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Introduction:
Atomic Force Microscopy (AFM) is a key technique for the 

measurement and analysis of samples when nanoscale topography 
is of interest.  It offers a number of complementary probing modes 
that extend an AFM’s measurement capability to a wide range of 
material and transport properties of surfaces, including  hardness, 
friction, conductivity and adhesion among others.  Sample tempera-
ture controlled AFM extends the study of surface morphology and 
properties to include changes in the material phases.  

Recently, silicon microfabricated AFM cantilevers that have 
integrated heaters, as shown in figure 1, have become commercially 
available.  These cantilevers were initially developed for probe based 
data storage by researchers at IBM Zurich[1], Figure 1. With the 
availability of these cantilevers, AFM measurements can be per-
formed where the tip is heated as opposed to the sample.  Heated 
Tip AFM (HT-AFM) refers to AFM operation where a heated tip 
is used instead of a normal tip to locally heat the sample surface.  
A number of AFM modes (tapping/contact/force volume etc.) can 
accommodate a heated tip to yield new information tied to the ther-
mal properties of the sample.  Figure 2 shows an example of heated 
tips to the study of a polystyrene-polypropylene polymer blend.  
The HT-AFM mode was used to improve the discrimination of the 
two components in the phase image, which occurs when the tip is 
heated near the transition temperature of one of the components.  
The three micrometer scan size images show the high resolution 
capabilities of the heated tips as well as the ability to locally modify 
the sample surface. 

Compared to substrate heating methods, HT-AFM offers some 
distinct advantages.  Foremost is the ability to heat to higher tem-
peratures.  With substrate heating, a significant temperature rise 
of the materials in contact with the sample can take place, causing 
problems with the calibration of the scanner as well as the possibility 
of damaging the scanner at high temperatures.  Another advantage 

with the heated tip is that it exhibits much less thermally induced 
drift.  With substrate heating, due to the large area that is being 
heated, spatial displacements of many microns can be observed over 
relatively small temperature ranges. As demonstrated in figure 2 of 
the polymer blend sample, the heated tip method typically shows 
displacements of less than a micrometer over a temperature range 
of hundreds of degrees.  Other advantages include the ability to 
operate at very high heating rates due to the low thermal mass, and 
the ability to perform multiple measurements on specimens that 
are highly sensitive to thermal history.

A specific technique within the HT-AFM family of techniques 
is nano Thermal Analysis (nano-TA).  This is a local thermal analy-
sis technique that enables one to obtain quantitative information 
on melt temperature(Tm) or glass transition temperatures (Tg).  
Initially the surface can be visualised at nanoscale resolution with 
the AFM enabling the user to select the spatial locations where they 
would like to investigate the thermal properties of the surface. The 
user then obtains the phase transition temperatures by applying 
heat locally via the probe tip and measuring the thermomechani-
cal response.  The nano-TA data displays the cantilever deflection 
plotted against the tip temperature. This measurement is analogous 
to the well established technique of thermo-mechanical analysis 

Fig 1: An SEM image of the microfabricated Si cantilever with 
integrated heater.

Fig 2: Tapping mode images of a PS/PP Blend with a 3 um scan size.  
The topography is on the left and the phase on the right.

Fig 3: nano-TA on PTMSP.
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(TMA). Events such as melting or glass transitions that result in 
the softening of the material beneath the tip produce a downward 
deflection of the cantilever. 

HT-AFM has been used for a range of applications primarily 
focused within the polymer and pharmaceutical industries.  The 
measurements that have been demonstrated in the polymer industry 
include analysis of blend samples, thin films, and nano-scale inclu-
sions.  In the pharmaceutical industry, HT-AFM has been used to 
map crystallinity and polymorphs as well as for the identification 
of components in compressed tablets and tablet coats.  Following 
are descriptions of two new applications of the HT-AFM mode 
that broaden the range of measurements possible with this unique 
capability.
Nanocomposite Polymer Membranes: 

Poly trimethyl silyl propyne (PTMSP) has garnered attention 
since its discovery due to its very high permeability, high Tg and 
exhibited reverse selectivity[2,3]. Recently, it was the discovered 
that the permeability and reverse selectivity could be significantly 
enhanced by the addition of silica nanoparticles.[4-8].  While the 
importance of the nanoscale PTMSP-silica interface has been ac-
knowledged, most of the data currently published is based on larger 
scale measurements and little is known about the local nanoscale 
properties of the material.  This is primarily due to the challenge of 
obtaining convenient access to the molecular mobility of material 
arrangements that are interfacially-constrained.  The availability of 
the thermal probes enables analysis of the interface and character-
ization of the polymer via the HT-AFM mode.

