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Tapping-mode atomic force microscopy ~TM-AFM ! is a widely used method for the study of the
nanometer scale morphology of soft materials such as biological samples and polymers. Many of
these materials have structures and properties which are a sensitive function of temperature even
below 100 °C making the control of temperature in such an instrument quite valuable. This paper
describes the construction of a heater for a commercial TM-AFM which can reach surface
temperatures as high as 100 °C. Temperature variations affect many experimental parameters in an
atomic force microscope, and to compare images collected at different temperatures it is critical to
evaluate these instrumental effects. In particular, the cantilever resonance frequency decreases as
samples become hot; this effect is easily corrected by frequently resetting the drive frequency at
high temperatures. As an example of the utility of this technique images of the nanoscale changes
that occur prior to the bulk melting of paraffin crystals are presented. © 1998 American Institute
of Physics. @S0034-6748~98!04209-9#
I. INTRODUCTION

Atomic force microscopy ~AFM! is becoming a widely
used technique for imaging soft materials with nanometer
scale resolution.1~a!,1~b!,2 Compared to other microscopies,
such as scanning and transmission electron microscopy,
force microscopy permits samples to be studied under ambi-
ent conditions without special sample preparation. This not
only makes imaging more routine, but it also provides for
microscopy conditions more representative of real-world ap-
plications. In the special case of soft materials anew variant
of force microscopy, tapping-mode atomic force microscopy
~TM-AFM !, has been developed to minimize mechanical
damage to the samples.3~a!,3~b!,4 It works by vibrating aprobe
tip at megahertz frequencies near its resonance and detecting
topography through changes in the probe’s amplitude of vi-
bration. While the probe does contact the surface in this
method, its contact times are very short and littl e to no lateral
motion occurs during the contact period.5–7 The applications
of TM-AFM to the study of numerous soft materials such as
polymers8,9 and biological systems10,11 have grown enor-
mously over the last few years as commercial atomic force
microscopes with tapping-mode capability have become
available.

The prospect of controlling sample temperature while
simultaneously imaging a material extends the potential of
any microscopy. Controlled temperature studies have been
recently carried out for contact mode AFM in air and under
controlled atmosphere conditions.12–14 However, the ability
to heat in TM-AFM under ambient conditions would be par-
ticularly advantageous since softer materials experience adi-
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verse array of structural and phase changes over relatively
narrow temperature ranges. For example, in one recent report
temperature-dependent TM-AFM was used to image silox-
ane phase transitions below room temperature.15 As a func-
tion of temperature the morphology of thermotropic struc-
tures was identified using the phase imaging abilities of TM-
AFM. There are few other examples of the use of
temperature control in TM-AFM despite its numerous appli-
cations. This is in part due to the technical difficulties faced
when integrating a hot stage into a force microscope, espe-
cially one that operates under ambient rather than vacuum
conditions.

Hot stage designs for contact-mode force microscopes
can serveas adeparturepoint for theconstruction of tapping-
mode hot stages. Musevic et al. describe in detail a design
for a resistive heater controlled by a homebuilt feedback cir-
cuit for use in a commercial contact-mode AFM.16 Warming
of the microscope components, in particular the scanning
stage which sits below the sample, was a limitation of their
design and apparently lead to image distortions at elevated
temperatures. A similar heater design was introduced by
Baekmark et al.17 They used a thin piece of glass for heater
insulation and obtained atomic resolution images of graphite
up to 52 °C. In another example of a contact-mode heater
AFM a Peltier cooler was used to keep the scanning piezo-
tube from warming during sample heating. This arrangement
allowed for high resolution contact-mode images to be col-
lected up to 95 °C.18 These examples demonstrate the utility
of resistive heating in force microscopes and illustrate the
importance of adequate insulation of the hot stage.

