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In scanning thermal microscopy (SThM) techniques, the thermal exchange radius between tip and
sample is a crucial parameter. Indeed, it limits the lateral spatial resolution but, in addition, an
accurate value of this parameter is necessary for a precise identification of thermal properties. But
until now, the thermal exchange radius is usually estimated but not measured. This paper presents
an experimental procedure, based on the 3w-SThM method, to measure its value. We apply this
procedure to evaluate the thermal exchange radius of two commercial probes: the well-known
Wollaston one and a new probe constituted of a palladium film on a SiO, substrate. Finally,
presenting silicon nanowire images, we clearly demonstrate that this new probe can reach a spatial
resolution better than 100 nm whereas the Wollaston probe hardly reaches a submicronic spatial
resolution. © 2010 American Institute of Physics. [doi:10.1063/1.3455214]

I. INTRODUCTION

In recent years, the thermal characterization of devices
and materials at submicrometric scales has become a major
issue regarding advances in nanotechnology and material sci-
ence. Hence, there is a need of techniques able to reach a
nanometric lateral spatial resolution. Optical methods such
as infrared thermometry,l’2 visible thermoreﬁectance,&5 or
interferometry,s‘6 which are diffraction limited, cannot reach
such a resolution. Since its invention in 1986, the scanning
thermal microscopy (SThM)’ is presented as the most effi-
cient technique to study thermal transport in nano-objects
and nanomaterials. It is based on an atomic force microscope
equipped with a thermal probe to carry out thermal images
while simultaneously obtaining contact mode topography
images.7_9 The SThM has two different working configura-
tions: the active and the passive modes. In the passive mode,
the sample is locally heated and the passive probe, used as a
thermometer, generates a thermal map. In 2000, Shi et al. o1
thus sensed the temperature distribution in current-carrying
carbon nanotubes with a spatial resolution around 50 nm. On
the contrary, in the active mode, the tip also serves as a
heater. By measuring the tip temperature, we can evaluate
the tip-to-sample heat flux exchange, which depends, among
other things, on the sample thermal properties. Then, the
SThM in active mode can sense local thermal properties.n’13
In 2008, using this mode, Hinz et al."* determined the ther-
mal conductivity of a 3 nm thick HfO, film with a spatial
resolution around 25 nm. Nevertheless, the probe plays a
crucial role to achieve nanothermal analysis with SThM and
these low spatial resolutions are not obtained with commer-
cial probes but with home-made probes, which represent a
technological difficulty. With commercial probes, such as the
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classical well-known Wollaston one, which is the most com-
monly used probe, the resolution is of the order of 1 um and
hardly lower."

Anyway, whether it is with home-made or with commer-
cial probes, the spatial resolution limitation is dependent on
the thermal exchange radius ry between tip and sample.'6
Moreover, thermal conductivity measurements performed
with SThM are correlated with this parameter rth.m’” Hith-
erto in literature, ry, is either taken equal to the solid tip-apex
radius evaluated from scanning electron microscopy (SEM)
pictures14 or evaluated as an adjustable parameter in a ther-
mal model.'®"’ Actually, ry, is strongly dependent on the tip
sharpness and the environmental conditions. Under atmo-
spheric conditions, the two dominant tip-to-sample heat
transfer mechanisms are conducted through a water meniscus
bridging the tip and sample, and through the surrounding air.
The solid-solid conduction through the contact is indeed not
the main heat transfer. However, even for a same probe un-
der the same experimental conditions, ry, estimation is very
dependent on the model: around 200 nm in'” but 2.32 pum
in'®, in both cases for a Wollaston probe under the same
environmental conditions, thus more than a one order of
magnitude difference. Therefore, there is a need to precisely
determine ry, and according to the authors’ knowledge, there
is no experiment to measure it accurately.

To measure ry, we propose a simple experiment for
which the tip is used in the active SThM working configu-
ration performed in the ac-regime using the 3w-method."’
Hence, Sec. II recalls the principle of the 3w-method. Then,
Sec. III describes the two commercial probes for which we
have tested the ry, measurement procedure: the classical Wol-
laston one and a new commercial Pd/SiO, probe (from Ana-
sys Instruments). We present a geometrical description but,
for each probe, we also measure its cut-off frequency which
determines the experimental conditions such as the working

© 2010 American Institute of Physics
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FIG. 1. (Color online) 3w-SThM principle.

frequency and acquisition speed used in Sec. IV. In this last
section, we explain the ry;, measurement experimental proce-
dure based on the 3w-method described in Sec. II and under
the experimental conditions determined in Sec. III. We mea-
sure the thermal exchange radius for both probes and we
show, in particular, that the Pd/SiO, probe has a thermal
exchange radius much smaller than the classical Wollaston
probe. Finally, silicon nanowire topographic and 3w thermal
images obtained with both probes underline the influence of
the thermal exchange radius on the spatial resolution.

