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Introduction

Atomic force microscopy (AFM)
is a well-established surface
characterization technique
initially introduced for high-
resolution surface profiling. Fast
development of AFM instrumen-
tation has significantly extended
its capabilities, which now also
include measurements of local
mechanical, adhesive, magnetic,
electric and thermal properties.
The spectrum of materials that
can be examined by AFM is
practically unlimited. Of special
interest are studies of soft materi-
als, such as polymers and biologi-
cal samples, whose mechanical
stiffness is comparable to or less
than the stiffness of commercial
AFM probes. This fact allows
extraction of structural data from
the analysis of these materials at
different tip-force levels. For
example, low-force imaging is
optimal for the correct determina-
tion of surface profiles of such
samples, whereas imaging at
elevated forces can be useful for
surface compositional analysis and
for recognition of individual
components in heterogeneous
polymer materials or biological
systems [1].

Most AFM studies to date have
been conducted at ambient
temperature. This presents a
substantial limitation when
information about the thermal
behavior of the sample surface is
desirable. For example, perfor-
mance of plastics is strongly
temperature dependent due to
their multiple phase transitions,
such as melting, crystallization,
recrystallization, as well as glass
and sub-glass transitions. Experi-
ments illustrating in situ AFM
monitoring of polymer crystalliza-

tion show the unique capability of
this technique for measuring the
growth of individual crystalline
lamellae [2]. This information
could not have been obtained with
any other microscopic technique.
The polymers chosen for the
above cited studies undergo
crystallization at room tempera-
ture (RT); yet the majority of
polymers undergo phase transi-
tions above RT. To study these
polymers, early experiments were
conducted on samples heated
externally for different time

Figure 1.  (a) MultiMode microscope head with the thermal accessory
installed; (b) temperature controller; (c) main components of the thermal
accessory assembled on the piezo-scanner.
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periods and then placed on the
AFM and examined at RT [3].
This approach is laborious since it
requires repeated high-precision
location of the same spot on the
sample surface.  In addition, this
procedure is not always acceptable
because of the changes that can
occur in the polymer structure on
cooling to RT.  Therefore, in situ
AFM studies at elevated tempera-
tures are invaluable for analysis of
polymers. The work described here
illustrates how this can be accom-
plished with the MultiModeTM

AFM [4] equipped with the
recently introduced High Tem-
perature Heater Accessory. A
number of important issues
relevant to AFM studies at elevated
temperatures are addressed below.
Also several examples of AFM
imaging of polymer materials at
temperatures up to 250°C are
provided.

Historical Background

The importance of AFM measure-
ments at elevated temperatures has
been recognized for some time,
and several heating stages have
been described in the literature [5-
8]. By placing a resistive heater (or
a Peltier element) guided by a
temperature controller on top of
the scanner, AFM measurements
were performed at temperatures up
to 100°C.  These first stages were
designed for contact mode AFM
[5-7], and several examples of
imaging under these conditions
have been reported [7]. However,
contact mode AFM is often
problematic for polymer samples
because of the strong tip-sample
interaction, especially the lateral
forces which can cause damage to
the sample surface. This problem
becomes even more serious at high

temperatures. Therefore, the use
of TappingModeTM, in which the
tip-sample contact occurs inter-
mittently without strong lateral
force interaction, is necessary for
high-temperature AFM studies of
polymers.

The first heating accessory for the
MultiMode AFM was designed for
TappingMode operation at
temperatures up to 100°C [8]. In
describing this accessory, the
authors discussed the need for
thermal isolation of the piezo-
scanner from the heated sample.
To reduce the heat transfer from
the sample, a thermal insulating
block of balsa wood was applied.
This eliminates the risk of the
piezo depoling and minimizes
distortions of the scanner motion
caused by the heating of the
scanner. The temperature calibra-
tion was performed using a
thermocouple placed on a piece of
Si wafer. The thermocouple
reading was in good agreement
with the surface temperature of
the Si piece measured with Raman
spectroscopy. Yet the authors
pointed out that this geometry is
not identical to that for true
imaging conditions when a
metallic probe holder is located in
the immediate vicinity of the
sample surface. It was found that
heating the sample to 100°C led
to heating of the probe holder to
50°C.  They concluded that the
thermal balance in the location of
the probe can be perturbed by the
presence of the holder. Heating of
the holder was one of the possible
reasons for the drop of the
amplitude of the probe, which was
driven by a piezo-ceramic stack
placed inside the holder. The
authors also noticed a linear
reduction of the resonant fre-

