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Abstract

One of the main challenges nowadays concerning nanostructured materials is the under-
standing of the heat transfer mechanisms, which are of the utmost relevance for many
specific applications. There are different methods to characterize thermal conductivity at
the nanoscale and in films, but in most cases, metrology, good resolution, fast time
acquisition, and sample preparation are the issues. In this chapter, we will discuss one of
the most fascinating techniques used for thermal characterization, the scanning thermal
microscopy (SThM), which can provide simultaneously topographic and thermal infor-
mation of the samples under study with nanometer resolution and with virtually no
sample preparation needed. This method is based on using a nanothermometer, which
can also be used as heater element, integrated into an atomic force microscope (AFM)
cantilever. The chapter will start with a historical introduction of the technique, followed
by the different kinds of probes and operation modes that can be used. Then, some of the
equations and heating models used to extract the thermal conductivity from these mea-
surements will be briefly discussed. Finally, different examples of actual measurements
performed on films will be shown. Most of these results deal with thermoelectric thin
films, where the thermal conductivity characterization is one of the most important
parameters to optimize their performance for real applications.

Keywords: scanning thermal microscopy, thermal probes, thermoelectric thin films,
thermal conductivity, local temperature measurements
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1. Introduction

In the last years, there has been a great improvement in thin film fabrication, with a reduction
in the costs, and an enhancement in their quality and performance, as it is shown in the
different chapters of this book. Therefore, there has been an increase in thin film applications
in different fields [1], which take advantage of the modification of electronic and thermal
transport when the dimensions of the material are reduced to lengths comparable to the mean
free path of phonons and charge carriers. Thin films with tailored thermal and electrical
properties are employed in solar cells [2], electronics [3], or thermoelectric conversion devices
[4], among other fields. Nevertheless, the optimization of the materials for these applications
requires measurement techniques that provide precise information of both the surface and the
properties at the nanoscale, with high local resolution. In this sense, scanning probe micros-
copy (SPM) methods fulfill these requirements, with a high spatial resolution, strong sensitiv-
ity, and in most cases, no previous preparation of the sample is needed. In this chapter, we will
focus on one type of SPM technique, namely scanning thermal microscopy (SThM). This
technique allows to study the thermal transport phenomena at the nanoscale, providing a pow-
erful tool to understand thermal properties of thin films.

Historically, the atomic force microscope (AFM) was developed by Binning et al. [5] in 1986.
The AFM was a new type of microscope that used the principles of the scanning tunneling
microscope (STM) and the stylus profilometer (SP), allowing the investigation of both conduc-
tors and insulators at the atomic scale (which could not be characterized by STM before) by
measuring interatomic and electromagnetic forces. Controlling the probe-sample gap by a
feedback loop that kept constant the force between the probe and the sample during the scan,
the topography of the sample was obtained from a contrast image given by the height of the
probe at each point. In the same year, only a few months later, a new noncontact high-
resolution surface characterization technique for topographic images was presented by Wil-
liams and Wickramasinghe [6], the scanning thermal profiler (STP). This was the beginning of
the scanning thermal microscopy. In this case, the probe was conical, with a thermocouple
nanojunction located at the end of its tip. The probe was then heated with a laser and brought
close to the surface of the sample, where it was cooled down due to the heat transfer to the
sample. In this case, the temperature of the probe was used in the feedback loop to control the
gap between tip and sample, keeping the probe temperature constant while varying its height.
Therefore, this information could not be used to provide thermal maps of the surface, but that
was not the objective of this technique, which tried to improve the topographic images
obtained by using the thermal interaction between the tip and the sample. In the next few
years, different techniques based on probe scanning microscopies were developed to measure
a variety of properties in the micro- and nanoscale: the scanning tunneling thermometer,
which was able to measure with 1 nm spatial resolution the optical absorption of thin metal
films, or to map the variations of the electrochemical potential at the nanometer scale [7, 8]; the
so-called Kelvin probe force microscopy (KPFM), which provided the work function or surface
potential of a sample [9], through the measurement of the contact potential differences. This
principle was also used while scanning the surface with a heated sharp probe, obtaining a
qualitative image of the changes at the subsurface on the thermal conductivity [10]. In this last
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work, dated in 1992, Nonnemacher and Wickramasinghe defined this period of time as one
with “a tremendous growth in scanned probe microscopies” [10].

The next breakthrough in the field took place in 1993 when Majumdar et al. went a step
further. They replaced the AFM probe by two wires (chromel and alumel) to form a thermo-
couple junction at the tip and, when scanning the surface with this modified probe, they
obtained simultaneously the thermal and topographical images with a sub-micrometric spatial
resolution [11]. From this moment on, different groups started working on improvements on
this type of measurements, such as Pylkki et al., who integrated a resistive thermal probe
within an AFM cantilever, in order to measure both the actual temperature and the thermal
conductivity [12]. These kinds of probes can work in two different modes, passive (where they
act as a thermometer) or active (acting also as a heater), which will be discussed in detail later
(Section 2). In the case of the first thermistor probe, the temperature of the probe was moni-
tored by measuring the changes in its electrical resistance [12]. Further works explored the
potential of this scanning thermal microscopy (SThM) technique to study the thermal response
of thin films and nanostructures, using different designs for the AFM probes modified with a
thermocouple to minimize the image distortion, temperature loss and, at the same time,
increase the imaging resolution, as it was made by Majumdar et al. [13]. Nevertheless, it is
worth to note that, at this point, the results obtained as far as the thermal properties were
concerned, were more qualitative than quantitative, given that the models used were quite
simple and did not take into account the geometry of the probes or the heat transfer character-
istics when working in contact or noncontact modes. One of the first quantitative results was
obtained in 1995 by Hammiche et al. They presented a work based on SThM performed with a
Wollaston cantilever (please see Section 2) to obtain subsurface imaging of copper metallic
particles embedded in polystyrene [14]. The thermal image was acquired in active mode,
keeping the temperature of the probe constant. In this mode, the probe acts as a resistive heater
that forms part of a Wheatstone bridge that, thanks to a feedback system, gives the appropriate
voltage to maintain a constant temperature of the probe. In this work, they also developed a
one-dimensional theoretical model to obtain quantitative information from the thermal maps,
obtaining information of the depth at which the inclusions were, and thermal conductivity
inhomogeneities. Although the results obtained did not match the expected thermal conduc-
tivity values and the precision of the location of the buried particles was very low, this was
probably due to a too simple heat transfer model. But this paved the way for further and better
theoretical models for these systems.