The goal of this work is to extend the use of hot stages to
tapping-mode atomic force microscopy. A description of a
resistive heater designed for use in one of the most widely
5 © 1998 American Institute of Physics
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available atomic force microscopes, a Digital Instruments
Nanoscope III , is provided in the experimental section. Its
construction and routine use has been simplified by using a
commercial thermal controller to set and maintain the tem-
perature. While the basic form is adapted from aheater built
for contact-mode AFM,16 the useful temperature range has
been extended by the incorporation of effective thermal in-
sulation. This paper also addresses a number of important
issues concerning the effects that heating has on the opera-
tion of the tapping-mode force microscope. In particular, the
resonance curve of the force microscope probe, or cantilever,
changes as the sample surface heats. This requires that the
microscope be retuned at regular intervals while at high tem-
peratures. With regular monitoring of this issue, high quality
images of soft materials are possible at temperatures as high
as 100 °C.

II. EXPERIMENT

Like many of the contact mode heaters this hot stage
employs resistive heating as a source of heat. A film of
indium-tin-oxide ~ITO! is used as a conductive element in
this design since it is robust, spatially uniform, and commer-
cially available. A 0.64-cm-thick sheet of glass coated on
one side with athin layer of indium-tin-oxide ~ITO! ~Applied
Films Corporation, Boulder, CO! was cut into 1 cm square
pieces. In order to assure even electrical conduction across
the heater, gold was evaporated onto the ITO side with a
6-mm-wide strip of tape covering the middle part of the
squares, which upon removal left gold strips of 2 mm on
either side. A thin platinum RTD ~Omega Engineering, Stan-
ford, CT! with 60 cm of 30 gauge lead wires soldered to the
existing leads was then mounted on the ITO side of the
squares with thermally conductive epoxy ~Omegabond 101,
Omega!. In contrast to previously published heater designs,16

silver epoxy ~Chemtronics Inc., Kennesaw, GA! was found
to be acceptable for affixing 60 cm 30 gauge wires to the
gold strips. To insulate the AFM probe tip against electric
fields, a piece of copper foil tape was fastened to the insu-
lating side of the glass. It was necessary to color the foil with
a black marker in order to prevent reflection of the position-
ing diode laser while in the AFM. The total resistance across
the heater was approximately 50 V to ensure a match to the
thermal controller. Current and temperature feedback were
provided by a Lakeshore 330 Thermal Controller ~Lake-
shore, Westerville, OH! @see Fig. 1~A!#. This controller when
used with aplatinum resistive thermal detector ~RTD! has an
accuracy of 60.08 °C.

It is necessary to thermally insulate the heater from the
piezoelectric devices located below the sample stage in the
Nanoscope III . This was accomplished by bonding a low-
thermal conductivity epoxy ~Omegabond 100, Omega! to a
1 cm31 cm32.5 mm piece of balsa wood to the underside
of the heater. Another piece of balsa wood of the same size
was affixed to the first piece with the grain of the wood
pieces oriented perpendicular to each other. Balsa wood was
chosen because of its rigidity and extremely low thermal
conductivity ~0.57 W/m °C! across the grain, versus 1.46 W/
m °C for Macor™.19,20 Finally, a 15-mm-diam AFM puck
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~Ted Pella, Redding, CA! was attached to the second piece
of balsa wood and served to hold the heater to the magnetic
sample stage. The final heater was 7.7 mm thick as opposed
to the 5-mm-thick heater used recently in contact mode
operation.18

The sample surface temperature was calibrated against
the RTD mounted directly on the conducting heating element
by Stokes/anti-Stokes Raman spectroscopy of a piece of sili-
con mounted on top of the heater ~Fig. 2!.21,22 Though this
measurement gives a precise measure of real surface tem-
perature, the error associated with the integration of the Ra-
man features was large. To achieve better accuracy, as well
as to measure temperatures directly in themicroscope, ather-
mocouple mounted directly to the top silicon surface was
also used for calibration ~Fig. 2!.

Images were taken on a Nanoscope II I Multi-Mode
AFM ~Digital Instruments, Santa Barbara, CA! with Nano-
probe TESP tips ~Digital Instruments! with resonance fre-
quencies between 290 and 346 kHz. Samples were scanned
at rates between 1.5 and 3.0 Hz. Al l images shown here were
obtained using the ‘‘ J’ ’ piezotube scanner which has amaxi-
mum scan size of 125 by 125mm. Some lateral sample drif
is always encountered during imaging over the span of hours
even when not heating samples. To account for this the x and
y sample position were routinely changed to keep features
centered.