Figure 2.  Temperature dependence of the
resonant frequency of a Si cantilever.
Symbols: circles are the data obtained with
the MultiMode AFM; squares are the data
recalculated from the temperature
dependence of the elastic modulus of Si (100)
[14]. Solid line presents a linear fit to both sets
of data.

Figure 3.  Relationship between the voltage
applied to the probe heater and the probe
temperature. The probe was located within
5µm of the sample surface heated to the same
temperature.
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quency of the Si etched probe
with temperature. This required
re-tuning of the probe for imaging
at different temperatures. Never-
theless, the first step towards AFM
studies of polymers at elevated
temperatures was made and
melting/crystallization experi-
ments were performed on a
number of systems [8-9].

Heater Design
Considerations

In addition to the issues discussed
above, expansion of the tempera-
ture range to higher temperatures
is obviously desirable. The design
of the high-temperature heater
accessory for the MultiMode AFM
(Figure 1) addresses these issues
and provides sample heating up to
250°C.  This heater uses the
commercial temperature controller
“Eurotherm 2216” and a Pt
resistive heater. Heating of the
sample to the target temperature,
defined by the operator, is
controlled with feedback from a
thermocouple positioned under
the sample. In addition to the
basic components used in other
hot stages, this design includes
several new features:

• a plug-in sample heater
• a water-cooled scanner
• a probe holder with an addi-

tional heater, and
• an environmental enclosure.

The plug-in heater is made of a
ceramic and its top contains the Pt
resistive heater, a thermocouple,
and a small magnet to hold the
sample. The heater is mechanically
inserted into the top of the
scanner.  Electric wires, which
connect the heating element and
thermocouple with the controller,
are incorporated inside the

cylindrical tube of the piezo-
scanner. This plug-in geometry of
the heater provides mechanical
stability of the heater’s contact
with the scanner and avoids
mechanical interference from any
external connections (e.g. wires)
to the heater during scanning. The
top part of the piezo-scanner
includes a small reservoir where
the cooling water circulates. The
water is driven from an outside
pool by a peristaltic pump and
efficiently reduces the heat
transfer to the scanner. With this
design, the temperature of the
scanner never exceeds 45°C at a
sample temperature of 250°C,
which ensures stable performance.

To enhance the stability of the
probe oscillations, the probe
holder used in the high-tempera-
ture accessory is made of fused
silica and contains a heating
element for the AFM probe.
Amplitude of the oscillating probe
can substantially change with
temperature because heating of
the probe holder influences
mechanical coupling between the
probe and the holder. However,
for most applications this is not a
concern because the amplitude
can be brought to a desired
magnitude by varying the ampli-
tude of the driving signal applied
to the piezo-stack. The holder
together with a rubbery silicone
seal forms a gas-tight enclosure for
the sample, which can be used to
create controlled atmosphere
conditions. For example, inert gas
purging can be necessary to avoid
oxidative degradation of samples
at high temperatures. The func-
tion of the probe heater and the
environment control is described
in more detail below.