Il. 3w-STHM PRINCIPLE

The ry, measurement procedure is based on an active 3w
detection method whose principle we first recall (Fig. 1).
Whatever the probe, it is included in a Wheatstone bridge
connected to an amplification isolation system. The variable
resistor R, is adjusted so that its electrical resistance should
be equal to the probe electrical resistance. A lock-in measure-
ment of the amplification isolation system output voltage en-
ables the SThM setup to work in a 3w detection configura-
tion: the function generator provides an w electrical
excitation pulsation voltage and hence an w pulsation alter-
native current passes through the probe which warms up due
to Joule effect. The dissipated heat flux Py, in the probe
can be written as

P
Pioute=R(T) 2 [1 +cos2wr)], (1)

where R(T) is the temperature dependent electrical resistance
of the probe and I is the alternative current amplitude. Con-
sequently, the tip temperature variations AT}, can be related
to the static temperature variation amplitude 7, and the sec-
ond harmonic temperature variation one 7,,,

ATy, = Tye + To,, cOsQwit + ¢), (2)

where ¢ is the phase difference between the thermal and
electrical signals. The 3w tip voltage V3, is then expressed as
follows:

ip

Ryal, T
V= —"“20 29 c0s(3t + ), 3)

where « is the probe temperature coefficient in K=! and R, is
the probe electrical resistance at room temperature in ). A
lock-in measurement of Vj,, leads to the 7,, probe tempera-
ture variations at 2w, which depend on the probe environ-
ment. The more conductive the sample, the lower the 2w
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FIG. 2. SEM pictures of the Pd/SiO, probe.

thermal variations. More precisely, the T,, tip temperature
variations depend on an equivalent thermal conductance G4
which is the connection of the tip-to-sample contact thermal
conductance G and of the sample thermal conductance Gy,
L = € + L 4)
Geq GC GS
G depends on the thermal exchange surface, hence on the
tip-to-sample thermal exchange radius ry, and Gg depends
on the sample thermal conductivity Ag and on rth.lf’fl9 Obyvi-
ously, to determine the sample thermal conductance and
hence its thermal conductivity, it is necessary to develop a
thermal model that describes the probe thermal behavior."”
Based on Eq. (4), most of the models describing the thermal
contact use two parameters in order to deduce Ag: the contact
thermal conductance G and the thermal contact radius ry,.
Therefore, as ry, not only limits the spatial resolution but also
constitutes a crucial parameter of the model describing the
tip-to-sample thermal exchange, an essential preliminary step
consists of evaluating ry,. Consequently, we will present in
Sec. IV an experimental procedure, based on the active 3w
method described above, to measure it. This measurement
method will be applied to two commercial probes we present
in Sec. III.

lll. PROBES GEOMETRICAL AND ELECTRICAL
CHARACTERISTICS

The first probe is a “V”’ shape Wollaston tip13’17 made of

a 5 pm diameter platinum rhodium core covered with a
250 wm diameter silver coating which has been suppressed
at the tip apex over a 200 um length. The uncovered plati-
num core plays the role of the thermoresistive element. Its
electrical resistance at room temperature is Ry=2.5 () and its
temperature coefficient is @=1.65X 10" K-!.

The second probe is a new commercial Pd/SiO, probe
(from Anasys Instruments). Figure 2 shows SEM pictures of
this probe. It is a specially designed SiO, silica contact mode
probe that incorporates a thin palladium (Pd) film near the
apex of the tip. Two nickel chromium current limiters are
placed upstream from the tip. Here, the thin Pd film acts as
the thermoresistive element. Its electrical resistance at room
temperature is Ry=400 () and its temperature coefficient is
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FIG. 3. (Color online) Normalized modulus of the 2w temperature varia-
tions of the two different probes out of contact.

a=1.2X1073 K. For both probes, the current I, is chosen
so that the amplitude of the dissipated heat flux in the probe
as described in Eq. (1) should be of the order of 500 uW.
Now, it is useful to determine the probe cut-off fre-
quency in order to choose the appropriate w experimental
pulsation of the function generator. Indeed, the probe be-
haves as a low-pass filter.2” So, if we do not want to attenuate
the thermal signal, we must choose a working frequency
within the probe bandwidth. But, in addition, the probe cut-
off frequency or its thermal time response rules the maxi-
mum scan speed achievable to carry out thermal imaging.
Indeed, the time spent on each measurement point must be
several times higher than the lock-in time constant, which in
turn must be several times higher than the thermal excitation
period of the signal. Consequently, the cut-off frequency lim-
its the acquisition speed. Practically, choosing the time spent
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on each point at least ten times higher than the thermal pe-
riod is a good compromise to keep a fast acquisition speed
without affecting the 3w signal.