Because of the relatively large thickness of the heater, it
was necessary to use a 6.3 mm tall ‘‘spacer’’ to create
enough clearance to mount the heater on the sample scanner.
This spacer was aring of 6.3-mm-thick aluminum which was
machined to curve around the sample scanner tube and raise
the AFM head.

The heater was found to expand upon heating, and if the
tip was engaged with the surface this expansion could break
the cantilever. In order to avoid this, two precautions were
taken. First, the heater was ramped at a rate between 2 and
5 °C/min from the initial to final temperature. Second, the
z-center position was closely monitored and the step motor

FIG. 1. Photograph and schematic of TM-AFM heater. ~A! A side view of
the TM-AFM heater illustrating the thickness and components of the sys-
tem. 1—Metal sample holder puck. 2—First layer of balsa wood. 3—
Second layer of balsa wood with grain perpendicular to the first 4: ITO
coated glass. 5—Copper foil . ~B! A top view of the heater. 6—Wires for
resistive heating ~connected to the Lakeshore 330!. 7—Gold strips for even
electrical conduction. 8—Resistive thermal detector ~RTD! for feedback
control ~connected to the Lakeshore 330!. 9—Silver conductive epoxy
~scale in centimeters.!
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was used to move the tip up when it neared its retracted
limit . Alternatively the tip could be retracted during heating
and upon reenagement would reach an appropriate height.
The AFM was placed under a neoprene cover on an isolation
tripod in order to eliminate vibrations being transmitted by
the heater lead wires to the AFM sample stage and to provide
thermal stability.3~c!

Al l samples were prepared on silicon wafer chips. The
paraffin crystals were made by dissolving high purity C33H68

~Aldrich, 981%! in petroleum ether (1024 M) and allowing
this solution to dry on clean silicon.23 The number and size
of the crystals were controlled by varying the solution con-
centration. An AFM replica grating was purchased from Ted
Pella and was specified to have a grating spacing of 463
66 nm or 2160 lines/mm.

III. RESULTS

This heater provides stable and reproducible temperature
control on the sample stage from room temperature to
100 °C ~Fig. 2!. In these data the temperature of the heater
itself is compared to the surface temperature as measured by
a thermocouple mounted on a silicon substrate and verified
by Stokes/anti-Stokes Raman scattering from the silicon
sample. Response times of the heater were quite rapid: stable
surface temperatures were observed after only 1 min. From
Fig. 2 it is apparent that the temperature of the heating ele-
ment is approximately 13% higher than the temperature of
the sample surface. This temperature drop was reproducible
with several different heaters mounted identically inside the
AFM housing. In addition, data were collected from regions
near the middle and edge of the sample with no difference in
the observed results.

Figure 3 shows the image of a replica grating collected
at room and high temperatures. For this experiment the can-
tilever remained in contact with the sample at all times dur-
ing heating; the primary adjustment for higher temperatures
involved the use of the z stepper motor to pull the tip away
from the expanding sample. The spacing of this AFM cali-

FIG. 2. External calibration of the TM-AFM heater. A thermocouple
mounted directly to the top of a silicon sample was used to calibrate the
heater surface temperature against the heating element temperature ~d!. The
measurement was repeated five times with a heater positioned in the TM-
AFM system in a fashion identical to that used during imaging. The error
bars represent twice the standard deviation of these external calibrations.
These temperatures were verified using the ratio of the anti-Stokes to Stokes
Raman scattering of the silicon substrate ~m! collected on aheater mounted
outside of the AFM. Also shown is the temperature of the bottom of the
heater ~j! as measured by a thermocouple.
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bration standard, 468.8 nm, is identical at both temperatures.
This result illustrates the stability of the piezoelectric posi-
tioning elements at high temperatures. Also, the images re-
corded at high temperatures show good contrast and sharp
features. As wil l be discussed, quality images at high tem-
peratures are only possible if the changes in the microscope
operation at elevated temperatures are accounted for.