Figure 4.  (a) Difference between the
temperature of the sample and the probe at
different sample temperatures; (b) relationship
between the voltage applied to the probe
heater and the probe temperature.
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From the first AFM studies at
elevated temperatures, it became
clear that Si etched probes without
any coating are preferred for such
measurements. Coated probes can
bend and/or twist at elevated
temperatures. It has also been
found that water condensation
occurs when operating in
TappingMode at high tempera-
tures.  When the sample tempera-
ture approaches 100°C and the
probe is slightly colder, water
condensation in the form of small
droplets is typically observed on
the probe’s backside. In some
cases, the volatile components of
the heated sample can also cause
the droplet formation. Heating of
the probe was implemented to
avoid this problem [10]. By
placing a heater close to the probe
mount it became possible to
change the probe temperature by
regulating the voltage on the
heater.  In this case, heating of the
probe and the probe holder
assembly to the target temperature
also induces heating of the sample
from above, which can signifi-
cantly improve the homogeneity
of the temperature distribution
throughout the sample. This dual
heating is of particular importance
for thicker samples and for
materials with low heat conductiv-
ity.

In order to quantify and control
the probe temperature and the
conditions of imaging, accurate
measurement of the probe
temperature is required. To
determine the temperature of the
probe itself, we use the resonant
frequency of the probe as a
measure of its temperature. The
angular resonant frequency of a
rectangular lever without a
concentrated load is given by [11].

where t and l denote the thickness
and length of the lever, E the
elastic modulus and ρ the mass
density. The variation of ω

0
 with

temperature can be accounted for
by the thermal expansion of the
lever and by the temperature
variation of the elastic modulus.
However, for the single crystalline
silicon material of the Tapping-
Mode probes in the temperature
range of our measurements, the
latter contribution dominates.
Thus one obtains

where T
o
 denotes some reference

temperature (in our case T
o
 =

25°C).  To correctly determine the
thermal variation of the cantilever
resonant frequency, we placed the
head of a MultiMode AFM into
an oven and recorded the resonant
frequency of the Si probe as a
function of temperature [12]. The
results of these measurements are
given in Figure 2.  On the same
graph, we plot the values of the
resonant frequency recalculated
from the recent literature data
[13] on the temperature depen-
dence of the elastic modulus of Si
[14]. Notice that the resonant
frequency is changing almost
linearly with temperature between
25°C and 250°C. In addition, the
frequency-versus-temperature
results correlate well with the
literature data obtained with a
similar AFM probe [8].  The
average coefficient of 3.1x10 -5 ±
5x10 -7␣ °C-1 describes the relative
decrease of the cantilever resonant
frequency with temperature. For
Si etched probes (225µm long and

Figure 5.  Time dependencies of the probe
temperature after stepwise changes of the
voltage applied to the probe heater. Red line
corresponds to the probe heating after the
jump from 9.1 to 17.0V. Purple line
corresponds to the probe cooling after the
voltage was decreased from 14.8 to 9.1V.

ωο = (1),t E
l 2 ρ

ωο  (Τ) E (T)
ωο (Το ) Ε (Το )= (2),
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30-40µm wide, with a stiffness
~40␣ N/m) this variation results in
~5.2 Hz/°C.

Next, we used the calculated
resonant frequency-versus-tempera-
ture relationship to generate the
thermal equilibrium conditions at
the sample location under the AFM
probe. To achieve this, the voltage
applied to the probe heater is
chosen from the curve (Figure 3)
such that the temperature of the
probe matches that of the sample.
By contrast, if the probe heater is
not activated, the temperatures of
the sample and the probe can differ
substantially (Figure 4a). Similarly,
by applying the voltage to the probe
heater while the sample heater is
off, one can locally change the
temperature of the surface under-
neath the probe. The corresponding
dependence between the probe
temperature and the voltage (V) is
shown in Figure 4b.  It can be seen
that the temperature difference
(∆T) scales as the square of the
voltage, which is logical since the
heat flux released by the heater is
proportional to V2 and the heat
exchange between the probe and its
surroundings is proportional to ∆T.

