface of the heated sample,
and (2) creating a compositional map of a distribution
of polymer components 1n the heated sample based on
information pertaining to probe detlection.

12. A method as defined 1n claim 1, whereimn the placing
step comprises placing said probe 1n an oscillation state, and
wherein the method further comprises controlling said probe
so as to maintain the parameter of probe oscillation sub-
stantially constant.

13. A method as defined 1 claim 12, further comprising
creating a topographic map based on information pertaining
to probe oscillation.

14. A method as defined 1n claim 1, further comprising
heating said sample.

15. A method as defined 1n claim 1, further comprising
generating feedback information pertaining to the stability
of the measured parameter of probe operation, and wherein
the heating comprises utilizing the feedback information to
maintain the measured parameter of probe operation sub-
stantially free of influences caused by condensation on said
probe.

16. A method of operating an atomic force microscope
having a probe, said method comprising:

(A) heating a sample;

(B) measuring a parameter of probe operation and deter-
mining whether the measured parameter of probe
operation 1s substantially stable;

(C) raising a temperature of said probe if the measured
parameter of probe operation 1s not substantially stable;
and

(D) repeating steps (B) and (C) until said probe reaches a
temperature at which 1t 1s determined that the measured
operating parameter of probe operation 1s substantially
free of influences caused by condensation on said
probe.

17. A method as defined 1n claim 16, wherein the mea-
sured parameter of probe operation 1s a probe oscillation
frequency.

18. A method as defined 1n claim 16, wherein the mea-
sured parameter of probe operation 1s an oscillation phase of
said probe relative to a phase of an oscillator which drives
said probe to oscillate.

19. A method as defined 1n claim 16, wherein the mea-
sured parameter of probe operation 1s a probe oscillation
amplitude.

20. A method as defined 1n claim 16, wherein the mea-
sured parameter of probe operation 1s deflection of said
probe.

21. An atomic force microscope comprising:

(A) a probe;

(B) a probe heater that is thermally coupled to said probe
and that heats said probe to a temperature above
ambient temperature;
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(C) a sensor that measures a parameter of probe operation;
and

(D) a controller that is coupled to said probe heater, said
controller controlling operation of said probe heater to
heat said probe to a temperature at which the measured
parameter of probe operation 1s substantially free of
influences caused by condensation on said probe.

22. An atomic force microscope as defined 1n claim 21,
wherein said probe 1s formed of a substantially homoge-
neous material.

23. An atomic force microscope as defined 1n claim 21,
wherein said controller 1s also coupled to said sensor, and
wherein said controller uses an output of said sensor as
feedback indicative of the stability of the measured param-
cter of probe operation and, based on the feedback, to
maintain said probe at a temperature at which the measured

parameter of probe operation 1s substantially free of intlu-
ences caused by condensation on said probe.

24. An atomic force microscope as defined 1 claim 21,
wherein said heater comprises a resistive element that 1s
mounted at least near a cantilever of said probe.

25. An atomic force microscope as defined 1n claim 21,
further comprising a sample heater, said sample heater being
capable of heating a sample inspected by said atomic force
MI1CroSCope.

26. A method of operating an atomic force microscope
having a probe, said method comprising:

(A) heating said sample;

(B) measuring a parameter of probe operation, including
generating feedback information pertaining to the sta-

bility of the measured parameter of probe operation;
and

(C) heating said probe, based on said feedback informa-
tion, to a temperature that maintains the measured
parameter of probe operation substantially free of influ-
ences caused by condensation on said probe.

27. A method as defined 1n claim 26, wherein the mea-
sured parameter of probe operation 1s a probe oscillation
parameter.

28. A method as defined 1n claim 26, wherein the mea-
sured parameter of probe operation 1s deflection of said
probe.

29. A method of operating a probe-based instrument
comprising:

(A) placing a probe of said probe-based instrument in an
operative state 1n which said probe interacts with a
sample;

(B) measuring a parameter of probe operation indicative
of a characteristic of said sample; and

(C) during said measuring step, maintaining interaction
between said probe and the sample that 1s substantially
free of influences caused by condensation on said
probe, including heating said probe to a temperature at
which the measured parameter of probe operation 1s
substantially free of influences caused by condensation
on said probe.
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