The SThM started to be present in overview articles of thermal analysis in the following years,
such as that published by Kolzer et al. [15], where different techniques used for thermal imaging
of electronic devices were reviewed. The influence of thermal stresses in the performance and
reliability of electronics, and thus the thermal characterization of micro- and nanoelectronic
devices, is quite relevant to carry out the device optimization and avoid malfunctioning due to
a bad management of heat. Among the different methods cited (thermography, optical beam
displacement, thermoreflectance, etc.), near-field techniques as SThM were discussed as the best
method to achieve the characterization at the micro- and nanoscale at high resolution (achiev-
ing down to 30 nm lateral resolution). In 1998, Gmelin et al. presented a review article on the
evolution of SThM [16], which together with the extensive review written by Majumdar in
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1999 [17] gives a complete overview of the state of the art of this method at the end of the
twentieth century. At that point, the SThM technology was used for the thermal analysis
of micro- and nanostructured materials and devices. In fact, Majumdar made a distinction
between three different categories: SThM based in thermo-voltage, electrical resistance, and
thermal expansion measurements. In this review, the different probes, experimental setups
and specific applications for each of them are discussed. One of the most important issues to
interpret the measurements performed by SThM is to understand the fundamental heat trans-
fer phenomena between the tip and the sample, which controls the resolution, accuracy, and
artifacts. Therefore, the mechanics of heat transfer are also reviewed in depth in this work.

A further breakthrough in SThM was achieved in 1999 by Fieged et al. when they combined an
SThM with the 3w method in order to obtain quantitative thermal conductivity measurements
with high accuracy (less than 2% deviation), using a resistive probe as heater and thermometer
element [18]. The 3w method was first used for thermal conductivity measurements by Cahill
and Pohl in 1987 [19], using a single element as both heater and thermometer. This method was
developed in close relation to the hot-wire and hot-strip methods for thermal conductivity
measurement, but with the main difference of using the frequency domain instead of the time
domain, thanks to the use of a lock-in amplifier. In brief, the 3w method applied to the SThM
(known as 3®-SThM) can be understood as follows: a thermistor probe is connected to an
alternating current (AC) at an angular frequency w. This current will produce a heating of the
probe by Joule effect, which will go as the square of the current, that is, with a 2@ frequency.
Then, it will exchange heat with the ambient and with the surface of the sample, producing a
temperature oscillation. The rate of the heat transfer between the probe and the sample
depends on the thermal conductivity of the sample. Being the probe a thermistor, the changes
in its temperature will produce a change in its resistance at the same frequency, that is, at 2e.
Finally, the total voltage will be proportional to the product of the resistance fluctuation at 2@
and the excitation current at , that is, the voltage will oscillate at a frequency of 3. Then, the
amplitude of this voltage is measured by a lock-in amplifier and processed. The 3@-SThM has
been employed in several works, along with experimental improvements, and an important
effort in the development of theoretical models was also performed in the following years
[20-24].

The latest improvements in the SThM technique have come from studying in depth on how
different materials react to local temperature rises. The heat transfer mechanisms that have to
be taken into account can be divided into solid-solid conduction between the tip and the
sample in contact; liquid conduction (if certain humidity which takes place in the real mea-
surements and formed liquid meniscus around the tip is present) and gas conduction (when
heat is transferred through the surrounding atmosphere from the tip to sample). One example
of these models, where the surrounding gas around the tip and the sample is taken into
account, shows how these effects can distort the thermal signal and diminish the spatial
resolution [25]. Therefore, experiments performed in vacuum were carried out. Nowadays,
SThM has evolved and is currently applied to many different micro- and nanosystems. Ther-
mal models to better understand the thermal transport and heat transfer mechanisms at the
micro- and nanoscale and how these influence the measurements, along with novel calibration
techniques to achieve better results, have been developed [26, 27]. These have also contributed
to a better understanding of the technique and to obtain quantitative measurements. Another
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method proposed in 2008 to perform measurements in ambient condition, was proposed
using a double scan technique [28]. Most of these contributions can be separated in applications
to 1D structures, such as nanowires [29, 30] or carbon nanotubes [31, 32], 3D materials [33],
thin films [34] (which are the objective of the present chapter), and in the last years, the
SThM technique has also been successfully applied to the study of the emerging field of 2D
materials [35].