This separate control of the sample
and probe temperatures opens the
way to perform well-defined in situ
thermal treatments. With polymers,
the thermal history (heating and
cooling rates) is important in
defining the final morphology.  The
maximum heating rate provided by
the sample heater is up to 50°C/
min, as measured with a thermo-
couple underneath the sample. In
order to evaluate the maximum
attainable heating and cooling rates
of the probe, we applied a specially
designed electronic set-up for
tracking the cantilever resonant

frequency and performing data
acquisition at 1 sample/s.  The
corresponding results given in
Figure␣ 5 show that the heating and
cooling rates of the probe can be
extraordinarily high. The heating
rate of the probe when the tem-
perature was brought from 100 to
200-250°C reached 960°C/min;
the corresponding cooling rate
attained values as high as 600°C/
min. These heating rates at the
surface are much higher than are
obtainable with other methods.
Obviously, the heating rate of the
bulk sample with this accessory will
be much less than that of the probe,
allowing studies of differential
localized heating and cooling at the
surface of the sample.

As mentioned above, environmen-
tal control is a necessary require-
ment for high-temperature AFM
measurements of polymers.
Helium atmosphere is recom-
mended because of the high
sensitivity of the oscillating probe
to the air-to-He exchange.  Higher
resonant frequency and a larger
quality factor characterize the probe
oscillation in He (Figures 6 a-b) as
compared to air.  It is worth noting
that the silicon rubber seal is
required for better gas exchange
(Figure 6b). Monitoring the
cantilever resonant frequency after
the purging starts allows estimation
of the rate and the extent of the gas
exchange in the sample environ-
ment (Figure 7).  The gas exchange
is complete in 20␣ seconds at a
purging rate of 40 ml/min. Lower
purging rates can increase the
equilibration time.

In practice, high-temperature AFM
imaging of polymer samples shares
many similarities with imaging at

Figure 6.  (a) Amplitude-versus-frequency
curves obtained in air (black line) and in He
(purpl line); (b) amplitude-versus-frequency
curves after re-tuning in air (black curve), in
the sample environment partially filled with He
(the rubber seal was not installed, green
curve) and in He environment (the rubber seal
was installed, purple curve). The red solid
lines correspond to the fits of the data to the
approximate expression (Equation 3 in
Reference 12). The quality factors calculated
from the fits are 494, 632 and 910 for the
black, green and purple curves, respectively.

(a)

(b)
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RT. Small sample size ensures
better conditions for fast heating
and equilibration of the sample
temperature. Polymer films and
small polymer blocks (with a top
surface prepared with an ultrami-
crotome), which are placed on a
metal puck (6mm in diameter)
have been routinely examined
with the heater accessory. During
sample heating the probe is
disengaged from the sample and
the driving frequency is re-tuned
at each temperature. For imaging
of polymers close to their melting
points it is generally preferable to
use larger oscillating amplitudes of
the probe in order to overcome the
adhesive tip-sample interactions.

Practical Examples

To illustrate application of the
heater accessory to polymers, we
have chosen several examples
showing the most important
performance features: sub-micron
imaging in a broad temperature
range and the ability to monitor
structural changes at the same
surface location. The first example
is taken from AFM studies of self-
organization of polymers with
mini-dendritic side groups on
graphite. These macromolecules
with side alkyl chains exhibit
epitaxial order on graphite. The
images of the samples prepared by
spin-casting from very dilute
solutions on graphite reveal
individual macromolecules in
extended-chain conformation that
allow quantification of their
molecular weight [15]. It is
important to follow the process of
polymer chain ordering on
graphite, which occurs after their
spin-casting [16].  The AFM
image, which was obtained on the
sample immediately after it was

spin-cast, shows small aggregates
formed by a few macromolecules,
which are hidden amidst patches
of non-ordered material (Figure
8a). These patches disappeared
after heating of the sample to
50°C, indicating that they are
most likely of low molecular
weight (Figure 8b). With increas-
ing temperature, the mobility of
the chains increases and their
attachment to graphite loosens. As
a result, the AFM probe can easily
displace them from the surface;
thus the single macromolecules are
no longer seen at temperatures
above 75°C and only thick islands
are found [16]. At these tempera-
tures, the displaced polymer
material, most likely floats in a
liquid overlayer, which is often
present on surfaces at ambient
conditions. When the sample
temperature was lowered to RT,
the polymer chains reattached to
the substrate again. Two kinds of
domains – thin and thick – are
seen in the images recorded at RT
(Figure 9a). Single layer domains,
which exhibit well-ordered
macromolecular arrangement,
surround the thicker domains
(Figure 9b). In the layer lying
directly on the graphite, cylindri-
cal-shaped macromolecules are
aligned along the main axes of the
substrate and, therefore, the chains
fold at regular angles of 60 and
120 degrees. After the sample was
heated to 150°C, only thick
domains were observed (Figure
9c).  One of the three thick
domains seen at RT has disap-
peared and the other two have
become larger. This observation
indicates that some transfer of
material has been assisted by the
AFM probe at these high tempera-
ture.