The most important change in the microscope itself at
high temperature is the systematic variation in the resonance
curve of the cantilever ~Fig. 4!. To evaluate this phenomenon
the tip was used to image ahot sample surface for 10 min. It
was then placed approximately 20 mm above the sample sur
face using the sample stage stepper motors and the resonance

FIG. 3. Force microscopy image of a calibration sample at room and high
temperature. ~A! This room temperature image ~5 mm in x and y! of a
grating replica shows the typical resolution of a TM-AFM and serves to
calibrate the x and y piezoelectric scanners. The inset is a cross section taken
along the line shown. The distance between the two arrows in the section is
468.8 nm, in good agreement with the manufacturer’s reported grating spac-
ing of 46366 nm. The large hole is a defect in the sample and was inten-
tionally included in the image to serve as areference point for sample drift.
~B! At high temperatures the image looks identical to room temperature; the
inset shows a grating spacing of 468.8 nm. The hole has remained in the
same position though some manual adjustment of the x and y position was
necessary. The z scale in both cases is 50 nm and the lateral scan size is 5
mm.

FIG. 4. Cantilever resonance curve at room and high temperatures. ~A! At
room temperature the cantilever resonance curve shows a peak at 290.12
MHz ~the black solid line!. For imaging with this tip the drive frequency
was set just below the peak at 290 MHz. ~B! At high temperatures the
resonance frequency shifts downwards to 289.48 MHz ~dashed line!, the
peak broadens, and the overall resonance width increases. Resetting the
drive frequency and amplitude at high temperatures is necessary to obtain
quality images.
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frequency of the cantilever was quickly determined. At this
distance from the surface the tip is free from sample interac-
tions and the frequency and width of its resonance response
depends only on cantilever force constant and mass. At high
temperatures the resonance frequency of silicon cantilevers
decreases and the width of the resonance increases. These
changes were qualitatively similar for different cantilever
types as well as tip holders. The shift of the cantilever fre-
quency was especially consistent and moved downwards
with increasing temperature ~Fig. 5!; changes in resonance
width were more variable mainly due to the presence of mul-
tiple resonances in some tips, but the general observation of
broadening was consistent.

The behavior of the free amplitude of the cantilever vi-
bration was not as predictable. In the example shown in Fig.
4 at high temperatures the tip was driven with the same
amount of drive voltage, or drive amplitude, as at low tem-
peratures; however, its resulting oscillation was not as large
at high temperatures. Other tips show different changes in
free space amplitude at high temperatures.

IV. DISCUSSION

While Fig. 3 illustrates the stability of this hot stage
design at high temperature, there are a number of technical
issues faced when integrating a hot stage into a force micro-
scope. This section discusses three of these issues: accurate
measurement of sample surface temperature, insulation of
the heating element from the microscope, and optimization
of imaging conditions at high temperatures.

The measurement of sample surface temperature in a
force microscope hot stage is problematic as the microscopy
requires physical contact between probe tips and the surface.
This prevents direct attachment of thermocouples to the
sample surface and thus requires that sample surface tem-
perature be calibrated against the temperature reading of the
heater itself. Such a calibration is illustrated in Fig. 2, which
shows that the sample surface temperature is systematically
lower than the temperature of the heating element itself. The
;13% temperature drop is not surprising given that the re-
sistive heating surface is separated from the sample surface
by 0.6 mm of glass ~Fig. 1!.

FIG. 5. Shift of resonance frequency with temperature. The fractional shift
in resonance frequency with temperature is constant among different canti-
levers and tip holders as indicated by thesedata. Though thepercentageshift
is small over the range of this heater, the relatively narrow resonance widths
mean that these small changes have profound effects on the position of the
drive frequencies necessary for quality images.
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Repeated measurements of the surface versus heater
temperature indicate that the temperature drop across the
glass plate is quite reproducible. An important issue, how-
ever, in calibration of these heaters is the need for the sys-
tems to be evaluated inside of the microscope itself. In par-
ticular, an accuracy on the order of 62 °C can be achieved if
the position of the tip holder relative to the sample surface is
held to less than 1 mm. This allows the surface temperature
to be determined during tests in which the sample is not
actually imaged. Outside of the microscope altogether, in an
environment free of external heat sinks, the average tempera-
ture drop between the surface and heating element was 8.5%,
as opposed to 13% in the microscope. This indicates the heat
loss to the elements of the hot stage itself is at least as im-
portant as heat loss to the tip holder and other microscope
components.