As it was aforementioned, in this chapter, we will explore the characterization of the thermal
conductivity of thin films by SThM. Firstly, we will discuss the different operational modes of
the probe along with an overview of different kinds of probes that can be used, their applica-
tions, and their limitations. Then, we will focus on two different types of heating mechanisms
(AC and DC) implemented in thermistor probes, along with their theoretical models. Finally,
we will review some experimental results, most of them from our own group, devoted to
extract the thermal conductivity from the thermal response of SThM measurements in thermo-
electric thin films. For thermoelectric applications, where temperature gradients are converted
into electricity by the thermoelectric (TE) effect, the accurate characterization of the actual
thermal conductivity of thin films is fundamental to optimize their performance. The most
efficient TE materials are those which exhibit both high Seebeck coefficient and electrical
conductivity along with reduced thermal conductivity. One way of reducing the thermal
conductivity of a bulk material without affecting the transport properties is through reducing
its dimensionality [36], such as preparing thin films. This thermal conductivity reduction has
been reported for several materials, such as SiGe [37-39] Cu,Se [40] and Ag,Se [41] films,
among others.

2. Thermal probes: operational modes and types

As it was mentioned in the Introduction, once the SThM probe approaches the surface of the
sample and heat starts to be transferred, there are two different modes of operation: passive or
active. On the one hand, in the passive mode, the temperature of the probe is monitored while
scanning the surface, thanks to a constant current that passes through it. This provides a way
to detect changes in the temperature of the probe, but this current must be also small enough to
avoid self-heating. This measurement mode was implemented by Majumdar in 1993 [11]. On
the other hand, the active mode implies that high currents pass through the probe, in order to
be heated by Joule effect. Then, part of this heat will flow to the sample and this heat flow will
depend on the thermal conductivity of the sample and the temperature difference. Therefore,
in this mode, the probe is behaving as a heater. But, it also acts as a thermometer, given that the
temperature is monitored by measuring the voltage of the probe, and this can be related to the
thermal conductivity of the sample. This active mode can also be divided into two different
operation modes: operation at constant current or at constant temperature [12]. In the first
case, the active probe is connected to a constant current and the heat flux between the probe
and the sample is detected by changes in the resistance of the probe. In the second case, the
active probe works at a constant temperature by changing the applied voltage in the probe to
keep its electrical resistance constant. This last operation mode is known as active mode at a

7
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constant temperature. This mode has the fastest time response to reach local thermal equilib-
rium to operate.

These measurements can be done with a variety of probes. We will introduce two of the most
used kinds of probes: thermoelectric and thermistor. At the end of the section, the main
characteristics of those probes will be shown in Table 1.

2.1. Thermoelectric probes

The first type of thermal probe developed was a thermocouple placed at the end of a tungsten
STM tip, used by Williams [6] and Majumdar [11], to study temperatures of nonconductive
surfaces. These probes are being improved, and their properties are still under study. For
instance, to know if the contribution of radiative heat transfer between a SiO,-coated TE tip
and the SiN,-coated sample is negligible when compared with conductive heat transported by
solid contact [42]. In general, thermoelectric (TE) probes have a nanoscale thermocouple
junction at the tip. Further experimental and theoretical efforts were focused in obtaining
thermal images in the sub-100 nm of spatial resolution using a thin-film thermocouple junction
at the tip end [43]. New design and batch-fabricated TE probes were proposed in [44], to
simultaneously improve the thermal sensitivity, the tip radius, and the thermal time constant
(see the scheme in Table 2). In general, these tips can be used in active or passive mode, and
are quite adequate to study heat dissipation, temperature distribution, and thermoelectric
properties of both materials and devices. As far as the geometry and materials of these kinds
of tips, the cone is around 8 um in height and 8 um in width at the base, and it has to be made
of a low-thermal-conductivity material, such as silicon dioxide (5iO5), to avoid heat losses from
the TE junction to the cantilever. Then, the thermocouple junction films located at end of the tip
are usually around 200 nm and the metals used for the junction are typically gold and
chromium, isolated from each other along the probe with a Si3Nj film (see Figure 1).

With these kinds of probes, apart from studying the heat transport in different samples, other
thermal properties, such as the interfacial thermal resistance, can be determined with the
appropriate experimental setup and theoretical models. For instance, in Refs. [45, 46], these
probes were used in active mode and through the measurement of the 2w signal, they obtained
thermoelectric properties of the samples. To this end, they heated the sample with a Peltier
element, while the TE probe was Joule heating and scanning the sample. The analysis of the
recorded signal was made by a steady periodic electrothermal model to obtain the thermoelec-
tric parameters of the sample. Some disadvantages that these probes present is a low thermal
sensitivity, which makes the temperature profiles obtained with them rather noisy. The resolu-
tion can be improved in vacuum, but working in these conditions can affect the temperature
gradient. Also, it is necessary to include a circuit and a modified setup for some measurements,
which complicates both the experimental implementation and the theoretical models needed
to extract the properties [44].

2.2. Thermistor probes

Thermistor probes were introduced by Pylkki et al. [12] in 1994. These probes have a thermis-
tor element, which can be a metallic thin film, a wire, or a highly doped semiconductor. This
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Specifications SThM probes
Thermoelectric Thermoresistive Semiconductor
Thermocouple Thermocouple Thermistor Doped silicon resistor probes
junction Wollaston wire Pd/ SizN,
probe probe
Operation modes
Passive At constant
temperature

Active

Thermal properties extracted

Thermal
conductivity, TE
properties
Probe characteristics
Cantilever materials SizNy
SiO,,
Si
Spring Constant 0.35
(Nm™)
Tip materials Au, Cr
Tip height (um) 0.1
Tip radius (um) 0.065-0.1
Electrical properties
Nominal electrical =600
resistance of the probe
(€

Thermal properties
Max. temperature (C)  600-800

Temperature coefficient
resistance (K™)

Thermal cutoff
frequency 2 fc (Hz)

Resolution

Thermal lateral
resolution (ym)

Topographic lateral <0.03
resolution (ym)