Figure 7.  Time dependencies of the probe
resonant frequency in the environmental
sample enclosure during purging of He at 40
(1), 10 (2) and 4 ml/min (3) purging rates.

Figure 8.  (a-b) Height images of samples
prepared by spin-casting of a dilute solution of
a polymer with mini-dendritic blocks (see the
chemical structure below) on graphite.
1µm scans.

(a) 1µm  T = 30°C (b) 1µm  T = 50 °C
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The second example (Figure 10)
shows morphologic changes
observed at the same location in a
thin film of syndiotactic polypro-
pylene (sPP) upon crystallization
at two different temperatures,
125°C and 130°C.  A featureless
area is seen in the image in Figure
10a, representing the surface of
sPP in the melt when the sample
temperature is around 155°C.
After the sample temperature is
lowered to 125°C, polymer
crystallization proceeds with
formation of spherulite-like
morphology.  The polymer
crystallization is substantially
slower at higher temperatures
(T=130°C), yet the final crystal-
line morphology with spherulite-
like structures does not vary much
for these temperatures. The flat-on
lying lamellae, which grew from
centers of the spherulites, resemble
single crystal sPP platelets.
Additional AFM results, which
reveal morphologic and
nanostructural changes during
melting and crystallization of
single sPP crystals, have been
published [17].

In in situ AFM studies of polymer
crystallization, one should be
aware that crystallization can be
induced by the tip-sample
interaction during repeated
imaging of the same sample area.
A simple check on these tip-
induced effects consists of later
scanning of a larger area that
includes the area scanned during
the experiments.  For example, the
image in Figure 10f shows an
80µm scan of the sPP sample,
which exhibits similar crystalline
morphology over the entire area,

(a) 3µm  T = 30 °C (b) 250nm  T = 30 °C (c) 3µm  T = 150 °C

Figure 9.  (a, c) Height images; samples prepared by spin-
casting of dilute polymer solution with mini-dendritic blocks on
graphite. Images were taken at different temp-eratures.
(b) Height image of the smaller area, shown  in box in (a).

Figure 10  (a-f) Height images of syndiotactic polypropylene
(sPP) film at different temperatures. (a)  Image of the sPP melt.
Images in (b) and (c) were obtained during crystallization at
125 °C for periods indicated above the images. Images in (d) and
(e) were obtained during crystallization at 130°C. Image in (f)
shows the final morphology after crystallization at 130°C in the
area surrounding the location (box) shown in (d) and (e).

(a)  40µm  T = 155 °C

Zoom
out

(b)  40µm
T = 124 °C   22 min.

(c)  40µm
T = 124 °C   100 min.

(d)  40µm
T = 130 °C   122 min.

(e)  40µm
T = 130 °C   1,575 min.

(f)  80µm
T = 130°C
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regardless of where previous
scanning occurred during crystalli-
zation. This result indicates that
the probe has not caused morpho-
logical modification of the surface.