While the physical separation between the heating ele-
ment and the sample surface does have disadvantages with
respect to temperature measurement, its inclusion in the de-
sign was motivated by practical considerations. The use of
glass coated with indium-tin-oxide as aresistive heating el-
ement provides a physically stable and uniform conducting
surface. The plain glass underside of these sheets provides an
ideal sample platform which is inert, easily cleaned, and can
be modified for a variety of sample types. In addition, the
electrical connections to the heating element are delicate and
must be shielded from the force microscope electronics. The
presence of the glass insulates the heater both mechanically
and electrically from the force microscope system.

One important feature of the hot stage design presented
here is the thermal insulation between the heating element
and the sample mount. Figure 2 shows the temperature of the
bottom of the heater versus heating element temperature. It is
important that this temperature remain low since the heater
rests directly on the thermal piezoelectric tube responsible
for x–y sample positioning. Excessive heating of these com-
ponents not only causes distorted images, but also may lead
to depoling of the piezoelectrics. With appropriate insulation
the temperature of the heater bottom wil l not rise more than
10°, which is an acceptable temperature rise for good im-
ages. Two parameters controlled the success of the thermal
insulation: the thickness of the insulating layer and the nature
of the thermal insulation. While thick insulation layers af-
forded better insulation, the overall heater thickness was lim-
ited to 6 mm. Heaters thicker than this would not stay affixed
to the rapidly scanning piezotube and distorted images would
result.

In order to obtain the best insulation in the available
space a number of different materials were screened for use
as insulation including thermally insulating ceramics, Styro-
foam™, fiberglass™ cloth, cork, and balsa wood. Fiberglass
cloth was not suitable for this application as it was not rigid
enough to maintain aconstant position during the lateral mo-
tion of the sample during scanning. Styrofoam provides ex-
cellent thermal insulation but it undergoes aglass transition
at 100 °C which limits the useful temperature range of the
heater. Thermally insulating ceramics, on the other hand,
proved to be poor insulators relative to cork and balsa wood.
Balsa was the final choice because of its rigidity, low thermal
ll Rights Reserved.
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conductivity, and its anisotropic thermal properties. By
stacking two layers of balsa with grains running perpendicu-
lar to each other, the overall conductivity was made ex-
tremely low.

The importance of hot stage insulation in this particular
example is a direct result of the design of the Digital Instru-
ments force microscope; other manufacturers achieve x–y
scanning by moving the tip rather than the sample holder,
and for these configurations insulation of the sample bottom
would be less important. Instead, insulation of the area above
the sample surface, where the tip and its controlling piezo-
electrics are situated would be critical for these systems.
Such thermal shielding would require some limitation of the
access of the tip to the surface and might prove difficult to
implement.

The presence of a hot sample surface changes the opera-
tion of a tapping mode force microscope and these changes
must be accounted for before temperature-dependent data
can be interpreted. Tapping-mode force microscopy works
by driving a silicon cantilever at frequencies just below its
resonance; changes in the sample topography are detected
through changes in the amplitude of the cantilever resonance.
Given this detection method, the exact drive frequency of the
cantilever relative to its natural frequency is a crucial issue in
image formation and analysis.24–27 In the Nanoscope II I TM-
AFM resonance curves can be collected on any tip allowing
the user to visualize the cantilever behavior and choose, or
‘‘tune’ ’ the drive frequency accordingly. Figure 4 shows two
representative resonance curves at low and high tempera-
tures. Typical drive frequencies would be chosen to lie at
lower frequencies than the peak where the amplitude is only
80% of its maximum value. As the cantilever warms as a
result of its proximity to the hot sample surface, its force
constant decreases. This has two effects: first, it lowers the
resonance frequency of the cantilever and second, it in-
creases the resonance width. The first of these changes, the
depression of the cantilever oscillation, is quite reproducible
~Fig. 5!.