At constant
current

Thermal
conductivity,
Seebeck

Ag shell
Al mirror

Ptgo/Rd1g
100

100
0.00165

250

1-2

<1

At constant
current

Thermal
conductivity,
Seebeck

SisNy

NiCr limiters
Au pads

0.5

Pd
10
<0.1

=350

160
0.0012

2750

0.060-0.100

0.030-0.060

At constant
current

Nanolithography, nano-LTA, glass

transition, melting temperature

Silicon (highly doped)

Silicon low doped

0.01-0.02

~500

1000

0.1

Table 1. Summary of the properties of the different SThM probes mentioned in the text.

thermistor varies its resistance with temperature. Therefore, the temperature of the probe can
be monitored by recording its change in electrical resistance. Since then, the field of thermistor
probes has evolved, and here, we will introduce different types, which have been commercially
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Probe scheme Advantages

Disadvantages

Wollaston wire ° Known since 1994 (exten-
sively used for heat trans-
fer studies)

o Theoretical works avail-
able on contact and
noncontact mode

° Implemented to act as
thermometers and
heaters

® Endurable (it is
difficult to mechanically
break it)

Cantilever carrier M Al mirror
N silver cladding Mount. Glue
B Ptso/Rduwo tip M Electr. connectors

Microfabricated metal thin film @ High thermal and topo-
graphic resolution (down
to 100 nm)

i High cutoff frequency:
better for AC heating

: mode.

e Reduced time image

acquisition.

Commercially available

Batch fabricated

High sensitivity

More used in active mode

B Nicr/Pd resistor tip
B NiCr Series resistor
NiCr/Au pads [ Si;N, Cantilever

Microfabricated thermoelectric ~ @ High thermal and topo-
graphic resolution (down
to 50 nm)
Commercially available
Batch fabricated
High electrical resistance
More used in passive
mode (but also used in
active mode)

SisN, Tip/metal isolation ° Robustness and high
M sio, Tip M si cantilever durability can be found
H Cr pad Au pad with reasonable cost

Microfabricated semiconductor @ High thermal and topo-
graphic resolution (down
to 100 nm)

° Commercially available,
reduced cost
Batch fabricated

A High temperatures
achieved (up to 1000°C)
at the tip
High electrical resistance
More used in active mode

B Current path 1—'7‘7'
O High-doped conductive legs

¥ Low-doped resistive heater

Bending issues: the angle of the V-shape can
change after certain uses giving reproducibility
issues.

No commercially available (Bruker does not
sell them anymore)

After a certain number of scans, it is quite
probable to have the wire dirty (dust or parti-
cles)

High static sensitivity: easy electrical break-
down.

Higher price than normal probes.

Complex calibration steps and models for AC
heating

If the thermal sensitivity is not high, tempera-
ture profile can be noisy

For some experiments, a new setup and circuit
may be necessary making complex the experi-
mental and theoretical development

To obtain better resolution vacuum condition
can be useful, but this can affect the tempera-
ture gradient

No linear relation between temperature and
electrical resistivity

High thermal constant resistances: difficult to
extract quantitative measurements

Thermal bending

Table 2. Summary of advantages and disadvantages of the different thermistor types of probes discussed in this section.
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Top view side view

a)\

l o
Reflector

Thermocouple 10 Hm

|u;non d ) ’('__',y m‘{"'r
300 nm .

Si cantilever
\ Au layer

) Outer Au layer

Figure 1. (a) SEM image with the top view of TE probe. (b) Side view of the probe. (c and d) SEM images at different
magnifications of the tip. In (c), the detail of the thermocouple junction can be seen; (a), (b), and (c) are taken from http://www.
tspnano.com of TSP Nanoscopy, and (d) is taken from [47].

implemented: Wollaston wire, microfabricated (Pd/SiN), and highly doped semiconductor
probes. A summary of the advantages and disadvantages of each of the thermistor probes is
shown in Table 2.

2.2.1. Wollaston probe

The Wollaston probe was designed and implemented for SThM measurements in 1994 [12],
and it was commercialized by Bruker®, although they are not commercially available anymore.
This commercial probe was used in our group in different works, [33, 37, 48], which will be
discussed in Section 4.1. It consists of a 5 um in diameter core wire alloy of platinum-rhodium
(Ptoo/Rdy0) with a silver shell of 75 um. Around 200 um of the Ptyo/Rd; core is exposed by an
electrochemical etching and bent into a V-shape (see Figure 2). This alloy of the core is the
thermistor element, and thus sensitive to the heating, and therefore, the changes in the resis-
tance of this filament are monitored during the scanning of the sample. A mirror for optical
beam detection is stuck to the probe by means of an aluminum-coated tape, stacked across the
arms of the cantilever, allowing detecting the cantilever deflection by an AFM system. With
this kind of probes, for example, memory alloys based on structural transformation have been
investigated, such as the studies on the thermal conductivity of NiTi microstructures through
their phase transitions carried out by Chirtoc et al. [49]. Moreover, depending on the operation
mode implemented during the experiment, not only thermal conductivity but also the Seebeck
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coefficient can be measured, as recently published in Refs. [33, 50], working in contact mode.
Also, recent publications dealing with Wollaston probes are focused in the quantification of the
thermal parameters by studying the theoretical heat transfer models in noncontact mode [51].

Among the advantages to use a Wollaston probe for thermal thin film characterization, it is
worth mentioning that they have been used for a long time, and consequently, they are quite
well known and they have been extensively used for heat transfer investigation. There are
several contributions that analyze theoretically and analytically their behavior. The calibration
processes and data reduction can be simplified as it was done in [33] for a scanning hot probe.
Besides, these probes can be useful in case that spatial resolution of no more than a few
microns is required, or if thermal and topographic images are not desired, since these probes
can be easily implemented in a piezoelectric system, acting as thermometer and heater for
different applications to perform thermal analysis with a simple experimental setup and fast
data acquisition time.