High purity PTMSP was blended with 200 nm diameter silica 

particles.  The silica particles were initially prepared in a dilute 
silica-toluene dispersion. PTMSP was added to the silica-toluene 
dispersion to make a 3 wt% solution. The solution was spun cast 
onto a glass substrate, producing a film thickness of ~1 μm. 

Nano-TA on the PTMSP membrane revealed a Tg of 190 °C 
using a 60 °C/min heating rate.  Figure 3 is a surface plot image of 
the thermomechanical analysis indent caused by the temperature 
ramp.  The diameter of the indent created in nano-TA is dependent 
on a number of factors including heating rate, melt viscosity and 
when the heated tip is retracted after the transition temperature.  
If the intent of the experiment is to reduce the affected area of the 
sample, the tip can be retracted as soon as the transition is reached, 
which can result in sub 100 nm indents.  The tip can also be kept on 
the surface after the initial surface transition to probe subsurface 
components.

When operating the heated tip in scanning mode, the tip is 
constantly moving, and the sample never reaches thermal equi-
librium with the tip.  As a result, it is possible to scan with the tip 
above the �Tg of the material without initiating a thermal transition 
at the surface.  The actual temperature at the surface depends on 

Fig 4: Series of scanning heated tip images taken at tip temperatures 
at 220 °C (a), 290 °C (b) and 300°C (c).  The streaking in image b shows 
the debonding event and subsequent dragging of the particle.

Fig 5: Characteristic lateral force scan across a stable silica particle 
when scanned with a heated tip.

Fig 6: Maximum lateral force subjected to particle as a function of 
temperature. 

Fig 7:  Pattern written using heated tip.
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the contact resistance, tip temperature, and scan speed.  Figure 4 
shows a series of heated tip scans on a PTMSP composite where 
the tip was scanned over exposed silica particles. When a critical 
temperature is reached (290°C for the series under investigation), 
the particle is debonded from the matrix.  The lack of matrix defor-
mation around the particle suggests that the debonding occurred 
below �Tg and most likely in an elastic manner.  

The lateral forces associated with debonding were determined 
by monitoring the lateral force microscopy signal.  Figure 5 shows 
a characteristic lateral force signal during a single line scan as well 
as a diagram showing the origin of the signal.  The large peak in 
the lateral force signal is due to the torsional deflection of the can-
tilever as the tip contacts the particle.  In a subsequent experiment, 
another particle was debonded while the maximum in the lateral 
force signal was monitored as the tip temperature was increased.  
As shown in Figure 6, increasing temperature leads to an increasing 
peak lateral force on the particle.  Below the Tg value of the PTMSP, 
the lateral force is relatively constant, but increases significantly as 
the tip temperature is increased above Tg.  The maximum observed 
force at 10°C below the debonding temperature was 220 nN.  The 
increase in lateral force could be due to a deforming lever or the 
increase in adhesion, which is typical between the tip and sample 
above the Tg.  ���������������������������������������������������     These initial debonding experiments illustrate the 
potential of HT-AFM for adhesive bond strength measurements be-
tween embedded inorganic nanoparticles and their organic matrix� 
and may offer a unique way to gain direct insight into interfacial 
properties of reverse selective membranes.
Energetic Materials:

Energetic materials exhibit a dramatic release of stored 
chemical energy as thermal and mechanical energies. The primary 
difference between an energetic material and any material that un-
dergoes a chemical decomposition process is the rate at which the 
decomposition occurs. The decomposition rate is determined by a 
number of factors including the particle characteristics (chemical 
composition, size, and morphology), the magnitude and duration 
of the reaction stimulus, and material confinement.  Energetic 
materials often have nanometre-scale polycrystallinity, voids, and 

/ or defects, and it 
is widely believed 
that nanoscale 
properties and 
phenomena with-
in these materi-
als play a key role 
in their macro-
scopic behaviour. 
[9-11]  Due to the 
lack of nanoscale 
thermal probes 
previously, these 
properties have 
not been exten-
sively studied. 