Therefore, we measured the Bode response of both
probes (Fig. 3), collecting the V3, amplitude, hence the tem-
perature variation 75, as a function of the thermal pulsation
2w. We clearly note that the 2f thermal cut-off frequency of
the Pd/SiO, probe (2750 Hz) is 11.5 times higher than the
Wollaston one (240 Hz). The acquisition time is then reduced
by the same factor.

In the experiments described in Sec. IV, we will then
choose a f=100 Hz electrical excitation frequency for the
Wollaston probe and f=1 kHz for the Pd/SiO, probe.
Hence, the thermal excitation frequencies are respectively
200 Hz and 2 kHz. Then the measurement time spent on each
point is 50 ms for the Wollaston probe and 5 ms for the
Pd/Si0O, one. Typically, for a 256 X256 point image, we
reduce the image acquisition time from about 1 h with a
Wollaston probe to less than 6 min with a Pd/SiO, probe.

IV. THERMAL EXCHANGE RADIUS MEASUREMENT
AND NANOWIRE TOPOGRAPHIC AND
THERMAL IMAGES

The experimental procedure consists of applying the 3w
method scanning the probe on an abrupt step. In our case, the
step is made of a 200 nm thick oxide layer on a Si substrate.
The sample is a commercial one. It has been fabricated using
a highly anisotropic dry etch process. The incertitude on the
200 nm step height is *4 nm. Figure 4(a) presents the topo-
graphic (height curves) and thermal profiles (75, curves) ob-
tained with both probes along a 4 um scan. For both height

&1
-500 6 g
300 150 O 150 300

Position (nm)

..............

______________

FIG. 4. (Color online) Topographic and thermal profiles obtained with the two different probes scanning an abrupt oxide on silicon step: (a) comparison of
the profiles: the dotted line and the full line correspond to the profiles obtained respectively with the Wollaston and the Pd/SiO, probes. (b) Zoom on profiles
obtained with the Pd/SiO2 probe. (c) Schematic side view of the probe and schematic top view of the thermal exchange surface.
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and thermal signals, the Wollaston curves show a slow tran-
sition between the oxide step and the Si substrate. The tran-
sition is much more abrupt with the Pd/SiO, probe.

Figure 4(b) is a zoom of both signals obtained with the
Pd/SiO, tip. Each red point corresponds to a position of the
tip as represented in Fig. 4(c). In position 1, the tip is placed
upon the oxide layer on top of the abrupt step. The gray
triangle is a side schematic view of the apex of the tip scan-
ning the sample, and the red disk is a top representative view
of the thermal exchange surface. Then (position 2), the probe
is shifted to the right toward the step. The height and thermal
profiles remain constant. In position 3, the exchange surface
is truncated because of the nearby abrupt step. The contact
thermal resistance is indeed increased and the tip temperature
increases. In position 4, the contact point is on the edge of
the step. The contact thermal resistance rises and the tip tem-
perature is maximal. Between positions 2 and 4, the thermal
signal increase is probably also due to a thermal constriction
modification. Nevertheless, we can consider that the spread-
ing of the flux lines in the sample is confined in a semisphere
with a radius equal to ry,. Therefore, we can assume that the
difference between positions 4 and 2 corresponds to ry,. At
stage 5, the probe is stepping off and the thermal contact
point is done from the tip side. The thermal signal is not
really useful but, on the topographic profile obtained with the
Wollaston tip in Fig. 4(a), we have previously noted a slow
transition between the oxide step and the Si substrate indica-
tive of an important effect of the tip-sample geometry con-
volution. Finally (stage 6), the tip scans the Si substrate. The
thermal and topographic profiles remain constant. The ther-
mal signal at stage 6 is lower than at stage 1 because the Si
thermal conductivity is higher than the oxide one.

Then, from Fig. 4(b), we have measured ry =100 nm for
the Pd/SiO, probe. We have repeated the measurement on
different places along the step with the same probe and no
significant dispersion has been observed on the evaluated ry,.
As for the Wollaston probe, we have measured ry,
=820 nm. Let us underline that, despite a classical value
around 1 /.Lm,21 2in agreement with the value we have mea-
sured, the estimated ry, from models for the Wollaston tip
presents a wide disparity with values varying from 200 nm'’
to 2.32 ,ugm,16 hence the necessity to measure it experimen-
tally since we recall that thermal conductivity measurements
in the active mode are correlated with ry,. Depending on the
sample geometry, the sample conductance G, to which the
SThM in active mode is sensitive, is proportional to r[hl or
to ry2. * For example, in the precise case of a semi-infinite
layer, G, is defined by the constriction of the thermal flux
lines. According to Maxwell,19 the thermal constriction con-
ductance is

GS=4)\Sr[h, (5)

where Ag is the sample thermal conductivity. Thus, if ry, is
estimated twice higher than its real value, it leads to a Ag
twice lower than its real value.