Conversely, Figure 11 demon-
strates the acceleration of polymer
crystallization due to the probe,
which was colder than the sample.
After melting of a relatively thick
(0.5mm) block of isotactic
polypropylene (iPP) at 150°C, the
temperature was decreased to
140°C, and morphologic changes
accompanying polymer crystalliza-
tion were monitored in the 10µm
area. Due to the high temperature,
this process was relatively slow.
The first indications of polymer
crystallization appeared after one
hour, and several flat-on and edge-
on oriented lamellae were re-
corded after two hours (Figures
11a-b). Further progressive growth
of lamellar aggregates, which was
monitored at a neighboring 10µm
location, is demonstrated in
Figures 11c-d.   Thermal flow of
this sample (most likely due to its
substantial thickness) was more
pronounced compared to other
examples. Yet the flat-on lamellae
relevant to both locations can be
seen in the larger-scale image in
Figure 11e.  In Figure 11b-e the
lamellae are marked with differ-
ently colored stars. The large-scale
image (Figure 11e) also reveals
that crystallization was much
faster in the area where the
imaging was performed. This area
in the left top corner of the image
in Figure 11e is completely
covered by lamellae. During this
experiment, the voltage applied to
the probe heater was 10V. This
value is lower that that needed to
achieve 140°C (see graph in

(e) 25µm

(a) 3µm b) 3µm

T = 230 °C

(c) 3µm

Figure 12.  Phase images showing the growth of crystalline
lamellae during the melt-crystallization of poly(ethylene
terephthalate) at 230°C; the images were taken at the same
location.   The arrows indicate the places where the crystal
growth proceeds via the stack thickening mechanism.

(c) 10µm   169 min. (d) 10µm   274 min.

(a) 19µm   70 min. (b) 10µm   135 min.

Figure 11.  (a-d) Phase images obtained during crystallization
of isotactic polypropylene at 140oC for different times. (e)
Phase image showing a larger area of the sample including
the location where the crystallization proceeded most
efficiently (top left corner). Colored stars indicate the same
place in the respective images.

★
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Figure 3).  We conclude that the
tip and, therefore, the surface
location under the probe, were
colder than the surrounding
material, and this accelerated the
polymer crystallization.

The last example demonstrates the
ability of AFM to monitor
polymer crystallization at tem-
peratures well above 200°C. Three
snapshots of the real-time melt-
crystallization of poly(ethylene
terephthalate), or PET, at 230°C
are presented in Figure␣ 12. It is
important to emphasize that we
were able to monitor high-
temperature PET crystallization
by performing imaging at the
same location with sub-micron
resolution. Notice the appearance
of individual crystalline lamellae
(approximately 9nm in width),
and their growth, as well as their
pronounced tendency to form
stacks.  The arrows in Figure 12
indicate the same locations on the
sample surface where the growth
proceeds via stack thickening, i.e.
via increasing the number of
lamellae per stack. These stacks
eventually form a space-filling
crystalline structure.

Despite the fact that PET, a
typical aromatic polyester with
semi-rigid chains, has been
intensively studied for many years,
direct microscopic observation of
its structure and evolution at the
nanometer scale had not yet been
achieved [18]. Visualization of
PET’s sub-micron organization,
which is now possible with AFM
at elevated temperatures, offers
new insights into the lamellar
structure and crystallization
behavior of this polymer [19].
These insights can also help to

correctly interpret SAXS (small
angle X-ray scattering) data using
the direct-space information
obtained by AFM. In particular,
one can readily see from the AFM
images in Figure 12 that the
crystalline lamellae of PET are
thinner than the interlamellar
amorphous layers. Finally, the X-
ray data can be quantitatively
compared with AFM data by
performing a reciprocal-space
treatment of AFM images, as
described elsewhere [20].

Conclusions

The described HighTemperature
Heater Accessory for the
MultiMode AFM meets the strong
demand for AFM measurements
at elevated temperatures. The
accessory accommodates several
new features: probe heater, water-
cooled scanner and environmental
control for ensuring stable
imaging of samples at tempera-
tures up to 250°C. The practical
examples selected for this work
demonstrate the capabilities of
high-temperature AFM studies
with this accessory. Several other
applications, which were accom-
plished using different prototypes
of the heating stage, were reported
earlier [20,21]. We believe that a
broader use of this accessory for
AFM applications to polymers
will bring invaluable information
for academic and industrial
researchers.
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