The third change in cantilever resonance with tempera-
ture is the change in the net amplitude of the vibration. In
some situations the tip experiences larger oscillations at high
temperatures and in other cases smaller oscillations ~as
shown in Fig. 5!. The amplitude of the vibrating tip depends
on a number of complex factors including the tip reflectivity,
the contact between the tip and the driving piezoelectric, and
the voltage response of the driving piezoelectric. Thermo-
couples mounted directly to the metal block of the tip holder
near the piezoelectric elements responsible for driving tip
oscillation indicate that this component can reach tempera-
tures of 40–50 °C when surface temperature is 100 °C. This
is not surprising since this piece sits approximately 1 mm
above the surface and is not insulated from the heater. This
temperature rise might be enough to alter the response func-
tion of the driving piezoelectric and thus change the ob-
served amplitude of the cantilever.

These changes in the cantilever properties with tempera-
ture can be easily accounted for by frequent tuning while the
sample surface is hot. Figures 3~A! and 3~B! show images
collected of the calibration grating at room temperature and
Copyright ©2001. A
high temperature that are virtually identical. Successful im-
aging requires the adjustment of the drive frequency at high
temperatures to account for the resonance shift. In addition,
though the free space amplitude of the tip may change with
temperature, it is possible to correct for this by adjusting the
drive voltage supplied to the cantilever. For example, by
driving the cantilever shown in Fig. 5 at high drive voltages
it is possible to increase the amplitude to the same level as at
room temperature.

Once all of the instrumental changes in cantilever re-
sponse are accounted for it is possible to use temperature
control in TM-AFM to evaluate nanoscopic changes in soft
materials. Figure 6 shows one example of many possible
applications: the visualization of nanoscale changes in the
melting of paraffin crystals. Figure 6~A! shows the room
temperature image of C33H68 crystals grown on a flat silicon
substrate. This material has a bulk melting point of Tm

572 °C. The shape and form of the crystals are well known
from electron microscopy experiments and represent the in-
ternal orthorhombic symmetry of the unit cell.23,28 At higher
temperatures, Fig. 6~B!, the crystals lose their high energy
corners and the smaller plateaus disappear. In this particular
case a phase separation is apparent in the image as the solid
is near a solid–solid phase transition point. This example
shows only one of the many applications of temperature con-

FIG. 6. Images of paraffin crystals at high temperature and room tempera-
ture. ~A! At room temperature, paraffin samples exhibit striking diamond-
shaped crystals with evidence of a spiral growth mechanism. ~B! At higher
temperatures the smaller features of the sample disappear as premelting
occurs preferentially at high energy edges and corners. In addition a phase
separation occurs between different solid phases that are thought to be
present at these temperatures. The lateral size of both images in the x and y
directions is 11.4mm.
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trol to TM-AFM used for topographic imaging. Temperature
control would also be powerful when combined with numer-
ous other TM-AFM imaging methods such as phase imaging
and electric and magnetic force microscopy. While the heater
presented here is technically suitable for these applications,
the changes in microscope operation at high temperatures
make interpretation and comparison of high and low tem-
perature data more complex. This is the subject of ongoing
work.

V. FINAL DISCUSSION

A simple hot stage can be built for a TM-AFM using a
resistive heater and a commercially available temperature
controller. This device reaches sample surface temperatures
of 100 °C with no degradation in TM-AFM images or opera-
tion. A crucial issue in this heater design is the thermal in-
sulation of the sample surface from the sample scanning
stage. Without adequate insulation of the hot stage, images
are distorted laterally. Insulation of the probe tip itself is not
possible as it must contact the sample surface repeatedly.
This changes the microscope operating conditions at high
temperatures in predictable ways. To account for these
changes and retain optimal imaging conditions the TM-AFM
must be frequently retuned at high temperatures.
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