Nevertheless, the reproducibility and the repetition of the experiments can result complicated,
given that not only these probes have bending problems of the exposed core, but also the
V-shape can change after certain uses or number of scans (as it can be seen in Figure 2c).
Another disadvantage is that, as far as we know, currently, there are no companies that

Distorted
bend *

Figure 2. Different images of Wollaston wire probes used in our measurements, where the exposed Ptyy/Rd;( core bent in
a V-shape can be clearly seen, with increasing magnifications from an optical microscope image in (a) with a complete
view of the probe with the mirror and the silver legs to (b), where a scanning electron microscope (SEM) detail of the
exposed core with a V-shape can be seen. SEM images (c) and (d) show a Wollaston probe after several uses, presenting
dust attached to the wire in (c) and a distorted shape in (d).
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commercialize these probes, and thus, the only way to use these probes for thermal experi-
ments nowadays is to fabricate them in the laboratory.

2.2.2. Microfabricated metal thin film probes

These types of probes are specially designed for contact mode. They use a thin metal film (of
about 50 nm thick) as thermistor element. This film is located near the apex of the tip, and the
cantilever is made of silicon dioxide (5iO,) or silicon nitride (Si3N4). The probe has two current
limiters of nickel chromium and gold pads to perform the electrical connection. The tip height
is usually around 10 pm to maximize the separation between cantilever and sample as a way
to avoid heat losses by the cantilever-sample interaction. In the images of Figure 3, we can see
a microfabricated Pd/SisN,~commercialized by Bruker® and used in our group to perform
thermal conductivity characterization of films, as it will be shown in Section 4.

One of the main advantages of using these types of probes is the high thermal and topographic
resolution that can be achieved. Also, the cutoff frequency when the probe is heated in AC
mode is higher in microfabricated probes than in Wollaston wire probes, as it was reported in
[24]. In the same works, the authors highlighted that image acquisition time could be reduced

Figure 3. Different scanning electron microscope (SEM) images of a microfabricated Pd/SizNs,—commercialized by
Bruker® used in our measurements, with increasing magnifications from (a) to (b). Images (c) and (d) show probes where
the Pd film of the tip has been removed after electrical breakdown. The angle of the tip can also be clearly seen in (c).

13
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from 1 h in the case of using a Wollaston probe to only 6 min when using a Pd/SiO, probe, for
an image of 256 x 256 points.

Among the drawbacks that these probes have, one should mention that they are highly static
sensitive, so it is not recommended to measure their electrical resistance with conventional
resistance meters. Instead, a very careful management is recommended to avoid electrically
breaking the probe. In Figure 3d, it is shown how the probe looks when the Pd film has been
removed, which can occur due to its high static sensitivity. Another disadvantage, when
compared with Wollaston wire probes, is the price, which comes from the fact that this is a
microfabricated and highly specialized probe. Finally, it is worth mentioning that
implementing a heat model for these kinds of probes is also an issue, apart from the calibration
steps that have to be done in the probe prior to measure with them. In order to calibrate each
probe, many geometrical parameters and material properties must be taken into account to fix
the calibration curves, as it is shown in Ref. [29], for instance.

2.2.3. Microfabricated semiconductor probes

In the case of these microfabricated probes, the most used semiconductor material is silicon,
which are micromachined in a U-shape, that consists of a low doped platform, which will act

a) =2
Low-doped
resistive
element

Highly doped
electrically

conductive Ies

100 um

Figure 4. Scanning electron microscope images of microfabricated semiconductor probes, showing different magnifica-
tions in the case of (a) pyramidal and (b), (c) conical SEM image in (d) is a part of a whole array of microfabricated
cantilevers; (a) is taken from Ref. [56] and (b) is taken from Ref. [57], and (c) and (d) from [58].
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as the resistive element (heater) and two highly doped silicon microlegs. Then, the tip is
mounted on the resistive element, with a conical [52] or pyramidal [53] shape and curvature
radius as low as 10 nm (achieving 100 nm in spatial resolution). The fabrication of these tips is
based on microelectronics processes, and thus, batches of sharp probes can be fabricated (see
Figure 4). These probes were first developed for high-speed nanoscale lithography applica-
tions and data-storage systems by IBM, but working in active mode, nanothermal analysis can
be performed [54].

The main advantages of these probes are, as it was mentioned before, is the high resolution
that can be achieved, allowing even a three-dimensional analysis of nanoscale confinement of
certain effects, such as phase transitions (which is not possible when using Wollaston probes,
for instance) [53], serving as a highly localized heat source. Moreover, given that they can be
produced with scalable fabrication methods, predictable and repeatable thermal parameters in
all of them can be produced, along with an important cost reduction. Finally, another relevant
benefit of these doped silicon probes is that they can be used in biological media, as in Ref. [55],
where they were used to differentiate molecules based on their different heat conductivities.

As far as disadvantages when using these probes for thermal measurements, one has to take
into account that they are mainly used for nanolithography and data storage, given that they
can deliver up to 1000°C. This reverts to a difficult analysis of the experimental data obtained,
given the high thermal contact resistances at the end of the tip, as shown when measuring thin
films of polystyrene [53]. Another difficulty for their use in thermal conductivity characterization
is that the variation of their electrical resistance cannot be completely described by a linear
relation with temperature [56], as it could be done in the previous cases, which further
complicates the qualitative measurements.