I n  r e c e n t 
publ i she d  re -
search, HT-AFM 
a n d  n a n o - TA 
have been used 
to study local 
thermal decom-
position in an 
energetic mate-
rial with a heated 
tip, and measure 
the effects of tip 
temperature on 
the energetic ma-
terial response. 
[12].  A thin film 
of Pentaerythri-
tol Tetranitrate 
(PETN) was pre-
pared at a thick-
ness of ~250 nm 
on a glass slide.  
When the heated AFM cantilever tip was scanned in contact with 
the energetic material, heating from the tip could induce nanoscale 
melting and/or decomposition in the energetic material film.  Local 
thermal decomposition with a heated tip provides a unique method 
of controlling both the size and spatial resolution of voids in the 
energetic material.  Figure 7 shows a simple “+” pattern written 
in the PETN film, demonstrating the high spatial resolution and 
registry of the technique.  There was no noticeable pileup or resi-
due, indicating that the material was completely decomposed or 
evaporated during the thermal writing.

	 Thanks to the ability to control the temperature of the 
thermal probes over a wide range, the response at various tip 
temperatures could be determined, as shown in figure 8. In this 
experiment, the heated tip was scanned along a line while the tip 
was held at five different temperatures.  The lowest temperature 
tested, 54 °C, produced no change to the PETN.  However, at 99 °C 
and above, the heated tip was able to write into the PETN.  For the 
areas decomposed at higher temperatures, the PETN crystals near 
the decomposed area were noticeably larger than in the unmodified 
sample regions, suggesting that this type of measurement may be 

Fig 8: PETN response to different tip temperatures.

Fig 9: Effect of varying scan rate, scan time of 
upper image was 1290 sec and lower was 660 sec.
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useful for studying grain coarsening and aging in energetic materi-
als.

The rate of material reacted was studied by scanning the heated 
tip over a 5 μm square on the PETN film.  The images shown in Fig. 
9 are larger images taken when the tip is at room temperature after 
the 5 μm scan.  The smaller scan began at the bottom of the image 
and moved up.  In the upper image, the 5 μm took 1290 seconds 
to complete and 660 seconds for the lower image.  In this experi-
ment, much of the PETN that was heated was removed, but unlike 
the decomposed lines of Figs. 7 and 8, some of the PETN filled in 
behind.  Furthermore, it appears as if the polycrystalline structure 
of the PETN orients in a columnar fashion from the top to bottom 
of the image.  When heated, the PETN can either go through a 
phase transition (sublimation or melt/evaporation) into the gas 
phase or decompose. We hypothesize that the PETN was melted or 
evaporated at the heated tip, and some subsequently recondensed 
onto the previously scanned area along the direction of the strongest 
temperature gradient.  Less material condensed within the scanned 
square for the longer scan and slower tip speed.  The longer dwell 
time of the heated tip may have allowed the melted / evaporated 
PETN to diffuse farther from the heated source. 
Conclusions:

The above applications of heated tip AFM demonstrate the 
range of materials that can be analyzed.  HT-AFM can be used to not 
only differentiate between material components or phases within 
a material.  It also allows for the manipulation of the micro/nano-
structure of materials that could be used to study diffusion rates 
and produce controlled nanoscale features.  In the nanocomposite 
field, it can be employed to investigate the lateral forces exerted 
during particle-matrix debonding and by studying particle matrix 
adhesion, which consequently could lead to the design of improved 
interfaces.  From testing the nanometer-scale thermo-mechano-
chemical response of an energetic material to analyzing polymeric 
nanocomposites, the high resolution imaging capability, wide range 
of tip temperatures and heating rates offer unique new capabilities 
for material analyses.    
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