In addition, the lower value of ry, will lead to a better
spatial resolution in thermal images. Indeed, when doing to-
pographic images in contact mode, the spatial resolution is
limited by the tip geometry since the topographic image is

Rev. Sci. Instrum. 81, 073701 (2010)
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FIG. 5. (Color online) SThM imaging of silicon nanowires embedded in a
silica matrix: (a) 20X 30 um? thermal image and (b) 6.7 X 6.7 um? ther-
mal image obtained with the Wollaston probe.

the convolution of the sample topography with the tip geom-
etry, as previously noted in Fig. 4(a). But when doing 3w
thermal images, the spatial resolution is then also limited by
the tip-sample thermal exchange surface.

Then, using both probes, we have made topographic and
thermal images of silicon nanowires. The sample is an as-
sembly of Si nanowires embedded in a silica SiO, die. Their
diameters vary from 30 to 80 nm with a 50 nm mean value.
Many nanowires jut out above the silica die of a few tens of
nanometers. The Si nanowires have been grown via Au cata-
lyzed vapor liquid solid reaction in an epitaxial chamber.?
The nanowires are first oxide etched with a HF solution and
the Au catalyzer residues are suppressed with a IK:I, solu-
tion. The nanowire array is then encapsulated by spin-
coating a solution of spin-on glass material on the substrate.
The sample top surface is then submitted to a chemical me-
chanical polishing process in order to reduce surface rough-
ness and, hence, to facilitate the SThM scanning. A final etch
is realized with a HF solution during a few seconds to ensure
a good digging out of the nanowires.

Figure 5 presents two 3w thermal images obtained with
the Wollaston probe: Fig. 5(a) is a 20X 30 wm? large image
and Fig. 5(b) is a 6.7 X 6.7 um? small image. We can detect
a thermal contrast indicative of the presence of the nano-
wires. We have evaluated their diameter, measuring the full
width at half maximum on the 3w thermal signal. The small-
est diameter we have measured is then 865 nm and the mean
diameter measured on several nanowires is 1.27 um. We
hence confirm that the Wollaston spatial resolution is hardly
submicrometric.'*'® That means that we probably detect a
collection of nanowires but certainly not individual nano-
wires. Moreover, usually, when doing thermal image using a
Wollaston probe, the first step consists of doing a topo-
graphic image with a classical topographic probe to have a
submicrometric resolution and localize the nanowires. Then,
the probe is changed and a thermal image is made with the
Wollaston probe. It is hence a long procedure and it is quasi
impossible to image the same part of the sample and hence to
correlate and interpret both images.

On the contrary, with the Pd/SiO, probe, we detect in-
dividual nanowires in both topographic [Fig. 6(a)] and 3w
thermal images [Fig. 6(b)] which are simultaneously ob-
tained. In Fig. 6(b), the measured mean diameter of the nano-
wires, always estimated by the full width at half maximum
on several nanowires, is 91 nm. The smallest measured di-
ameter is 78 nm. Therefore, the Wollaston probe can only
lead to measure the thermal properties of a nanowire collec-
tion whereas the Pd/SiO, tip can lead to thermal properties
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FIG. 6. (Color online) SThM imaging of silicon nanowires embedded in a
silica matrix: (a) topographic image and (b) thermal image obtained with the
Pd/SiO, probe.

of a single nanowire. As expected from the thermal exchange
radius measurement, the spatial resolution is far better with
the Pd/SiO, probe which has the smallest thermal exchange
radius. This spatial resolution has already been obtained for
thermal imaging but using home-made probes,lo’“’14 which
imply heavy chemical equipment, and not using commercial
probes.

V. CONCLUSIONS

We have proposed a procedure based on the 3w-SThM
to measure the thermal exchange radius, which is usually
estimated but not experimentally measured. Not only this
parameter limits the lateral spatial resolution but also its pre-
cise estimation is crucial for an accurate identification of the
thermal conductivity at nanometric scale.

We have measured the thermal exchange radius of two
commercial probes: the classical well-known Wollaston
probe and a new Pd/SiO, probe. We have shown that the
measured value for the Wollaston probe is quite different
from previously estimated values. In addition, the Pd/SiO,
probe reveals very promising as it simultaneously gives to-
pographic and thermal images with a far better spatial reso-
lution (better than 100 nm) due to its smaller thermal ex-
change radius and with a shorter acquisition time due to its
higher cut-off frequency.

Rev. Sci. Instrum. 81, 073701 (2010)

Next step will consist of identifying the thermal conduc-
tivity of individual nanowires. For that purpose, a thermal
model of the probe is necessary and we are now working on
it.
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