3. Heating methods with thermistor probes

From now on, we are going to focus on SThM measurements where the local temperature and
thermal conductivity of the films are extracted using a thermistor probe. In such a way, while
scanning the surface of the sample, the probe can be used as a nanoscale thermometer, as in
passive mode operation. But as we saw in Section 2, the probe, if used in active mode, behaves
not only as a thermometer but also as a heater. Therefore, if one measures the voltage drop
across the probe while a known current passes through it, or if a Wheatstone bridge is used to
detect the changes in the resistance of the probe, the actual temperature of the probe can be
known, after certain calibration steps. Both of these modes, active or passive, allow the perfor-
mance of measurements heating the probe with a direct (DC) or an alternate current (AC). The
use of an AC current has the advantage of a high signal-to-noise ratio, mainly when combined
with lock-in detection, and it also allows the use of the 3o-SThM technique. Nevertheless, DC
heating mode has the advantage of allowing an analytical model analysis of the thermal signal
recoiled. A brief overview of the thermal transport models implied in both DC and AC to
extract the thermal conductivity with thermistor probes will be discussed next.
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3.1. Direct current heating mode

Experimental SThM measurements performed in DC mode can be treated by analytical models
to extract the thermal transport properties of the samples. In the case of measuring thin films,
several parameters such as the thickness of the film and the influence of the substrate must be
taken into account, apart from other general parameters of the measurement system, such as
the geometry of the probe, the heat transfer exchange radius, among others. In order to
theoretically model the experimental setup when the probe is heated in DC mode, one can
simulate the tip by a fin of length L (which corresponds to half of the probe length) and apply
the steady-state heat transfer equation when this fin is heated. A detailed explanation of this
model is shown by Borca-Tasciuc in [59]. Here, we will give a brief description of the model,
starting with the heat transfer equation that has to be fulfilled:

2 vk 2 2
T 2h I I
d P eff . Po ﬁP T}k; + Po -0 (1)
dx2 /\p?’ APAIZJ APAI%

where the index P refers to the probe, T, = Tp(x) — To, A is the thermal conductivity, A is the
total cross-sectional area, p, is the electrical resistivity, I corresponds to the root-mean-square
electrical current applied to the probe, p is the temperature coefficient of the resistance;
heg = h + 480T8 and hence, 1 is the convective heat transfer coefficient in air, ¢ is the emissivity
of the probe, o is the Stefan-Boltzmann constant, and T is the ambient temperature.

In order to obtain an analytical solution for Eq. (1), one has to assume certain boundary
conditions, such as keeping the end of the probe at ambient temperature. Also, the geometric
characteristics of the probe have to be known and uniform temperature distribution at the tip
region has to be assumed. Then, an expression for the average temperature of the probe can be
obtained as:

1 L
w0, p = EJ Tpdx = Tpc—ao,p — To (2)
0

where Tpc_q, p is the DC average temperature of the probe. Then, the thermal resistance of the

probe can be expressed as Rgz =T (I zRele, p), being R, p the electrical resistance of the probe.

av, P
This Rp™ can be compared with the experimental effective thermal probe resistance Rep. If the
tip is in contact with the film surface, and the thickness of this film is enough to consider it as a
semi-infinite medium as far as heat conduction is concerned (bulk or bulk-like thickness), the

thermal conductivity of the thin film can then be expressed as:

1
th
- 3
S 4h /\S ( )
where b is the thermal exchange radius (the area in which the heat transfer is assumed to occur,

see Figure 5), and R and As are the thermal resistance and the thermal conductivity of the
sample, respectively. The limits of the thermal penetration depth are related to the heater
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Figure 5. Schemes of the thermal resistance network and thermal interaction between the probe and the sample.

exchange radius, and for the case of having a metal stripe as a heater, as Cahill described in the
solution of the diffusion equation for the 3w method [60], if the sample is a thin film deposited
on a substrate, this film must have at least five times the width of the metal heater to avoid
influence from the substrate. In another case, that is, if the film is thinner, this expression
should be modified to take into account the substrate. Instead, a multilayer structure may be
taken into account such as described in [59] by Borca-Tasciuc. The thermal conductivity can be
then determined using the simplest case of series thermal resistances network of a film and a
substrate, assuming 1D heat transfer through the thickness of the film, if the thermal contact

parameters b and R are known (see Figure 5). The modified expression for our case results

1 t
Rth _ =+ f
S 4bAsy, nbzAf

(4)

where ff is the film thickness and As,;, and A; are the thermal conductivities of the substrate
and the film, respectively. In such a way, an analytic solution to extract the thermal conductiv-
ity of the film under study, As, from the SThM measurements is obtained.

3.2. Alternating current heating mode

It is worth mentioning that AC heating is more workable with microfabricated probes, due to
their smaller thermal mass and higher cutoff frequency when compared with Wollaston
probes [59]. Then, in this case, if the thermistor probe is heated with an AC signal, the resulting
temperature is a contribution of both a DC and AC profiles. If we define the AC current as
I(t) = Iy cos (wt), the temperature amplitude produced by Joule heating is related to the elec-
trical resistance of the probe and it can be expressed as:
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2V 30, tip
I 0 Releﬂ P

)

TZa), av —

where the V3, iy is the 3w voltage component experimentally measured and f, is temperature
coefficient of the resistance of the probe. The heat transfer equations of the probe for this AC
temperature field should be developed taking into account the differences in the cross-
sectional areas for the heat and current flow. In the work of 2005, Lefevre and Volz [21]
presented a theoretical model on AC heating, along with experimental results to validate it.
In this study;, it was clear that a Wollaston-size wire does not allow reaching a transient thermal
behavior, which is needed for the classical 3o method with a hot strip. In this study, they based
the model on the transient fin equation, including a source term due to the joule dissipation.
Several years later, based on the previous model, Puyoo et al. [29] presented a thermal descrip-
tion for the probe behavior under air conditions in both out-of-contact and in-contact modes.
In this case, they separated the cross-sectional areas corresponding to the probe and that of the
metallic Pd film (the heating element), with the aim to identify the geometric parameters
depending on the probe type. In this respect, the corresponding heat equation solved in the
Fourier space is:

2
ply _
2ApApApm

(6)

d*Towp  (2iw0  hpp
d_X2 ap A pA P

)TZw,P +

where the index P denotes the probe, p is the perimeter and A is the total cross-section area of
the probe, Ay is the cross-sectional area of the metallic film of the heater element, p is the
electrical resistivity, Iy is the current amplitude, h is the effective convective heat transfer
coefficient in air, @ and A represent the thermal diffusivity and the thermal conductivity,
respectively. It is important to remark that thermal radiation effects are negligible due to the
small amplitude of AC temperature, as it was pointed by Borca-Tasciuc [59]. When w — 0, the
equation of AC heating becomes a simplified DC heating equation, with no transient contri-
bution. If now one considers that the heat flux takes place only at the apex of the tip, the metal
pads of the tip can be taken as thermal sinks and the temperature variation at this junction can
be disregarded. Taking all these into account, when the probe is in contact, the heat flux can be
then defined as:

dTa,p ~ Tawpleg
- th
dx |, Ry

—ApAp ()

L being the length of the metallic film and the RZZ the equivalent thermal resistance, which is

the contribution of the thermal resistances in series from both the tip-sample contact, R¥, and

the thermal resistance of the sample, R%. When applying the boundary conditions for contact
or out of contact cases, the transient fin equation can be solved (details can be found in [21, 29,
59]) and an analytical expression for the 2w varying tip temperature can be obtained. Then, the
final expression for the heat flux, assuming that the sample is a semi-infinite body heated by a
semispherical heat source of radius b becomes
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where Q is the heat transfer rate and the index S refers to the sample. With this expression, it is
possible to obtain parameters such as the thermal conductivity (As) of the thin film sample
analyzed.

4. Thin film measurements by SThM

As it has been seen along this chapter, the SThM technique is quite suitable for the measurement
of thermal properties of thin films. In the literature, one can find many examples, such as the
work from Oesterschulze et al. in 1996 [61], where they used a combination of a photothermal
SThM and STM setup. In such a way, they obtained at the same time the topography, the DC
image of the temperature, the AC temperature amplitude, and the phase image of thin poly-
crystalline diamond films. Thanks to the thermal images, some features that were not visible in
the topographical image could be studied. In this case, the thermovoltage map was correlated
with the single crystallites, where thermovoltage was constant. On the side planes, the decreas-
ing of thermovoltage was related to the laminar structures parallel to the edges of the top plane.
More recent works on thin film characterization by SThM [62] deal with the correlation of the
thermal properties of BaTiOj; thin films with their morphology. In order to give further exam-
ples of the application of the SThM technique, we will discuss next some examples of measure-
ments performed in thermoelectric thin films from our group.

4.1. Thermoelectric thin film measurements: Wollaston probes

To perform measurements with a Wollaston probe in thin films, a circuit as the one shown in
Figure 6a was implemented. Prior to the measurement, a thorough calibration of the system
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Figure 6. (a) Electrical circuit used for the measurement with the Wollaston probe (reproduced from [33]) and (b)
calibration curves for obtaining R, and b (from [37]).
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was necessary. This calibration consists of measuring three different samples of known thermal
conductivity to determine the thermal exchange radius (b) and the thermal contact resistance
between the tip and the film (Rc), as it is shown in Figure 6b. The measurements were
performed in contact mode and in air conditions. In these cases, no scanning was performed
to obtain thermal images, but the AFM system was used in order to position the tip on the
surface of the film. The values obtained could be influenced by the substrate, so a further
analysis of the results with COMSOL® software was necessary to extract the information of
the thin film in those cases. With this technique, the thermal conductivity of a variety of thin
films was characterized in the work by Wilson et al. [33]: SiGe (1.22 + 0.21 W/m-K) and Te
films (0.79 £ 0.04 W/m-K) on glass, Au film on silicon (104.2 + 67.4 W/m-K), and polymer films
of PCDTBT on glass substrates, both Fe-doped (1.03 £ 0.15 W/m'K) and undoped
(0.25 = 0.21 W/m-K). These values show a wide range of thermal conductivities that can be
measured when the calibration is carefully made, and the appropriate models are taken into
account. Following these results, the thermal conductivity of a large area of a nanomesh
SigsGep, film was also characterized [37]. In this case, the nanomesh structure produced a
reduction on the thermal conductivity with the decrease in the diameter of the pores forming
the mesh, from 1.54 W/m-K for around 300 nm in diameter pores to a value of 0.55 W/m-K for
pores of approximately 30 nm in diameter. This result is quite relevant for the field of thermo-
electricity, given that the reduction in thermal conductivity via nanostructuration without
affecting the other transport properties is a way to enhance thermoelectric efficiency. The
accurate measurement of the actual reduction in thermal conductivity in thin films provides a
way to really understand the thermal conductivity at the nanoscale.

4.2. Thermoelectric thin film measurements: microfabricated probes

In order to enhance the thermal image resolution to explore different thermoelectric thin films
and study their nanostructure, it was necessary to change the probes from Wollaston to
microfabricated probes. In this case, the electrical circuit used, which can be seen in Figure 7a,
consists of a home-made Wheatstone bridge, which will be used to detect the resistance
changes of the probe, connected to a lock-in amplifier from Zurich Instruments®. Finally, the
lock-in is connected with an AFM from Nanotec Electronica®, in which the tip is mounted. In
this way, topographic and thermal images of the sample are simultaneously obtained. The
thermal conductivity was obtained using an active mode at constant current and under ambi-
ent conditions. To obtain the geometrical parameters of the probe and its thermal response, it is
necessary to perform a prior calibration both in ambient conditions and in high vacuum
(10 mbar), as it was mentioned in Section 2.2.2 [29]. In order to analyze the thermal response
of the probe in out-of-contact mode, one varies the applied frequency while detecting the 3w
voltage, both in vacuum and in atmospheric conditions, obtaining a graph such as that shown
in Figure 7b. This has to be made with special care to avoid any electrical breakdown of the tip.
These data have to be fixed with a theoretical curve, which takes into account the geometrical
parameters of the probe (length, thickness of the Pd and the SiN,, the convective coefficient,
electrical resistance, temperature coefficient resistance, etc.). With these geometrical parame-
ters fixed, a different model is used to determine the equivalent thermal response of the tip,
R.4 as a function of the 3w voltage. Finally, samples of known thermal conductivity [33] are
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Figure 7. (a) Scheme of the experimental setup and electrical circuit with the Wheatstone bridge, (b) experimental data
and model adjustment of the measurements of the 3@ response of the probe versus thermal frequency at atmospheric
conditions (from [41]), and (c) calibration curves to extract R. and b.

measured in contact mode and in ambient conditions, and the obtained 3w is modeled with a
further simulation, which takes into account all the parameters previously obtained, along
with the unknown thermal exchange radius, b, and thermal constant resistance, Rc, obtaining
curves as those shown Figure 7c. From the cross-point of these graphs, b, and Rc are obtained
for this particular tip.

This experimental setup was successfully implemented to obtain thermal images of different
thermoelectric films and to determine their thermal conductivity. For instance, in the work of
Perez-Taborda et al., a novel fabrication method to obtain thin films Cu,Se with high control
over the stoichiometry was achieved [40]. In this case, the thermal conductivity at room
temperature under ambient conditions obtained via SThM measurements, arouse a value as
low as 0.8 = 0.1 W/m'K, which results in a TE figure of merit of 0.4. A detail on these
measurements can be found in Figure 8, where the topographic and thermal images can be
seen. Apart from the good resolution of the images, the most important feature shown in these
images is that the V3, voltage is not influenced by the artifacts or topographic effects. This can
be seen in Figure 7c and f when numbers 1 and 2 located inside of the images are compared.
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Figure 9. (a) SEM, (b) topographical, and (c) thermal map images obtained with SThM using a Pd/Si3N4 microfabricated
probe (from [41]).

The V3, voltage is quite homogeneous along the surface of the film, and it is not much
influenced by the topographical height. It is also worth mentioning that the highest values in
V3., are the regions with the lowest thermal conductivity.

Microfabricated probes were also used for the measurement of Ag,Se films, which presented a
different morphology of bigger grains than in the previous case, which does not affect the
thermal conductivity (see Figure 9). These films, of around 700 nm in thickness, presented in
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[41], had a highly reduced thermal conductivity (0.64 + 0.1 W/m-K) when compared to the
same material in bulk (reported as 1.5 W/m-K [63]). In this case, this reduction in the thermal
conductivity, along with the good measured transport properties, arouses in a thin film with a
TE Figure of Merit (zT) of 1.2 at room temperature, comparable or even higher than other
thermoelectric materials that are commonly used for thermoelectric devices. It is worth noting
that this excellent value comes from the nanostructuration of the material into a thin film along
with a fabrication method that provides high control over its quality. Therefore, the accurate
characterization of the thermal conductivity was of the utmost importance to confirm the
optimization due to nanoscale thermal transport modification.

5. Summary and outlook

The thermal conductivity characterization and local temperature measurements at the nano-
scale of thin films are of the utmost importance in a great number of fields, such as in
electronics, where heat management is vital for the final efficiency of the devices, solar cells,
coatings, etc. Among those fields, thermoelectricity stands out, given that the reduction in the
thermal conductivity due to nanostructuration is one of the main objectives nowadays to
increase the thermoelectric performance of the materials.

Along this chapter, we have presented the SThM method applied to the measurement of
thermal properties of thin films. The main advantages of this method are the high resolution
(in the nanometer scale), the possibility to simultaneously obtain the topography and the
thermal image of the surface, and, from the experimental point of view, the sample preparation
process is easily compared with other thermal characterization techniques. The SThM tech-
nique was first implemented in an AFM in 1993, and since then a great deal of effort has been
devoted to understanding in depth both the heat transfer at the nanoscale and the phenomena
that have to be taken into account in these kinds of measurements. After a review of the
historical advances related to the development of the SThM, experimental details about the
operational modes and different kinds of probes were discussed. Then, the theories behind the
heating models involved in a certain type of probes were briefly introduced. At the end of the
chapter, results obtained in our group on the thermal conductivity of thermoelectric thin films
performed with SThM were shown, demonstrating the suitability of this technique for these
kinds of measurements.

One of the most appealing future directions based on these techniques would be the use of
multipurpose probes to obtain, at the nanoscale, simultaneous information about electrical,
thermal, chemical and mechanical properties, among others. The main challenge would then be
the understanding of the different transport phenomena at the nanoscale, and how to physically
represent the different interactions between the probes and the samples. Therefore, the develop-
ment of more complex models, along with the evolution of micro- and nanofabrication tech-
niques, opens the door to a new blooming of methods based on SThM for a full characterization
of thin film properties at the nanoscale.
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